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B H AR 4 10 H (5 41130313, 41525012) % B)

WE 20 Fk, BOERMNEEARC) ZENATES. f40. HR4Ea. oS HE S BERET AW
Hf B &0 E b, {Bx4F Hf 2 F 8GR % <100ppm)# 41 ) HE Bl 4L & BOL R AL E, Bt & AR LT R LR
BL, T RARER D . A SR BB 193nm UK 8 Neptune % 3 K05 B TR 3 (MC-ICP-MS), & JR A4 X T ¢
AU HATT Hf FL RN E £, €28, *EA U-Pb £S5+ 4400 IDX #1477 — £ 7| Hf F{LF N % L%,
FAE Hf R RAMAESE LW AHE, BRNEERE R, IDX B 7H/HE tAg %(0.281795+0.000015)
(2SD, n=33), "°Lu/'""Hf . {& %1 (0.000018£0.000004) (2SD, n=17). VA JDX 1k % Hf [F{ % I & & W Ar v, x¢ B AT
AL AWK U-Pb 4 E M ATE 5% M i R10. Sugluk-4 1 PCA-S207 #£47 7 "CHE/HF WAl &, 4R 5 X
AR — 3. [k, AT HE S8 (~50ppm) 8y 440, BOLIEAL £ 4 M4 B TR #(LA-MC-ICP-MS) 7 b3k
BE E M OH THE A, B R AR R AT kR A E . B bR iy ik, e e T
WAL Z 8 W R E KA B R s Y AL fo g AT T HE B R N E, 48RRI & 0 O )
b AR AN N EE 15 %

XpiE  eum, HIRME, BOLREG, Z8KEETRIE, LEs

1 B[&F MFRRLE 555 A BIAR EPET ) Z —(Meinhold, 2010).
SOA - MAEREMUSE, fTHUEITU-PbE

SLLAE M A T ORECE UIRUE IR BT 4, & H R SR A 22T 9T 0 3 R 4 (Vry Ml Baker,
ARRRIT Y. FRRRTEBER VR A Y, &40 2006; Li%, 2011a; Z5FKOr%%, 2013; Bracciali%s,
RISV 2R AR N AR, 4R A WIS 2013). BhAh, &40 B BONRIER I oo 3R K,

P EIRER: Z, B, RS, RARJC, Wb, MRS, . 2016, &40 HE RN R EOEEN 2 205 B 7445 1 (LA-MC-ICP-MS)ll &+ [
A HERELY, 46: 857-869, doi: 10.1360/N072015-00087

EX5IA%N: Li Y, Yang Y H, Jiao S J, Wu F Y, Yang J H, Xie L W, Huang C. 2015. In situ determination of hafnium isotopes from rutile using
LA-MC-ICP-MS. Science China Earth Sciences, 58: 2134-2144, doi: 10.1007/s11430-015-5215-2
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WS @40 HE FALRBOL A2 3005 2 55 3% (LA-MC-ICP-MS)#ll &

JUH & Nb I Ta%% 537 58 70 3 I B E A, VTS
VB X B ) B 6 %2 (Zack®E, 2002, 2004b; Luvizotto
25, 2009). FR, SOAZHEESBEHR, &4
A Zoeli BE v AT R FRATT e T8 b 5 v A AR B L R
{5 B (Zack%, 2004a; WatsonZs, 2006; Cherniak %%,
2007; Ferryf1Watson, 2007; TomkinsZ%, 2007; Ewing
&, 2013). fEIX—Ah E, AR R &4 A HFH
£7. Z I 72 1 7] B P (ChoukrounZs, 2005; MorissetZs,
2014), DIHAEE ST 58 A R &4 A U-POFR . 4
TG 3R Y B B ATHER]7 28 2H R i b Jof v5 0 7 58
HIRE AR 2R (Ewing%%, 2011). B AEERZ, 440
AW A AREE BIE A, XFE, &4 AN
YIMIU-POAFE S . TR T E . B RGE E FHER AL 25 4
RS R 5 g sk e AR )R 4 2 i B R R BT R A )
T AE B (Ewing%, 2014).

B2, M E AT R B A HER AL 2 e
M5, &40 A HFE A2 OGN e B A AH 40
PR, FEJREAA: B, = FEAARULA I HFE L
e brvE. BUE UL, AR ARl E, & LAH
BT ST ) SR i 4 20 40 HE ] 62 25 300 58 1 A0 3 bR v
B, E4UAHE I8 BK(— M <50ppm), MAKH
HE & 21 0E F 5 M EUR, mBERNRE. 5
AMERERMZ, 4 A RFERA KR YDA Lud
T, IX R EAR A FRATT M DL SR A v R R IE
AL, HWRE R4 404 W] Be TG 75 E 4T YD M Lu i+
PR IE, {52 B RS EYbMLus| & i HF[E A7 2% 0
HSRIAEER A Z R, HATMLER. REH
gy H 4223 B AT O X — AT TR S R R A
ik, HER TR —HARBAENNHNE, HEHT 1%
75 V5 B I A AE TP e R M B, 1 22 EE ) LAY
B F# R (Choukroun®s, 2005; Aulbach%%, 2008; Ewing
&5 2011).

FEIX—H 5T, AR A 193nm #OE H)
Neptune MC-ICP-MSAX#§, #57 [ 4 40 A1 WOk i AL
HE[FEI 2 e B, ERF R H bR i 2kl B, 3R
AT B AT AL X U-Pb g 4 TAE 1 145 T 8 400 bn
HEHEAT THEFEIALZR LUAE N E, /15 7 5%l — 80
VOHE/ TTHEA . AE IR b BRATTRE AL v i v
HAL2E A R e a AT THERIM. R e, 46 H
MEICRMU-POERAE B, PR3 7 —5iAR, R
T & Ao IRALHER A 2 E SR N R S
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2 &40 U-Pb 25 M R HiT

ASCH AL 25 TAF I 4 2040 2 B P9 4 X
JE AL U-POAEAREE I 2 )5 . JIDX /2 —MSemx
Semx2.5em) HIE &L A &, BAR A, R
FE| R} 25 e 57 5 M BR 0 BEAIF 95 I SIMS 5236 25 T % 1)
U-PbAEAR 22 WM AR B, F20Pb/ U AL 35 46 4K
(509+8)Ma (Li%¥, 2011a)(&l1a). R102&—Fik H #
B Gjerstd L [X {1 JH K 2% B URE 42 41 F (Luvizotto<s,
2009)(Kl1b). Sugluk-4/2& K H 15 K5 4 5dh i 1Ly
Ungavalth [X [ KR A A A 8 A TR 4 40 A, Bk K
/NFE100~500pm 2 1], L EER, Mk A
-2 B 4K (Bl 1c) (Bracciali%s, 2013). PCA-S207
A& R H N K Athabascath X JFR L5 AH Bl F R & 0 A
LA, BURLR /N B RCK B ECA OK A S, B
M AT A 22 UK e AR 3 R R 45 0 (B 1d)
(Bracciali%s, 2013). & &iX 42 HU-PbS % briE
Yo (AR SR e R ARG Bl MR AT LLE H, &
2147 (HE S B K £ <50ppm, H HLufYb & B AR
FRRI10& 1A 40, H AN & A HAh £ 240 A HEF A R 1)
18 (Luvizottos, 2009).

3 SR

S 20 R A HE R A7 22 000 5 £ Hh R 27 B b 5T 5
HuBRY)HL A 55 FrNeptune MC-ICP-MS#1GeoLas ProZi!
193 nm#fES> FROERIMRGE k47, 5 AR 3
AT L TE W SR WuZE (2006) A1 2150 %5 (2008).

