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Gao JL, Liu JQ, Guo ZF, Meng FC, Zhai LN and Li ZP. 2017. Chemical and carbon isotopic compositions of volatiles in
Shuangliao Cenozoic basalts and related mantle xenoliths: Implications for origins of volatiles. Acta Petrologica Sinica, 33
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Abstract The mantle fluids hosted in basalts and mantle xenoliths are important for us to understand characteristics of magmatic
source and evolution of lithospheric mantle. We have investigated the features of volatiles extracted from basaltic rocks and related
xenoliths collected from Shuangliao volcanic field in order to reveal the characteristics and geneses of mantle fluids. Two types of fluid
inclusions can be recognized in olivine phenocrysts of Shuangliao basalts and constituent minerals of xenoliths: the early stage and late
stage fluid inclusions. The volatiles in early stage of inclusions were trapped during crystallization of minerals and represent the primary
volatiles of magmas. The volatiles in late stage of inclusions were trapped by minerals during alteration and metasomatism processes and
represent the secondary volatiles. The volatiles in early and late stage of inclusions were released at high temperature interval (600 ~
1200°C ) and low temperature interval (200 ~600°C ), respectively. Primary volatiles of xenoliths are composed mainly of H,0, CO
and H, with minor CO, and CH,. Metasomatic volatiles of xenoliths and primary volatiles in olivine phenocrysts are dominated by H,O
and CO, with minor CO, H, and CH,. The primary and metasomatic volatiles in mantle xenoliths and primary volatiles in olivine
phenocrysts all contain biogenic CO, and hydrocarbons. It indicates that biogenic volatiles from organic matters were introduced into
lithospheric mantle and magma source of Shuangliao basalts. The biogenic volatiles in magma source of Shuangliao basalts and
metasomatic fluids in lithospheric mantle were most likely derived from the sedimentary organic matters in the subducted Pacific slab.
The plagioclase phenocrysts and matrix of Shuangliao basalts contain much more volatiles than minerals mentioned above. The volatiles
are composed mainly of CO, and H,0. The 8" C values of CO, are much lower than that extracted from olivine phenocrysts, which can
be interpreted as a result of degassing during ascent of magma.

Key words Mantle fluid; Chemical composition; Carbon isotope; Basalt; Xenolith; Shuangliao
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Fig. 1
northeastern China (after Xu et al. ,2012)

Distribution of Shuangliao Cenozoic basalts in

Red triangles are the locations of sampled volcanos; Black triangles

are the locations of unsampled volcanos
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Table 1  Major element (wt% ) compositions of the Shuangliao basalts
s ABS-1  ABS2  BBTS-1 BBTS-2  BLS-1 BLS-2 DTEJS-1 DTEJS-2 XTEJS-1 XTEJS-2 DHLBS-1 DHLBS-2 XHLBS-1 XHLBS-2
SRAEHL Al BN YergIL pNLTIE ST /N ZRIE L RIS L ANCEE Al
Si0, 42.96  43.31 41.67 42.24 45.09 44.94 48.50 47.65 47.11 49.16 47.67 47.63 46.44 46. 82
TiO, 2.70 2. 65 2.72 2.74 1.99 2.05 2. 06 2.17 1. 86 1.67 1. 64 1.61 1. 48 1. 46
ALO; 12,12 12.49 12.11 11.86 12.87 12.02 17.71 17.23 13.82 14.18 13.90 13.69 14.17 13.85
Fe,0]  13.31 13.17 12.87 13.32 13.43 12.84 9.52 9.54 13.00 13.04 12.84 12.98 13.95 13.27
MnO 0.17 0.17 0.17 0.17 0.18 0.17 0.12 0.12 0.16 0.17 0.17 0.18 0.18 0.18
MgO 12.33  11.90 11.09 11.26 10.53 11. 68 4.37 4.13 10. 48 8. 81 9.85 10. 01 9.29 9.25
CaO 8.59 8. 66 9.01 8. 64 7.68 7.12 9.96 9.95 8.90 8.76 8.40 8.43 8.22 8.90
Na, O 3.56 3.94 3.59 4.16 3.83 4.25 3.88 4.01 2.91 2.93 3.28 3.26 3.60 3.31
K,O 1. 66 1.29 1.52 1.33 1.90 1.28 1.38 1.37 1.02 0. 64 1.10 1.11 1.31 0.87
P,0s 0. 63 0. 66 0.62 0.71 0. 83 0.74 0.43 0.43 0.31 0.23 0.48 0.48 0.46 0.43
LOI 1. 06 1.16 4.08 2.84 0.94 2.52 2.12 2.86 0.36 0.02 0.36 0.22 0. 06 0.36
Total 99.09 99.40 99.45 99.27 99.27 99.61 100.05 99.46 99.93 99.61 99.69 99.60 99.16 98.70
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Fig.2 The TAS diagram of Shuangliao basalts ( after Le
Bas et al. , 1986)

The data of solid figures are from this study and data of hollow figures
are from Xu et al. (2012)
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Fig. 3 Photomicrographs of inclusions in Shuangliao basalts
and constituent minerals of xenoliths

(a) early stage fluid inclusions in olivine; (b) late stage fluid
inclusions in olivine; (c¢) two-phase (L + V) fluid inclusions in

olivine; (d) melt inclusions in olivine
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Fig. 4 The amount of volatiles (mm’/g) released at different temperatures from olivine and plagioclase phenocrysts and matrix of

Shuangliao basalts and constituent minerals of xenoliths

(a, c¢) are contents of H,0; (b, d) are contents of volatiles except H,O. Oliv Phenocryst: olivine phenocryst; Pl Phenocryst: plagioclase

phenocryst; Mtx: matrix; Oliv-Xenolith: olivine in xenolith; Opx-Xenolith: orthopyroxene in xenolith; Cpx-Xenolith: clinopyroxene in xenolith
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R2 WIZHEMBEBHBECELREERBHREELR SN LEMREMCEAM
Table 2 The chemical and carbon isotopic composition of volatiles released from Shuangliao basalts and related xenoliths at different

temperatures

% (mm®. STP/g) 83 C (%0 vs. PDB)

i

Mgl FEAREE B REE(TC)

