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Geochronology and geochemistry of sodic volcanic rocks from Shenquan in
Tancheng County, Shandong Province: Implications for unraveling the nature
of mantle source and petrogenesis
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Abstract: The Shenquan sodic volcanic rocks, outcropped in the east of Lizhuang village in Tancheng County,
Shandong Province, are tectonically located in the southern parts of the Yishu deep fault zone. The volcanic
rocks comprise a shield volcano, and lithologically consist mainly of trachyandensite. Zircon LA-ICP-MS U-Pb
dating yields an age of 96.5+ 1.4 Ma, which is younger than the ages of the widespread potassic rocks within
the region, indicating an evolutionary trend from potassic to sodic for the Mesozoic volcanic rocks along the

Yishu deep fault zone and its adjacent areas. Chemically, the Shenquan volcanic rocks have high alkali content
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(Na,O+ K,0=10.34% ~11.95% ) and are obviously enriched in sodium (Na,O/K,O=1.76~3.92); they
can be assigned to typical sodic volcanic rocks on the basis of various discrimination schemes. Geochemically, the
rocks contain relatively high concentrations of rare earth elements (SREE=411.3x10"°~456.3x10"°), and
are enriched in LREE [ LREE/HREE =19.53~21.10, (La/Yb)Ny=29.69~33.26] and LILE (e. g., Rb,
Ba, Th), and depleted in HFSE (e. g., Ti, Nb, Ta). They show right-oblique chondrite-normalized REE
patterns and display some negative Pb anomalies in the primitive mantle-normalized trace element spidergrams.
These rocks have enriched Sr-Nd isotopic compositions [ I, = 0.706 8 ~0.707 7, eNd(¢z) = — 16.66 ~
—16.82], similar to that of the Mesozoic mafic rocks in Shandong, indicating that they were probably derived
from an enriched lithospheric mantle. Based on a synthesis of geology and geochemistry, the authors hold that
the mantle source of the Shenquan sodic volcanic rocks might have undergone multiple enrichment events induced
by source contamination of continental crustal materials both from deep subduction of the Yangtze Craton and
from lithospheric delamination of the North China Craton. During Late Cretaceous, the continued extension of
Tanlu Fault induced the upwelling of asthenospheric melts which further modified the previously enriched man-
tle. Decompression partial melting of these multiply-modified mantle sources and further differentiation of the
magmas finally generated the Shenquan sodic volcanic rocks.

Key words: sodic volcanic rocks; zircon U-Pb age; elemental-isotopic geochemistry; nature of the mantle

source; Shenquan in Tancheng County, Shandong Province
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Fig. 2 Microphotographs of Shenquan volcanic rocks ( crossed nicols)
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1 LA-ICP-MS U-Pb
Table 1 Zircon LA-ICP-MS U-Ph dating results of volcanic rocks in Shenquan

Ma
ThU —— — —

~”7P|, 2‘1(\Pb 1o 2()7})}) 2,73U 1o 2(](;Pb 238U 1o 21)7Pb Z,wJU 1o 2(1(;Pb 238U 1o
SQ-12-1 8.15 0.04802 0.00303 0.10003  0.00623  0.01511  0.000 24 97 6 97 2
SQ-12-2 4.23 0.04834  0.00118  0.10460  0.00255  0.01570  0.00020 101 2 100 1
SQ-12-3 4.37 0.04665 0.00155 0.09923 0.00326 0.01543  0.00021 96 3 99 1
SQ-12-4 5.48 0.05012  0.00115 0.10276  0.00234  0.01487  0.000 19 99 2 95 1
SQ-12-5 4.32 0.04940  0.00120  0.10229  0.00247  0.01502  0.00019 99 2 96 1
SQ-12-6 6.64 0.05239  0.00136 0.10605 0.00273 0.01468  0.000 19 102 3 94 1
SQ-12-7 4.19 0.04747  0.00216  0.09811  0.00440  0.01499  0.00023 95 4 96 1
SQ-12-8 5.30 0.04868  0.00138 0.10003  0.00281  0.01490  0.000 20 97 3 95 1
SQ-12-9 4.37 0.04657  0.00139  0.10045 0.00295 0.01564  0.000 21 97 3 100 1
SQ-12-10 10.49  0.05434  0.00224 0.11111  0.00449  0.01483  0.00022 107 4 95 1
SQ-12-12 4.15 0.05362  0.00147 0.11173  0.00301  0.01512  0.000 20 108 3 97 1
SQ-12-13 4.94 0.04824  0.00208  0.09790 0.00414 0.01472  0.000 21 95 4 94 1

