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Mesozoic-Cenozoic Mafic Magmatism in Western Shandong Province and
Its Implication for the Chemical Evolution of the Mantle
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State Key Laboratory of Mineral Deposits Research s Nanjing University, Nanjing 210093, China

Abstract: Mafic igneous rock, a widely distributed and typical mantle-derived rock, has become a major research source for
revealing possible mechanisms for the chemical evolution of the mantle. Combined geological and geochemical studies have
been carried out on the Mesozoic and Cenozoic mafic igneous rocks in western Shandong Province, determining the elemental
and isotopic compositions of typical samples. Generally, the Mesozoic mafic igneous rocks have enriched LREE and LILE
concentrations, low HFSE abundance, and display highly variable Is, ratios (0. 703 96 —0. 712 47) and distinctly negative
ena (2) values (—9. 20 to —21. 21). Compared to the north of western Shandong Province, the Mesozoic mafic rocks in the
south have higher total REE contents ( > REE = 325, 52 X 107% — 555. 75 X 10"°), higher LREE/HREE ratios
(17.75—25.97), and higher LILE/HFSE ratios (e. g., La/Nb=6. 37— 13. 85, Th/Nb=0. 52— 1. 53). They also have
more radiogenic Sr isotopic compositions, with Is, values of 0. 708 44—0. 712 47 and 0. 703 96—0. 705 98, respectively. Inte-
grated elemental and isotopic tracing suggest that the Mesozoic mantle of western Shandong Province is generally character-
ized by the EM | component, which was probably formed by large-scale lithospheric delamination, whereas the mantle
source in the south part has been superimposed by the influence of the deep subducted Yangtze continental materials, and

thus displays the mixed features of EM [ and EM | components. The geochemical characteristics of the Cenozoic basalts are
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similar to those of the oceanic basalts. It is likely that the rocks were derived from a depleted asthenosphere source but un-

derwent metasomatism shortly before partial melting. From the Mesozoic to the Cenozoic, the nature of the mantle beneath

the North China craton evolved from an enriched one to a depleted one. This chemical evolution most likely resulted from an

asthenosphere upwelling, which was induced by large-scale lithospheric delamination and thus replaced the original lithos-

pheric mantle with a newly created one,

Key words: mafic igneous rock; geochemistry; source tracing; mantle chemical evolution; western Shandong Province.
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1 . Sr-Nd
Table 1 Major, trace element contents and Sr-Nd isotopic compositions of the typical mafic igneous rocks in western Shan-

