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LA-ICP-MS U-Pb zircon geochronological, geochemical and Sr-Nd isotopic data are presented for the
mafic dykes in the Zhaiwa Mo deposit, Taihua Complex to characterize the tectonic setting of the
southern Trans-North China Orogen (TNCO). These mafic dykes intruded the Taihua Supergroup and
yield a concordant 297Pb/26Pb age of 2242 4+ 25 Ma. The zircon grains have initial 76Hf/17”Hf values
of 0.281012-0.281194, with negative eHf(t) values ranging from —11.4 to —2.7 and Tpy ages ranging
2805-3051 Ma. Whole rock geochemistry shows that the dykes are doleritic and have high Fe contents,

I;ﬁ?;;ﬁi;a mafic dvkes which usually possess relatively high density. The (87Sr/86Sr), (t = 2242 Ma) values fall into two groups, i.e.,
SCIM v 0.705605-0.707058 and 0.725237-0.748725. The eNd(t) values (—6.67 to —3.27, with corresponding Tpm

ages of 3020-4063 Ma) indicate an enriched mantle source. Geochemical characteristics of the Zhaiwa
mafic dykes, including the low TiO, (0.94-2.00%) and enriched Sr—Nd isotopes, suggest their derivation
from a sub-continental lithospheric mantle (SCLM) source modified by recycled sediments. Simulation
calculations imply the absence of garnet in the mantle source, indicating the emplacement of these mafic
dykes in an extensional setting, e.g., back-arc rifting. Our work implies the existence of a back arc basin
at 2.24 Ga in the southern TNCO and the final collision between the Eastern and Western Blocks of the
North China Craton must have happened after 2.24 Ga.

Terrigenous sediments
Taihua Complex
North China Craton

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The North China Craton (NCC), which is the oldest known Cra-
ton in China and contains massive Archean to Paleoproterozoic
rocks (Liu et al., 1992; Zhao et al., 2003), has been attracting more
and more attentions of researchers. Although the tectonic model
that the North China Craton was formed by the amalgamation
between the Western Eastern Blocks of the NCC along the Trans-
North China Orogen (TNCO) has been accepted by most scholars
(Fig. 1a; Diwu et al., 2014; Huang et al., 2012; Kusky et al., 2007;
Yu et al., 2013; Zhao et al., 2001, 2005), controversies still have
been arised as to the formation of the TNCO: (1) some researchers
suggested that the final amalgamation resulted from a westward
subduction at ~2.5 Ga (later modified to 2.3-2.2 Ga) (Kusky and Li,
2003; Kusky, 2011; Li and Kusky, 2007; Zhai and Liu, 2003); (2)
some others proposed a eastward subduction with the final amal-
gamation at ~1.85 Ga (Zhao et al., 2001, 2003, 2005); (3) the others
suggested a westward subduction with two Paleoproterozoic
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collisions at ~2.1Ga and ~1.85Ga, with ~2.1Ga accounting for
the amalgamation of the eastern blocks with the Fuping Block
(Faure et al., 2007; Trap et al., 2007, 2012) or between the accreted
Lvliang-Hengshan-Wutai-Fuping arc terranes and the Western
Block (Wang et al., 2010) and ~1.85 Ga accounting for the main
structural, metamorphic and magmatic features of the TNCO (Faure
et al.,, 2007; Trap et al., 2007, 2012; Wang et al., 2010). To resolve
these controversies, knowing what happened at 2.2-2.1Ga is of
great importance to constrain the building-up of the TNCO (Faure
et al., 2007; Trap et al., 2007; Wang et al., 2010; Zhou et al., 2015).

Indeed, a great deal of works show that 2.2-2.1 Ga geologic
events are widespread along the TNCO. Most of these studies are
mainly based on granitoids, granitic gneisses, meta-sediments in
the Hengshan Complex, Wutai Complex, Fuping Complex, Lvliang
Complex and Zanhuang Complex (Fig. 1a; Du et al., 2010, 2012,
2013; Kroner et al., 2005; Liu et al., 2012; Liu et al., 2014a,b; Peng
et al,, 2012; Zhao et al., 2011). Some limited studies about mafic
igneous rocks generated during 2.2-2.1 Ga have also been reported
mainly in the Hengshan, Wutai, Huai'an and Fuping complexes
(Fig. 1a; Peng et al., 2005, 2012; Wang et al., 2010). A continen-
tal rift basin setting contradicts with subduction-related setting
regarding the tectonic setting of the TNCO during 2.2-2.1 Ga based
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on the above studies, meanwhile, most of these rocks studied are
mainly distributed in the northern part of the TNCO, with studies of
contemporary rocks in the southern part of the TNCO rare, which in
turn limits our understanding of the tectonic evolution of the TNCO
in the Palaeoproterozoic.

Studies on mafic dykes are more useful to constrain the tectonic
environment for their short life span, good capacity to preserve
their original chemical characteristics and recording information
regarding the chemical composition of the mantle and regional tec-
tonic evolution (Ma et al., 2013; Peng et al., 2012; Wei et al., 2014).
In this contribution, a detailed study on petrology, geochronology,
geochemistry and Sr-Nd-Hf isotopes for the Zhaiwa mafic dykes
in the Taihua Complex (in the southern part of the TNCO) are pre-
sented for the first time. The results provide clear evidence that
the lithospheric mantle was at least locally enriched by recycled
crustal sediments during previous subduction-collision processes.
Our results help to clarify the petrogenesis and geodynamic setting
of the Zhaiwa mafic dykes and shed light on the tectonic evolution
of the TNCO combined with previous studies.