2012
39 5. 40 .
Ar-"Ar 73.510.3 Ma 2003 Na,O = 10.65% ~ 12.75% CaO =
NeO KO=1.43 9 059% ~0.17% Ab
~ 2.85 2003
97 % An 1% 2
2 7
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Table 2 Electron microprobe analyses of minerals from volcanic rocks in Shenquan
SiO, TiO, ALO; FeO MgO CaO Na,O KO An Or Ab
1 68.63 19.27 0.07 10.65 0.05 98.67 0.34 0.29 99.37
2 68.56 19.47 0.04 0.06 12.75 0.04 100.92 0.24 0.22 99.54
3 68.08 19.00 0.05 12.55 0.06 99.74 0.21 0.31 99.48
4 67.29 18.99 0.02 0.01 0.07 12.20 0.05 98.63 0.33 0.24 99.43
5 67.88 19.09 0.03 0.01 0.15 12.37 0.39 99.92 0.63 2.04 97.33
6 68.78 19.20 0.04 0.17 12.54 0.07 100.8 0.73 0.37 98.90
7 68.61 19.00 0.05 0.07 12.56 0.06 100.35 0.31 0.30 99.39
8 66.95 19.92 0.07 0.02 0.08 12.12 0.04 99.2 0.37 0.22 99.41
1 67.90 0.03 18.96 0.37 0.13 12.05 0.09 99.53 0.58 0.46 98.96
2 65.43 1.68 20.29 0.27 0.03 0.17 11.81 0.06 99.74 0.77 0.31 98.92
3 67.26 19.80 0.08 0.14 11.67 0.04 98.99 0.68 0.24 99.08
4 66.95 0.01 19.54 0.16 0.01 0.24 11.11 2.94  100.96 1.01 14.70  84.29
1 64.05 18.54 0.15 0.01 0.01 0.50 16.11  99.37 0.04 95.50 4.46
2 63.71 0.13  18.83  0.20 0.01 0.40 16.39 99.67 0.02 96.42  3.36
3 62.74 18.98 0.35 0.01 0.28 16.86  99.22 97.51 2.49
4 63.24 0.05 18.96 0.18 0.31 16.98 99.72 0.01 97.26 2.73
Na,O 9
TAS Na,O-2 >
K,O La Sm y Gd Yb y 6.07 —6.51
2.56—~2.83 0Eu=0.77~
5.2 0.82
10a  10b Rb Ba K
Nb Ta Ti
SREE = 411.3 X Kelemen et
107 °~456.3x 10 ° LREE HREE al. 1990 Stolz et al. 1996
=19.53~21.10 La Yb y=29.69~33.26 Pb
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Table 3 Major wy % trace and rare wi 10™° element content of volcanic rocks in Shenquan
SQ-3 SQ-8 SQ-9 SQ-10 SQ-12 SQ-14 SQ-15
SiO, 58.00 58.38 57.73 58.84 58.26 58.83 58.67
TiO, 0.85 0.83 0.86 0.83 0.82 0.83 0.85
ALO; 17.62 17.53 17.38 17.25 17.07 17.2 17.12
Fe, O3 6.87 6.01 6.24 6.00 7.12 6.83 6.60
MnO 0.06 0.04 0.08 0.10 0.07 0.06 0.05
MgO 2.006 2.38 2.29 2.20 1.37 1.16 1.64
CaO 1.66 1.54 1.63 2.00 1.98 1.75 1.57
Na,O 8.24 8.24 7.99 8.24 7.21 8.20 7.66
K,O 2.10 2.58 2.29 2.55 4.09 3.32 3.51
P,0s 0.82 0.82 0.82 0.79 0.78 0.79 0.81
2.14 2.05 2.97 1.81 1.49 0.96 1.90
100.5 100.5 100.4 100.7 100.4 100.0 100.5
c 7.13 7.61 7.17 7.35 8.37 8.38 7.96
ALK 10.34 10.82 10.28 10.79 11.30 11.52 11.17
Na,O K,O 3.92 3.19 3.49 3.23 1.76 2.47 2.18
Cs 0.50 0.29 0.27 0.34 0.36 0.18 0.24
Rb 30.6 31.9 29.5 33.4 51.7 41.1 43.7
Sr 630 473 560 550 642 394 488
Ba 497 449 625 1267 1364 684 980
Sc 9.64 9.12 9.40 9.77 9.28 9.15 9.01
Y 29.6 27.1 28.1 27.0 26.9 27.9 27.0
Ga 21.4 19.1 21.7 22.6 19.1 21.2 22.0
Nb 28.2 28.1 29.1 28.5 28.3 27.7 28.7
Ta 1.39 1.36 1.42 1.38 1.36 1.36 1.40
Zr 384 393 399 384 386 391 395
Hf 7.27 7.33 7.46 7.18 7.26 7.33 7.43
U 1.34 1.14 1.28 1.36 0.94 1.00 1.41
Th 6.29 6.39 6.40 6.17 6.04 6.14 6.25
Pb 13.2 11.6 11.3 11.1 9.98 10.1 11.9
\% 84.9 78.2 96.3 82.6 68.8 64.7 98.6
Cr 36.1 36.4 37.3 40.0 34.2 34.4 50.0
Co 14.4 10.4 13.6 13.6 12.4 11.5 12.2
Ni 25.3 18.5 25.3 23.8 20.7 18.6 28.1
La 109 105 115 101 108 108 113
Ce 191 196 192 185 191 189 192
Pr 22.1 22.2 22.9 20.7 21.8 21.8 21.9
Nd 76.4 75.7 78.2 72.0 75.4 77.1 76.1
Sm 11.2 10.8 11.3 10.4 11.0 11.2 10.9
Eu 2.60 2.39 2.62 2.41 2.62 2.59 2.58
Gd 7.93 7.50 7.85 7.35 7.69 7.80 7.68
Tb 0.99 0.92 0.97 0.91 0.95 0.96 0.95
Dy 5.24 4.95 5.20 4.86 5.00 5.03 5.00
Ho 1.00 0.95 0.98 0.93 0.94 0.95 0.95
Er 2.71 2.55 2.63 2.53 2.46 2.55 2.55
Tm 0.38 0.37 0.38 0.36 0.34 0.36 0.36
Yb 2.46 2.36 2.43 2.29 2.20 2.27 2.34
Lu 0.38 0.37 0.38 0.36 0.34 0.35 0.37
SREE 433.0 431.5 443.1 411.3 430.1 429.8 436.6
LR HR 19.53 20.61 20.28 19.99 20.58 20.20 20.61
La Yb y 29.75 29.86 31.94 29.69 33.26 32.09 32.60
La Sm y 6.11 6.10 6.42 6.11 6.18 6.07 6.51
Gd Yb 2.60 2.56 2.61 2.59 2.83 2.77 2.65
OEu 0.80 0.77 0.81 0.80 0.82 0.81 0.82