dong Province

B—1 B—4 B—5 B—7 B—9 FC—2 FC—5 MY—1 MY—6 M—2 JN—1
SiO; 44,01 47. 60 46. 05 42.53 46. 05 47.24  47.75  53.54  54.40 50. 69 47. 04
TiO; 2.49 1.83 1.79 2.68 2.16 1.11 1.13 1. 26 0.91 1.09 0. 43
Al O3 13.52 15. 25 13.01 12.75 13. 87 13.00 13.91 16.84 15.48 14.99 8.09
Fe O3 " 13.71 12.27 13.19 13. 98 13. 14 9.47 9.53 7.21 7.17 8. 11 16. 09
MnO 0.18 0.16 0.17 0. 20 0. 16 0. 14 0. 14 0.08 0.12 0.12 0. 25
MgO 10. 23 8.82 12.17 10. 70 10. 79 10.78  10. 66 3.71 5.37 6. 35 17.78
CaO 9.10 8. 89 8.29 9.81 9.14 9.38 9. 46 6.31 7.38 7.76 10. 59
Na; O 3.42 2.69 2.37 3.99 2.03 3.12 3. 14 3.98 3.35 3.08 1. 04
K20 2.19 1. 31 1. 31 1. 88 1. 42 1.13 1. 06 3.09 2.90 3.17 0. 32
P> 05 0.70 0. 40 0.38 0. 86 0. 39 0. 81 0. 87 0.73 0. 50 0. 85 0. 05
LOI 1. 24 2.29 2.23 1. 88 2.25 3.41 3.21 3.77 2.58 3.67 —
Total 100.79  101.51  100.96  101. 26 101. 40 99.59 100.86 100.52 100. 16 99. 88 101. 68
ALK 5. 61 4. 00 3. 68 5. 87 3.45 4. 25 4. 20 7.07 6. 25 6. 25 1. 36
Mg# 0. 60 0.59 0. 65 0. 60 0.62 0. 69 0. 69 0.51 0. 60 0.61 0. 69
La 37. 88 21.17 21.15 51. 46 22.29 124.36 124.98 101.30 78.78 117. 94 4,45
Ce 79. 80 46. 42 47.26  103.18 48. 81 248.80 250.96 177.20 142.30 231.74 11. 40
Pr 8.76 5. 40 5. 45 11. 21 5. 54 28.62 28.86 20.58 17.48 27.06 1.58
Nd 36. 01 23.28 22.79 44. 68 23.88 108.45 108.15 71.84  61.68 102. 40 7.98
Sm 7.03 4. 80 4.82 7.89 4. 98 14.89  15.27 9.94 9.02 14. 14 2.16
Eu 2.26 1.73 1. 64 2.65 1.79 3. 89 3.79 2.41 2.10 3. 66 0. 66
Gd 6.59 4. 68 4. 64 7.44 4. 94 11.45  11.57 6. 54 5.87 10. 68 2.12
Tb 0.92 0. 69 0.70 1.03 0.75 1. 24 1.23 0.79 0.74 1. 16 0. 34
Dy 4. 68 3. 66 3.65 5.11 3.84 5. 77 5.70 3.69 3.53 5. 24 1.90
Ho 0.78 0.63 0. 66 0. 81 0. 67 0. 84 0. 83 0.70 0. 69 0.78 0. 38
Er 1.97 1. 69 1.75 2.12 1.77 2.23 2.27 1. 49 1.58 2.16 1.00
Tm 0.24 0.22 0.23 0. 25 0.23 0.28 0.28 0.22 0.24 0.28 0.15
Yb 1.42 1. 30 1.35 1. 34 1.33 1.79 1. 69 1. 16 1.31 1. 61 0. 88
Lu 0. 20 0.19 0. 20 0. 20 0.19 0. 26 0. 26 0.17 0. 20 0.24 0. 15
>REE 188.55  115.86  116.27  239. 36 121. 00 552.87 555.85 398.03 325.52 519. 10 35. 14
LR/HR 10. 22 7.87 7.82 12. 08 7.82 22,17  22.32  25.97  21.99 22.43 4. 08
(La/Yb)n 18.02 10. 94 10. 57 25.83 11. 30 46.78  49.78  58.88  40.54 49. 27 3.40
(La/Sm)n 3.39 2.77 2.76 4. 10 2.82 5.25 5.15 6. 41 5. 49 5. 24 1. 30
(Gd/Yb)n 3.76 2.89 2.78 4. 47 3. 00 5.16 5.51 4. 55 3.62 5. 34 1. 94
oEu 1. 00 1. 10 1. 04 1. 04 1. 09 0. 88 0. 84 0. 86 0. 83 0. 88 0.93
Rb 21.48 12.76 11.12 32.72 17. 33 14.68 14.12 61.70  57.90 68. 32 6. 17
Sr 799 585 518 880 720 1374 1408 1436 1096 4482 230
Ba 286 319 248 414 949 1525 1554 1191 1438 2597 145
U 1.32 0.57 0. 65 1. 62 0.53 1.73 1.75 1. 60 2.10 2.11 0.13