2. Geological background

The North China Craton (NCC), which is the oldest known cra-
ton in China and contains massive Archean to Paleoproterozoic
rocks (Liu et al., 1992; Zhao et al., 2003), is bounded by the Cen-
tral Asian Orogenic Belt to the north, the Qinling-Dabie Orogenic
Belt to the south, the Kunlun-Qilian Orogenic Belt to the west, and
the Su-Lu ultrahigh-pressure Metamorphic Belt to the east (Fig. 1a).
According to lithological, geochronological, structural and thermo-
barometric data, the NCC can be divided into distinct Western and
Eastern Blocks along the Trans-North China Orogen (TNCO) (Zhao
et al.,, 1998, 2001, 2003, 2005). The Western Block can be further
divided into the Yinshan Block in the north and Ordos Block in the
south along the Khondalite Belt, which was formed at ~1.95Ga
(Zhao et al., 2005). Meanwhile, the Eastern Block is composed of
the Longgang and Langrim Blocks along the Paleoproterozoic Jiao-
Liao-Ji Belt, which was formed at ~1.9 Ga (Li and Zhao, 2007).

The TNCO consists of Dengfeng, Fuping, Hengshan, Huai’an,
Lvliang, northern Hebei, Taihua, Wutai, Xuanhua, Zanhuang and
Zhongtiao complexes, which are predominantly composed of vary-
ing proportions of late Archean to Paleoproterozoic basement rocks
metamorphosed into greenschist to granulite facies, with Fup-
ing, Hengshan, Huai’an, Taihua, Xuanhua Complexes as high-grade
gneiss terrains (according to lithologies and metamorphic grades)
and the others as low-grade granite-greenstone belts (Fig. 1a; Zhao
et al., 2005, 2007).

The Taihua Complex, a suite of early Precambrian medium-high
grade metamorphic rocks composed of a series of graphite-bearing
gneisses, biotite gneisses, marbles and banded iron formations, is
widely exposed eastward from the Xiaoqinling to the Xiaoshan,
Xiong’er, Lushan and Wugang areas in the southern TNCO, extend-
ing from Shaanxi and across Henan to Anhui Province (Fig. 1b; Jiang
etal, 2011; Zhang et al., 1985).

The Taihua Complex (Supergroup) in the Xiong’er area was sub-
divided into, from bottom to top, the Caogou (migmititic gneisses),
Shibangou (amphibolites), Tieluping (BIF-containing), Longtangou
(marble-bearing) and Duangou (khondalite-bearing) Formations
(Chen and Fu, 1992). The Caogou Formation is composed of biotite
plagioclase gneiss and amphibolite plagioclase gneiss. The Shiban-
gou Formation is the most widespread sequence of the Taihua
Complex in the Xiong’ershan area. It covers the Caogou Forma-
tion comfortably and consists mainly of amphibolite plagioclase
gneiss, amphibolite, biotite plagioclase gneiss, intercalating with
some layers of leptynite and marble. The Duangou Formation,
which covers the Shibangou Formation uncomfortably, consists

mainly of high-grade sillimanite-garnet gneisses, graphite-bearing
gneisses, with minor mafic granulites, amphibolites (Zhang and
Li, 1998). In the Xiong’er area, the Taihua Complex was covered
uncomfortably by the widespread Xiong’er group, a well-preserved
non-metamorphosed volcanic sequence, consisting mainly of
basaltic andesite, trachyandesite, dacite, rhyolite and volcanic
tuff which erupted intermittently over a protracted interval from
1.78 Ga, through 1.76-1.75Ga and 1.65-1.45Ga, with the major
phase of the volcanism at 1.78 Ga (He et al., 2009; Zhao et al., 2009).
Several Mesozoic Yanshanian granitoids had intruded the above
lithostratigraphic units.

The Zhaiwa Mo-Cu deposit is hosted by the Taihua Complex in
the Xiong’er area and represents the upper domains of a porphyry
mineral system developed in a continental arc (Fig. 1b; Deng et al.,
2013a,b). Re-0s dating showed that the Zhaiwa deposit formed at
~1.76 Ga(Deng et al., 2013b). Several mafic dykes (we call them the
Zhaiwa mafic dykes hereafter) intruded the Taihua Complex (the
Shibangou Formation) in the Zhaiwa Mo-Cu deposit (Fig. 2).

3. Sampling and petrography

The Zhaiwa mafic dykes, located in the mine area of the Zhaiwa
Mo-Cu deposit, had intruded the Taihua Supergroup (Fig. 2a and b).
We try to select six freshest samples and the sample locations are
shown in Fig. 2. Petrographic study reveals that the Zhaiwa mafic
dykes are locally chloritized and mainly composed of plagioclase
and orthopyroxene and minor magnetite. The plagioclase grains
are usually large and subhedral to euhedral. The orthopyroxene
grains are usually small and anhedral and occur along cracks of
plagioclase, show somewhat ophitic texture (Fig. 3cand d). Detailed
geological descriptions of the Zhaiwa deposit were given in Deng
etal. (2013Db).

4. Analytical methods
4.1. Zircon U-Pb dating and trace elements

Zircon grains used for U-Pb dating were separated using
standard density and magnetic separation techniques. The grains
were then hand-picked under a binocular microscope, mounted in
epoxy resin and polished to expose the crystal facies. Internal struc-
ture of the zircon grains was examined using cathodoluminescence
(CL) before the U-Pb dating.

The U-Pb dating was done by Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS) at the State Key Laboratory
of Isotope Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIG-CAS). Resolution M-50 laser-
ablation system and Agilent 7500a ICP-MS were combined for
the experiments. The laser energy was 80 mJ with the frequency
as 6Hz and an ablation spot of 31 wm in diameter. The ablated
aerosol was carried to the ICP-MS with He gas. Zircon 91500 was
used as the external standard while NIST SRM 610 as the internal
standard (Wiedenbeck et al., 1995). Detailed analytical processes
were outlined in Yuan et al. (2004). Calculations of zircon isotope
ratios and trace elements were performed by ICPMSDataCal 7.0 (Liu
etal., 2010). Zircon ages were calculated using Isoplot (Version 3.0;
Ludwig, 2003).