Volatiles ( total ) H,0 Volatiles-H, O CO, H, CcO CH, CO, CH, C, Hg
200 ~400 32.6 24.2 8.4 59 0.0 0.0 0.0 -17.9 -47.2 -28.7
400 ~ 600 47.9 34.7 13.2 1.3 0.0 0.3 0.1 -18.1 -45.2 -26.7
BEES WA WA 600 ~800 33.0 18.2 14.7 9.5 0.0 2.7 0.1 =-18.7 =39.5
800 ~ 1000 29.0 13.2 15.8 3.6 2.8 7.8 0.0 -19.0 al6
1000 ~200 23.8 12.3 11.6 2.2 2.2 69 0.0 -19.9
200 ~400 1001 827.5 173.2 45.8 13.8 33.0 0.1 -20.1 -45.9 -34.2
o 400 ~ 600 1029 884.2 144.7 93.4 15.7 0.0 0.1 -25.0 -33.7 =-20.5
L BEE R 600 ~ 800 657.8 534. 1 123.8 81.9 0.0 0.0 0.5 -22.0-34.6 -24.6
800 ~ 1000 112.7 60. 1 52.6 28.9 0.0 0.0 0.2 -22.6 -35.0
200 ~400 23.4 16.0 7.4 3.2 0.1 0.0 0.0 =-17.0 -46.4 -33.6
- 400 ~ 600 21.9 13.0 9.0 52 0.1 1.5 0.1 -16.6 -46.3
B rR HHiA 600 ~800 18.8 8.8 10.0 51 0.2 3.4 0.1 -16.4 -44.0
800 ~ 1000 12.0 5.7 6.3 1.8 0.5 2.6 00 -18.1 -38.1
1000 ~200 10.5 4.2 6.3 2.1 0.6 3.5 0.0 -17.2 -40.0
200 ~400 1106 950.0 155.8 119.2 8.7 26.7 3.3 -24.3 -47.6 -28.5
KWEHE AT SR 400 ~ 600 1645 1497 147.9 82.9 0.0 46.8 1.4 -24.1 -38.5 -33.0
Bl xRE 600 ~ 800 930.6 796.3 134.2 75.3 0.0 42.5 1.1 -26.1 -32.6
800 ~ 1000 220.0 113.2 106. 8 0.0 0.0 0.0 0.0 -21.8-34.5
200 ~400 44.7 25.3 19.5 18.5 0.2 0.0 -19.0 -50.6 -34.6
400 ~ 600 38.4 20.0 18.4 17.9 0.0 0.0 -17.8 -51.2
gl B|XE WS 600 ~800 34.7 14.7 20.0 19.3 0.0 0.0 -16.0 -44.8
800 ~ 1000 40.0 9.5 30.5 26.6 0.4 0.0
1000 ~200 14.2 5.8 8.4 6.3 1.4 0.0 T3 —ded
200 ~ 400 1005 927.4 77.4 75.2 0.0 0.0 0.0 -20.5 -43.8
N 400 ~ 600 897.0 775.8 121.2 97.8 0.3 13.3 0.0 -22.9 -34.2
MEL BXE ER 600 ~ 800 562.8 435.4 127.4 123.8 0.0 0.0 0.1 =-21.2 -34.5
800 ~ 1000 411.1 325.3 85.8 51.0 0.0 0.0 0.0 -21.1 -34.8
200 ~ 400 69.5 51.1 18.4 1.3 0.3 0.0 0.0 -16.8 -48.6 -26.9
AR g 400 ~ 600 66.3 45.8 20.5 1.1 0.0 0.0 0.0 -16.8 -47.7
S g A 600 ~800 45.3 23.7 21.6 1.4 0.0 0.0 0.0 -16.3 -51.0 -24.8
800 ~ 1000 36.8 9.5 27.4 2.4 0.1 0.0 0.1 -15.8 -46.6
1000 ~200 10.0 1.1 9.0 1.3 0.1 0.0 0.1 =-17.8 -43.9
200 ~400 304.7 283.2 21.6 3.5 1.2 0.0 0.5 -26.9 -46.5 -31.0
JNEAR e TR o 400 ~ 600 803.0 753.6 49.5 109 0.0 0.0 0.6 -25.8-43.9 -23.8
Bl s 600 ~ 800 89.0 55.3 33.7 2.4 21.3 3.9 0.0 -24.6 -40.0 -21.4
800 ~ 1000 65.8 36.8 29.0 4.5 14.6 9.7 0.0 -23.5-40.9 -27.4
200 ~400 42.6 35.3 7.4 6.4 0.0 00 0.0 -17.0 -47.7 -31.9
R 400 ~ 600 28.4 19.5 9.0 7.2 0.1 1.2 0.1 -20.3 -48.3 -38.8
. WELER WA 600 ~800 34.1 19.8 14.2 12.1 0.0 1.5 0.2 -15.4 -45.1
800 ~ 1000 17.4 1.1 6.3 26 0.0 24 0.0 -15.6 -38.0
1000 ~200 22.4 13.5 9.0 1.9 0.0 4.2 0.0 -19.0 -41.1
200 ~400 379.5 361. 1 18.4 1.8 0.5 0.0 0.1 -22.4-46.6 -39.6
4R o 400 ~ 600 385.8 343.2 42.6 9.3 9.9 0.0 0.6 -23.9-46.2 =-35.7
j;_tmj L ] 600 ~ 800 225.3 203.7 21.6 1.6 14.4 2.2 0.1 -21.0 -42.6
800 ~ 1000 176.3 154.2 22.11 3.5 10.2 81 0.1 -20.9 -41.8
200 ~400 17.9 10.5 7.4 42 0.9 0.3 00 -22.0-44.2 -30.8
B 400 ~600 21.8 12.9 9.0 53 1.2 1.6 0.1 =-22.4 -48.5 -29.7
L ﬁ&;‘ﬁ% A 600 ~800 22.3 7.6 14.7 4.7 3.1 6.7 0.0 -20.0-37.5
800 ~ 1000 34.7 7.3 27.4 2.2 141 6.5 0.0 o5 a3
1000 ~ 1200 25.3 6.4 19.0 0.8 14.1 2.3
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Continued Table 2