IR 4 21 A O SR HE ] A7 25000 5 (R4 i 1 4%
FANT B A HEE A2 2R BOG A, AR I E 1R R
1A UKL FH U R AE B b, T EPVCHE, K3
SEURRE I R [ A0 )R AT 7R IR B S T EAPVCEHR T, £
W I 78 40 [ Al S5 K Ot R RIS, I
BEATIOG, ELBIRE A ER SR T L R
TR T AR 75 U e AR DU, P VRO R R R
11, DABR 20T RS G

WO 4 LU A HETF AL 38 0 1 5 B0 I E B A GRS
AOHFFE AL 70 A A H A (WusE, 2006; #2134,
2008), HLAYALEE S HORE R B A1 W22, WOk R
PR E 42 860, 90, 120F1160um, #i% A20Hz,
SRR A ON R R . DLHeVE S R0 5 1 3,



I EEE: HIREE 2016 4F H46 % 6

Sugluk-4

I 100 um

PCA-S207

H1 &4AS%REYRE JIDX. R10. Sugluk-4 1 PCA-S207 BHUET R A

#1 &40 U-Pb ZEFREVIR MM E TR (AL ppm)

JDX ¥ R10 Sugluk-4 PCA-S207 ©
Zr 308 778 836 977
Nb 337 2659 1461 1265
Yb 0.015
Lu  0.0064 0.041
Hf 50 38 51 37
Ta 64 480 105 46
w 108 221 18
Pb 0.52 0.081 16 8
Th 0.005 <0.004
§] 1.1 44.1 59.5 22.8

a) A HHE; b) LuvizottoZ(2009); ¢) BraccialiZF(2013)

H4 IO ) b 1R 4 5 3% A\ Neptune MC-ICP-MS i3 17 Hf
[ o7 25 0

3.1 B E

G AT A VIR 3 B HE R VAR A Ay B A
Jo B AR v R R B 2 50mg 4 40 B R B A BLUA
10mL & 5 AR g b, 0 & 19 7OLu- " HF % % 7 F1
HF-HNO;-HC1O, (2mL-1mL-0.1mL), & J5 B\ 4t 44
IN#AE190°CRIETR, WHJEE T B#AMR LR HF
FIHCIO,, #&%J5 A 5mL 3mol/L HCIZE H # b L

100°C i 12h, #EAALF 508, LuMHZ &2l Lo
WG 52 %, 2% FH3mol/L HCLM B 344 70 Z Fl 4% - rh
it ot %, FH4mol/L HCIM ¥ 40 Lu, F6mol/L
HCI1 #k ¥ DL B 25 5% 45 Yb F1 Lu, 4R j5 F 4mol/L
HCI+0.5% H,0,#k ¥ Ti, HE ML L E, &5 H
2mol/L HF#k P I 32U HE . LufTHEZ 215 25T 5 2%
HNO R I E B O E M. A RAL B 5 3
FEAH L FE 2 WL SCHR Y ang 55 (2010).

SEFRFE SR AT, FRATTFI200ppb Alfa HfbR#E %
% Neptune MC-ICP-MS 3K 73 5 4% (1115 5 5 & A1
ST, SR 5 FH 50ppb A TMCA75 bk v V8 WK A6 I A%
Ayt g R e s R RS E M. 2B R, A5
Y 5E A 0 A 248 M (0.282172+0.000029) (2SD,
n=15), Zl € 5 SCwk HIE 1 25 AR R VG N —
H(NowellZE, 1998).

32 ORI E

3.2.1 JDX 4414 HE FAL 2344 M
REBEWNARITESHE T — %4 HU-PbAE

R 22 FRE 2 2 W) i (Luvizotto2s, 2009; Li%%, 2011a;

Bracciali%s, 2013), {H/2 %] Har ik, E%A KK A

IS A AHIFA B EYI . B TRI0GZA 58,
WA HoAth & 204 THTTFRA 2 RIE (LuvizottodF, 2009).
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WS &4A HF RN RO E AL 2 B S B TR 5 % (LA-MC-ICP-MS) il &

X2 HAPESHINENEREN
Neptune MC-ICP-MS WOLRIh R4
RFINZ 1250W AR GeoLas Pro
RS E 16L/min WOt K UV 193nm
BRI R 0.8L/min e B Y 12J/cm®
PRI A —-2000V HBE K/ (um) 60. 90. 120. 160
RERE 645V WOk sz 20Hz
IR ~400 AR 0.83L/min
KRR R 9 blocks of 10 cycles
KRR OO6) 1 block of 200 cycles
Ryt ] 4.194s () B 0.262s (FOk)
HEFF 251
PR E 1N L4 L3 L2 L1 Center H1 H2 H3
oA 172 173 175 176 177 178 179 180
IFl fir Yb Yb Lu Hf+Yb+Lu Hf Hf Hf Hf
0.28224 TTHE TP AR R A 43 R TE) K ST I 8 A
026222 M s B A AL S, T TDX T K A 92 % %5 U HER i
028220 BN IR LB A E Y. Lige(201 1) IR IR
B XFIDX I U-Po R R AT LB 5E, KR A B
f 0.26218 AR, DR G A A SIMS 45 41 f1 U-Pb g 4F 11 I 1%
£ 026216 BRFE. BRI A O 5T, K BLIDX HE B A2 65
B, SR, LY THE R A R —
020214 SUPE, PRk, BATIRIDXAE 4 21 4 ot 5 il iz
0.28212 JMC475 (50 ppb) FISLI = N AR HES B0,
o621 322 FJRSE TARRE
E 2 50 ppb ] JMC475 Hf bR I (8258w i

IR BN IR ) fE

ASCE St TR TR SE IR = T U-Pb AR 2
R W) 5 IDX 3k 47 H: Lu-HE [ 17 25 49 51 VA W A 1.
WEBFTR, EAFR B, FRATR 1243 IDX Bk 17
T ZREHLu. HES EAHIE A Z G E 925, IDX
FIHF S £:(50.120.7)ppm (2SD, n=17), Lud & (0.0064+
0.0014)ppm (2SD, n=17), "°Lu/'""Hf=(0.000018+
0.000004) (2SD, n=17), "°Hf/'""Hf=(0.281795+0.000015)
(2SD, n=33).

FVE WO SRAG T HERR I IDX T HER A 2 45,
PATIEIDX & 4 AE 5258 = 1 W bR AT T K
WO sege IR, B 48R, DX 7CHE/ T HER]

860

WO JE AL HERNA7 200 e o #2 Hr, HER 48 3 2
K HFYbRILu, J#%E K%L Yo Lu
KA 7OY b A1 TS Luxt TS HE ) T4 (Thirlwal I FWalder,
1995; Thirlwall f1 Anczkiewicz, 2004; Wu%%, 2006;
YuanZ%, 2008; Hu%%, 2012). W0y ATk, — 5, BN
&4 A YD Lufy EARAC, 78 98 Fr il i 75 o my B
BWGIX LT, Jy—J7 1, B a4 A KRHE S
2, RESIAMYbRLug SR, RATVIR 7 2
HIBR YDA LuTH. Bk, A KRBT TAER L
25, PR A B YD AILwh 4 20 47 HE[F) A7 2 I3
SR

WER AT YO RILu TR IR, H 5 25 85 A HE
[F) 457 2% I e R B[R] (2(1)):
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0.28185
[ @I oLy HE=0.000018£04(2SD, n=17 ®)
0.281795£15(2SD, n=33) u/HE=0. £04(28D, n=17)
- oL/ Hf=0.281799412(2SD, n=17)
028183 ........................................................................... e
RNNBRE N0# B
028181 o -4 g Y A B S I I, mmnm
t?\_t + + + - { DX &6
* oosmol L[] Yol + 111 } ........................................................
028177 = g é 6 7. .8_§9. .10 ....1.1 ........ 12.. I casaansaaciaanscanicanaaanaaaiaanaaantantaanacaisanatansiacanacaaaiaacaaactan
I DX S 7 ¢ 2013-10-28 Lu 2 (ppm):0.0064+14(2SD, n=17)
I :gg}izgggg Hf & (ppm):50.1£0.7(2SD, n=17)
0.28175 .
0 5 10 15 20 25 30  10° 10
NTSH eLu/HE

