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Abstract: In order to further explore the nature of mantle source beneath the Northeast China, it presents major, trace element,
and Sr-Nd-Pb-Hf isotopic compositions for the Cenozoic intra-plate volcanic rocks from the Halaha-Chaihe field in the Greater
Khingan Range. These volcanic rocks are mainly alkaline (sodic) basalts, and generally exhibit OIB-like incompatible trace ele-
ment characteristics, e.g.enrichment in large lithophile elements (LILEs) and positive Nb-Ta anomalies. They show moderate

depleted Sr-Nd-Hf isotopic compositions (¥ Sr/* Sr=0.703 5—0.703 9,eyq=5.21—6.55,e;5;=10.00—11.25) and almost repre-
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sent the most depleted mantle end-member among the Cenozoic basalts in eastern China. Their Pb isotopic compositions
(*Pb/* Pb=18.37—18.57,*"Pb/*" Pb=15.52—15.54,**Pb/*** Pb=38.24 —38.43) range between 4.42 Ga and 4.45 Ga geo-
chrons on the *" Pb/**Pb versus ** Pb/**Pb diagram. They also show similar Sr-Nd-Pb isotopic compositions with those man-
tle plume-derived ocean island basalts (° He/* He>>30 R,), which implies a deep mantle source. The high MgO (8.49% —
11.58%), Ni(174X10 *—362X10 °) contents and high Mg” values (59.1—66.9) of these basalts imply that their composi-
tions are close to those of the primary magmas. The calculated primitive compositions of Halaha-Chaihe basalts show moderate
Si0; s low Al, Oy contents and high CaO/Al; Oy ratios, which are accordant with the compositions of experimental melts of gar-
net peridotite under high pressure (=>2.5 GPa) conditions, suggesting a garnet peridotitic mantle source. Moreover, trace-
element modeling suggests low-degree melts from a primitive mantle (rather than a depleted mantle) are consistent with these

basalts. In summary, it is suggested that the mantle source of the Halaha-Chaihe basalts from the Greater Khingan Range con-

tains ancient., primordial, peridotitic component from the deep mantle.

Key words: Cenozoic basalt; asthenosphere; primordial mantle; geochemistry; Northeast China; petrology.
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Appendix table 1 Whole rock major elements (%) for Halaha-Chaihe basalts