4.2. Whole-rock geochemistry

Whole-rock major elemental geochemistry was determined
using Rigaku RIX-2000 X-ray fluorescence (XRF) at the Analyti-
cal Laboratory of Beijing Research Institute of Uranium Geology
(BRIUG), with a precision better than 1-5%. Trace element contents
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Fig. 2. Geology of the Zhaiwa Mo deposit, showing the position of the mafic dykes (modified after Deng et al., 2013b).

were determined using Perkin-Elmer Sciex ELAN-6000 ICP-MS,
with a precision better than 3%.

4.3. Whole-rock Sr-Nd isotopes

Whole-rock Sr and Nd isotopic compositions were determined
using a multicollector (MC) Finnigan MAT-261 Thermal Ioniza-
tion Mass Spectrometry (TIMS) operated in static multicollector
mode at the State Key Laboratory of Geological Processes and Min-
eral Resources, China University of Geosciences (Wuhan). After
being powdered with an agate mill to 200 meshes, samples were
digested in Teflon bombs with a mixture of concentrated HF and
HNO3 at 190°C for 48 h. The decomposed samples were then dried
on a hot plate and converted into chlorides by adding 2 ml of
concentrated HCl. The residue was redissolved in 100 pul HCIO4
and concentrated HCl, and subsequently evaporated to dryness.
The dried salts were redissolved in 1 ml of dilute HCI and loaded
onto columns of AG50W-X8 resin for separation and purification
of Sr and rare earth elements (REEs), with the REEs cut finally
loaded onto HDEHP columns for separation of Nd by HCI eluants.
The measured #3Nd/'#4Nd and 87Sr/86Sr ratios were normal-
ized to 143Nd/!144Nd = 0.721900 and 87Sr/36Sr = 0.1194, respectively.
Repeated analyses yielded 143Nd/144Nd 0f 0.511847 + 3 (20, n=25)
for the La Jolla standard, '#3Nd/!44Nd=0.512637+3 (20, n=2)

for BCR-2, and 87Sr/86Sr=0.710254+ 8 (20, n=22) for SRM NBS-
987. Analytical details and analysis of the reference materials were
reported in Rudnick et al. (2004).

4.4. Zircon Lu-Hf isotopes

In situ zircon Hf isotope measurements were conducted using
LA-ICP-MS with a beam size of 44 um and laser repetition rate
of 8 Hz at the MC-ICPMS laboratory of GIG-CAS. Raw count rates
for 172Yb, 173yb, 175LU, 176(Hf+Yb+LU), 177Hf, 178Hf, 179HfY 180Hf
and 182W were collected and isobaric interference corrections for
176 u and 176Yb on 76Hf were precisely determined. 176Lu was cal-
ibrated using the 17>Lu value and the correction was made to 176Hf.
The zircon standards adopted during experimentation were Penglai
whose 176Hf/177Hf was 0.082906 + 50. Full details of the analytical
methods are provided in Wu et al. (2007). The Tpy was calcu-
lated using the measured Lu/Hf ratios and present-day '76Hf/177Hf
ratio of 0.28325 and 176Lu/177Hf 0f 0.0384 of depleted mantle (DM)
(Griffin et al., 2000). The average crustal model ages (Tcrust) were
obtained assuming that the protolith from which the host magma
of a given zircon was derived from the DM source, and had the
176Lu/177Hf of the average continental crust (i.e., 0.0115, Wang
et al., 2009).
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Zhaiwa
mafic.
dykes

Fig. 3. (a) and (b) Field photographs showing the Zhaiwa mafic dykes intruding the Taihua Supergroup; (c) and (d). Photomicrographs of the mafic dykes (Abbreviations:

Opx, orthopyroxene; Chl, chlorite; P, plagioclase).

5. Results
5.1. Zircon LA-ICP-MS dating

Two groups of zircon grains from the Zhaiwa mafic dyke (ZW51)
have been identified, i.e., coarse (100-150 wm) and euhedral grains
(length-to-width ratios: 3:1-2:1) with obvious oscillatory mag-
matic zoning; fine (50-100 p.m) and stubby grains with poor zoning
(Fig. 4). It is noteworthy that most of the zircon grains analyzed are
relatively smaller with the oscillatory magmatic zoning not so def-
inite compared to those of typical felsic rocks. The chronological
results are presented in Table 1 and Fig. 5.

The zircon grains have U and Th concentrations ranging
144-1025ppm and 71-1255 ppm, respectively, with high Th/U
values (0.26-1.55). The elevated Th/U values, together with the
oscillatory magmatic zoning, indicate a magmatic origin for the
analyzed zircon grains (Corfu et al., 2003; Wu and Zheng, 2004).
The prismatic crystal shape, high U, Y, P and Ca contents and uni-
modal age indicate that the zircon grains from the Zhaiwa mafic
dykes are not detritus grains while detrital zircon grains are gen-
erally rounded/subrounded with eroded margins, low U, Y, P and
Ca contents and bi- or multimodal ages (Koppel and Sommerauer,
1974).1tis noteworthy that the zircon grains from the Zhaiwa mafic
dykes have wide zoning, indicating their formation in high tem-
perature (because the temperatures affect diffusion rates of trace
elements), which is consistent with typical zircon grains derived
from mafic rocks (Corfu et al., 2003; Wu and Zheng, 2004). Twenty

analyzed zircon grains from the Zhaiwa mafic dyke (ZW51) yielded
a concordia age of 2235+43Ma (MSWD=2.4) and a weighted
mean 207Pb/206pp age of 2242 + 25 Ma (MSWD =2.4). The two ages
are within analytical uncertainty and we take the weighted mean
207pp/206ph age (2242 Ma) as the emplacement age of the Zhaiwa
mafic dykes.