B3 &4f JDX ARH Lu-Hf FALRBBENRER
(a) 1~6 o ARINFHREFIM 2 HE WA RARK, 7~12 O MAFRER[F 3543 Lu. Hf &5 A HE R AR (b) FALRFRIEIRTS IDX B Lu-Hf

[FIAL AR

1.0010

: ----- 1.0005
g C e
. [
H °e . &
= : oo ..0
Pl i -
S : °
< 0.9990 00005 © B8 1.0010
g :
= Y ..
& o
= HE)
;:I ....... 0.9995

0.9990
(1meF77Hf)m;;:/n/(17aHf/me)\:/;;»'.1

B4 JIDX SHEYFRBSERE

176Hf=176M_[175LumX(176Lu/175Lu)t(M176/M175)ﬁ’Yb
+72Yb,x(7°Yb/ P Y b) (M 7¢/M172) 1. (1)
Joi o IS T A FH 4 2506 U, P o o A R
SR HE THE=0.7325 T 5L X TR, By M
SE 1 PYDARNTYD, AR YD/ P Yb=1.35272 K i 5,
(7] I A e B 5 B, T FH oy RARES L. X
FEL4A, HTYOHEERM, LIERENE"Yb
YOI By, BITAFRATTR H B R AR E By 1 B

WRAFAT YDA Lu) TR IE, WA 1761
BG5S #IN N Z ]IS 5. LAIDXAIR10
P15 U5 SR N, K 1 ol 7 v R 00 & SR AT
XfEt, S5 HRAnESHTR: IDXA IR TP 7 1/ " HE
EE A 4 (0.28204+0.00019)(2SD), 1 # 4T F HL+1 5% (1
ToHf/THE HE B A (0.28180+0.00013)(2SD); R10A#1
B T Bt i RS/ THE B 1 A (0.28262+0.00057)(2SD),
T HEATFH A0 i 71/ HE HAB 9(0.28219+0.00016)
(2SD). EAR, HHAT THANER A 7O/ TTHESE B HE
JEE FRE % BB B4 T AN AT TR bR s . X —
AR T DL B 65K #5321 E— 0 E B . AR SO 7R
A4 41 0 2 25 ) i S A bR 1 (Mud. Tank fTGI-1),
REEAAYbMLuE B, H2R A 250,
ANEIRE A Z 0. B & AR YR Lu ) &
FEFE A Mud Tank ) YbAILuff &A%Y, Fse T it
TR LB, R, EIRATE S0 &40 A Hf
[F) A7 2 AR 2 A0 AT T P BR.

323 FLARBON

5L 2 AR, SO AL E HEF
(VSN SR - U N UNUIOE 7Rt UYL (RS AP el
A AR H AT BN B RO SR B A HE R AL 3R
METF, &40 HE[E A2 K06 B AL E B A
SR PR AP, T R DN 2 gl R 2 R A DG S Y

861



WS @40 HE FALRBOL A2 3005 2 55 3% (LA-MC-ICP-MS)#ll &

0.2826

(a)
JDX(RIOBRFHE) JOXE0RRT )
0.2824
0.2822
£ 0.2820
02818
0.2816
0.2814
0.28204+19 (2SD) 0.28180+13 (2SD)
0.2812
K5
1.03
. (@) < JDX(Rut.)
[ APCA-S207(Rut.)
1.021 OR10(Rut)
[ O Sugluk-4(Rut.)
£ 101 ©GJ-1(zr)
= [ A Mud Tank(Zr.)
S 1
3, 1.00 [ATH-—A-OI-o- LASRRR-
z On
;E 0.99 x’

[
0.98f ‘
(Y74 ST ERPTEEET. S

10° 10°* 10° 10 10"

175Yb/(175Yb+175Lu+175Hf)

0.2842
(b)

R10(R0RRT 1) R10GOBRT 1)

0.2838

0.2834

0.2830

oL/ T HE

0.2826 i

0.2822

0.2818

0.28262+57 (2SD) 0.28219+16 (2SD)

0.2814

FRAHEFFIINEE JDX F1 R10 1 VOHE"HE 45 R Lk

1.03
[ (0) © JDX(Rut))
I APCA-5207(Rut.)
1.02p OR10(Rut.)
[ O Sugluk-4(Rut.)
£ ©GJ-1(2r)
% r AMud Tank(Zr.)
e
&
T 099 %‘
L o
0.98f ‘
097' L1y araanl Lo oa L1 oa il L1111l R
107 10° 10° 0% 10° 107

115Lu/(17aYb+176Lu+175Hf)

B 6 &AAREYRJDX. R10. PCA-S207 1 Sugluk-4) 54 A F5#E(Mud Tank F1 GJ-DA 176 Fi EX M5 S BB
OHE [T R SR E TOYD, MBI RE R TOYb TR DL 54 A bR Mud Tank M4, 6T H AR 0 E

HF[A A7 250 8 AR AEY) R bR HER 1, B3 Ui, BLTEIE
ANBEWT R, & AT CAR iz A F R B A PR HERT P
91500+ GJ-1F1Mud Tank %)k i 4= 27 A HEF 7 2 &
[ 415 b 78 (Choukroun%, 2005; Ewing%s, 2011).
T, HEAT R OGS R AG 36 B 4 2 B e B AR
SANAEVRHES B, fEMFE RS S H T,
PLEE A Mud Tank AbsdE, [FIBHEAT 85 A 4 4040 1)
HF[FE A 200 52 sE5. 7R, RS FRAER A GI-1
et 3R 15 7] 52 1 TOHE/ TTHE A (B 7a), (B R IDX 44
FIRAG G TOHE/ TTHE S L AR A R R G 22
(EI7b). X UL, ANRER AR HERS AV N & A A B0
JE A7 HE[F) A7 2500 5 B bR . B AR S R T i S A
M, —REAMETANHRTESEA—F, SEHOL

862

PR S MR A SR AT N 2 R, R B A HEE
=R, WO ETH G5 WK (ppm), 1440 A Hf
N3 EE B 0 K (ppm), (E153RAT]
AR HME P AH 5] R0 2 BOR HEAT B 40 F1 <6 21 A0 I HETR] 7
FME. EARCESTAEF, BA1—EHMHIDXIEN
S B 20 NS CAEARE, R ARG TAE.

4 HRHIR

4.1 &40f U-Pb bR HE [ A7 3R 41
R10Z — Rk H BB Gjerstd H X i) JHOK 2% 5

WUk 441 H, LuvizottoZ£(2009) HID-MC-ICP-MSl| &

it HHE & B N (37.4+0.4)ppm (31 #) F1(38.9+0.4)ppm



0.28210 @
a
G-
(60 um)
0.28205
k= | | Ll | |, | I
£ 0.28200 = 1 |
ST
0.28195
0.282001+24 (2SD)
0.282000+05 (££/8)
0.28190

T/ T HE

I EEE: HIREE 2016 4F H46 % 6
0.2823
JDXEIH ()
(160 um)
0.2819
0.2815
0.2811
0.28146+25 (2SD)
0.28180+02 (Z%&18)
0.2807

B 7 ARAER A SR KOS IRAL HE [ 60 38 30 %2 B A RN

(K% HB), A8 B 1) Lu & & 43 7 29 (0.051320.0005)ppm
(33 A1(0.03000.0100)ppm(#% #), F'7°Hf/""Hf LL
18 43 % 4 (0.282178+0.000009)( 321 &5 ) A1 (0.282178+
0.000012) (1% ). A MR A 1.5mmx0.5mm R10# F
(E1b). 7E160pmRHE T, FAT420K 547 1 HE/ T HE
TR 2445 5 (0.282157+0.000204)(2SD, n=42), 5
Luvizotto %5 (2009) FH [F] £ 2 #6 B 12 3K 15 19 (0.282178+
0.000012)7E % 7 ¥ Bl ] — B (E18), Ewing%(2011)H
233um 0GR BE I 5E 25 5 0(0.282199+ 0.000280)
(28D, n=3).