FE il KB E Si0, TiO, ALO; Fe,05'" MnO MgO CaO Na,0 K,0 P,0s LOI  Total Mg#"
13CHO5  473805.12'N, 121°152497E 46.81  2.16  12.67  12.08  0.17 11.08 952 319 156 041 -0.10 99.54  65.79
13CHO7 ~ 47°380507'N, 121°152477E 46.87  2.19 1249 1236  0.17 11.00 967 325 156 044 -033 99.68 65.11
13CHO8  47°390207'N, 121°163630°E  47.09  2.09 12.45  12.04  0.16 1158 965 290 136 041 018 9990  66.85
13CH09  47°390213'N, 121°163626'E 46,67 2.11 1248  12.05  0.16 1153 971 270 131 040 049 99.62  66.74
13CHI0  47°390211'N, 121°163639'E 47.04  2.14 1256 12.05  0.16 1145 973 274 135 042 031 9995 66.58
13CHI1  47394s76'N, 121°164879'E 47.58  2.15 1268  11.93  0.17 1120 934 310 159 044 -035 9982 6631
13CHI2  47395L12'N, 121°162970°E 47.14 2,15 12.84 1191  0.17 1102 943 315 160 041 -0.18 99.64 6599
13CHI3  479395L07'N, 121°162963E 46,92 2.16 1290  11.90  0.17 1102 960 310 154 042 008 9982  66.01
13CH14  47331670'N, 121°181039'E 48.14 2,19  12.86 1172  0.16 1036 934 315 163 042 -022 9974 64.96
13CHI5  47331665'N, 121°181008'E  47.84 223 12.86 1174  0.16 10.58 943 301 164 043 -0.02 9988 6540
13CH16  47331671'N, 121°175191"E 47.74 220 12.80 1175  0.16 1121 935 308 162 042 -022 100.10 66.67
13CH17  47°330s93'N, 121°180004'E  49.46  1.96 1323 1193  0.16 917 931 313 121 033 -042 9947 61.71
13CHI8  479330608'N, 121°175967'E  49.77 1.94 1296  12.10  0.16 919 952 327 124 037 -0.61 9992 6143
13CHI9  47330s81'N, 121°180023°E 50.02  1.97 13.02 1219  0.16 895 940 342 130 036 -0.62 100.18 60.62
14CH21  47s21015'N, 12101233728 49.18 2,18 1251 1244  0.17 10.04 880 299 160 049 -046 99.92  62.86
14CH22  4724761'N, 121°134584'E 4840 2.16 1242 1256 0.17 10.13 881 281 145 049 -0.06 9934 6284
14CH23  475143.14'N, 121°161885"E 4928 225 1316 1233 0.16 849 927 310 142 045 -0.55 9936  59.08
13TCO1  4721'5288'N, 120°094186'E  48.62 231 1293 1172 0.16 987 927 308 161 043 -0.10 9990 63.85
13TC02  47°21'5265'N, 120°094171°E 4895 222 1290 1193  0.16 1007 915 323 159 039 -050 100.07 63.90
13TCO5 47171504, 120250980 49.05 2.00 1293  12.00  0.16 997 9.05 332 135 034 -059 9958 63.53
13TC06  471715.13'N, 120251003 48.74  2.04 1287 1217  0.16 998 890 345 135 036 -0.59 99.44  63.23
13TCO7  47180905'N, 120272644 49.67 2.02 1326 1190  0.16 912 894 332 136 034 -060 9949 61.64
13TCO8 47180732, 120280352 47.94 219  13.19 1147  0.16 975 9.06 355 1.81 049 -025 9935 64.06



13TCO9  471959078'N, 1202836786 49.55 198 1319  11.88  0.16 9.18 896 3.17 133 033 -0.57 99.17 61.84

13TC10  47205579'N, 1202850656 48.47 2,09 1268 1230  0.16 1034 881 320 146 039 -027 99.63 63.81

I3TCI1  47205590N, 1202850776 50.01 2,03 1318  11.87  0.16 891 890 352 137 036 -048 99.83  61.15

13TCI2  47205584'N, 1202850516 48.40 2,04 1244 1218  0.16 1071 884 340 145 038 -043 9956 64.84

13TCI3  47221746'N, 1202930916 49.81 198 1333 1209  0.16 896 870 348 142 038 -045 99.88  60.85

13TC14  47230096'N. 1202923996 5032 1.99 1345  11.64  0.16 893 889 340 130 033 -066 9976 61.67

13TCI5  47222103'N, 1202932076 49.79 196 1324 1200  0.16 926 8.69 348 149 037 -0.51 99.94 6181

13TC16  47222123N, 1202931886 50.53 192 13.53 1143 0.15 885 890 318 124 035 -064 9942 61.89

14TC21  47180682'N. 120231493E 4828 2,12 12.86  12.04  0.16 984 954 343 161 046 0.8 100.53 63.15

14TC22  4717204N, 1201930686 4927 2,17 1286 11.79  0.16 972 9.2 319 144 040 -0.57 9943 6335

F: bhRa TR Fe,057 (28K LA Fe,05 TR /R, FAR b R E Feo™/ (Fe*™+ Fe*) = 0.9, Nl Mg# = 100 x Mg*"/ (Mg”+ Fe*")
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Appendix table 2 Whole rock trace elements (10°°) data for Halaha-Chaihe basalts
BHVO-
=2 13CHO 13CHO 13CHO 13CH1 13CH1 13CH1 13CH1 13CH1 13CH1 14CH2 14CH2 BHVO- 14CH2 13TCO 13TCO 13TCO 13TCO 13TCO 13TC1 13TC1 13TC1 13TC1 14TC2 14TC2
it 7 8 9 0 4 5 6 7 8 1 2 2 mean ? 3 1 2 5 6 7 0 2 4 6 1 2
Ref. *

