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Abstract: The oxygen isotope composition of phosphate (8'¥ Opo,) in bioapatite plays a significant role in paleo-environmental
research as one of the ideal proxies for paleo-temperature reconstruction. However, for trace bioapatite(e.g., conodonts), a re-
liable pre-treatment technology is quite important and difficult for its 8'° Opos analysis, resulting in analytical technique estab-
lished only in several overseas laboratories. Here we combine the advantages of those methods and present a protocol on the
analysis of 8" Opo, as Ag; PO, for bioapatite of total sample size as small as 0.2 mg using a thermal conversion elemental analy-
zer (TC/EA) coupled to a continuous flow isotope ratio mass spectrometer (CF-IRMS) via a helium stream. Ag; PO, is precip-
itated by NH; buffer method after apatite being dissolved with nitric acid, Ca®" being removed with KF solution and the solu-
tion being neutralized with ammonia buffer solution. The results indicate that analysis of §'* Opo, maintains an external precision
of +0.2%,(16), meeting the international analytical standards. This method for analyzing 8" Opo, of phosphate extracted from
bioapatite is robust to be used to reconstruct paleo-temperature.
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W CEAE 45, 20135 #2145, 2016). A W i K A
# ¥ Cay, (PO, ,CO;) (OHLF,CD, JH A RN X
18 8" Opo FE 7 IR B 5 2 5 T AT 2 AR F L I
WK AT 53 10 0" Oy BT A 80K B 1 368 7K 3R BE (Sun
et al., 2012; Quinton and Macleod, 2014; Chen
et al.s 2016) , Bfi 2= 2 Wy IR A1 1) 0" Opoy 7T 18] B2 48
JNAEE B S8 (Amiot et al., 2015; Gehler et al.,
2016). S GHE5E 55 Z 0 Bk TR $h 0 W0 AH 1L 85K A1
T R AR IR Y P-O B S RE AP BLE  FE h 5 AL
Wt I AR & A= 1 4L I A7 38 53¢ 0 55 15 1R R i) (A 35
HEAE L, 2015) o PRI HL sz Bl A oty 3R i o AT e

W AT CINF B A7) 1Y 8" Opoy 75 7 I8 8
A7 T A N FH 2 Y i B 2 R — AN B R A
S3AT N AE T3 vk R AR B S L (SIMS) (A
TN 55, 2012) R4k 4 38 B+ FA L 4 o0 K 40 B — ik
[F 4 2 3% ¥ (TC/EA-IRMS, T i # TC/EA
) (Elrick and Witzke, 2016; Sun et al., 2016a)
WA SIMS KR 32 B i 2 19 BR A (5 — 7 T 4K 58 226
PR 2 BT % o XA B 7 43 B, A BE o8 A HE B &
SR T T O — O T TR AR LR B 5 Pk
% # PR EE Durango B 8" Opo, B2 1 75 3 B 52 3]
JF5E (Sun et al.,2016b) ; TC/EA ¥l i ji &b 3 $2
VLR YA PR s WA N 3N Y @I B A ST N o RS R )
SR, I HLAT LA S8CHEBR & A 4% 0 9 T4 (LaPorte
et al., 2009) , {H T3 i B K A b 39 07 vk Y 6T L AR
PRI M. [ P A1 8 85 58 A At B K A1 8" Oy DK 11 512
oA IR B P B AR B ST R ) BT B K A
3" Opos 1 SIMS 2 (5%, 2013) A M & H LT
TC/EA ki) #H G E.