Sugluk-4 /2 > [ I 5 K W 4 33h 38 111 7 Ungava ity
X PR JRRAL 5 A A B2 R A 4 A (B Le), BOhi K /INE
100~500um 2 [A], 2404 G E R, SAch B -
2 H 45 8. Bracciali%s (2013) I 58 1% 4 40 A (HE
& M36~67ppm, T34 951ppm. PCA-S207 /2K H
JNE2 K Athabascath DX JBRRL A AR Bl JBR A H 10 & 404
(BEl1d), WUk /N B THOK B8 E OKRANSE, B
M B RME O, fik R ENM L. ZE AT
Hf % & M 20~60ppm A 55, 135 2] 25 37ppm(Bracciali
& 2013). W JLA-MC-ICP-MS U-Pb4E #7354
(1719+14)F1(1865+7.5)Ma, H A 8% 45 HE [ A7 = K4
(4R E . /£ 160pm K BE T, F A% Sugluk-4 F1 PCA-
S207 i) eHE/MTTHEBE AT T 1SRy H, AR BN
(0.281172:0.000107) (2SD)#1(0.281246+0.000146)(2SD)
(K8, #£3).

Bracciali % (2013) ¥ X} 4 4L /1 R10. Sugluk-4 I
PCA-S207 #4713 U-Pb & 4 TAE 1JIlliK, Fi5 HHR10HF
ANIE A U-PoE SE I SR, TG P 5 3 mT LA
YERNE L ATU-PoIE 5 —FE =2 W) i (Sugluk-4

0.2830

|9 R10 (2014.05.06)

|4 R10(2013.11.13)

< R10(2013.10.18)
0.2826 [-|O Sugluk-4 (2014.05.06)

I |A PCA-S207 (2014.05.08)

R10 "Hf/"HF:
0.282157+204 (2SD, n=42)

0.2822

Sugluk-4 "Hf/""Hf:
0.281172+107 (2SD, n=15)

0.2818

TS/ TTHE

0.2814

I

PCA-5207
" Hf/THf: 0.281246+146 (2SD, n=15)

0.2810 [

0.2806
10° 10° 10° 10™ 107

LU/ HE
B8 44 AR R10, Sugluk-4 #1 PCA-S207 KL &
Lu-Hf R R R

107

1 2°7Pb/*°°Pb Al 2°°Pb/>*U ) 5 BYL 4 B W& 4F T PCA-
S207). A E G WA, 440 A Sugluk-4 11 °F 4 HE
& EPCA-S207 % i, H B A F % (1 7OHE/ TTHE L
BT, LT 56 3E & R AL R AR FE. IR
K, &40 f Sugluk-4REBE/EU-PbE FArtE, X RRHEAE
HF[F A7 250058 (RS AR, (E2 BT A YO R 4 Sk
AR, REMBRE D, HAEHF AL 2N E PR
AT BE M FF 2 10 A SR DAIE K.

42 BRI AVMTHERIRIS S 40 A B HE AR 4R
T & 404 FHE S =5 K(~50ppm), K I 1E
e F ok R A HES 5 08 B L 4% 55, {H 2 S SRHAE
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The hafnium isotopic analysis using laser ablation has been widely conducted on Hf-rich minerals (zircon/baddeleyite/
calzirtite/eudialyte), however, little work has been reported on Hf-poor (<100 ppm) minerals. This work presents a detailed
procedure of in situ hafnium isotopic analysis from rutile using laser ablation multiple collector inductively coupled plasma
mass spectrometry (LA-MC-ICP-MS). The rutile U-Pb dating reference material JDX shows homogeneous hafnium isotopic
ratios, with '"*Hf/'""Hf=0.281795+0.000015 (2SD, n=33) and '"Lu/"""Hf=0.000018+0.000004 (2SD, n=17) that suggest the
possibility of using JDX as a new reference material hafnium isotopic measurement. We also measure hafnium isotopic com-
positions of other rutile U-Pb dating reference material (R10, Sugluk-4 and PCA-S207) and the "°Hf/'""Hf values are similar
to previously reported results, which confirms that we can acquire accurate and precise hafnium isotopic compositions using
our developed analytical protocol. We analyzed hafnium isotopic compositions and U-Pb ages of rutile in high-temperature
and ultrahigh-temperature granulites from various terrains of the Khondalite Belt from the North China Craton, combined with
zircon results in the same area, suggesting that the metamorphic evolution history of the granulite is much more complicated

than previously thought.
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Rutile is an accessory mineral and widely distributed in
magmatic, metamorphic and sedimentary rocks. The for-
mation of rutile, particularly in mafic metamorphic rocks, is
usually associated with metamorphic reactions and it is
considered as an indicator mineral of greenschist, eclogite
and granulite facies (Meinhold, 2010). Rutile contains suf-
ficient uranium to allow an attractive in situ U-Pb dating for
geochronology research (Vry and Baker, 2006; Li et al.,
2011, 2013; Bracciali et al., 2013). Furthermore, rutile is a
major host mineral for Nb, Ta and other high field strength
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element and its trace element geochemistry gives significant
amounts of provenance information (Zack et al., 2002,
2004b; Luvizotto et al., 2009). Additionally, the recent
studies show that the Zr incorporation in rutile is strongly
temperature and pressure dependent and the Zr-in-rutile
thermometry can provide interesting information of geologi-
cal evolution history (Zack et al., 2004a; Watson et al.,
2006; Cherniak et al., 2007; Ferry and Watson, 2007; Tom-
kins et al., 2007; Ewing et al., 2013). Consequently, re-
searchers have been exploring in situ Hf isotope analysis in
rutile for establishing similar (to zircon) research system of
tracing geological evolution history, which consists of U-Pb
age, trace element, temperature condition and hafnium iso-
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topic characteristic (Choukroun et al., 2005; Morisset et al.,
2014). These important features of zircon and rutile can
therefore provide complementary provenance information
for samples with complex history (Ewing et al., 2014).

However, compared with zircon, in situ Hf isotope de-
termination from rutile using laser ablation is quite chal-
lenging. The first problem is the lack of matrix-matched Hf
isotope analysis standards, in other words, it is still un-
known whether zircon or other minerals can be used as ex-
ternal standards for in situ Hf isotope measurement of rutile;
the second problem is the Hf content of rutile is very low
(usually <50 ppm), which results in low signal intensity and
impacts on analytical precision. Besides, rutile also contains
extremely low Yb and Lu content. This characteristic hin-
ders for acquiring accurate mass bias coefficient for Yb and
Lu, nevertheless, it also suggests dispensability of interfer-
ence correction for Yb and Lu, and we need to figure out
the Hf isotope uncertainty caused by them. Despite many
researchers’ explorations and attempts, a number of critical
issues remain to be solved (Choukroun et al., 2005; Aulbach
et al., 2008; Ewing et al., 2011).

It is under this situation that we establish the analytical
procedure of in situ rutile Hf isotope analysis using Neptune
MC-ICP-MS connected with a 193 nm laser transmitter.
Based on in-house rutile standards developed by us, we
measure in situ Hf isotope ratios of rutile U-Pb dating ref-
erence materials, which are in agreement with solution re-
sults by isotopic dilution method. We also analyze Hf iso-
topes of rutile from khondalites in the western block of the
North China Craton, as well as their trace element and U-Pb
ages, and propose that the evolution history of the Khonda-
lite Belt is much more complicated than previously thought,
demonstrating the prospect of its application in geology.