5.2. Zircon Lu-Hf isotopes

Analytical spots for the Hf isotope analyses are the same as those
for the U-Pb dating and the results are summarized in Table 2 and
Fig. 6.

The initial 176Hf/77Hf values of the zircon grains are calcu-
lated based on the U-Pb ages of the same zircon grain. The
grains with Paleoproterozoic ages have initial 176Hf/!77Hf values of
0.281012-0.281194 with negative ¢Hf(t) values ranging from —11.4
to —2.7 and Tpy ages ranging 2805-3051 Ma.

5.3. Whole-rock major and trace elements

The whole-rock major and trace element data are given in
Table 3. The Zhaiwa mafic dykes may have undergone various
degrees of sub-solidus alteration or low-grade metamorphism
(hereinafter abbreviated as SALM) based on our petrographic
observations and the LOI (Table 3). It is thus essential to evaluate
the effects of SALM on the geochemistry of the Zhaiwa mafic dykes.
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Fig.4. Cathodoluminescence (CL) images of the analyzed zircons (sample ZW-51). Red circles denote U-Pb dating spots (32 wm) and blue circles denote Hf isotope analytical

spots (44 pm).
Table 1
Zircon U-Pb dating results of the Zhaiwa mafic dykes.
Spot PbTotal Th (ppm) U (ppm) Th/U 207ph /206 ph +o 207pp /235y +o 206pp/238Y +o 207pp /206 phAge (Ma) +o
ZW51-01 248 397 377 1.05 0.1381 0.01 8.3139 0.53 0.4347 0.00 2205.6 108.3
ZW51-02 302 273 453 0.60 0.1377 0.01 9.0908 0.51 0.4772 0.01 2198.5 99.1
ZW51-03 391 659 617 1.07 0.1324 0.01 7.7393 0.38 0.4208 0.00 21315 81.8
ZW51-04 599 1237 891 1.39 0.1375 0.01 8.0907 0.33 0.4246 0.00 2198.2 69.8
ZW51-05 416 497 766 0.65 0.1323 0.00 7.5427 0.28 0.4103 0.01 2128.7 55.4
ZW51-06 358 266 616 0.43 0.1423 0.00 8.8564 0.21 0.4483 0.00 22574 421
ZW51-07 379 681 620 1.10 0.1367 0.00 7.6080 0.16 0.4012 0.00 2187.0 41.7
ZW51-08 437 539 694 0.78 0.1400 0.00 8.8072 0.18 0.4533 0.00 2227.5 335
ZW51-09 129 145 216 0.67 0.1421 0.00 8.8467 0.20 0.4496 0.01 2253.7 34.9
ZW51-10 598 1103 952 1.16 0.1370 0.00 7.8979 0.14 0.4151 0.00 2190.7 28.6
ZW51-11 373 416 661 0.63 0.1404 0.00 7.9347 0.11 0.4079 0.00 2233.0 241
ZW51-12 87 71 144 0.50 0.1550 0.00 9.5847 0.26 0.4457 0.01 2402.2 40.3
ZW51-13 384 289 711 0.41 0.1382 0.00 8.0732 0.13 0.4212 0.00 2205.6 244
ZW51-14 519 1255 808 1.55 0.1373 0.00 7.5177 0.12 0.3951 0.00 21944 25.8
ZW51-15 337 233 598 0.39 0.1444 0.00 8.5151 0.14 0.4256 0.00 2280.6 27.8
ZW51-16 384 651 549 1.19 0.1444 0.00 8.9308 0.15 0.4466 0.00 2281.2 27.6
ZW51-17 337 403 581 0.69 0.1481 0.00 8.4589 0.17 04118 0.00 23238 29.2
ZW51-18 404 495 778 0.64 0.1408 0.00 7.1587 0.13 0.3673 0.00 2236.7 29.9
ZW51-19 305 164 626 0.26 0.1439 0.00 7.6331 0.25 0.3870 0.01 2275.9 431
ZW51-20 434 653 835 0.78 0.1413 0.00 7.4465 0.18 0.3811 0.01 22429 33.0
2500
207Pb/206Pb
0.55| |
2400 I
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Fig. 5. Zircon U-Pb concordia diagram for the Zhaiwa mafic dykes (ZW51).
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Table 2
Hf isotope of zircon grains from the Zhaiwa mafic dykes.
Spot 176Yb/177THf 1o 76 Lu/177Hf 1o 76HEV77Hf 1o (VEHf/'7Hf);  t(Ma) €Hf(0) eHf(t) Tpmi (Ma) fiynr  Tomz (Ma)
ZW51-01 0.032235 0.000407  0.000837 0.000007 0.281181 0.000008 0.281146 2205 -56.3 -82 2872 -0.97 3137
ZW51-02  0.033384 0.000212  0.000908 0.000007 0.281181 0.000008 0.281143 2198 -56.3 -8.5 2877 -0.97 3145
ZW51-03  0.037077 0.000204 0.001157 0.000009 0.281168 0.000009 0.281121 2131  -56.7 -10.8 2913 -0.97 3214
ZW51-04 0.041377 0.000166  0.001121 0.000006 0.281194 0.000008 0.281147 2198 -55.8 -83 2876 -0.97 3137
ZW51-05 0.025903 0.000177  0.000785 0.000006 0.281149 0.000008 0.281117 2128 574 -11.0 2911 -0.98 3223
ZW51-06  0.028848 0.000161  0.000763 0.000006  0.281227 0.000008 0.281194 2257  -54.7 -5.3 2805 -0.98 3023
ZW51-07  0.038009 0.000475  0.001065 0.000009 0.281142 0.000008  0.281098 2187 -576 —-103 2941 -0.97 3234
ZW51-08 0.044495 0.000411 0.001262 0.000017 0.281175 0.000010 0.281121 2227 -56.5 -86 2912 -0.96 3173
ZW51-09  0.024443 0.000346  0.000801 0.000016 0.281115 0.000011  0.281081 2253  -58.6 -94 2958 -0.98 3238
ZW51-10 0.050119 0.000287  0.001564 0.000014 0.281135 0.000010  0.281069 2190 -579 -11.3 2991 -0.95 3287
ZW51-11  0.034291 0.000177  0.001100 0.000008 0.281183 0.000008 0.281136 2233 -56.2 -7.9 2889 -0.97 3143
ZW51-12  0.012840 0.000088  0.000402 0.000004 0.281191 0.000008 0.281173 2402 559 -2.7 2826 -0.99 3001
ZW51-13  0.049355 0.000583  0.001492 0.000022 0.281147 0.000009 0.281085 2205 -574 -104 2967 -0.96 3251
ZW51-14 0.030789 0.000342  0.000927 0.000011  0.281121 0.000010  0.281082 2194 -584 -10.7 2959 -0.97 3260
ZW51-15 0.031574 0.000132  0.001018 0.000006 0.281166 0.000009 0.281121 2280 -56.8 -74 2906 -0.97 3150
ZW51-16  0.033699 0.000087  0.000905 0.000005 0.281151 0.000007 0.281112 2281 573 -7.7 2917 -0.97 3168
ZW51-17  0.034227 0.000285  0.001082 0.000011 0.281188 0.000009 0.281140 2323  -56.0 —5.7 2881 -0.97 3097
ZW51-18 0.037221 0.000663  0.001232 0.000024 0.281219 0.000009 0.281166 2237 -549 -6.7 2850 -0.96 3084
ZW51-19  0.024941 0.000144  0.000824 0.000005 0.281048 0.000023  0.281012 2275 -61.0 -114 3051 -0.98 3359
ZW51-20 0.046983 0.000846  0.001551 0.000024 0.281099 0.000015  0.281033 2242 -59.1 -114 3038 -0.95 3333