B K A v B i TR AR AP 1 A B R AR | R RN A L

Jot 45 22 Foft 5 SR B 3k 6 5 AU T B R e A

(W45 ,2013) , P R 2R ] B8 HE IR 1 38 43 2% i T
Yo TC/EA i i b Bad A2 w85 K 4 i PO,
Ve Al Ag, PO, L B3R 22 R 5% TR AR L 358 2k Al
LTIy BT TR A Ag, O 2535 il & 48 2% . 1k
AN RS B T 0 A A pH LU AT R B O R S Ak
FEEF PO, WIS, I ok A w4 2 0ok 72 Kk A 4[]
FOM R & T PO 5AFK R A AR R
A — RN IV R e R P AR IERR
SE (14 8 [ AT 25 R T 5 1 4 ) 0 28 45 R, 2 E AT el et
BEIKAT 8" Opo 43 BT 1Y T 45 RIME S5 32 1 X R A 2
ST B K AT 0" Opoy 23 AT Y TC/EA 32 1 4b 2
J5 i NG B TR AR e o S AT T HAR.

BTG A X BT AR RGBSR T
R AR B2 I, 70 3 4 R[] 057 28 {308 I 3k 45 2% 1 it
AR RS R, S T —FaE A o b i
TRAT 8" Opoy IR T 5.

1 SEEeH4y

1.1 B MRS

TEIL 2.
1.2 AiREiFRE

B R T 8K A0 PO B4R O T X
FORE A (I R 41 e 2 200 H W I 4 1l DLUE fie i
70 °CF B AT A O S AROBE LR DL DR AR T 4
oy
1.3 8" Opo, MK

Ag; PO, 1 8" Opo, i I 78 R /3 M1 AL — AR F
FE R 2 B AL (EA-IRMS) 43 87 i 2k BRI 0.2 ~
0.3 mg ) Ag; PO, (JR UGB KA 7 ~0.2mg) . LA

1 WEBKAF °0r #H K TC/EA & LB
Table 1 Comparison of TC/EA method for 8" Op, analysis of trace apatite

FE & i (mg) 16(%) BN & IE7P) iR A A BB EE BN
NaOCl B A HLY . NaOH [ J& 58 ik , HF & N . o
20 0.51 B @iﬁ%gﬁﬁgﬁgf qu? %;(()E i *Hg I R B RS R R Vennemann
G AL 0.09) e 3 o [ HE 33 2% 4 41 L., 2002
itk Wi S W PO f TR E “a
0.5 mol/L HNO; ¥ fft 8 K 4. P T %8 AL AT Ca B B K LaPorte et al
0.10~0.45  0.15 8597 BRI Cat KEUKTALAGNOS P R T A B ey o
PO, 7%
2.0 mol/L HNO; ¥ fi# # )X £1, KOH . Joachimski et al.,
0.5~1.C .15 2~ s ; e . R RE & 5 Hh A S
oo 010 e RILHF U03E Catt B po, o, TCr LT ARRER 2009
5 B Lo K s 3 22 /\é“.:/‘::g—g 5 Griffi ot al.,
0.3~0.8  0.10~040  20~g5 07 mol/L HNOs i fit Bh K 41 KOH f - Jypkse i 5 4 i o it fCHE B riffin et a

L KF PLIE Cat AR ML PO, .
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Table 2 Relative instrument, materials and reagents

Bl AR AR 3R
IR A A Flash HT JC 2 431X + Delta V S E [F L R L AH BT AL (Thermo Fisher 24 /)
e e g (R SO I BB D 2 Rl OB B — S BB AR (1 mL) s PFA BEAR (5 mL) s B0
HIAR SRR o L), BRI C0.45 ) s WS T3S B I ( AGSOW-X12)
Ewill T TR IR R L K S SRR A SR TR B (3 i )

b YA A .
PRI B mental Microanalysis 23 )

i KA bREE NBS 120c(NIST) s B K A AR BE NBS 694 (NIST) 5 8 R 4R 48 7] 7 Z A5 A (Ele-

SEBRAE A

KGR = bk S R 2 4 Ve il Ik (200 HD

FRHE0.2~1.0 mg 200 H f < A1 K i N A 47 55 PFAJE A1
BITAS50 uL 2.0 mol/L KF¥% i
JINO.5 mL 0.40 mol/LAH B2 % 1413 ff24h
BIN0.25 mL 2.0 mol/L& /K i 1
10oommmi%izﬁ?'[%mominZISé%N’é%
W RS 2 T PFALEM . MN0.5 mL 0.13 mol/L AgNO, ¥ i