1 Introduction of U-Pb dating reference rutile

In this study, we analyze Hf isotopic composition of rutile
U-Pb dating reference materials. JDX rutile is a single large
euhedral crystal about 5 cm in length, 5 cm in width and 2.5
cm in thickness with its unclear origin. It is used as U-Pb
dating monitoring standard in secondary ion mass spec-
trometer laboratory at Institute of Geology and Geophysics
of Chinese Academy of Science and its ***Pb/**U weighted
average age is 509+8 Ma (Li et al., 2011) (Figure 1(a)). R10
rutile used in this study is a piece of fragment of a large
single crystal from Gjerstad, south Norway (Luvizotto et al.,
2009; Figure 1(b)). Sugluk-4 rutile (100 to 500 pm) is col-
lected from a granulite facies quartzite in the Ungava seg-
ment of the Trans-Hudson orogen of Canada. The grains are
translucent, brown-red and idioblastic to sub-idioblastic
(Bracciali et al., 2013; Figure 1(c)). PCA-S207 rutile is col-
lected from a highly strained granulite facies paragneiss of
the East Lake Athabasca region, Canada. The grains are
commonly xenoblastic and range in size from a few tens of
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PCA-S207

Sugluk-4

Figure 1 Back Scattered Electron images of rutile reference materials.

micron to several hundreds of micron, and its color is red-
brown to dark brown (Bracciali et al., 2013; Figure 1(d)).
The trace element compositions of rutiles are listed in Table
1 and their Hf contents are all below 50 ppm, and both Yb
and Lu contents are extremely low. Except for R10, other
reference rutiles’ hafnium isotopes have not been reported
yet (Luvizotto et al., 2009).

2 Analytical procedure

In situ Hf isotope analysis was carried out at the Institute of
Geology and Geophysics of Chinese Academy of Sciences
using GeoLas Pro 193 nm excimer laser ablation system
coupled to Thermo Finnigan Neptune MC-ICP-MS, and
introduction of these instruments can be found in Wu et al.
(2006) and Xie et al. (2008).

The sample preparation for rutile Hf isotope analysis is
similar to that of zircon (Wu et al., 2006; Xie et al., 2008):
handpicked rutile grains are mounted in epoxy resin and
polished until the grain centers are well exposed. Before
analysis, the target is rinsed with 2% dilute nitric acid and
wiped with ethanol to remove any potential contamination.

Table 1 Trace element compositions of U-Pb dating reference rutile (unit:
ppm)

Element JDXY R10" Sugluk-4”  PCA-S207°
Zr 308 778 836 977
Nb 337 2659 1461 1265
Yb 0.015
Lu 0.0064 0.041
Hf 50 38 51 37
Ta 64 480 105 46
w 108 221 18
Pb 0.52 0.081 16 8
Th 0.005 <0.004
U 1.1 44.1 59.5 22.8

a) This study; b) Luvizotto et al. (2009); c) Bracciali et al. (2013).
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The procedure of in situ Hf isotope measurement for ru-
tile is analogous to that of zircon (or baddeleyite) (Wu et al.,
2006; Xie et al., 2008). The typical operating parameters
and Faraday cup configurations are listed in Table 2. Rutile
is analyzed with spot diameter of 60, 90, 120 and 160 pm,
and the ablated material is introduced into Neptune MC-
ICP-MS by Helium gas.

2.1 Solution analysis

The solution method for rutile Hf isotope includes sample
digestion, chemical purification and mass spectrometry
measurement. Approximately 50 mg rutile power is added
into 10 mL bomb, together with separate '*’Hf and '"Lu
spikes and mixed with concentrated acid HF-HNO;-HClO,
(2 mL-1 mL-0.1 mL). Then the bomb is heated in bake oven
at 190°C for a week till complete digestion and sample-
spike equilibration. After cooling, the bomb is opened and
evaporated to fume HF at 130°C and increase the tempera-
ture to 180°C to evaporate HC1O,4 to complete dryness. Fi-
nally, the residue is dissolved in 5 mL of 3 mol/L HCI for
the second bomb digestion at a temperature of 100°C for
12 h prior to chemical purification. The Lu-Hf purification
is performed by Ln Spec resin. At the first stage, the matrix
elements (including Light and Middle Rare Earth Element)
are eluted with 3 mol/L HCI. The Lu (+Yb) fraction is then
eluted and collected with 4 mol/L. HCI, evaporated to dry-
ness and ready for mass spectrometry. To minimize the
isobaric interference of "°Lu and °Yb on 176Hf, the col-
umn is rinsed with 6 mol/L. HCI to remove Lu/Yb residue
before collecting Hf fraction. Then Ti is separated from Hf
using 4 mol/L HCI+0.5% H,0,. At the second stage, the Hf
fraction is extracted from the column with 5 mL of 2 mol/L
HF and gently evaporated to dryness. Finally, this fraction
is taken up into a centrifuge tube with 0.8 mL 2% HNO;
and ready for Hf isotope analysis. More details of chemical
purification and mass spectrometry measurement can be

Table 2 Typical operating parameters and Faraday cup configuration
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found in Yang et al. (2010).

Before mass spectrometry analysis, the Neptune MC-
ICP-MS is tuned for sensitivity and peak shape using 200
ppb AlfaHf standard solution. The accuracy and reproduci-
bility of analytical results are examined using 50 ppb
JMCA475 standard solution as shown in Figure 2 that fifteen
analyses of JMC475 give a weighted mean '"Hf/'""Hf of
0.282172+0.000029 (2SD, n=15), which is in good agree-
ment with the value determined by Nowell et al. (1998).

2.2 In situ laser ablation analysis

2.2.1 JDX rutile Hf isotope evaluation
Although several rutile U-Pb reference materials for in situ
geochronology have been reported (Luvizotto et al., 2009;
Li et al., 2011; Bracciali et al., 2013), there is still scarcity
of rutile Hf isotope reference material. Except for R10,
other rutiles’ Hf isotope composition has not been reported
yet (Luvizotto et al., 2009).

Firstly, using isotopic dilution method, we analyze the

0.28224
TOHf/TTHf=0.282172+29

0.28222 (2SD,n=15)

0.28220 %
= I T | 1
I 0.28216 % %

0.28214 F %

0.28212 JMC475(50 ppb)

0.28210

Figure 2 50 ppb JMC475 Hf standard solution for monitoring stability of
MC-ICP-MS. The grey area represents weighted average value.

Neptune MC-ICP-MS

Laser ablation system

RF forward power 1250 W Instrument model Geolas Pro
Cooling gas 16 L/min Wave length UV 193 nm
Auxiliary gas 0.8 L/min Energy density 12 J/em®
Extraction -2000 V Spot diameter (pm) 60, 90, 120, 160
Focus —645V Laser frequency 20 Hz
Instrument resolution ~400 Carrier gas flow 0.83 L/min
Sampling mode (solution) 9 blocks of 10 cycles
Sampling mode (laser) 1 block of 200 cycles
Integration time 4'13222(851?;2?)) or
Faraday cup configuration
Faraday cup L4 L3 L2 L1 Center H1 H2 H3
Nominal mass 172 173 175 176 177 178 179 180
Hf Hf Hf Hf Hf Hf
Yb/Lu Yb Yb Lu Yb+Lu
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Lu and Hf contents, and Lu-Hf isotopic composition of 12
chips of JDX rutile grains for multiple times in different
periods as shown in Figure 3. The Hf content of JDX is
50.1+£0.7 ppm (2SD, n=17), Lu content is 0.0064+0.0014
ppm (2SD, n=17), "°Lu/"""Hf= 0.0000180.000004 (2SD,
n=17), SHf/"""Hf=0.281795+0.000015 (2SD, n=33).