ALK=K,0+ Na,O Fe,O;5'
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Fig. 7 An—- Ab- Or triangle diagram for feldspars in

phenocryst and matrix of Shenquan volcanic rocks

w(K,0)/ %

w(Na;0)/ %

9 K,O - Na,O
Middlemost 1972
Fig. 9 K,O versus Na,O diagram of volcanic rocks

in Shenquan base map after Middlemost 1972

Pb

10a 10b

6 Sr-Nd

Sr-Nd

Sr Nd
I,=0.7068~0.7077 eNd ¢t = —-16.7~—16.8

8 An- Ab' - Or

Irvine and Baragar 1971

Fig. 8 An- Ab’' - Or triangle diagram of volcanic

rocks in Shenquan base map after Irvine and Baragar 1971

Sr Nd
I, =0.7096~0.710 1
eNd ¢+ =—-13.1~ —14.4 Zhang et al. 2002
I=0.7072~0.7075 e Nd r =
-15.9~-17.0 Fanetal. 2001
I, =0.7075~0.7081 eyng t = —14.3~
—16.0 Ying et al. 2006
7
Zhang et al . 2002
K,O
P,0Os K,O TiO, Sr Nd
Qiu et al. 2002
10a 10b
Sr Nd Nd
K,O TiO, K,O P,Os