AL IR TERX I B 48h
B.50°C hn#A @ R F24h, B BR6hkh 7 4 K S 2K T

AN EEFRS A PO SR, 0.45 wmBl 55 2T 4k P8 55 0 5 A4,
Al K Ve Bk, 45°C BT R

K1 PO, $2BURE R

Fig.1 Flow chart of PO,*" extraction from apatite
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Fig.2 Diagram of TC/EA-CF-IRMS
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Table 3 PO,* yields in different digestion temperature
PO PR (E16,n=3,%)

e dit 4 B

20 C 70 C 150 C
NBS 120¢ 93.94+2.1 94.0+4.1 93.34+2.2
NBS 694 92.840.8 93.2+1.1 92.941.6

[l 2 A e L g R WY, 72K pH B4, PO,
H5%ER H, O Z E AR B (70 C LT &K
(70 d> Jo B 2 1y S IR A7 R 2 (O'Neil et al.,
2003). XL T 1 mg HEM A GIAE 20 C (=R .
70 CHI 150 C &M NH M 24 h MBI R0E, 451
T3 AT B PO IR TG 1 35 22 5 (3R 3).
Kt 0.5 mL 9 0.4 mol/L fil§ iR i& FERT . AT BEFE 20~
70 CHAE 24 h ARIE5E 2R,

2.1.2 Ca"ERAZE WEKABMGE . BlHKE
TELERY Ca® 2352 Ag, PO, BYSE . A S0 1 T A8
B Ca™" 143 ) Af I BH B8 - 28 e i IR C(AG50W-
X12, LaPorte et al., 2009) A5 +KF % (50 pL
2.0 mol/LL), ¥ pH J5 i KF & # (50 plL
2.0 mol/L)ZEx Ca®' XF PO, BT EFI 8" Opo, HY
MR (R O EF R, Cat EES S5 PO, (1]
WO 2 B AR B X 8 Opoy S WA K, X 2 N
Ca’ FEEMF A2 1Y Cay (PO, TEEE LW 5 &
A AR L T 5 W RT3 AR 8 Opoy 6 B 3
5200 A BH 5 - 22 40 i 30 KF 38 L B Ca® A
Fb#, PO, B TR N 8" Opoy JG B 2 X 1] L E B
T F ULUETE 0k Ca™ T SEdE. BB 78
0445 g 75 AH X SR B 9% O, AR SOk R KF UTUE k.
L H A R KE 7 W [R) BREm A o g R IS
A KF B8 A KF A7k, 258 5ox PO, 1Y
(A1 A 8" Opor, JG B & X 51, R KF 3 3] 76 7%
R IR PR — RS A & 3 T 0 /0 i Ach 3 A R

213 pHIATAHE ALEKRH—E& 2 mol/L
KOH % # (Joachimski et al., 2009) Fl 0.25 mL
2.0 mol/ L& /K4 3347 pH ¥ . PO, [1J-F34 [ i
N S" Opoy 1A 13 22 31 (G 5). % B3R | KOH
VSV T pH B, B SRR Y pH AR T RIS pH

£S5 A[E pH A EX NBS 120¢ PO, Bl ZE 16" Opos
BB
Table 5 Average PO,*” yields and &8 Opo, values of NBS
120c under different pH adjustment methods

2 mol/L KOH 2 mol/L &K

AR (£16, n=6, %) 91.0+£1.7 93.442.2
3 Ovsmow (+ 16, n=6, %) 21.70+0.21 21.9140.17

£ 6 AELRBEMEE NBS 120c PO, [ 2 #1 %
Table 6 Average PO,*” yields of NBS 120c over different
precipitation temperatures and times

FCR (£16.n =3, %)

B
S 12 h 24 h 48 h 1A

20 C(ZEW) 27.6+4.9  79.942.4  91.840.9 (93.1+2.2)%
50 °C 55.043.3  93.642.1  92.7+1.9 —

ZAFIG  HEFINY pH 258 M TAERIZ K FIE %
PR R ) K AR5 SR BT AE T AR S I A 8 K
(775 A 2 i 1) ZOK AL RE S 1 pHL, 3243 1 4
B Ag, PO, %5 HHDTTE AR 2 55 1F.