Note: ey(0)=10,000*[("7SHf/"7”Hf)s /(7S HE/ 77 Hf )cuur,0 — 11, fume = (76 Lu/77HE)s /(Y76 Lu/"""Hf )cuur — 1.
8Hf([‘) = ]0'000*{[(176]_[”177}{05 _ (176Lu/l77Hf)S*(eAt _ l)]/[(176Hf/177Hf)CHUR,O _ (176Lu/177Hf)CHUR*(e).r _ 1)] _ 1}.
Tpm1 is one-stage Hf model age, calculated as Tpmi = 1/A*In{(1+[(*7SHf/"77Hf)s — (7SHE/" 77 Hf)pm /(76 Lu/'77HF)s — ("7 Lu/'77Hf)pm]}. Tome is two-stage Hf model age, calcu-

lated as Tpmz = Tom1 — (Tomt — t)*(fcc *fs )/(fcc *fDM)]-

Where, 1=1.867 x 10~ year~! (Séderlund et al., 2004); ('76Lu/'7’Hf)s and ('76Hf/'77Hf)s are the measured values of samples; ('76Lu/'7”Hf)cyyr=0.0332 and
(Y7SHf/"77Hf )cqur 0 = 0.282772 (Blichert-Toft and Albaréde, 1997); (176Lu/'7” Hf)pm = 0.0384 and (7S Hf/177Hf )py = 0.28325 (Griffin et al., 2000); (76Lu/'7’Hf)mean crust=0.0115
(Wang et al., 2009); fec =[(176Lu/177Hf)mean crust/(176Lu/'"7Hf)cuur] — 15 fs = frume fom = [(778Lu/77Hf)om /(176 Lu/"7"Hf)cur ] — 1; t= crystallization time of zircon.
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Fig. 6. Zircon Hf isotopic compositions of the Zhaiwa mafic dykes (ZW51).

Zirconium is one of the most immobile elements inert to SALM
processes (Wood and Blundy, 1997; Hodson, 2002). Thus, correla-
tions between Zr and other elements can be used to evaluate these
elements’ mobility under SALM (Hodson, 2002; Polat et al., 2002).
The linear correlations between Zr and some alkaline-earth ele-
ments (e.g., Ba; Fig. 7), HFSEs (e.g., Nb, Hf; Fig. 7), REEs (e.g., La,
Sm, Eu and Y; Fig. 7), suggest that these elements in the Zhaiwa
mafic dykes were relatively immobile to SALM (Polat et al., 2002).
Therefore, SALM influence on the geochemistry of the Zhaiwa mafic
dykes was minimal except for some LILEs (e.g., K and Rb; Fig. 7).
The Zhaiwa mafic dykes have 47.92-56.17 wt% SiO,. Some sam-
ples (11ZW02) have higher SiO, content (56 wt%) than mafic rocks,
possibly due to hydrothermal alteration. Concentrations of MgO
range 2.93-7.02 wt%, with Mg# (Mg# = Mg2*/(MgZ* + Fe2*)) values
of 46-61. Most samples plot in the fields of basalt and basaltic
andesite in the TAS diagram (Fig. 8a; Le Bas et al., 1986). It is a
reasonable assumption that some mobile elements (e.g., Na and
K) may have been remobilized by later alteration based on the

moderate to high loss on ignition (LOI). Here, we adopt the Zr-TiO,
vs. Nb/Y diagram to characterize the Zhaiwa mafic dykes, which
plot in the fields of andesite and basalt (Fig. 8b; Winchester and
Floyd, 1977). In the (FeO +Fe;03 +TiO;)-Al,03-MgO ternary dia-
gram (Jensen, 1976), the Zhaiwa mafic dykes plot in the field of
high-Fe tholeiitic basalt (Fig. 8c). MgO shows clear positive cor-
relation with CaO and negative correlations with TiO, and P,0s5
(Fig. 9).

