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Petrogenesis of 1.76 Ga pyroxene diorite in Wutai Mountains area of North
China Craton and its geological significance
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Abstract: The Huangjinshan pyroxene diorite intruded Paleoproterozoic Hutuo Group, and was cut and pene-
trated by late Paleoproterozoic dolerite in Wutai Mountains area. SHRIMP zircon dating of pyroxene diorite
yielded a 2"’Pb/?Pb age of 1 755+ 12 Ma, which is similar to ages of the widely distributed Paleoproterozoic
mafic dyke swarms in the North China Craton. The pyroxene diorite sample contains high TiO,, Fe,O;, P,0Os,
K,0 and Na,O, and low MgO (Mg®, 36~39). The sample has high concentration of REE (365.75%10 °~
411.97x10 %), with strong LREE fractionation and slight fractionation of HREE, and slightly negative Eu
anomaly. The rock samples are enriched in Rb, Ba, Sr, Zr and Hf, and are depleted in Cr and Ni. The varia-
tion of (¥ Sr/*Sr); and (" Nd/"Nd); ratios is small, and eNd(z =1.76 Ga) values vary from — 6.08 to
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—4.81. Based on a comprehensive analysis of all evidence, the authors hold that Huangjinshan pyroxene diorite

was partially melted from enriched upper lithosphere mantle related to the mantle plume and was fractionally

crystallized with the same magmatic source of mafic dyke swarms widely distributed in North China Craton,

thus representing a different stage of the same magmatic cycle. Zircons in pyroxene diorite samples show the

same characteristics as basic-intermediate rocks, but their Th/U ratios are very low, similar to features of the

metamorphic zircon. Generally speaking, Th/U ratios are high in pyroxene diorite whereas the partition coeffi-

cients of Th and U are very low in plagioclase, clinopyroxene and hornblende. It is thus inferred that the Th/U

ratios in zircon are independent of the source magma and major diagenetic minerals, and are probably related to

crystallization of Th-rich accessory minerals. The zircons with very low Th/U ratios in pyroxene diorite indicate

that we should be very careful in explanation of the genesis of zircon by Th/U ratios.

Key words: Wutai Mountains area; pyroxene diorite; SHRIMP U-Pb dating; lithosphere mantle; Th/U ratio
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Table 1 Major elements wg % REE and trace elements

wg 107¢ analyses of Huangjinshan pyroxene diorite

HT14-1 HTI14-4 HT14-5 HT14-6 HT14-7
SiO, 57.97 57.07 58.02 57.43 57.16
TiO, 1.23 1.32 1.23 1.27 1.45
ALO; 15.51 15.26 14.94 14.76 15.27
TFe,04 9.12 9.5 9.34 9.74 9.42
CaO 5.96 5.84 5.6l 5.86 6.06
MgO 2.58 2.94 2.99 3.11 2.94
MnO 0.13 0.14 0.13 0.14 0.14
K,O 2.91 2.88 3.08 2.95 2.87
Na,O 3.33 3.14 3.16 3.21 3.29
P,Os 0.66 0.66 0.71 0.65 0.72
0.1 0.66 0.26 0.3 0.14
99.50 99.41 99.47 99.42 99.46
Mg* 36 38 39 39 38
La 78.6 80.3 88 84.3 86.8
Ce 144 146 163 153 165
Pr 18.4 18.6 20.5 20.4 20.6
Nd 74.5 76.9 82.3 82.4 84.1
Sm 13 13.3 14.4 14.2 14.6
Eu 2.7 2.72 2.65 2.9 2.95
Gd 10.6 10.6 11.2 11.9 11.9
Tb 1.59 1.63 1.75 1.77 1.74
Dy 8.99 9.21 9.51 9.87 10
Ho 1.84 1.86 1.98 2.04 1.95
Er 5.24 5.37 5.51 5.79 5.79
Tm 0.75 0.76 0.78 0.81 0.79
Yb 4.85 4.85 4.96 5.1 4.99
Lu 0.69 0.70 0.73 0.78 0.76
YREE  365.75 372.80  407.27  395.26  411.97
Eu Eu” 0.69 0.68 0.62 0.67 0.67
La Luy 11.68 11.78 12.31 11.05 11.71
Y 46.8 46.8 49.7 50.2 50.2
\% 149 150 144 157 156
Sc 23 23.8 22 24.5 24.4
Cs 0.536 0.958 0.917 1.08 0.918
Cr 140 139 126 149 136
Co 26.7 25.9 24.7 27.2 27.6
Ni 21.2 19.7 19.9 21 21.2
Ga 23.3 22.9 23.7 24 24.5
Pb 17.9 17.2 19.2 18.8 19.5
Rb 74.3 72.6 79.5 83.9 79.5
Sr 407 396 381 398 413
Ba 1255 1252 1214 1318 1297
Th 4.28 4.12 4.26 4.49 4.29
U 0.667 0.598 0.59 0.72 0.819
Ta 0.964 0.976 0.88 0.992 1.13
Nb 17.9 18.3 16.2 18 21.5
Zr 623 641 585 617 551
Hf 12.7 13.2 12.2 13.2 11.8
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Table 2 Rb-Sr and Sm-Nd isotopic analyses of Huangjinshan