2.1.4 Ag,PO, &E@EMH Wi PO, My FE4li A
MR & A%, WA NH, WEBH L, Bl
pH MK, Ag"™ N5 NH, &SRR Bk, 5
PO, 256 4 KR AH Ag, PO, %5 (LaPorte
et al., 2009). 5y 5 5L T AN [A] 45 & il B (20 °C AN
50 ‘COFIBFE] (12 h,24 h.48h A1 1 J&) %} NBS 120¢
W AR [R5, 25 5 R W] 50 °C 24 h 8 20°C
A8 h I B R AR HEAS 58 4 T TE (5K 6).

2.1.5 (U4 EA-IRMS 7E I & 4 400 4~
Ag; PO, FEMN G T8 3R 73 A A v v T 24 7 D 35 e
EHNEE ConFlo IV A M43 Wi & UL ) ConFlo IV
&R open split B B4 M B 4048 T 1F 15 22 4B ¥ f
o 25 i OB A TS e s T R R B0 NS B R
P (Vennemann et al., 2002) 5 2 {0 #5 4 BK 1% 3E.
A S 3 K R 3 5 Wk 4 L 4 Ui F open split i
ATIH Ve, [ B 78 DA 3 91 v 4 A 25 1 RE IR 45 % T
PLORAP AR I DR R 34 2

2.2 REMLKER

221 EWERFRELE NEHEEARPITIEMN

®4 TEBK Ca’* FiEX NBS 120c PO, B EF 8" Opoy H 1
Table 4 Average PO,*" yields and 8" Oy, values of NBS 120¢ under different Ca®" removing options

ABR Ca?T (n=3) MHMIE(=6) R+ KF(n=6) JE M KF(n=6)
PO, IR (£16, %) 45.9+14.3 89.14+1.5 93.442.2 91.44+1.9
3" Ovsmow (16, %) 21.88+0.31 22.0440.15 21.914+0.17 21.9740.14
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w1
>
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o
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Fig.4 & Opo, values of NBS 120c¢ and NBS 694 under
different PO,*" yields

[ R, % NBS 120¢ Fi1 NBS 694 4 Fh i 7K A3 br A
HEAT AN [R) in A 2 4 BRI . n FE AR 0.2 ~
1.0 mgft, PO, B EAE 75% ~100 % , H B FF
S U T RS (BT 3D P R bR AR I A5 1) PO, 4[]
L Z AR A 8" 0100 (VSMOW) =21.940.14%,
(1o, n=9).8" 04, (VSMOW) =18.9+0.09%, (10,
n=9) ., 4 "] WAE 75 % ~100 % [a] i 3 fih 25 b X}
8" Opoy Jo 5 2 52 W0 (B 4.l T TRl 7 28 30 I3k 7
0.2~0.3 mg Ag, PO, , B LB K A1 FE i 5 I 22
25 0.2 mg.

e R 40 Ag, PO, 45 i T REIR A Ag, O %
Fe TV 2 AR X B AR 2 X 8" Op fH
TR 2 5 AR IS AR IR DT VE S Bk BRIk 2
i K TE 29 0.1~0.5 mm, B0 5 25 64 (8] 5) , %)
B 43 3C Hk (LaPorte et al., 2009; Griffin et al.,

B 5 A7 B B AH T TE A5 30 0 B R AR o 1 (I ok B 0B
Fig.5 Ag;PO, crystals precipitated by homogeneous pre-

cipitation method

S G S
Bl 6 AT S5 % X NBS 120c (1 8" Opo, S BCIM45 R X H
Fig.6 8" Opos values of NBS 120c¢ from different laborato-
ries and different methods
1.Vennemann et al.(2002): 22.09%, =0.51%:; 2.LaPorte et al.
(2009): 22.4%, £ 0.3%0s 3.Joachimski ez al.(2009). 22.4%, £
0.16%0; 4.Halas et al.(2011): 21.8%,+0.2%:; 5.Rosenau et al.
(2014) ; 21.8%0£0.4%0 3 6.Griffin et al.(2015) ; 22.5%,+0.3%;5 7.
A3 21.9%F0.17% K JE 16)

2015) hRF B4 EA 1Y) Ag, PO, 45 i il fE A Ag, O,
LA AR T AR AR B Ag, PO, 2l HTR.