&4 (mm®. STP/g)

83 C (%o vs. PDB)

Wi FERZER B RECC) :
Volatiles(total) ~ H,O0  Volatiles-H,0 €O, H, €O CH, CH, CH, C,H,
200 ~ 400 23.3 16.4 6.8 2.2 1.0 1.2 0.1 -22.1 -44.7 -33.5
e 400 ~ 600 27.4 16.8 10.5 3.8 3.8 0.3 0.2 -21.9 -43.0 -28.1
HesE *1” FI 600 - 300 32.4 11.4 21.1 1.4 12.2 7.0 0.0 -19.8 —41.6
G =R
800 ~ 1000 42.8 9.6 33.2 3.9 13.7 6.3 0.0 -20.5 -42.0
1000 ~ 1200 26.7 6.2 20.5 1.5 0.0 16.1 0.0 -22.4 -41.1
200 ~ 400 13.7 9.0 4.7 2.2 0.5 0.0 0.0 -24.3 -44.1 -28.0
e 400 ~ 600 20.0 6.3 13.7 127 0.0 0.0 0.5 -22.9 -41.2 -25.3
BEIE 1 ﬁ&;‘%” M 600 ~800 16.8 4.7 12.1 100 0.4 0.4 0.1 -18.5 -40.6 -21.5
o
- 800 ~ 1000 21.1 5.8 15.3 6.2 2.6 2.2 -19.6
1000 ~ 1200 9.0 3.7 5..3 1.6 2.1 0.8 0.0 -19.7 -40.9
200 ~ 400 72.8 61.3 11.6 3.9 1.8 0.4 0.1 -22.6-44.2 -31.9
. 400 ~600 43.3 23.8 19.5 4.0 9.7 0.3 0.2 -21.4-41.1 -25.5
EES I ﬁﬁ qﬁﬂ 600 ~ 800 54.2 21.6 32.6 9.0 8.4 146 0.3 -23.0-43.0
0 =g ¥
800 ~ 1000 58.4 16.3 42.1 2.4 264 9.1 0.0 -18.6 -41.9
1000 ~ 1200 48.4 21.6 26.8 4.3 11.5 10.8 0.0 -21.4 -41.4

i 1,11 CO, JH, O FYAHXT & i W 8 g i 5 4. H,0
FEAEARR BB, ERASRE N 200 ~600°C (18] 4a) o B
H,0 Z AR 53 BRI 600 ~ 1000°C , B i gy
800 ~ 1000°C ( [& 4b) ,

SR I A 2 4 O B f 5 (2800 ~ 3901mm’. STP/ g,
Sy 3192mm’. STP/g) |, LA H,0 (2306 ~ 3356mm’. STP/g,
S 2709mm’. STP/g) Sy 3, H Wk 2 CO, (250.0 ~
347.9mm’. STP/g, - y 291. 7Tmm’. STP/g) . CO (13.3 ~
116. 0mm’. STP/g, - ¥ 3 54. lmm’. STP/g) . H, (0.3 ~
29. 5mm’. STP/g, -4 % 12. 8mm®. STP/g) F1/> & CH, (0. 1
~5.8mm’. STP/g, 444 2. 2mm’>. STP/g) .C,H, 252,

B AR SR KT LSS R RS (1167 ~
1263mm’. STP/g, -4 1215mm’. STP/g) , L\ H,0 (1062 ~
1129mm’. STP/g, V-4 3 1096mm’. STP/g) 3 &, Hyk 2 H,
(35.0 ~ 37. 1mm’. STP/g, F #J Jy 36.0mm’. STP/g) , CO,
(16.2 ~21. 4mm’. STP/g, 344 18. 8mm®. STP/g) .CO( 10. 2
~13.5mm’. STP/g, F- 34 4 11.9mm’. STP/g) F1/> & CH,
(0.8 ~ 1. Imm’. STP/g, *F-# 2} 0. 9mm’. STP/g) . C,H, % %3
K, BEFUBUR S RHC A BRSSP Gt R e H,0 B AR
IR B (200 ~600°C ) Bt (&l 4¢) , BRK Z SMBY 8 K 53 75 4%
R BB A, BT I B R RCE g (8] 4d) .

4.4 REEESBEMERTE

AN [V 49 JBURE A0 B 5T A6 AS )30 3 B s IR A k4 v
CO, FigZetwF i 2 A AR R FHE (£ 2. & 5) .

b 5 AR 135 A v AORE A RO A R ) AR R 1k TR o
FRFHEARIT , 76 R ELBE (600 ~ 1200°C ) Bt CO, 19 8 C {H2H
—23.0%0 ~ — 18. 5%, -3 5 — 20.3%c, CH, [y 8" C {tH
—43.1%0 ~ - 37.5%0, - 35K — 41.3%0, 1% 5 Bt (200 ~

600°C ) B CO, 19 8" C N - 24.3%0 ~ —21. 4%0, E35 K
—22.5%0,CH, 1 8 C {H N - 48.5%0 ~ — 41. 1%0, V- 34K
—43.9%0( & 5a) ,

KIS 1 BRE i 750 3 B (600 ~ 1200°C ) B 1 €O, 1 87 C fi
H =19.9%0 ~ —15. 4%0, -3k — 17. 2%0,CH, 1y 6" C {H N
—51.0%0 ~ — 38.0%0, -3 N — 43. 1%0, A% 1 B (200 ~
600°C ) B CO, 1y 8" C K —20.3%0 ~ — 16. 6%0, F-3H
—17.7%0,CH, 1y 8 C {HH - 51.2%0 ~ — 45.2%0, V-3 H
—47.9%o0, FHIRBCREH CH, 9 8" C TR B, AR i
J BB CO, 119 8" C {EARIT (18] 5b) .