pyroxene diorite

HT14-1 HT14-5 HT14-7

Rb 67 72.8 69.9

Sr 422 406 419
8TRDb 808y 0.4592 0.5193 0.4830
87y 868y 0.717 525 0.719 269 0.717 759
Error 0.000 010 0.000 015 0.000 011
878y %08y 0.705 904 0.706 127 0.705 536

Sm 11.77 13.25 13.71

Nd 69. 44 72.91 74.42
147Sm 1%4Nd 0.1025 0.1099 0.1114
3Nd *Nd 0.511263 0.511323 0.511 405
26 0.000 009 0.000 005 0.000 011
BNd "Nd ;  0.510076 0.510 051 0.510 115
eNd ¢ -5.57 -6.08 —4.81
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Fig. 5 CL images of zircon grains from Huangjinshan pyroxene diorite

040 |
036 |
032 |-
2
E 028 | 2D | 747+ 15 MaFI354+260 Ma
& FH3.1,24.15, MSWD=14
024 |
1200 s BCEEAERY: 1755512 Ma
0.20 |- IO A, EBR3.1,7.1,13.1,20.1,24.1 B
| ’ MSWD=135
1000
O|6 1 1 1
1 7
ZU','Pb/Z’KSU
6 U-Pb
Fig. 6  Concordia diagram of zircon U-Pb ages of
Huangjinshan pyroxene diorite
MgO Mg* 36~39

Rudnick & Fountain 1995 Taylor & Mclennan
1995 Wedepohl 1995 Gao et al. 1998

87Sr 86Sr ) 143Nd 144Nd .
i i

7S 865y

eNd ¢
Peng et al. 2007

Th U Nb Ta Ti

MgO Pz 05
La Sm—La 8

10F
= T RIERE
o, o ERMKE
6F \ ;\ ]
X N
PREMA s
< N,
-~ N,
S, HIMU N N
< \\ f n \\
2 < S
5 N N EM2
N
% 2 \\ N
< N
EMH{ N
N
N
L] ' ®
6 R\ L \\o
\\-.- /]
-10
0.700 0.702 0.704 0.706 0.708
#1St/%Sr (1 760 Ma)
7 eNd ¢ - ¥sr %S,

Peng 2007
Fig. 7 eNd ¢ versus ¥Sr %Sr ; diagram of Huangjinshan

pyroxene diorite dolerite data after Peng et al. 2007
DMM— PREMA—

HIMU— U Pb EM1—1 EM2—2

DMM—Depleted MORB Mantle PREMA—Prevalent Mantle
HIMU—High-p Mantle EMI1—Enriched Mantle | EM2—En-
riched Mantle 2

1986 Zhao
Guo et al.

2004 Kroéner

et al. 1999b 2005 Zhao 2001
2002 Zhai and Liu 2003
2005 Kusky et al. 2007
Columbia
Wilde et al. 2002 Zhao et al. 2002
2003 2004 Peng et al. 2005
1.78~1.76 Ga

Columbia

et al .