As seen in the chondrite-normalized rare earth element (REE)
patterns, the Zhaiwa mafic dykes contain less enriched light REEs
(LREEs) than the average ocean island basalts (OIB) but more
enriched LREEs than the average enriched mid-ocean-ridge basalt
(E-MORB). Meanwhile, the Zhaiwa mafic dykes contain more
enriched heavy REEs (HREEs) than the OIB but mimic average E-
MORB (Fig. 10a). The weak negative Eu anomalies may suggest
minor plagioclase fractional crystallization. In the primitive-mantle
normalized spider diagram, the samples show clear negative
anomalies of high field strength elements (HFSEs, e.g., Nb, Ta, Ti, P)
and wide range of large ion lithophile elements (LILEs), resembling
typical Andean-type magmatism (Fig. 10b; Xu et al., 2008).

5.4. Whole-rock Sr-Nd isotopes

Whole rock Sr-Nd isotopic composition data for the Zhaiwa
mafic dykes are listed in Table 4. The (87Sr/86Sr), (t=2242Ma)
data have been divided into two groups, i.e., 0.705605-0.707058
and 0.725237-0.748725. This phenomenon is probably caused by
hydrothermal alteration, as hydrothermal alteration can lead to the
migration of Rb (Fig. 7) and inaccuracy of Sr isotopes. The samples
have eNd(t) values ranging from —6.67 to —3.27, with the corre-
sponding Tpy ages of 3020-4063 Ma.

6. Discussion

According to the large age discrepancy between the Zhaiwa
Mo mineralization (~1.76 Ga; Deng et al., 2013a,b) and the Zhaiwa
maficintrusion (~2.24 Ga), direct metallogenic association appears
unlikely between them. Nevertheless, our work can shed light on
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regional tectonic evolution. This is because mantle-derived mafic
rocks record the age and geochemistry, and thus the geodynamic
history, of the mantle.

6.1. Petrogenesis of the Zhaiwa mafic dykes

Crustal contamination, fractional crystallization and partial
melting may have been responsible for the formation of the Zhaiwa
mafic dykes. The relative importance of these processesis discussed
below.

6.1.1. Crustal contamination

Mantle derived melts are inevitably affected by crustal contami-
nation during their ascent through continental crust (Castillo et al.,
1999). The Zhaiwa mafic dykes may have been subjected to cer-
tain degrees of crustal continuation due to their depletion in Nd
and Ta, which are generally depleted in crustal rocks compared
to other strongly incompatible elements (Kampunzu et al., 2003;
Lana et al., 2004). Crustal contamination gives rise to an increase
in (87Sr/86sr); and a decrease of ¢éNd(t) (Rogers et al., 2000), due to
the relatively low ¢Nd(t), MgO, (Nb/La)pp, Nb/Th, Sm/Nd and high
87Sr/86Sr (Rudnick, 1995). Thus, rocks subjected to intense crustal
contamination commonly possess low contents of eNd(t), MgO, and
Sm/Nd. It seems that no significant crustal contamination occurred
during magma ascent, given the absence of correlations between
Mg* and eNd(t) (Fig. 11a), or between eNd(t) and Sm/Nd (Fig. 11b).
This inference is further supported by: (1) As a strongly incompati-
ble element, thorium is enriched in sediments and mid-upper crust
(average Th concentrations in the middle- and upper crust are ~6.5
and 10.5 ppm, respectively; Rudnick and Gao, 2003). However, tho-
rium is relatively low in the Zhaiwa mafic dykes (0.77-2.41 ppm),
precluding the involvements of middle- or upper crustal materi-
als in the genesis of the Zhaiwa mafic dykes; (2) The Zhaiwa mafic
dykes show generally limited range of (Nb/La)py (0.19-0.35). But
this ratio is 0.6 for the lower crust and 0.37 for the upper crust,

respectively (Rudnick and Gao, 2003).(3) Because the Zhaiwa mafic
dykes show enriched istopes, so when considering the Pb composi-
tions, considerable amount of crustal materials would be required
if we assume that the Zhaiwa mafic dykes were derived from an
E-MORB-like source (0.6 ppm; Rudnick and Gao, 2003) with the
interaction of upper crustal materials (17 ppm; Rudnick and Gao,
2003). If this substantial crustal contamination had occurred, the
resulting rocks would be intermediate to felsic, instead of mafic.
To summarize, crustal contamination may not have played a
significant role in the petrogenesis of the Zhaiwa mafic dykes.

6.1.2. Fractional crystallization

From the variable major and trace element compositions, the
parental magma of the Zhaiwa mafic dykes should have under-
gone certain degrees of fractional crystallization. The largely linear
correlation between Al,03 and CaO (Fig. 9¢), combined with the
minor negative Eu anomaly (Fig. 10a), indicate that fractional crys-
tallization of plagioclase had occurred. Clinopyroxene fractionation
is evidenced from the positive correlation between CaO and MgO.
In contrast, extensive fractional crystallization of Fe-Ti oxides may
have been absent as there lacks common correlations among TiO,,
Fe,03 and MgO (Fig. 9d and f).