RHC A BE B CO, 1987 C {H N —26.9%0 ~ —20. 9%o,
S35k - 23. 6%0, CH, (1] 8" C {HFg — 46. 6%0 ~ —40. 0%0, F-
PIR - 43.6%0, LB H CO, By 8" C Hl - 26. 1%0 ~
—20. 1%o, F-Y 2 - 22.6%0, CH, 1 8" C (i H - 47. 6%o ~
—32. 6%0, FFIH - 37. 5%( & 5¢)

RS 2 BF it ARH A B it i 0 R, B 0 4 )5 A B
YIAEAS [ EE B L (R I 28 3 B Bk IR 6 2R 1 )% 43 70 AP AE
B 8" Cyy, < 8 Copgo

5 Wig

5.1 REERSBEELR

KL LR S WA 55 P BN A A7 250 P R )
PRI S T BOR AT - 0 W45 It 4R R ) 4% 4 o 5 1 W0
Je S A A A T T v A 2 ) 4% 6 28 5 W B T ) 3 T
BRI R B3 5 B il R H 4 R A e LR R R A
JRCH) T % 3 AH ( Zhang et al. ,2007,2009b) . 1 F)" 4 H#F
A AT B AR LR T AT RE M KR T8 4L A BIL I R A ik
R RS 5T, SER A e L 5 U R R BR T IR T A T
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Fig. 5 Plot showing 8”C (%o vs. PDB) of CO, vs. §"C
(%o vs. PDB) of CH, released from olivine and plagioclase
phenocrysts and matrix of Shuangliao Cenozoic basalts and

constituent minerals of xenoliths

IR R R A e o8 A A A R I VS B0 2
T I A o, AR L 1 IR AR e o3 A LB A FRGHT 1A 4
K 5rAH (Zhang et al. ,2004,2007) o [H 53 25 il 34 7 H AL
LB S A 15 A P RS 0 RRE 0 8 L 03 R4 2
SERORUET BP0 45 I il AR 14 e IR oy e s AR
AR AR A i v A AR ) 52 A ok 8 3 AR 4 R o) (BRI A,
1992, 1993 ;Zhang et al. ,2007,2009b) , B MR- T A [H) 265
F8 A T AR B et SR R s B

AL BTSSR, UL 2 BIOE A7 B oty L e Al
15 AR A T AN A PR P S 77 70 B0 P J R 2R A
A 5 A A U I ) R AR o 9 45 2 03 DR o A M
Wk dnid B AR 0 5 AR A o), WU I A L B A o 4
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3R A Ve T I S A S AR A 3R 1 s AR T A
K51 (Zhang et al. ,2007,2009b) 2 2A B A1 5 &b 4 400
TR A R R 03 S RO A 4 e R T i R 1 AR
KRG, W A A T 4 A 43 S R A T S R AR A2
AR AR AR A IR A R o (A RS ,2012) o IRAF T
Py it s S R 2 B e B SRR K a3 S 4 e R P A AR
i e 3 45 & 43 (Zhang et al. ,2004,2007)

AN TR WRAF T 2 A T A D T IR A8 v e IR A
[, i RTS8 2 B oA WA 0 ) A% B o AR 2 B v 1 4
RAT FHAE 900 ~ 1200°C Rt , 74 1A B 300 it AR 0K o g
FER 53 FBAE 600 ~900°C Rt , MMt 4 J 1A b (4 442 % 03
FEAE 200 ~ 600°C B ( Zhang et al. ,2004,2007,2009b) ,
PRI , A YR BIF S F b 08 4 5 K B ) i 1 B (600 ~ 1200°C )
RER AT S 0r 20k A TR A (0 220K K ) de
BB AN S B R R A8, a0 B IS B ) 25 o AR A R
AR A H AT R oy, BAT AR ) A 2 2 A R 62 3R AR . IR
T BE (200 ~600°C ) B Ui A 4% i A 2 4R B e [) . 3R
TS SR BRI R oy A W 25 30, R B T IR 4
AR IR K53, Ry A Ve b e J 1 S8 AR A P 2o e v il
TR0 I & 43 ( Zhang et al. ,2004,2007,2009b) . i
M A1 BRE AR TE = 1B (600 ~ 1200°C ) FIMIGIR B (200 ~ 600°C ) ¢
EE R AR 2 43 53 ol Ry RGOS A0 R ity T R 5 9K D 445 it B4
AR IR IF IR I G TS 0 A= 728 Ak 2o 7 o 4 5 A W 2R
WA A PHESE ,2012)

RHE AT BE LTI B8R X BB AR R AR I B I 3 45
s TR R A S R D TR R 43 AT AR A SR
A o R 2 3, R R L R SRAA O 4 TR R SR Ak
R 20 B ANE G & 3 N BR A B8 0y (0 DR 4%
2012)

5.2 HMERHEEREEL S KRB SRR
5.2.1 ARHBRAREL SRR

R AN [ 385 32 B3 g S R A o W) 2 4 B ) v 2R

SAE BN [RIR AR AS R & 43 1R HARRAIE., W04 OUIT

B R 0 )RRt IR R 43 o I R

T2 M SR A R 7 A A = TR B (600 ~
1200°C ) & H IR ARE &2 2%, 8ok H T8 9 N R 1 i
T % A R B R0 A B P 4 R 48 AR SR A R e i ) 45
i AR AR I SRR A SR A R Ay o LI M A S A i
USRI b A1 RO 0y WEROE 2, 2 0 P 2 1) T B ef
R FEZRoni R, A R A A A P o A A RSB (W
et al. ,2003;Yu et al. ,2009) . 1R 2 510 Bl Hlg
T BB ) SR A IR A R 4 o