30

826
Peng er al. 2005 2007 2008 Hou et al. Th U 0.1
2006b 2008a 2008b Peng 2010 Th U
Th U
U-Pb Th** Ut Th**
1.78 Ga 1.78 ~1.75 Ga Peng et al. Ut 7t H
2005 U-Pb Th U Hoskin and Schal-
1755+ 12 Ma tegger 2003 Th
Th
U Bingen et al/. 2001
Th U 5.24~7.22
Th U
7 Th U
1 Rollison 1993
SEERIR Th U
5 6t . Th U Th  Th U
3
| N ¥ 7
70 75 80 85 90 95
La
8 La Sm~-La 1
Fig. 8 La Sm versus La of Huangjinshan pyroxene diorite
1755+£12 Ma
2004 He et al.
2009  Peng 2008
1778+12Ma  1789+4 Ma 2
2010
Th U
Th
Th U
Th U
6.2 Th U
Th U
0.2~0.8 Th U
U-Pb

0.1 Rubatto and Hermann 2007
Th U



5 1.76 Ga 827

Sr-Nd

90

References

Bai Jin. 1986. The Early Precambrian Geology of Wutaishan M . Tian-
jin Tianjin Science and Technology Press 1~475 in Chinese with
English abstract .

Bingen B Austrheim H and Whitehouse M. 2001. Ilmenite as a source
for zirconium during high-grade metamorphism Textural evidence
from the Caledonides of Western Norway and implications for zircon
geochronology ] . Journal of Petrology 42 2 355~375.

Cui Minli  Zhang Baolin  Peng Peng ez al. 2010. Zircon baddeleyite U-Ph
dating for the Paleo-proterozoic intermediate-acid intrusive rocks in Xi-
aoshan Mountains west of Henan Province and their constraints on the
age of the Xiong' er Volcanic Province ] . Acta Petrologica Sinica 26

5 1541~1 549 in Chinese with English abstract .

Du Lilin  Yang Chonghui Guo Jinghui et al. 2010. The age of the
base of the Paleoproterozoic Hutuo Group in the Wutai Mountains
area North China Craton SHRIMP zircon U-Pb dating of basaltic
andesite ] . Chinese Science Bulletin 55 17 1782—~1 789.

Gao S Luo T C Zhang BR et al. 1998. Chemical composition of the
continental crust as revealed by studies in East China ] . Geochimica

1959~1975.

Geng Yuansheng Yang Chonghui = Song Biao et al. 2004. Post Oro-
genic Granites with an Age of 1 800 Ma in Liiliang Area North Chi-
na Craton Constraints [rom Isotopic Geochronology and Geochem-

477~487

et Cosmochimica Acta 62 11

istry J . Geological Journal of China Universities 10 4
in Chinese with English abstract .

suwo ] H O’ Brien P J and Zhai M. 2002. High-pressure granulites in
the Sanggan area North China craton metamorphic evolution P-T
paths and geotectonic significance ] . Journal of Metamorphic Geol-
ogy 20 741~756.

He YH Zhao GC Sun M er al. 2009. SHRIMP and LA-ICP-MS
zircon geochronology of the Xiong' er volcanic rocks implications for
the Paleo-Mesoproterozoic evolution of the southern margin of the
North China Craton J . Precambrian Research 168 213~222.

Henderson P. 1984. General geochemical properties and abundances of
the rare earth elements A . Henderson P. Rare Earth Element Geo-
chemistry C . New York Elsevier 1~510.

Hoskin P W O and Schaltegger U. 2003. The composition of zircon and ig-
neous and metamorphic petrogenesis A . Hanchar ] M and Hoskin P W
O. Zircon C . Review in Mineralogy & Geochemistry 53 1~500.

HouGT LiJH YangMH etal. 2008a. Geochemical constraints on
the tectonic environment of the Late Paleoproterozoic mafic dyke
swarms in the North China Craton ] . Gondwana Research 13
103~116.

Hou GT LiuY Land Li]J H. 2006a. Evidence for ~1.8 Ga extension
of the Eastern Block of the North China Craton from SHRIMP U-Pb
dating of mafic dyke swarms in Shandong Province ] . Journal of
Asian Earth Sciences 27 392~401.

Hou G T Santosh M Qian X L ez a/. 2008b. Configuration of the
Late Paleoproterozoic supercontinent Columbia Insights from radiat-
ing mafic dyke swarms J . Gondwana Research 14 395~409.

Hou G T Wang CC LiJH etal. 2006b. Late Paleoproterozoic ex-
tension and a paleostress field reconstruction of the North China Cra-
ton J . Tectonophysics 422 89~98.