After the Hf isotopic composition of JDX rutile is con-
firmed by isotope dilution, the JDX rutile is tested by in situ
laser ablation method over a long period of time as shown
in Figure 4. The "°Hf/'”’Hf and '""Hf/'"’Hf values fall into
quite narrow ranges (fractional correction is not carried
out), indicating that JDX rutile is suitable to serve as
in-house Hf isotope standards. Li et al. (2011) determined
U-Pb system of JDX rutile and found JDX is slight discon-
cordant, thus JDX rutile usually serves as monitoring stand-
ards. However, our study shows that JDX contains suffi-
cient Hf and coincident "°Hf/'7Hf value. Therefore, it can
serve as in-house standard material for in situ Hf isotope
analysis of rutile by LA-MC-ICP-MS.

2.2.2 Isobaric interference correction

Isobaric interferences on '"°Hf usually arise from "°Yb and
7*Lu, and are often corrected by monitoring interference-
free '*Yb and '°Lu (Thirlwall and Walder, 1995; Thirlwall
and Anczkiewicz, 2004; Wu et al., 2006; Yuan et al., 2008;
Hu et al., 2012). As mentioned above, on the one hand, due
to the low Yb and Lu contents in rutile, there exists possi-
bility of neglecting Yb and Lu interferences during analysis;
on the other hand, given the relatively low Hf content in
rutile, although rutile contains little Yb or Lu, it requires
correction for their contribution to mass 176. Consequently,
it is necessary to compare their differences and evaluate the
influence of low Yb and Lu contents on Hf isotope meas-
urement in rutile.

If Yb and Lu interference correction is applied, its prin-
ciple is similar to that of zircon:
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176Hf=176M_[175Lumx(176Lu/175Lu)t(M176/M175)[3Yb+
72Y bx(TOY B/ Y ) (M 176/M172) ). (1)

Mass bias is corrected using an exponential law and the
mass bias coefficient for Hf (fy) is calculated using
Hf/'""Hf=0.7325. For zircon, the Yb mass bias coefficient
Py is calculated from measured '"*Yb and '*Yb using
2yb/Yb=1.35272. Tt is not possible to independently
calculate the mass bias coefficient for Lu, thus fyy is used to
substitute it. For rutile analysis, it is impossible to determine
Pyv due to very low Yb content, hence Sy is used to correct
Yb and Lu.

If Yb and Lu interference correction is not applied, the
entire signal intensity received by 176 mass Faraday cup is
CHf. We measure '"®Hf/"""Hf ratio of JDX and R10 rutile
for fifteen times respectively and compare the results (Fig-
ure 5). For JDX, if Yb and Lu interference correction is not
applied, '"°Hf/'""Hf=0.28204+0.00019 (2SD), if applied,
76H/""Hf=0.28180+0.00013 (2SD); For R10, if Yb and
Lu interference correction is not applied, '"°Hf/'""Hf=
0.28262+0.00057 (2SD), if applied, ""°Hf/'""Hf=0.28219+
0.00016 (2SD). Obviously, application of Yb and Lu inter-
ference correction can notably improve accuracy and preci-
sion of "®Hf/"""Hf value of rutile, and further evidence can
be seen in Figure 6. In this study we analyzed four rutile
reference material and two zircon standards (Mud Tank and
GJ-1). In general Yb and Lu contents of rutile are very low,
however there is some variation in Lu and Yb contents be-
tween different rutile minerals, and some rutile may contain
Yb and Lu contents commensurate with those of zircon,
suggesting the necessity of interference correction of Yb
and Lu. Therefore, we applied interference correction in
later Hf isotope analysis.

2.2.3  Matrix effect

In contrast to solution Hf isotope analysis, a matrix-matched
standard mineral is needed for Hf isotope determination by

0.28185

0.281795+15 (2SD,n=33)

0.28183

0.28181

176Hf/177Hf

0.28179 b4 41

@[ *Lu/""Hf=0.000018+04 (25D,n=17) (P)
TPHf/ T Hf=0.281799£12 (2SD,n=17)

A0 2 L

0.28177
o [EERL e
i o 2014-06-30 +50.1£0.7 ppm (28D.n=17)
0.28175 . . L —
0 5 10 15 20 25 10° 10
Analysis number SLu/THE

Figure 3 The Lu-Hf isotope analytical results of JDX rutile by isotopic dilution method in different periods. (a) "*Hf/"”’Hf ratio in 1 to 6 unspiked samples

and in 7 to 12 spiked samples; (b) "*Lu/"""Hf vs "*Hf/"”’Hf isotopic systematics.
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1.00107 rutile is very challenging. One reason is the lack of matrix-
matched Hf isotope standards, or rather it is still doubtful
. whether zircon (91500, Mud Tank or GJ-1) can be used as
= 2o0e:0.0005 - for @ussnrnnnnny . external standards for in siru Hf isotope measurement of

gf 'fl .o rutile (Choukroun et al., 2005; Ewing et al., 2011).
I ;... ..:.n. ’. To solve the problem, using zircon Mud Tank as stand-
= e e‘ '_0.:,. e ) ard, we analyze Hf isotope ratios of zircon and rutile using
E 0.9990 0.9995 ° "':b‘; ° 1.0505 1.0010 the same instrumental parameters. As shown in Figure 7,
£ fe O oo ... although the '"*Hf/'""Hf value of zircon GIJ-1 is accurate
& o e o ° (Figure 7(a)), there is significant systematic deviation be-
:E lllll 0.9995 7+ © tween laser ablation results and solution results of JDX ru-
;= tile (Figure 7(b)), which means zircon cannot be used as
I standard material for in situ Hf isotope analysis of rutile.
0.9990 This might be due to the following reasons: the first reason

(" HIH) peaasroment (T HE T HE) e

Figure 4 Homogeneity examination of Hf isotopic composition in JDX
rutile.

in situ laser ablation. Compared with well-established Hf
isotope analysis in zircon, in situ Hf isotope measurement in

0.2826 @) 0.2842 ®)
JDX rutile R10 rutile
0.2824 0.2838
0.2822 0.2834
- - Uncorrection Correction
T 0.2820 T 0.2830 | |
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0.2816 0.2822 | |||'|||||
Uncorrectio i |
0.2814 r on Correction 0.2818
0.28204+19(2SD) | 0.28180+13(2SD) 0.28262+57 (2SD) | 0.28219+16 (2SD)
0.2812 0.2814

is the difference in chemical composition between zircon
and rutile that lead to different fractionation behavior during
laser ablation and mass spectrometry analysis; the second
reason is the large difference of Hf contents between zircon
(thousands of parts per million) and rutile (tens of parts per
million) that makes it difficult to analyze Hf isotope of zir-

Figure 5 Comparison of in situ ‘"*Hf/"”"Hf isotopic analysis between application of isobaric corrected and uncorrected Yb-Lu from JDX and R10 rutiles.
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Figure 6 Signal intensity of mass 176 of reference rutile (JDX, R10, PCA-S207 and Sugluk-4) and standard zircon (Mud Tank and GJ-1). The main iso-
baric interference of '"*Hf is '°Yb, and several rutile grains contain '7°Yb interference commensurate with those of standard zircon Mud Tank, suggesting the
necessity of interference correction of Yb and Lu.
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Figure 7 The matrix effect in Hf isotope analysis of zircon and rutile.

con and rutile with the same laser parameter. Consequently,
we use JDX rutile as standard in later Hf isotope analysis of
rutile.