Th 4. 68 2.15 2.33 6. 28 2.78 12.00  11.83 8. 30 4. 60 13. 86 0. 49
Pb 3.77 2. 60 5. 46 7.84 2.54 11.35 11.51 13.00 12.90 14. 51 2. 36
Ga 21. 48 19. 09 18. 09 19. 83 17. 85 17.52  17.45 17.70  16.70 17. 38 7.87
Y 19. 21 16. 24 16. 34 20.71 17. 45 23.31 23.32 18.15 17.73 21.70 9. 66
Sc 21.55 21.78 22.78 21.98 23. 81 22.10  21.41 15.90 15.60 19. 69 56. 73
Nb 51. 96 23.90 24.97 63. 97 29. 06 13.63  13.82  15.90 7.00 16. 92 0. 94
Ta 3.44 1. 68 1. 65 4.15 1. 95 0.87 0.72 1.75 1. 22 0. 83 0.13
Zr 241. 2 148. 6 153.0 251.2 153. 8 283.6  286.2 287.0 237.0 298.9 25.4
HI 5. 60 3. 86 3. 80 5. 90 3.93 6. 54 6.79 5.30 4. 80 7.14 0. 86
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1
B—1 B—4 B—5 B—7 B—9 FC—2 FC—5 MY—1 MY—6 M—2 JN—1
\% 230. 8 203. 8 208. 7 257.6 243. 4 180. 9 178.8 142.0 122.0 170.7 243.7
Cr 142. 2 161. 2 201. 7 167.9 208.5 287.9 271.1 122.0 189.0 120.0 403. 8
Co 64. 2 54.7 72.4 67. 6 66. 9 45. 8 43.9 20.3 24.9 34. 4 100. 5
Ni 109. 8 74.7 143.0 124.0 118.2 102. 3 90.7 126.0 90. 2 43.7 81.3
La/Nb 0.73 0. 89 0. 85 0. 80 0.77 9.12 9.04 6. 37 11. 25 6. 97 4,73
Ba/Nb 5. 50 13. 33 9.95 6. 46 32. 66 111. 86 112.45 74.91 205. 43 153. 50 154. 39
Th/Nb 0.09 0.09 0.09 0.10 0.10 0.88 0. 86 0.52 0. 66 0.82 0.52
Nb/U 39. 31 41. 78 38.31 39.57 54. 65 7.86 7.90 9. 94 3.33 8. 00 7.38
Zr/Ba 0. 84 0. 47 0.62 0.61 0.16 0.19 0.18 0. 24 0.16 0.12 0.17
t/Ma 14. 9© 14. 90 14. 90 124. 9@ 114.89  118.29 115. 09
87Rb/% Sr 0.079 45 0.06338 0.1097 0.03163 0.12358 0.174 0.079 24
87Sr/ %6 Sr 0.703 133 0.703 517 0.703219 0. 709 234 0.71266 0.71158 0. 705 556
20 12 9 13 15 8 11 12
Is: 0.703116 0.703504  0.703 196 0.709 178 0.712458 0. 711 288 0. 705 426
147 Sm/ 1 Nd 0.1186 0.1185  0.107 0. 08351 0.08752  0.092 31 0.164
M3Nd/ M Nd 0.512 898 0.512615 0.512823 0.511 884 0.512073 0.511 769 0.512 100
20 8 6 7 9 9 8 10
end(2) 5.22 —0. 30 3.78 —12.91 —9.42 —15.38 —14. 94
%, 1()76;}“62()3* ;ALK:K2()+.\132();Mg# :Mg/(MngZFe),
XRF . ) 2%, 10%. ( )
ICP-MS . 10%. Sr.Nd VG354
s (1988). 87Sr/86Sr  M3Nd/M'Nd 20 s s
NBS—987 87Sr/86Sr=0. 710 314+8(25) . La Jolla MSNd/"Nd=0. 511 871+8(25).Sr  Nd
86Sr/88Sr=0, 1194  MSNd/"*Nd=0. 7219 , :Rb.Sr  1X1079~2X10"? g.Sm,Nd 5X10 11~
7X10 11 g, D (1985) K-Ar ;@ K-Ar ., Zhang et al. (2002);3 @
0 Ar-39 Ar , Qiuetal. (2002); “Ar-39Ar , (1994).
’ K-Ar ’ N
119~125 Ma(Zhang et al. , 2002; , N N )
2004).
b b hY b
(Zhang et al. , 2004).
b Al
N ? .
A Ar 114. 8 ~
124. 3 Ma (Qiu et al. , 2002),
1 N
N Sr-Nd
, ( ,1992).
’ b AY
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-Ar ~ a
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Table 2 Incompatible element ratios of the Mesozoic and Cenozoic mafic igneous rocks in western Shandong Province and