Kréner A Wilde SA LiJH eral. 2005. Age and evolution of a late
Archean to Paleoproterozoic upper to lower crustal section in the Wu-
taishan Hengshan Fupign terrain of northern China J . Journal of
Asian Earth Science 24 577~595.

Kusky T Li ] G and Santosh M. 2007. The Paleoproterozoic North
Hebei Orogen North China craton’ s collisional suture with the
Columbia supercontinent J . Gondwana Research 12 4~28.

Li Jianghai Hou Guiting Qiang Xianglin et a/. 2001. Single-zircon
U-Pb age of the Initial Mesoproterozoic basic dike swarms in Heng-
shan Mountain and its implication for the tectonic evolution of the
North China Craton J . Geological Review 47 3 234~238 in
Chinese with English abstract .

Liao Chaolin  Wang Yuejun and Peng Touping. 2003. 40Ar-39Ar
geochronology of Paleoproterozoic mafic dykes from Southern Tai-
hang Mountains and its geological significance ] . Geotectonica et
Metallogenia 27 4 354~361 in Chinese with English abstract .

LuSN Yang CL LiHK et al. 2002. A group of rifting events in
the terminal Paleoproterozoic in the North China Craton J . Gond-
wana Research 5 1  123~131.

Lu Songnian Chen Zhihong and Xiang Zhenqun. 2008. Chronological
Framework of Old Plutons in Taishan World Geopark M . Beijing
Geological Publishing House 1~90 in Chinese .

Ludwig K R. 2000. User’ s manual for Isoplot Ex version 2.2 A

geochronological toolkit for Microsoft Excel C Berkeley
Geochronology Center Special Publication No. la 1~50.
Ludwig K R. 2001. Squid 1.02 A User’ s Manual C . Berkeley

Geochronology Center Special Publication No.2 1~19.

Peng P Zhai M G Ernst RE ez al. 2008. A 1.78 Ga large igneous
province in the North China craton The Xiong" er Volcanic Province
and the North China dyke swarm J . Lithos 101 360~ 380.

Peng P Zhai M G Zhang HF et al. 2005. Geochronological con-
straints on the Paleoproterozoic evolution of the North China Craton
SHRIMP zircon ages of different types of mafic dikes J . Interna-
tional Geology Review 47 492~508.

Peng P Zhao M G Guo ] H et al. 2007. Nature of mantle source
contributions and crystal differentiation in the petrogenesis of the
1.78 Ga mafic dykes in the central North China craton J . Gond-
wana Research 12 29~46.

Peng P. 2010. Reconstruction and interpretation of giant mafic dyke
swarms a case study of 1.78 Ga magmatism in the North China cra-
ton A . Kusky T M Zhai M G and Xiao W J. The Evolving Con-
tinents Understanding Processes of Continental Growth C . Geo-

163~178.

Peng Peng Zhai Mingguo Zhang Huafeng et al. 2004. Geochemistry

logical Society London Special Publications 338

and geological significance of the 1.8 Ga mafic dyke swarms in the
North China Craton an example from the juncture of Shanxi Hebei
and Inner Mongolia ] . Acta Petrologica Sinica 20 3 439~456
in Chinese with English abstract .

Rollison H R. 1993. Using Ggeochemical Data  Evaluation ~Presentation



828

30

Interpreation M . Longman Singapore Publishers Ltd 1~352.

Rubatto D and Hermann J. 2007. Zircon behaviour in deeply subducted
rocks J . Element 3 31~35.

Rudnick R L and Fountian D M. 1995. Nature and composition of the
continental crust a lower crustal perspective ] . Review Geo-
physics 33 267~309.

Song Biao Zhang Yuhai Wan Yusheng ez a/. 2002. Mount making
and procedure of the SHRIMP dating ] . Geological Review 48

Supp  26~30 in Chinese .

Sun S S and McDonough W F. 1989. Chemical and isotopic systematics

of oceanic basalts Implications for mantle composition and process
A . Saunders A D and Norry M J. Magmatism in the Ocean Basins
C . The Geological Society Publishing House 313~345.

Taylor S R and McLennan S M. 1995. The geochemical evolution of the
continental crust ] . Review Geophysics 33 241~265.

Wang Y] Fan WM Zhang Y H et al. 2004. Geochemical “*Ar ¥Ar
geochronological and Sr-Nd isotopic constraints on the origin of Paleo-
proterozoic mafic dikes from the southern Tathang Mountains and im-
plications for the ca. 1800 Ma event of the North China Craton ] .
Precambrian Research 135 55~77.