222 SOLRAEY FMERIE T, WEITK
W Jir s [ o7 3R LU A DR T 3 > S5 50 i AR v AN R A B
8 TR AL 2R A2 #8562 3 O3 08 e AR A 10 R S
56 b e Wl 1R R B By vk (BRI 45, 2015) , L DU
Ag: PO, AL AR B il L 58 42 2R AR SCHE L 1Y
WK A7 43 W D5 ik EAT VA R Ca® ' R4 A TO0 3 55
EM RS 31T Ag PO, &5 8, 5 iR Ag, PO, 51 Al
PRI Ag, PO, 45 i1 8" Ovsvow (8 53 54 5.68%,
(n=5, 16=0.15%) 1 5.67%(n=5, 16=0.20%0) ,
P2 IR J5 B A WA K A AR A R A T R A S
AR R AR WY I Y AR A, 3R 4 SR 5 A
485 R 3 WA J5 1 0 b 4t 5 A1 0T O fH —
H (16<C0.5%0, Joachimski et al., 2009; LaPorte
et al.+2009) , i — 20 U WA J5 25 R 77 AR B 5 119 []
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Table 7 The average PO,*  yields and 8" Opo, values of practical samples

g (£1e, n=5, %)

818 Ovsmow ( +1l6, n=5, %\,)

FE i 24 Bk i R TR
DCX1 KIERE 1
DCX2 KIgR 2
SZM =B

LY Br

95.612.5
96.4+1.9
89.31+2.7
82.543.0

10.1440.19
10.08£0.18
9.1840.13
9.624-0.18

(i

AR T S 56 28 0 B O 125 AR AR 358 BB S ) e 1 T
T 2% 01 O 22 5, 1A IR R AR U IR 2% 2
4~8 °C (Pucéat et al., 2010). 2437 ¥ K H EMA
Al Ags PO, IR 3R b BE AR B SR HE L O 5 [ Ah
A 52 50 2 HEFT NBS 120¢ £ 8" Opoy X F (& 6). 40
BB 7R o AR D5 25 43 BT S e () NBS 120¢ 8" Opoy fH
T Halas et al. (2011 B &5 R, 1o FruEfR 22 /DN FHGE
) ~F- 51
23 EREHEMMKER

ARSI W UK R R | — ik 5 RN 2 1 o U b g Ak
AT 4 ASRE ST I AR B ORI R R i
ANFEMAE 0.5 mg AR AT T 5 APATSER (R O,
Wl % 4% B 1 B0 BT 6 B K A 7 2 B0 T
Ag; PO, ST TH BR AU 1 R H 3R 8 (1<
5%),0" O bRl 2238/ T 0.2%0(16) » F BIAR Iy i 4
SRR A it BB K 1 A T RORS %% 13 A A

AR SCHEEST T i R A TP R AR AR 6 R 1 43
Br s XP v fife B 40 45 & RN A 4 A R R AT
ST P PLAR . AT A BRI Ags PO, 25 8l FE & . O
R R E RN T 0.2 mg B K A FE 5. 0T
W22/ T 0.2 (1o) s B T FE AR & Az W 5 1 4[] 52
RO A4 A SEBRAE Y B B i — DRSS T
T3 B FEE M N T € K 3R 00 5 i A T A R
AR, 20 A 2 DR AR AR AR E B G S
Tl K A Tl TR AR A IR 62 28 1) 49 BT 5 SR ot ek 8 o R A 5T
FEAE T HOR .
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