792 31

1000 1000,
a b
100F IRZEE
i 2
b 3
Z & o
= E
E et i
NCCH-H#)75
1+
Ba U Ta La Pb Sr Nd Hf Eu Gd Y Lu
1 1 I 1 I L 1 1 1 i I I L I L 01 i 1 1 1 I I 1 1 1 1 1 L 1 1 1 L L i 1 1 I I I 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Rb Th Nb K Ce Pr P Zr Sm Ti Dy Yb
10 a b

Fig. 10 Chondrite-nomalized REE patterns a and primitive mantle-normalized trace element spidergrams
b of volcanic rocks in Shenquan
Boynton 1984 McDonough and Sun 1995 NCC
1997 Zhang 2002
normalized values for chondrite from Boynton 1984  and those for primitive mantle from McDorough and Sun 1995 dotted line representing
the average crust value of NCC North China Craton — after Yan Mingcai and Chi Qinghua 1997 data of Fangcheng basalts from Zhang et al. 2002

4 Sr-Nd

Table 4 Sr-Nd isotopic compositions of volcanic rocks in Shenquan

87Rb SGSr ’”Sr SGSr 2(5 ISr 1-’17Snl 144Nd 143Nd 144Nd 2(5 ENd t tZI)M (}a ./.Sm Nd
SQ-s 0.31  0.708 180 4 0.707 749 0.088 700 0.511716 3  -16.7  1.74 ~0.55
SQ10  0.18 0.707 907 3 0.707 666 0.087 200 0.511710 2 -16.8  1.73 ~0.56
sQ120.23 0.707 078 3 0.706 759 0.088 500 0.511716 2 -16.7  1.74  —0.55
SQ14 0.30 0.707 298 4 0.706 884 0.087 700 0.511707 5 -16.8  1.74  —0.55
87Sr 85y M3Nd M Nd 26 oM tom= LA In 1+A A=
HNd Nd — Nd "Nd py—  ¥Sm MNd .- ¥TSm MNd . e* -1 WSm MNd L= 47Sm #Nd py m
DM WSm MINd py=0.2136  "Nd "Nd py=0.513151 Miller and O’ Nions 1985
c 47Sm "Nd .=0.118 Jahn and Condie 1995 ¢ A=6.54%10 2a
Sr-Nd
®
Sr Nd -
Zhou et al. 2002
t =130~135 Ma e Nd ¢ 2005 ©
-6.8~—-11.0 2001
t =128 Ma e Nd ¢ -8.5
~—-13.9 2001 2003 Gao et al. 2004
t =120 Ma e Nd ¢ —8.3~—15.2 Chen 2008 ®©

and Zhai 2003
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Chen et al. 2004 -
Is, 0.70396 ~0.705 98
2007 -
0.708 44~0.712 47
e Nd ¢ Is 0.70724~0.707 50 Fan et al.
2001
- DMM NCC UC
NCC LC YC
LC
Sr Nd
Gao et al. 2009 DMM
Chen et al. YC LC 11
2004 Yang et al. 2012
5 Sr-Nd

Table 5 Parameters used in binary mixing simulation for Sr-Nd isotopic compositions of Shenquan sodic volcanic rocks

DMM NCC LC NCC UC YC LC
875y 85S¢ 0.702 64 C0.71200 0.720 00 0.71100
w S 10°° 6 477 350 300
Nd "Nd 0.513 151 0.511 148 0.511958 0.511 000
w Nd 106 0.33 8 26 20
Zindler  Hart 1986 Zhou 2002 Jahn 1999 Jahn 1999
- - 125~132 Ma eHf ¢
-10~—-18 120 ~125 Ma
e Hf ¢ -1~-8
Ig, =0.706 8 ~
0.707 7 Is, 2006
=0.708 715~0.711 418 Qiu et al/. 2002
Is,
11
20~40 km 2002
Pb Pb —
12 Nb Ta 2004
2008
Nb Ta Pb
Pb
2007

e Hf ¢
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