Li 7.90 7.58 7.35 8.18 7.55 7.65 7.88 7.31 7.35 7.82 8.40 4.64 4.50 7.24 8.37 8.32 8.10 8.39 8.08 8.48 8.56 8.04 8.25 7.96 8.02
Be 1.32 1.23 1.24 1.36 1.32 1.38 1.34 1.05 1.03 1.46 1.32 1.08 1.08 1.32 1.35 1.31 1.10 1.07 1.20 1.26 1.22 1.16 1.19 1.32 1.23
Sc 23.38 23.53 23.00 23.05 23.11 22.92 22.93 24.19 24.07 20.16 20.73 32.09 31.80 21.73 21.27 21.36 22.23 21.71 21.46 20.64 20.64 21.28 21.46 21.31 21.30
v 239.31 239.90 236.29 238.13 230.33 229.19 230.59 233.70 237.45 217.81 225.56 314.35 318.00 231.48 219.35 219.74 224.53 221.87 214.99 220.35 223.48 208.75 213.66 230.84 218.28
Cr 385.48 450.71 438.73 403.14 386.45 393.97 447.39 295.87 311.28 438.93 412.77 275.81 287.00 306.67 337.26 354.06 342.49 352.30 300.12 363.53 431.06 282.13 281.53 365.95 368.95
Co 55.01 56.21 55.58 55.61 52.42 5291 53.85 50.85 51.32 53.34 54.45 45.34 44.90 50.17 50.51 51.27 53.40 53.65 51.22 54.50 57.55 50.65 51.66 52.93 53.46
Ni 291.44 331.13 331.13 314.84 279.95 289.24 310.71 249.42 255.21 283.19 309.35 120.85 120.00 174.23 251.19 270.82 285.81 293.69 240.58 321.47 362.13 232.41 232.85 262.81 301.04
Cu 117.44 136.49 133.37 120.30 116.66 117.98 119.06 117.61 97.49 103.87 100.60 129.21 129.00 87.94 110.69 126.57 103.92 91.12 128.06 140.21 126.27 122.71 116.75 118.26 160.62