IS A AN A A HE A TEIRIR B (200 ~
600°C ) B M IR AAHE 2 4, RZOR F 010 PO R R A A
PRHR A5 R 2 AR R M X R N B P 4R 3R P g T
BUG 45 T Tz 32 E T (Xu,2002 ; Zheng et al. ,2006; Yu



et al. ,2009) , 1T 2 AR R0 ] IX 2547 Pl b 2 (A 2
e P SR A S AR A K 58
5.2.2 WHLAERAMIERL S KRR

Mo FA SR R P T2 AP A CO, T CH, 2555 BRI SE
&4 (Duan et al. ,1992;Zhang et al. , 2007 ;17 R Hi45,2012) ,
LR RO R AL T i 29 Ok VR 1 T CO, 1y 8 C{H—fh
—8%0 ~ —3%c,CH, 1] 8” C{H N} —25%0 ~ — 15%0( Dai et al. ,
1996 ; Carapezza and Federico,2000 ; Taran et al. ,2001,2002) ,
AHURIA CO, 1y 8 C Al —f/NT - 10%0, CH, [y 8" C /]
T =30%0, HIEHHRIF 2R 52 1E 7P 4317, BRIV 255 7] 47 3R {8
W R3O I e (Dai e al. ,1996,2008) .

KL 3t 15 40 5 A A [ 1l B2 BORE ) 1 PR S AR 44 K 4 o
CO, 19 6°C i ( - 24.3%0 ~ — 18.5%¢) BH . {5 T+ ML 704 i V&
CO, 178" C{H( - 8%0 ~ —3%0) (Mattey et al. ,1989; Exley et
al. ,1986 ; Deines,2002 ) , 5 v [ 7R R HAth b DX by 18 47l 15 1K %
th CO, Mt Rl 2 AL AR T ( BEBLIR S, 1996 5 MR 45,1998 5
FABE 545 ,2000; Zhang et al. ,2007) . & WL A4 T g
JRRELFE YT HLF IR A ( Pineau and Mathez, 1990 ; Trull et
al. ,1993 ) 5 g i SV A (Mattey et al. 1989 ,1990 ; Mattey,
1991) , Zhang et al. (2007 ) 3@ ek X e [ AR A8 b 24 25 14 % £
CO, 1y C-O FALZR T, I CO, B[R 2R A 42 O B G A 2
F b 0 S P A BT o [T, RS 4T 15 A B L T R 28
T TR HAT R HUBL R AL, R 2RI T
PUBE R o DRIt , TORRAT AL AR AR 7 ) R TR A o 36 e
IE AR CO, MR AL R b ) 2R

XL by SR 5 A% D e i AR 4 4 43 (T 2R A FN A AR
PREE S 53 (1023 ) B Im) (6 28 2 HA A HLB R R, R W AE
A BB TE BT WA AR T R b B AR TR LT
P RIEA

XL b DX A P st =28 i T oot (R R & 17
Z B S RAERT (Yu et al. ,2009) o & A7 Bl LIS Y i 72
FULRE AL IR A T X AN . MR Z T RS s
] B 4t W 5 A9 o A A R B ORF o RSP PR AR ((Huang
and Zhao,2006; Wei et al. ,2012) . b€ 2 A Sr-Nd-Pb [A]
LR B W - v B AR BB A e b e A3 AR T A 2 ] R
TEFEM PE AR A A ( Zartman et al. ,1991 ;Zheng et al. ,
2004) , FHIEERESCI A A T BE R IR T 0K vh RSP AR Ao
SN =Pl bl S A (PO ol L R NS R o i el w1
B BLBTRAAE 7= W) TR L J T BSOS el DX b g 4 155 1R 32 AR
WA B FFIE Y 25 AT A o Rl — 2B U], i
TEARFESTIS 5 T 6 A s 1) S AR A

5.3 ZEARBELZSKRBSERMSIER
5.3.1 HHB 88 Ml iRAKEL 5 KR

RUL 2 YT TR AR A I Ve M b (X et al. , 20125
Xu, 2014) , BIOHE A1 B At 5 B0 TRAR A I D7 N 5 2 1 245 oy
M. o3 A0 A R BIONE A0 B i I B (600 ~

BE A AATH AR K K BTN 5 R A ARG LR, AR R AL R A AR AL RR 89

1200°C ) & i Ui (45 5 43 F2 20 W00 B JIT 4 4 1 B 30 it
TRADZE A K™ it b e B 23 B F) 4 4, AR R T
WG 15 S 3 AiE ( Zhang et al., 2007, 2009b; 7 PCHE A,
2012) ,

HORE Ay B A g L BORE R AR K 2 20 H,0 Ml CO,,
HWH CO FH, JFE A Dk, CO, FI CH, fgkIF {7
A AR T A A, A T A DL R G 4 (Dai et al.
1996,2008 ) , HARIEBK [F] 137 3R 52 1E e oA, 5 A HLAL IR Je 2k
IIATRFAEAR IR o LLE R AE 2 AN A1 30 & s i BORE Hh U A
FER o ( RIEICA SN IG5 K 0 ) FEAE A AL CO, Fike
FHRA

MOL LA A LT HIMU 20805 1 3 Bk AL 27 R 1R
(SRR ,2006) ,Xu et al. (2012) Xu (2014 ) KX FlRFAE
BRI T35 R X AT AR AR RSP e M A
Chen et al. (2015) 3853 £ G AT AT HEAS UL L iUs
H,0 & & W] 2 & F MORB #1 OIB XX #, Jf45 5 Ce Ba,Th
SFEICRFHIE A BUL L RCE I X 5 45 0 AR RV 52
FIHFEDUR) =3 CHR A, TG PR 58 AN PR DT R U
TV AR o R IESR R U] BUL X R g 5
DTN W RO WU R A o TR G, AEORSE 0 36E & vo
BORE R IRARE A 43 (BRI I 3R A SRR #  43) TR A AL A
CO, NI Al BESR IR TR A B 2 5 1 08 31X P 199 40
MO Z RO HLBT . AR5 K o A IRk — 2
R FIEFE S TRUL B AR AR R R R IR Ak
AAHEREE L,