3 Results and discussions

3.1 Hf isotopic composition of rutile U-Pb reference
material

R10 rutile is a large single crystal from Gjerstad, south
Norway, its Hf content is 37.4+0.4 ppm (rim) and 38.9+0.4
ppm (core), and Lu content is 0.0513+0.0005 ppm (rim) and
0.0300+0.0100 ppm (core). The '"°Hf/'"’Hf ratios are
0.282178+0.000009 (rim) and 0.282178+0.000012 (core)
(Luvizotto et al., 2009). The R10 rutile used in this study is
a piece of fragment with 1.5 mm in length and 0.5 mm in
width (Figure 1(b)). Using spots with a diameter of 160 pm,
42 LA-MC-ICP-MS analyses give reproducible '"°Hf/'/"Hf
values with a weighted mean of 0.282157+0.000204 (2SD,
n=42), which is in a good agreement with the value deter-
mined by ID-MC-ICP-MS (Figure 8)(Luvizotto et al.,
2009). With a 233 um spot employed, Ewing et al. (2011)
give a weighted mean of 0.282199+0.000280 (2SD, n=3).
Sugluk-4 rutile comes from a granulite facies quartzite in
the Ungava segment of the Trans-Hudson orogen of Cana-
da, which falls in a grain size range of 100 to 500 pm. The
grains are translucent, brown-red and idioblastic to sub-
idioblastic, with an average Hf content of 51 ppm (ranging
from 36 to 67 ppm). PCA-S207 rutile is collected from a
highly strained granulite facies paragneiss of the East Lake
Athabasca region (Canada). The grains are commonly xe-
noblastic and range in size from a few tens of micron to
several hundreds of micron, and its colours are red-brown to
dark brown, with an average Hf content of 37 ppm (ranging
from 20 to 60 ppm). Their LA-MC-ICP-MS U-Pb age is
1719+14 and 1865+7.5 Ma respectively (Bracciali et al.,
2013), however their Hf isotopes have not been reported.
Using spots with a diameter of 160 pm, 15 LA-MC-ICP-MS
analyses of Sugluk-4 and PCA-S207 give a weighted mean
T6H£/'TTHE of 0.281172+0.000107 (2SD) and 0.281246+

0.2830
[|®R10(2014-05-06) R10 "°Hf/'Hf:
[|® R10(2013-11-13) Co
Lo R10 (2013-10-18) 0.282157+204 (2SD,n=42)
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£ 0.2818F 0.281172+107 (2SD,n=15)
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|
; Lt
0.2810 | J'
| PCA-S207
L "°Hf/'""Hf: 0.281246+146 (2SD,n=15)
02806 IR SRR FETRRRTI] IR FEREET
10°® 107 10° 10° 10 10°
175Lu/177Hf

Figure 8 Lu-Hf isotopic compositions of rutile reference materials (R10,
Sugluk-4 and PCA-S207) by LA-MC-ICP-MS.

0.000146 (2SD), respectively (Table 3, Figure 8).

According to the U-Pb isotopic system of R10, Sugluk-4
and PCA-S207, Bracciali et al. (2013) points out that R10
has a large degree of intergrain heterogeneity with respect
to common Pb, nevertheless, Sugluk-4 and PCA-S207 ap-
pear to be suitable for primary and secondary reference ma-
terials of rutile U-Pb dating by LA-ICP-MS without the
requirement for correction of common Pb (the reproducibil-
ity of 2’Pb/***Pb and ***Pb/***U in Sugluk-4 is slightly bet-
ter than that in PCA-S207). Sugluk-4 rutile show higher Hf
contents and more homogeneous '"°Hf/'"’Hf values than
PCA-S207, making it better Hf isotope analysis standard.
Consequently, it is possible for Sugluk-4 rutile to be used
for both U-Pb dating and Hf isotope analysis standard
simultaneously. However, more work is needed to verify the
conclusion above due to limited rutile grains and isotopic
data in this study.
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3.2 Obtaining accurate Hf isotopic composition of ru-
tile by laser ablation method

Owing to low Hf content (~50 ppm) in rutile, the Hf signal
is very weak during laser ablation and sampling. It is not
still yet reported what the exact lower limit of signal inten-
sity for acquiring accurate Hf isotopic ratio is. To address
this issue, we use solution sampling to simulate laser abla-
tion sampling, using JMC475 standard solution with differ-
ent concentration (50, 25, 10, 5, 2.5 and 1 ppb), and the re-
sults are shown in Figure 9(b). The Hf signal intensity de-
clines as solution concentration decreases; when the 176 ¢
signal reduces to ~10 mV, the SH{/"THE values deviate
notably from its true value. It may be caused by the weak
signal intensity: the signal is so low that it nearly reaches
detection limit of MC-ICP-MS, and this is also supported by
our laser ablation data (Figure 9(a)). Given all that, we pro-
pose that, to acquire reliable 8H /" HE values, the °Hf
signal should be above 10 mV during in situ rutile Hf iso-
tope analysis by LA-MC-ICP-MS. In practical analysis, the
signal intensity can be controlled by choosing different spot
sizes.

The appropriate hafnium content in rutile for accurate Hf

Table 3 Lu-Hf isotopic composition of rutile U-Pb dating reference material
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isotope analysis has been illustrated in Figure 10. According
to Hf isotopic data by LA-MC-ICP-MS shown above, the
more hafnium rutile contains or the larger spot diameter we
choose, the stronger signal intensity we have, thus the better
precision we acquire. If assume the error of practical geo-
logical application is #+3.5¢ wunit, the corresponding
YSHf/"THS error is 0.0001. With a spot diameter of 150 pm,
for rutile with ~50 ppm Hf, the '"°Hf/'”"Hf error is 0.0002,
while for rutile with >100 ppm Hf, the '"°Hf/'""Hf error is
below 0.0001. With the development of technology, it can
be convinced that the requirement of accurate Hf isotope
analysis will decrease gradually in the future. In summary,
for most rutile (Hf content ~50 ppm), we can obtain
high-qualified Hf isotopic results with current analytical
procedure, which is proved in the following geological ap-
plication.

4 Application

The Khondalite Belt located in the western block of the
North China Craton is a suit of granulite facies meta-
sediment consisting of felsic paragneiss, sillimanite-garnet-

oY b/ oL/ Hf/ 2SD
Sample T 2SD T 2SD e (n=times) Method Source
IDX 0000018 0000004 0281795 0'(?1(1%%1)5 Solution This study
0.000187 .
JDX 0.000200 0.000150 0.000009 0.000010 0.281796 (1=89) Laser This study
R10 0.000029 0.000012 0.282199 0'8?932)80 Laser Evgl(;glelt)al-
R10 0.282178 0.(()32%12 Solution  Luvizotto et al. (2009)
R10 0.000379 0.000480 0.000026 0.000081 0.282157 0(3(1(3‘22(;4 Laser This study
Sugluk-4 0.000080 0.000392 0.000003 0.000016 0.281172 0(?1(10115(;7 Laser This study
PCA-S207 0.000647 0.001668 0.000019 0.000049 0.281246 0(?12(115‘;6 Laser This study
0.002 i 0.003
r(a) , (b) .
3 Rutile RutileJMC475
] - (Laser) 0.002F (Solution)
§0.001f °
I I 0.001}
% o0 0.28215419 0.28215+10 0.28216+4
g . : % 2SD, n=20 -
— ok S ok (2SD, n=20) (28D, n=20) (2SD,n=20)
] (<)
3 : ’ 0.2821647
£ .o 8° 8 §0.23138:42 (28D, n=20)
k= I ‘ ? -0.001 (2SD, n=20) §
= L 50 ppb
% -0.001 I og .Q ' azsszb
S -0.002F 0.28057+100 10ppb
~ [ - A 5ppb
o84 o Reliable ’ (28D, n=20) & 2.5ppb
- o Unreliable | O ppb
-0.002 A " 1 -0.003 M Ll L
0.001 0.01 0.1 0.001 0.01 0.1 1

176

Hf signal intensity (V)
Figure 9

176

Hf signal intensity (V)

The test of experimental condition for acquiring accurate Hf isotope value in rutile by LA-MC-ICP-MS.
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Figure 10 The relationship between precision of rutile Hf isotope analy-
tical data, the laser spot size and Hf content.