comparison with those of the other geochemical reservoirs

(N=8)

(N=23) (N=12) PM N-MORB CC HIMU-OIB EM] -OIB EMI[-OIB
Zr/Nb 3.2~6.2 1.7~26.9 14.5~33.9 14. 8 30 16. 2 2.7~5.5 3.5~13.1 4,4~7.8
La/Nb 0. 57~0. 89 1.54~4.73 6.37~13. 85 0. 94 1. 07 2. 20 0. 64~0. 82 0.78~1. 32 0.79~1.19
Ba/Nb 4,6~32.7 146. 0~1265.4 59.4~205. 4 9.0 4.3 54. 0 4.7~6.9 9.1~23.4 6.4~13.3
Ba/Th 61~341 248~4532 67~313 77 60 124 39~85 80~204 57~105
Rb/Nb 0. 28~0. 60 3.07~17.88 0. 75~8. 27 0.91 0. 36 4. 70 0.30~0. 43 0.69~1.41 0. 58~0. 85
Th/Nb  0.052~0.098 0.201~0.590 0.522~1.529 0.117 0.071 0.440 0.071~0.123 0.094~0.130 0.105~0. 168
Th/La 0.092~0. 125 0.095~0.373 0.058~0.126 0.125 0.067 0.204 0.099~0.164 0.089~0.147 0.108~0. 183
Ba/La 7.5~42.6 85.0~766. 2 8.3~22.0 9.6 4.0 25.0 6.2~9.3 11.3~19. 1 7.3~13.5
PM. s N-MORB. ; CC. s HIMU-OIB. HIMU ;sEM [ -OIB. EM [ ;s EM[-OIB.
EMII . s s (2001),Guo et al. (2001, 2003) ., Zhang et al.
(2002) 5 Weaver (1991)
TFeO N
1000 - AN
, TFeO MN-—” N
! A -
C 2b), | *' /.;0 \'
(Lassiter and Depaolo, 2000). (3) 100 + ,‘ - 0,0'
2 ‘‘‘‘ Bl .’
’ =
M
[>REE=(35. 15~127.88) X 10 ¢ ] - MF Q%M
. [LREE/HREE = 3. 83 ~38. 07, 1or \r o
(La/Yb)y=3. 41~11. 40, 2c 3b],
’ 1 1
, 0.1 1 10
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(Henderson, 1982). , :
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Guo et al. (2001) ,Zhang et al. (2002)  Guo et al. (2003); 7b 2
s (Sr/%Sr)—ena (1) 3 ena (1)
, , Table 3 exa () values of the Mesozoic mafic igneous rocks
in east part of the North China block

EM [ , /Ma ena (1)
EMH 1 130~135 —6.8 ~ —11.0
2 128 —8.5 ~ —13.9

( 6). 3 140 —9.5
, La/Nb, 4 120 —8.3 ~ —15.2
Ba/Nb.Rb/Nb  Th/Nb : 115 8.8~ —21.2
6 116.5 —15.7 ~ —16.5
¢ 2. 5, o 7 114.8~124. 3 —9.4 ~ —15.4
Ba/Nb,Ba/LLa  Ba/Th 8 119.6 —12.5 ~ —17.9
. ( 2, 7b)’ 9 119~125 —12.9 ~ —14.4
10 120 —15.8 ~ —17.3

1. ( ) ,2001;2. , ,2001;
EM1 ’ 3. sChen et al. , 2003;4. .Chen and Zhai, 2003;5.
EMH ’ EMI EMH — ,Guo et al. , 2001;6. , ,1999;7.
, EMII R ,Qiueral. , 2002;8. ,Qiuetral. , 2002;9.
EMT Ba/Nb‘Ba/La Ba/Th ( ),Zhang et al. , 2002;10. ,Fan et al. , 2001.

(Weaver, 1991; Tatsumoto et al. , 1992).

(2005) EM [
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(Gao etal. , 1998, 2003). ,
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