5.3.2 BRBLAAEA

ARHI A7 TR 8 AR SR ) U A 2 40 T LA IR
e A R R SRR A AR S AR R A48 R T R IE . W
ILZ A R A B &R AL BT TP it A R o & v, RN
H,0, U €O, .CO FI H,  If & A D RIS . RHR A1 Fl
JEREH CO, 1y 8" C (i W1 AR T2 S SRR 4% & 43 (RS 41 5
s G T BORE R AR A2 0 ) CO, IR [R) L 3R (B (B 6) , 1t
WUEAHRAE TR bR R b E SRR R A CO, ARk IR AL
E (=W 2 TR

FEE M E TR R v, 3 58 A B AR s AT R 3 A
HHARTR 8" Coo, (HFFAK . HRGL L 3 %58 & 75 e fil
B A, WA IR DR M5 e, PR M e R e S L
STV A B R A LSO W) I, G A R A S R AE B
N RUL LR 2 07 B e IR s (Xu e al. ,2012)
PRI, B 5 MR AT BE R T 6" Co, (I RRARANZ 3% LT+
A s A LTHR A5 A

HEABESERI a8 AR R i 2525 CO, AR TR P Y
C AT B BB A 3 R 2 (Javoy et al. 1978, 1986; Des
Marais and Moore, 1984 ; Mattey et al. , 1989, 1990 ; Maitey,
1991) A RE R CO, fhJE i RS 1 i R A R Bk [ 12 %
R R R — B &, a2 CO, #8570 i 75 i B B2
PR o ORI BB PR T AR 8 P g T BRI . LI K L
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Fig. 6 Plot showing 8" C (%c vs. PDB) of CO, vs. amount
of CO, (mm’/g) released from olivine and plagioclase

phenocrysts and matrix of Shuangliao Cenozoic basalts
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(3) WL LR AL % 5> T3 0 H,0 Fil CO, , I
YOl CO R H, 3f 8 K, CO, RIGKTRIR i % Fe 0
AU PURSE S50 2 2 2 S O DX A7 A R o PP AR
Jr 2 TR HURATIA

(4) B % K 77 B 3R TR L PRI 248 W
5, B H,0 I CO,, FOK N €O Al H,, I & A itk
8 C.o, LW BAR TSR R 4t CO, BOBRIA 6 2 (1, %
WA R 6" Cog, (R T W EE 6" C.o, (I

Acta Petrologica Sinica £ % %3 2017, 33(1)

(Ve Er AR (A Gy i

Bt RRACREMOD TS R ANE T LR AL A E
AT T RIS B, 7E 7R 201 IR

References

Carapezza ML and Federico C. 2000. The contribution of fluid
geochemistry to the volcano monitoring of Stromboli. Journal of
Volcanology and Geothermal Research, 95(1 -4) . 227 -245

Chen H, Xia QK, Ingrin J, Jia ZB and Feng M. 2015. Changing
recycled oceanic components in the mantle source of the Shuangliao
Cenozoic basalts, NE China: New constraints from water content.
Tectonophysics, 650 113 —123

Chen LH, Zeng G, Jiang SY, Hofmann AW, Xu XS and Pan MB. 2009.
Sources of Anfengshan basalts; Subducted lower crust in the Sulu
UHP belt, China. Earth and Planetary Science Letters, 286 (3 —
4): 426 -435

Chen XY. 2010. Chronology and geochemistry study of Cenozoic volcanic
rocks of northern Great Xing’ an Range, Northeast China. Ph. D.
Dissertation. Beijing: Institute of Geology and Geophysics, Chinese
Academy of Sciences (in Chinese with English summary )

Chen Y, Zhang YX, Graham D, Su S and Deng J. 2007. Geochemistry
of Cenozoic basalts and mantle xenoliths in Northeast China. Lithos,
96(1-2). 108 - 126

Dai CS, Song Y and Sun Y. 1995. Origin and distribution of carbon
dioxide gas pools in eastern China. Science in China (Series B) , 38
(10) : 1270 - 1280

Dai JX, Song Y, Dai CS and Wang DR. 1996. Geochemistry and
accumulation of carbon dioxide gases in China. AAPG Bulletin, 80
(10) : 1615 - 1625

Dai JX, Zou CN, Zhang SC, Li J, Ni YY, Hu GY, Luo X, Tao SZ, Zhu
GY, Mi JK, Li ZS, Hu AP, Yang C, Zhou QH, Shuai YH, Zhang
Y and Ma CH. 2008. Discrimination of abiogenic and biogenic
alkane gases. Science in China (Series D), 51(12) . 1737 - 1749

Deines P. 2002. The carbon isotope geochemistry of mantle xenoliths.
Earth-Science Reviews, 58(3 -4); 247 -278

Des Marais DJ and Moore JG. 1984. Carbon and its isotopes in mid-
oceanic basaltic glasses. Earth and Planetary Science Letters, 69
(1).43-57

Duan ZH, Mgller N and Weare JH. 1992. An equation of state for the
CH,4-CO,-H, 0 system: L. Pure systems from 0 to 1000°C and O to
8000 bar. Geochimica et Cosmochimica Acta, 56(7) : 2605 —2617

Exley RA, Mattey KP, Clague KA and Pillinger CT. 1986. Carbon
isotope systematics of a mantle “hotspot” : A comparison of Loihi
Seamount and MORB glasses. Earth and Planetary Science Letters,
78(2-3): 189 -199

Fan QC, Liu RX and Peng LG. 1992. The nature of the mantle fluid and
its significance in southeast China. Chinese Science Bulletin, (17) :
1584 — 1587 (iin Chinese)