plagioclase (K-feldspar or monzonitic) gneiss, arkosite,
marble and calc-silicate rocks in association with small
amount of mafic granulites, TTG gneisses and S-type gra-
nites (Lu et al., 1992, 1996; Zhao et al., 1999, 2005). The
Khondalite Belt trends northwest and extends over 1000
km, and divided into three terranes from west to east. These
are Helanshan-Qianlishan, Ulashan-Daqingshan and Jining-
Liangcheng-Fengzhen (Figure 11). It is generally accepted
that the Khondalite Belt is formed by amalgamation be-
tween the Yinshan Block in the north and the Ordos Block
in the south at ca. 1.95 Ga (Zhao et al., 2003, 2005; Zhao,
2009), and it is deposited at ca. 1.95 to 2.00 Ga (Xia et al.,
2006, 2008; Wan et al., 2006, 2009). According to detrital
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zircon U-Pb ages, two episodes (1.97 to 1.94 and 1.87 to
1.82 Ga) of metamorphic activity are recorded in the
Khondalite Belt (Yin et al., 2009, 2011; Zhao et al., 2010;
Lietal., 2011; Dong et al., 2013; Ma et al., 2012; Liu et al.,
2013; Jiao et al., 2013). The 1.97 to 1.94 Ga metamorphic
event may be connected with collision between the Yinshan
Block and Ordos Block, while 1.87 to 1.82 Ga metamorphic
event may be related with amalgamation of the Eastern
Block and Western Block, or represents post-orogenic ex-
tension (Zhao et al., 2005, 2012; Jiao et al., 2013; Peng et
al., 2014). In addition, 1.92 to 1.91 Ga ultrahigh tempera-
ture granulite has been identified in this region and is pro-
posed to be concerned with the high-heat flow brought up
by the injection of mantle magma (Santosh et al., 2007,
2009; Guo et al., 2012).

We analyze U-Pb ages and Hf isotopic compositions of
zircon and rutile collected from granulite in Dagingshan and
Jining terranes (Figure 12, Table 4). It is considered that the
metapelitc granulites in both regions have experienced high
to ultrahigh temperature metamorphism, and some samples
even contain sapphirine (Jiao and Guo, 2011; Jiao et al.,
2011). To ensure the reliability of in situ laser ablation Hf
isotope analytical results in rutile, we measure their Hf iso-
tope by solution method, which is consistent with the laser
results, indicating our laser results are convincing.

In general, compared with zircon, the Hf isotopic com-
positions of rutile are relatively homogeneous in this region,
and rutile has much lower ""°Lu/'"’Hf ratio (Figure 13),
suggesting massive garnet (rich in HREE) crystallization
during the closure of Lu-Hf isotopic system of rutile.

Three rutile samples from the Dongpo outcrop in the
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Figure 11 Tectonic subdivision of the North China Craton (a) and the Khondalite Belt within the Western Block (b) (modified from Dan et al. (2012)).
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Figure 12

The SIMS U-Pb ages of zircon and rutile from the Khondalite Belt of the North China Craton.

Table 4 The U-Pb ages and Hf isotopic composition of zircon and rutile from Khondalite Belt in western block of North China Craton

Sample Mineral Ages Ma)  "SYb/'""Hf oLu/ T HE SHE/ TTHE 2SE (n=times) e (1780) 20 Method
Dagingshan-Dongpo region

09DP14 zircon 1842+8 0.00067 0.000021 0.281474 0.000009 (n=16) -6.28 0.45 Laser
rutile 1734+11 0.00000 0.000000 0.281531 0.000014 (n=15) —4.23 0.70 Laser
rutile 0.281539 0.000003 (n=7) Solution

08JDPO5 rutile 0.00029 0.000001 0.281560 0.000036 (n=4) -3.20 1.30 Laser
rutile 0.281555 0.000005 (n=2) Solution

08JDP06 rutile 0.00070 0.000004 0.281541 0.000047 (n=2) -3.88 1.68 Laser
rutile 0.281554 0.000010 (n=2) Solution

Jining-Tuguiwula region

09TGS11 zircon 18438 0.00081 0.000023 0.281484 0.000008 (n=16) -5.93 0.50 Laser
rutile 1780+6 0.00011 0.000003 0.281593 0.000015 (n=15) -2.03 0.60 Laser
rutile 0.281591 0.000011 (n=4) Solution

09TGS38 zircon 19448 0.00068 0.000020 0.281580 0.000010 (n=16) -2.51 0.65 Laser
rutile 1783+5 0.00003 0.000002 0.281598 0.000012 (n=15) -1.85 0.48 Laser
rutile 0.281605 0.000008 (n=7) Solution

08TG13 rutile 0.00001 0.000001 0.281600 0.000014 (n=15) -1.78 0.55 Laser
rutile 0.281602 0.000009 (n=4) Solution

08TPSO1 rutile 0.00003 0.000000 0.281597 0.000012 (n=15) -1.89 0.48 Laser
rutile 0.281597 0.000015 (n=4) Solution

Daqingshan terrain give nearly coincident °Hf/"""Hf val-
ues, whereas, the rutile in 09DP14 (sillimanite-garnet
gneiss) give a weighted mean *”’Pb/**Pb age of 173411
Ma, which is notably younger than its zircon age of
1841.5+8.2 Ma, confirming the closure temperature of U-Pb
system in rutile is lower than that in zircon. If their ages are
normalized to 1780 Ma, their Hf isotopic compositions are
not in good agreement with each other.

Similar to rutile from the Daqingshan terrain, four rutile

samples collected from the Tuguiwula outcrop in the Jining
terrain give homogeneous Hf isotopic composition (slightly
higher than rutile from the Daqingshan terrain). It is notable
that rutile from 09TGS11 and 09TGS38 (both are sillima-
nite-garnet gneisses) give coincident 2°’Pb/*°°Pb ages
(~1780 Ma), though zircon from these two samples give
different *’"Pb/**°Pb ages (1843.3+7.6 Ma for 09TGS11 and
1944.3+7.8 Ma for 09TGS38). The 09TGS38 has a meta-
morphic age of ~1.94 Ga, and similar Hf isotopic composi-
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Figure 13 Lu-Hf isotopic composition of zircon (red diamond) and rutile
(yellow circle) from Khondalite Belt in western block of North China
Craton. Zircon data (blue diamond) are from Santosh et al. (2009) and
Yang et al. (2014).

tion between zircon and rutile implies that the Hf isotopic
system of rutile is not disturbed by later metamorphic event
and its initial Hf isotopic signatures are preserved. As for
09TGS11, its "*Hf/'""Hf value of rutile is obviously higher
than that of zircon, and we propose the Hf source of rutile
during crystallization process is different from that of zircon.

However, taking all published literature and data into
consideration (Figure 13), it can be discovered that the Hf
isotopic composition of zircon and rutile from older (~1.92
Ga) ultrahigh temperature granulite are generally the same,
yet that from younger granulite exhibit notable differences.
Consequently, the evolution history of the Khondalite Belt
in the North China Craton is quite complicated and worth
further investigation.

5 Conclusion

We analyzed Hf isotopic composition of rutile U-Pb refer-
ence materials (JDX, R10, Sugluk-4 and PCA-S207), which
is consistent with solution results or literature data, sug-
gesting that for rutile with low Hf content (~50 ppm), we
can obtain reliable "*Hf/"”"Hf value with adequate precision
for geological application. During analysis, the matrix-
matched standard is necessary, which means zircon or other
minerals cannot be used as standard for in situ rutile Hf iso-
tope measurement. The key for acquiring accurate Hf iso-
topic composition in rutile is ensuring '"°Hf signal intensity
above 10 mV, thus spot with larger diameter is needed.
Based on the analytical procedure presented above, we ana-
lyzed Hf isotopic composition of rutile and zircon from the
metapelitic granulites in different regions in Khondalite Belt
of the North China Craton, and the results indicate that local
granulite has experienced a complex metamorphic evolution
history.
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