6.1.3. Partial melting

Partial melting was likely to have predominated, over crustal
contamination and fractional crystallization, to control the geo-
chemistry of the Zhaiwa mafic dykes (Fig. 12; Allegre and Minster,
1978).

The Zhaiwa mafic dykes are characterized by negative Nb and Ta
anomalies, which can be led by: (1) crustal contamination (Rudnick
and Gao, 2003); (2) contribution of recycled crustal sediments
(Hawkesworth et al., 1993); (3) subduction-related fluid meta-
somatism (Donnelly et al., 2004); (4) fractional crystallization of
Ti-rich minerals (such as rutile or ilmenite) (Huang et al., 2010).
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Table 3

Whole rock geochemistry for the Zhaiwa mafic dykes.
Sample 11ZW02  11ZW03  11ZW08  11ZW09 11ZW10 11SGO1
SiO, 56.17 50.33 49.4 53.7 50.68 47.92
TiO, 1.68 1.29 1.11 0.94 1.31 2.00
Al 03 13.99 14.65 14.36 15.12 14.92 12.24
Fe,03 11.29 12.56 12.37 10.79 12.31 16.63
FeO 7.85 8.75 8.2 7.1 8.5 8.85
MnO 0.16 0.22 0.19 0.16 0.19 0.19
MgO 3.71 6.21 7.02 6 6.64 4.87
Ca0 6.32 8.71 10.48 6.66 7.32 8.01
Na,O 2.35 22 1.8 2.49 2.68 2.3
K,0 2.57 0.79 13 1.55 0.84 0.56
P,0s 0.54 0.39 0.16 0.23 0.40 0.32
LOI 1.2 2.53 1.78 231 2.66 4.87
Total 99.97 99.88 99.97 99.94 99.95 99.91
Mg# 45.97 56.09 60.65 60.34 58.44 49.76
Sc 23.7 322 415 27.2 321 38.9
\" 164 189 261 145 191 367
Cr 128 291 206 257 294 34.8
Co 28.2 393 41.6 34.7 425 43.6
Ni 38.2 90.7 76.5 72.0 126 42.7
Ga 21.3 183 17.6 17.4 17.9 18.2
Rb 75.3 111 149 133 33.8 253
Sr 429 373 192 288 288 365
Y 46.3 31.0 292 29.1 30.7 36.8
Zr 267 96.3 93.9 132 104 136
Nb 12.2 438 4.44 5.74 4.52 6.29
Cs 3.17 4.57 1.53 4.20 0.86 5.43
Ba 1524 385 342 694 307 81.9
La 53.7 20.6 14.0 274 22.8 16.9
Ce 113 45.1 239 54.9 49.3 37.9
Pr 13.9 5.78 3.68 6.93 6.42 4.98
Nd 55.2 25.1 153 275 27.0 219
Sm 10.6 5.41 3.98 5.23 5.51 5.42
Eu 2.61 1.56 1.19 1.46 1.63 1.74
Gd 8.95 5.15 4.38 5.00 5.47 6.09
Tb 1.38 0.83 0.80 0.79 0.85 1.03
Dy 7.82 5.08 4.95 4.84 5.29 6.45
Ho 1.55 1.03 1.05 1.00 1.03 1.33
Er 4.29 2.96 2.88 2.84 2.98 3.77
Tm 0.62 0.42 0.42 0.42 0.43 0.56
Yb 4.11 2.92 275 2.72 2.85 3.55
Lu 0.61 0.44 0.41 0.42 0.44 0.55
Hf 6.54 2.61 2.36 3.48 2.84 3.62
Ta 0.63 0.28 0.27 0.32 0.28 0.35
Pb 12.9 8.17 5.65 4.22 3.04 6.06
Th 2.41 0.77 1.32 2.03 0.99 1.62
§) 0.45 0.19 0.59 0.34 0.24 0.36

As discussed above, crustal contamination and fractional crys-
tallization may not have played an important role in the genesis of
the Zhaiwa mafic dykes. A mantle source metasomatized by slab
fluids/melts is also unlikely (Plank, 2005). This is because mafic
rocks formed from a metasomatized mantle source (e.g., mantle
wedge) are characterized by high Sr, La/Yb and low HREE (e.g., Y), as
well as eNd(t) and Hf{(t) similar to those of MORB, consistent with
the quasi-adakite (Martin et al., 2005; Guo et al., 2007). Although
the Zhaiwa mafic dykes have high Srand low Y, they have extremely
low La/Yb and very different eNd(t) and eHf(t) with those of MORB.
Hence, contributions from slab fluids/melts can also be precluded.

The Th/Yb vs. Ba/La diagram (Woodhead et al., 2001) can be
used to distinguish slab-derived fluid input from sediment one. We

Table 4

Whole rock Sr and Nd isotope data for the Zhaiwa mafic dykes.
Samples Rb(ppm) Sr(ppm) 8 Rb/%6Sr  87Sr/86Sr 420 I Sm(ppm) Nd(ppm) '¥7Sm/"Nd '43Nd/"Nd 420 &Nd(t) Tpm (Ma)
11ZW03 111 373 0.839 0.775873 7 0.748725 541 25.10 0.136 0.511492 3 —4.85 3228
11ZW08 149 192 2.189 0.796033 5 0.725237 3.98 15.30 0.164 0.511814 6 —6.67 4063
11ZW10 33.8 288 0.331 0.716312 4 0.705605 5.51 27.00 0.129 0.511456 6 —3.46 3020
11SGO1 253 365 0.195 0.713381 4 0.707058  5.42 21.90 0.156 0.511870 6 -3.27 3362