Fan QC, Liu RX and Yang RY. 1993. LREE-rich CO, fluid inclusions in
mantle minerals in eastern China and their geological significance.
Acta Petrologica Sinica, 9(4) : 411 =417 (in Chinese with English
abstract )

Fan QC, Liu RX, Lin ZR Chu XL, Zhao R and Huo WG. 1996.
Preliminary study of carbon isotope in mantle CO, fluid inclusion
from eastern China. Geochimica, 25(3): 264 — 269 (in Chinese
with English abstract)

Huang JL and Zhao DP. 2006. High-resolution mantle tomography of
China and surrounding regions. Journal of Geophysical Research,
111(B9) . B09305

Javoy M, Pineau F and liyama I. 1978. Experimental determination of the
isotopic fractionation between gaseous CO, and carbon dissolved in
tholeiitic magma. Contributions to Mineralogy and Petrology, 67



B

(1):35-39

Javoy M, Pineau F and Delorme H. 1986. Carbon and nitrogen isotopes
in the mantle. Chemical Geology, 57(1-2): 41 -62

Le Bas MJ, Le Maitre RW, Streckeisen A and Zanettin B. 1986. A
chemical classification of volcanic rocks based on the total alkali-
silica diagram. Journal of Petrology, 27(3) : 745 -750

Liu G, Wang XB and Wen QB. 1998. Carbon isotopic composition of
mantle xenoliths in alkali basalt from Damaping, Hebei. Chinese
Science Bulletin, 43(24) : 2095 —2098

Liu JQ. 1999. Volcanos in China. Beijing: Science Press (in Chinese)

Liu JQ, Han JT and Fyfe WS. 2001. Cenozoic episodic volcanism and
continental rifting in Northeast China and possible link to Japan Sea
development as revealed from K-Ar geochronology. Tectonophysics,
339(3 -4): 385 -401

Liu YS, Gao S, Kelemen PB and Xu WL. 2008. Recycled crust controls
contrasting source compositions of Mesozoic and Cenozoic basalts in
the North China Craton. Geochimica et Cosmochimica Acta, 72(9) :
2349 -2376

Mattey DP, Exley RA and Pillinger CT. 1989. Isotopic composition of
CO, and dissolved carbon species in basalt glass. Geochimica et
Cosmochimica Acta, 53(9) : 2377 —2386

Mattey DP, Taylor WR, Green DH and Pillinger CT. 1990. Carbon
isotopic fractionation between CO, vapour, silicate and carbonate
melts: An experimental study to 30kbar. Contributions to Mineralogy
and Petrology, 104(4) . 492 - 505

Mattey DP. 1991.
fractionation in basaltic melt. Geochimica et Cosmochimica Acta, 55
(11) : 3467 —3473.

Pineau F and Mathez EA. 1990. Carbon isotopes in Xenoliths from the
Hualalai Volcano, Hawaii, and the generation of isotopic variability.
Geochimica et Cosmochimica Acta, 54 (1) : 217 —=227

Tang QY, Zhang MJ, Li XY, Li LW, He PP and Lin Y. 2012. The

chemical and carbon isotopic compositions of volatiles in Cenozoic

Carbon dioxide solubility and carbon isotope

high-potassic basalts in western Qinling, China and their mantle
geodynamic implications. Acta Petrologica Sinica, 28 (4): 1251 -
1260 (in Chinese with English abstract)

Tang YC, Obayashi M, Niu FL, Grand SP, Chen YJ, Kawakatsu H,
Tanaka S, Ning JY and Ni JN. 2014. Changbaishan volcanism in
Northeast China linked to subduction-induced mantle upwelling.
Nature Geoscience, 7(6) : 470 —475

Taran YA, Bernard A, Gabilanes JC, Lunezheva E, Cortés A and
Armienta MA. 2001. Chemistry and mineralogy of high-temperature
gas discharges from Colima volcano, Mexico: Implications for
magmatic gas-atmosphere interaction. Journal of Volcanology and
Geothermal Research, 108(1 -4); 245 —264

Taran YA, Fischer TP, Cienfuegos E and Morales P. 2002. Geochemistry
of hydrothermal fluids from an intraplate ocean island: Everman
volcano, Socorro Island, Mexico. Chemical Geology, 188 (1 —2):
51 -63

Taylor BE. 1986. Magmatic volatiles; Isotopic variation of C, H, and S.
Reviews in Mineralogy and Geochemistry, 16(1) . 185 -225

Trull T, Nadeau S, Pineau F, Polve’ M and Javoy M. 1993. C-He
systematics in hotspot xenoliths: Implications for mantle carbon
contents and carbon recycling. Earth and Planetary Science Letters,
118(1-4).43 -64

Wang HZ and Mo XX. 1995. An outline of the tectonic evolution of
China. Episodes, 18(1-2).:6-16

Wei W, Xu JD, Zhao DP and Shi YL. 2012. East Asia mantle
tomography: New insight into plate subduction and intraplate
volcanism. Journal of Asian Earth Sciences, 60 88 - 103

Wu FY, Sun DY, Li HM and Wang XL. 2001. The nature of basement
beneath the Songliao basin in NE China; Geochemical and isotopic
constraints. Physics and Chemistry of the Earth, Part A; Solid Earth
and Geodesy, 26(9 -10) : 793 -803

Wu FY, Walker RJ, Ren XW, Sun DY and Zhou XY. 2003. Osmium
isotopic constraints on the age of lithospheric mantle beneath
Northeastern China. Chemical Geology, 196(1 -4): 107 — 129

Xiao WJ, Windley BF, Huang BC, Han CM, Yuan C, Chen HL, Sun

BT RIATH AR K KB BRI F R R AR 9 2R BR Rl AL F A AE R L ROR 91

M, Sun S and Li JL. 2009. End-Permian to Mid-Triassic termination
of the accretionary processes of the southern Altaids: Implications for
the geodynamic evolution, Phanerozoic continental growth, and
metallogeny of Central Asia. International Journal of Earth Sciences,
98(6) . 1189 - 1217