Zn
Ga
Ge
Rb

Sr

Zr
Nb
Cs
Ba

La

Pr
Nd
Sm
Eu
Gd
Tb

Dy

Er
Tm
Yb
Lu
Hf
Ta

Pb

113.23

18.47

1.36

31.25

488.95

24.64

166.80

52.88

0.45

42483

25.59

49.00

25.39

5.84

1.94

5.73

0.84

4.70

2.12

0.27

1.62

0.22

3.68

2.87

3.34

107.24

18.03

1.36

28.48

497.75

23.05

154.22

46.04

0.39

381.49

22.60

43.76

5.26

22.48

5.30

1.78

521

0.77

4.40

0.27

1.55

0.21

3.40

2.49

323

108.42

18.09

133

31.66

644.33

22.98

159.51

47.77

0.42

401.25

23.78

45.90

23.60

5.45

1.81

5.30

0.79

4.41

0.27

1.54

0.21

3.50

2.62

3.44

114.19

18.54

1.38

31.56

487.25

23.27

166.71

49.24

0.41

428.79

25.00

47.73

24.30

5.56

1.86

543

0.80

4.47

0.27

1.59

0.22

3.65

2.70

3.80

109.36

18.64

1.35

32.25

489.03

23.82

174.01

49.82

0.44

458.18

25.41

48.21

24.53

5.65

1.87

5.56

0.81

4.51

0.27

1.60

0.22

3.80

2.67

3.86

108.97

18.69

1.37

31.72

527.77

23.79

175.76

50.37

0.47

469.77

26.01

49.06

24.92

5.72

1.91

5.55

0.81

4.58

0.27

1.58

0.21

3.80

2.72

3.87

107.56

18.50

1.36

29.40

503.78

23.19

171.97

49.81

0.40

472.62

25.34

47.77

2435

5.66

1.89

5.55

0.80

4.50

2.04

0.26

1.55

0.21

3.79

2.66

3.79

110.57

18.34

1.36

23.34

356.21

23.06

136.05

37.80

0.16

344.49

19.50

36.96

4.46

19.17

474

1.61

4.88

0.74

4.27

0.27

1.61

0.23

3.07

2.02

3.03

112.24

18.53

1.28

24.49

360.15

23.10

138.43

38.95

0.14

349.37

19.92

37.72

4.54

19.42

4.76

1.62

491

0.74

431

0.27

1.64

0.23

3.12

2.08

3.17

126.45

18.89

1.39

29.23

521.49

26.03

163.90

48.09

0.35

345.15

25.11

51.78

27.03

6.25

2.00

6.14

0.91

5.06

0.29

1.74

0.24

3.86

2.69

3.41

122.56

18.49

1.42

26.33

488.70

25.74

155.09

44.48

0.19

345.93

23.35

47.97

6.25

25.61

6.00

1.92

5.87

0.89

4.93

0.29

1.75

0.24

3.65

2.49

3.07

102.20

21.27

1.60

403.98

26.61

172.65

18.94

0.13

131.13

15.71

37.61

5.26

24.84

6.17

2.08

6.16

0.93

535

0.33

2.04

0.28

4.38

1.20

1.55

104.00

21.40

1.62

394.00

25.90

171.00

18.10

0.10

131.00

15.20

37.50

2430

6.02

2.04

6.21

0.94

528

2.51

0.33

1.99

0.28

4.47

1.15

1.65

119.89

19.10

1.43

20.83

493.49

24.25

147.91

39.79

0.14

328.43

20.13

41.68

5.44

22.80

5.61

1.83

5.63

0.85

4.66

223

0.29

1.73

0.24

3.59

2.19

225

11521

19.33

133

29.57

555.95

23.58

177.22

51.40

0.30

487.82

26.58

49.73

25.64

6.00

2.01

5.89

0.83

4.57

0.26

1.46

0.19

3.87

2.76

3.56

115.66

18.97

132

32.07

462.51

2335

167.07

48.89

0.27

434.74

24.90

47.05

24.10

5.62

1.92

5.60

0.82

4.55

0.26

1.46

0.20

3.65

2.62

3.45

117.70

18.94

1.37

25.13

415.86

22.50

145.12

42.05

0.12

387.01

21.89

41.32

4.97

21.22

5.10

1.75

5.23

0.77

4.39

0.25

1.47

0.20

3.26

222

323

119.19

19.01

1.38

2435

408.86

22.80

145.68

41.96

0.15

365.08

21.77

41.53

21.59

5.21

1.78

5.34

0.78

4.45

2.02

0.27

1.52

0.20

3.30

224

3.12

116.99

19.25

1.38

27.57

396.67

22.76

147.38

45.28

0.34

355.31

21.69

40.69

4.86

20.70

5.04

1.72

5.19

0.78

4.37

2.01

0.26

1.53

0.21

3.37

2.49

3.68

121.54

19.24

1.36

28.09

439.63

24.42