Wang Y] Zhao GC Fan W M et al. 2007. LA-ICP-MS U-Pb zir-
con geochronology and geochemistry of Paleoproterozoic mafic dikes
from western Shandong Province Implications for back-arc basin

magmatism in the Eastern North China Craton ] . Precambrian
Res 154 1~2 107~124.

Wang Y] Zhaog GC Cawood P A et al. 2008. Geochemistry of Pa-
leoproterozoic  ~1770 Ma mafic dikes from the Trans-North China
Orogen and tectonic implications J . Journal ol Asian Earth Sci-
ences 33 61~77.

Wedepohl K H. 1995. The composition of the continental crust J .
Geochimica et Cosmochimica Acta 59 1217~1232.

Wilde SA Zhao G C and Sun M. 2002. Development of the North Chi-
na Craton during the late Archean and final amalgamation at 1.8 Ga
Some speculations on its position within a global Paleoproterozoic su-
percontinent J . Gondwana Research 5 1 85~94.

Wilson M. 1989. Igneous Petrogenesis M . Springer 1~466.

Wu Jiashan Liu Dunyi and Geng Yuansheng. 2008. Integrated research
report on the establishment Paleoproterozoic Hutuo Group of China—
Geochronological framework of Hutuo Group and sequences of major
geological events A . Research Report on the Establishment of Ma-
jor Stratigraphical Stages in China 2001—2005 C . Beijing Geo-
logical Publishing House 534 ~544 in Chinese .

Zhai Mingguo and Bian Aiguo. 2000. The amalgamation of the super-
continent of North China craton at the end of the Neoarchaean and
its break-up during the late Palaecoproterozoic and Mesoproterozoic

J . Sci. Chin. Ser. D 43 Suppl. 219~232.

Zhai M G and Liu W J. 2003. Palacoproterozoic tectonic history of the North
China craton a review J . Precambrian Research 122 183~199.
Zhao G C Cawood P A Wilde SA et al. 2002. Review of global 2.1

~1.8 Ga orogens implications for a pre-Rodinia supercontinent J .
Earth-Science Review 59 125~162.
Zhao G C Cawood P and Lu L Z. 1999a. Petrology and P-T history of

the Wutai amphibolites implications for tectonic evolution of the

Wutai Complex China J . Precambrian Research 93 181~199.

Zhao GC Sun M Wilde S A et al. 2003. Assembly Accretion and
Breakup of the Paleo-Mesoproterozoic Columbia Supercontinent
Records in the North China Craton J . Gondwana Research 6 3
417~434.

Zhao G C Sun M Wilde S A et al. 2004. A Paleo-Mesoproterozoic
supercontinent assembly growth and breakup ] . Earth-Science
Review 67 91~123.

Zhao GC Sun M Wilde SA eral. 2005. Late Archean to Paleopro-
terozoic evolution of the North China Craton key issues revisited

J . Precambrian Research 136 177~202.

Zhao G C Wilde SA Cawood P A et al. 1999b. Tectonothermal history
of the basement rocks in the western zone of the North China Craton and
its tectonic implications J . Tectonophysics 310 37~53.

Zhao G C. 2001. Palaeoproterozoic assembly of the North China Craton

J . Geological Magizine 138 1  89~091.

Zhao Taiping Zhai Mingguo Xia Bin et a/. 2004. Zircon U-Pb

SHRIMP dating for the volcanic rocks of the Xiong' er Group con-

straints on the initial formation age of the cover of the North China

Craton ] . Chinese Science Bulletin 49 23 2495~2502.
. 1986. M .
1~475.
. 2010.
U-Pb J.
26 5 1541~1549.
. 2010.
SHRIMP U-Pb J. 553 246~254.
. 2004. 18
J. 10 4
477~487.
. 2001.
U-Pb ] .
47 3 234~238.
. 2003.
079N, J 27 4
354~361.
. 2008.
M . 1~90.
. 2004. 1.8 Ga
J .
20 3 439~456.
. 2002. SHRIMP
J. 48 26~30.
. 2008.
— A
C. 534~544.
. 2000.
- J. D 30 129~137.
. 2004. SHRIMP
J .

49 2 2342~2349.