Xu YG. 2002. Evidence for crustal components in the mantle and
constraints on crustal recycling mechanisms: Pyroxenite xenoliths
from Hannuoba, North China. Chemical Geology, 182(2 -4) . 301
-322

Xu YG, Zhang HH, Qiu HN, Ge WC and Wu FY. 2012. Oceanic crust
components in continental basalts from Shuangliao, Northeast China:
Derived from the mantle transition zone? Chemical Geology, 328
168 - 184

Xu YG. 2014. Recycled oceanic crust in the source of 90 ~40Ma basalts
in North and Northeast China:
significance. Geochimica et Cosmochimica Acta, 143 49 - 67

Yang XY, Zheng YF, Liu DL, Tao SZ and Dai JX. 2000. Carbon isotope
composition of carbon dioxide in fluid inclusions from peridotite

Evidence, provenance and

xenoliths and eclogites in East China. Acta Petrologica Sinica, 16
(4): 473 -481 (iin Chinese with English abstract)

Yu SY, Xu YG, Huang XL, Ma JL., Ge WC, Zhang HH and Qin XF.
2009. Hf-Nd isotopic decoupling in continental mantle lithosphere
beneath Northeast China: Effects of pervasive mantle metasomatism.
Journal of Asian Earth Sciences, 35(6) : 554 - 570

Zartman RE, Futa K and Peng ZC. 1991. A comparison of Sr-Nd-Ph
isotopes in young and old continental lithospheric mantle; Patagonia
and eastern China. Australian Journal of Earth Sciences, 38 (5):
545 =557

Zeng G, Chen LH, Xu XS, Jiang SY and Hofmann AW. 2010.
Carbonated mantle sources for Cenozoic intra-plate alkaline basalts in
Shandong, North China. Chemical Geology, 273(1 -2): 35 -45

Zhang FQ, Chen HL, Yu X, Dong CW, Yang SF, Pang YM and Batt
GE. 2011. Early Cretaceous volcanism in the northern Songliao
basin, NE China, and its geodynamic implication. Gondwana
Research, 19(1): 163 -176

Zhang HH. 2006. Geochemistry of late Mesozoic-Cenozoic basalts from
Yitong-Datun and Shuangliao area, Northeast China; Implication for
lithospheric evolution and the involvement of the recycled Pacific
oceanic crust in basalt genesis. Ph. D. Dissertation. Guangzhou:
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(in Chinese with English summary)

Zhang JJ, Zheng YF and Zhao ZF. 2009a. Geochemical evidence for
interaction between oceanic crust and lithospheric mantle in the
origin of Cenozoic continental basalts in east-central China. Lithos,
110(1 -4) . 305 -326

Zhang MJ, Wang XB, Liu G, Zhang TW and Bo WR. 2004.
Compositions of upper mantle fluids beneath Eastern China:
Implications for mantle evolution. Acta Geologica Sinica, 78 (1) :
125 -130

Zhang MJ, Hu PQ, Niu YL and Su SG. 2007. Chemical and stable
isotopic constraints on the nature and origin of volatiles in the sub-
continental lithospheric mantle beneath eastern China. Lithos, 96(1
-2):55-66

Zhang MJ, Niu YL and Hu PQ. 2009b. Volatiles in the mantle
lithosphere; modes of occurrence and chemical compositions. In:
Anderson JE and Coates RW ( eds. ) . The Lithosphere:
Geochemistry, Geology and Geophysics. New York: Nova Science
Publishers, 171 -212

Zheng JP, O’Reilly SY, Griffin WL, Zhang M, Lu FX and Liu GL.
2004. Nature and evolution of Mesozoic-Cenozoic lithospheric mantle
beneath the Cathaysia block, SE China. Lithos, 74(1 -2) : 41 —65

Zheng JP, Griffin WL, O’ Reilly SY, Yang JS, Li TF, Zhang M, Zhang
RY and Liou JG. 2006. Mineral chemistry of peridotites from
Paleozoic, Mesozoic and Cenozoic lithosphere: Constraints on mantle
evolution beneath Eastern China. Journal of Petrology, 47 (11):
2233 -2256

Zou HB, Reid MR, Liu YS, Yao YP, Xu XS and Fan QC. 2003.

Constraints on the origin of historic potassic basalts from northeast



92

China by U-Th disequilibrium data. Chemical Geology, 200 (1 -
2): 189 -201

Bt 35 %5 SOk

WRIERT . 2010. K622 L BERT AL AU AR USRIt BR P22 F 5
2R3 dbat: T ERRA Bt S R Y BT TS

BEMLR, XUART, AL5T . 1992, Tk AR 1 T 1A b DX ot 88 O A 1 R
JHESC. Bk, (17) @ 1584 - 1587

BEMOH, XIAH, BBt . 1993, Mt E v Y B L oT R M
CO, Vi@ R BRI = L. 2R, 9(4) « 411 -417

SRR, XA, MRnigk, SRR, B, IR . 1996. o AR
Ml CO, AR IBRIF R BILHIS . HERIL2F, 25(3)
264 -269

XN, FS6H, SURME . 1998, TR Z HRBRIPIME X R8RS

Acta Petrologica Sinica £ % %3 2017, 33(1)

BRI BB R SRR . B, 43(19) : 2098 -2101

XUFERL. 1999, pECKID . dEat: Bhef it

VIDHs, SREEAS, EIREE, X, fUidn, AREE . 2012, PUZRIGHT
A B BT A TR L S 0 Bl Ty TS A
28(4) . 1251 - 1260

s, FRACK, XIER, Bk, M. 2000. PE A
BRFIREES h COy AR R BRIF O R AL . A1 244,
16(4) . 473 -481

FRHERE . 2006 ZR-JE AR TR ARG DX A A AR BT AR AR R O
HBRALZIRHIE 5 A BB A R B PR i 52 5 2
PR . BB mngsc. N REBEBE) N ERAL 2 0F
FER