157.55

47.09

0.38

365.23

23.84

46.29

23.51

5.55

1.88

5.70

0.84

4.74

2.13

0.27

1.55

0.21

3.48

2.52

3.38

122.01

19.37

1.42

28.50

430.22

23.53

154.01

45.82

0.38

340.75

22.35

44.43

22.69

5.17

1.80

5.38

0.81

4.55

0.25

1.41

0.20

3.33

2.40

2.45

11731

19.63

1.41

24.62

392.80

21.79

146.51

42.13

0.26

331.59

19.49

38.37

4.60

19.79

4.68

1.64

4.89

0.73

4.15

0.23

1.38

0.20

3.28

225

2.70

118.66

19.92

1.44

25.49

390.45

21.90

147.09

4223

0.28

338.50

19.84

38.55

20.03

4.71

1.69

4.95

0.74

423

0.24

1.38

0.19

3.29

2.26

2.69

116.20

18.47

1.38

31.85

474.02

23.93

156.39

52.63

0.33

426.79

24.52

48.11

24.18

5.70

1.86

5.72

0.85

4.69

2.19

0.28

1.64

022

3.67

292

222

115.86

18.47

1.39

29.00

428.25

22.84

161.73

44.53

0.26

390.48

21.85

43.56

5.48

22.66

5.45

1.79

5.46

0.81

4.52

0.26

1.55

0.22

3.75

2.50

2.16



Th

3.50

0.86

3.08

0.72

3.25 3.55 3.65 3.69 3.58 2.73 2.80 3.99 3.47 1.25 1.22 2.77 3.73 3.47 2.99 2.88 3.26 3.16 3.15 3.05
0.68 0.92 0.81 0.86 0.77 0.60 0.58 1.18 0.98 0.42 0.41 0.72 0.70 0.66 0.43 0.51 0.76 0.81 0.76 0.66
#: EFF a R BHVO-2 i T R S F (HHE Jochum et al. (2016).
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Appendix table 3 Whole rock Sr, Nd, Pb and Hf isotopes data for Halaha-Chaihe basalts

i 878r/*sr 1SD INd/*Nd 1SD ena oH/ THE 1SD enr” 2%pp™Pb 15D 207pp/pp 1SD 208pp2%ph 1SD
13CHO7 0.703 463 5 0.512 967 4 6.43 0.283 089 4 10.75 18.397 0 4 15.5220 4 38.287 9 14
13CHO08 0.703 613 6 0.512 974 4 6.55 0.283 099 7 11.09 18.388 1 5 15.5174 5 38.267 3 15
13CH15 0.703 640 6 0.512 955 5 6.19 0.283 075 13 10.24 18.3756 4 15.5254 4 38.272 0 13
13CHI16 0.703 586 6 0.512 965 4 6.38 0.283 079 10 10.38 18.366 9 5 15.5211 5 38.260 8 11
13CH18 0.703 557 5 0.512 972 6 6.51 0.283 083 10 10.52 18.424 6 6 15.529 1 6 38.343 9 18
14CH21 0.703 748 3 0.512 906 8 5.23 0.283 087 11 10.67 18.529 7 5 15.538 4 5 38.3543 17
14CH23 0.703 880 5 0.512 905 3 5.21 0.283 099 10 11.09 18.380 5 3 15.5250 3 38.242 0 17
13TCO1 0.703 787 4 0.512913 5 5.37 0.283 068 9 10.00 18.376 3 5 15.5196 4 38.3189 19
13TC02 0.703 575 5 0.512 922 3 5.54 18.413 3 4 15.5213 5 38.337 1 17
13TCO07 0.703 569 3 0.512 945 4 5.98 18.474 0 5 15.542 3 5 38.3337 21
13TC10 0.703 550 3 0.512 921 4 5.52 0.283 078 4 10.36 18.567 6 5 15.538 7 3 38.4253 17
13TCI12 0.703 577 3 0.512 942 4 5.93 0.283 087 7 10.68 18.508 6 4 15.543 1 5 38.3725 13
13TC14 0.703 599 4 0.512 949 4 6.07 0.283 103 13 11.25 18.486 2 5 15.536 4 4 38.3397 11
13TC16 0.703 589 3 0.512 930 7 5.69 0.283 099 11 11.11 18.479 1 4 15.538 3 5 38.3356 18
14TC21 0.703 544 5 0.512 965 4 6.38 0.283 089 10 10.75 18.378 9 5 15.5175 5 38.260 1 15

3.06

0.59

3.55

0.85

3.18

0.75



14TC22 0.703 609 3 0.512 938 4 5.86 0.283 070 9 10.08 18.418 8 4 15.524 4 3 38.3252 16

BHVO-2 mean 0.703 466 8 0.513 017 3 7.55 0.283 107 4 11.39 18.634 5 10 15.486 4 8 38.1710 22
BHVO-2 Ref.* 0.703 479 0.512 996 7.14 0.283 082 10.50 18.634 0 15.524 0 38.146 0
BCR-2 mean 0.704 982 5 0.512 633 3 0.07 0.282 855 3 2.48 18.7550 5 15.615 8 4 38.740 1 13
BCR-2 Ref.* 0.705 005 0.512 635 0.10 0.282 865 2.83 18.754 0 15.622 0 38.726 0

T BbR a B ena= [(PNA/*Nd)gampie/( PN/ *Nd)epur -11%10%, (PNd/**Nd)egur = 0.512 630 (Bouvier et al., 2008): 145 b R eye = [(7HE H) gampie/ (" HE T H)crur -11¥10%, (7°HE " H)cpur =
0.282 785 (Bouvier et al., 2008); 475 ¢,d 75 BHVO-2 Fil BCR-2 Ui 1 B [F i1 % 5 % H & Weis et al. (2006).
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Appendix table 4 Parameters of trace element modeling of the batch partial melting of primitive mantle

(K ) DOl  D(Cpx)  D(Opx) D(Grt) Ds P C'F=1%) CM(F=2%) CN(F=3%) C(F=4%)

Rb 0.6 0.0004 0.01 0.0038 0.0003 0.003435  0.00677 44.89 25.75 18.05 13.90
Ba 6.6 0.0011  0.00016  0.001 0.0002 0.000816  0.000362  610.41 317.17 214.25 161.76
Th 0.0795 0.00005  0.006  0.0086 0.0008 0.004114  0.003435 5.65 331 234 1.81

Nb 0.658 0.00007  0.0012  0.0007 0.001 0.000569  0.000891 62.31 32.02 21.54 16.23
Ta 0.037 0.0002  0.0022  0.0008 0.0017 0.000903  0.00169 3.40 1.77 1.20 0.91

La 0.648 0.0001 0.039  0.0006 0.0005 0.008073  0.02732 36.40 23.54 17.39 13.79
Ce 1.675 0.0001 0.07 0.0017 0.0027 0.01479  0.04913 68.93 49.55 38.67 3171
Pr 0.254 0.0032 0089  0.0083 0.0083 0.0224 0.06326 8.00 6.17 5.03 424

St 19.9 0.00002  0.098  0.0021 0.0005 0.020336  0.068446  671.13 510.69 412.16 345.50
Nd 1.25 0.0005 0.16 0.004 0.028 0.03548  0.11455 28.19 23.50 20.15 17.63

Hf 0.283 0.004 0.215 0.017 0.11 0.05791 0.161 4.27 3.79 3.41 3.09



Sm 0.406 0.001 0.23 0.015 0.18 0.06395 0.1778 5.63 5.05 4.58 4.19

Ti 1205 0.011 0.19 0.1 0.15 0.0859 0.1413 12753.08 11690.63 10791.59 10020.96
Tb 0.099 0.001 0.27 0.054 0.75 0.12472 0.2589 0.75 0.71 0.67 0.64
Ho 0.149 0.0031 0.25 0.1 2.6 0.26624 0.42593 0.55 0.54 0.53 0.52
Yb 0.441 0.05 0.22 0.22 4.92 0.481 0.639 0.91 0.90 0.90 0.89

VE: aNIEE A N R AR SIS SR MG Ee s, AL CAOL (40%) « Cpx (20%) ~ Opx (33%) FIGrt (7%) 5 bAEAE A N T Bt iR S Mylia th i, Hu 4% A0l (62%)  Cpx (15%) + Opx (20%) FIGrt (3%) 3
IR T ) TR L], AL MO (30%) « Cpx (7%) + Opx (-10%) FIGrt (10%) 5 FARBAAEBERFEE T 0% DUNYIAEARAYA M S5 BE RS PAE B AR b () A RS R AR 0 R R S CSRH
IR TR IVIIAIREE . CHy M b BRI Ak TP I O R R . SR LA IR T 4 RS E McDonough and Sun (1995); 5 45 Hub@ i 76 240 i 51 @ Workman and Hart (2005). Rb. Ba. Th. Nb. Ta. Sr. Hf. TifILREEs

)43 it Z %031 1 Adam and Green (2006); HREEs {4}t %3] 9 Green et al. (2000).
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