Note: eNd(£)=[("*3Nd/"*4Nd)s/(**>Nd/"**Nd)ciiur — 1] x 10,000. Tpy = In[(*43Nd/"#4Nd)s — (*43Nd/“Nd)pm ]/[(**3Sm/144Nd)s — (147 Sm/#*Nd)pw]/A (DePaolo, 1988).
In the calculation, (*43Nd/"Nd)cyur = 0.512638, (*7Sm/*4Nd)quur = 0.1967, (*3Nd/**Nd)py =0.51315, (1¥7Sm/#4Nd )py = 0.2136, £ = 2242 Ma.
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suggest that sediments, not slab-derived fluids, contributed to the
parental magmas of the Zhaiwa mafic dykes (Fig. 13).
Geochemical signatures of the Zhaiwa mafic dykes, e.g., low
TiO, (0.94-2.00 wt%) and enriched Sr-Nd isotopes argue against an
asthenospheric mantle source, which generally produce magmatic
rocks with high TiO, (average TiO, in OIB: 2.86 wt%) and depleted
Sr-Nd isotopes (Lightfoot et al., 1993; Wu et al., 2014; Fig. 14a).
Thus, a sub-continental lithospheric mantle (SCLM) source modi-
fied by contribution of recycled terrigenous sediments is likely. The
slight LREE/HREE enrichment of the Zhaiwa mafic dykes may have
been derived either by a high degree of partial melting of garnet-
bearing mantle source or by partial melting of spinel-bearing

mantle source at a shallow depth (<70 km; Menzies and Chazot,
1995). In the Sm/Yb vs. La/Sm diagram (Fig. 14b), the Zhaiwa mafic
dykes lie along the mixing curve between melt derived from ~5%
melting of a source with ~1% residual garnet and ~1% melting of
a source with ~3% residual garnet. In summary, simulation cal-
culation reveals that nearly no garnet exist in the mantle source,
implying a relatively shallow depth.

6.2. Tectonic setting and geodynamic implications on the
Trans-North China Orogen

As shown above, the Zhaiwa mafic dykes plot in the field
of high-Fe tholeiitic basalt (Fig. 8c). The high Fe contents can
be obtained from: (1) up-welling mantle plume (Gibson et al.,
2000); (2) garnet-bearing lherzolite (Takahahshi et al., 1998);
(3) mantle-wedge metasomatized by slab-derived fluids/melts
(Leybourne et al., 1999); (4) garnet-free refractory mantle (Hanski
and Smolkin, 1995). Although mafic dyke swarms dated at ~2.2 Ga
were found globally in recent years and perhaps were related
with mantle plumes (French and Heaman, 2010), the genesis of
the Zhaiwa mafic dykes was unlikely to be associated with man-
tle plumes, because: (1) the Zhaiwa mafic dykes are only sparsely
distributed, inconsistent with the widespread mafic rocks associ-
ated with mantle plumes; (2) plume-related basalts are generally
enriched in Nb, Ta and have high Ce/Pb ratios (Callegaro et al.,
2013), which is inconsistent with the Zhaiwa mafic dykes; (3)
the calculated mantle potential temperatures (Tp) via the formula
Tp=1463 +12.74Mg0-2924/Mg0 (MgO in wt%) range 722-1135°C
(Herzberg et al., 2007; Herzberg and Asimow, 2008; Herzberg and
Gazel, 2009), which is clearly lower that that related to man-
tle plume (i.e., 1560-1620°C for the Galapagos mantle plume;
Herzberg and Asimow, 2008).
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Mafic rocks derived from a metasomatized mantle source (e.g.,
mantle wedge) have geochemical characteristics of quasi-adakite
(Guo et al., 2007; Martin et al., 2005), contrary to the case of the
Zhaiwa mafic dykes. On the other hand, simulation calculation
reveals that nearly no garnet exists in the mantle source, arguing
against the garnet-bearing lherzolite as a possible source. Based
on the above evidence, the only feasible source for the Zhaiwa
mafic dykes is garnet-free refractory mantle. The enriched isotopes
may be the result of metasomatism related to previous subduction-
collision.

Zhao et al. (2009) proposed that the Trans-North China Oro-
gen (TNCO) may represent a long-lived continental margin arc
(>650 Ma), although it remains unclear whether the southern North
China Craton margin also underwent such a long-lived subduction.
In fact, the southern segment of the TNCO had experienced at least
three episodes of crustal accretion (during 2.85-2.72,2.57-2.48 and
2.34-2.30Ga) before the emplacement of the Zhaiwa mafic dykes
(Huang et al., 2013), which may have led to the enrichment of the
SCLM. To integrate with the minor LREE/HREE enrichment and sim-
ulation calculations of the Zhaiwa mafic dykes, which imply the
absence of garnet in the mantle source (Fig. 14b), we conclude that
the Zhaiwa mafic dykes were formed at a relatively shallow depth
(<70km), and were in an extensional setting, e.g., back-arc rifting.
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Fig. 15. (a) Quadratic discriminant analysis of the Zr-Y-Nb system (Vermeesch,
2006); (b) TiO; vs. V diagram (Wang et al., 2013); (c) (Th/Ta)x vs. (Tb/Ta)n (Zhang
et al,, 2013). OIB, ocean island basalts; IAB, island arc basalts; BABB, back-arc
basin basalts; OIA, Mariana-type intra-oceanic arc; CAMB, active continental margin
basalts; CFB, continental flood basalts; CWPAB, continental within-plate alkali and
transitional basalts.

As stated above, the samples show clear negative anomalies of
high field strength elements (HFSEs, e.g., Nb, Ta, Ti, P) and wide
range of large ion lithophile elements (LILEs). Although both back-
arc basin basalts and island arc basalts may have this features, the
composition of back-arc basin basalts are intermediate between
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MORB and IAB (island arc basalts) (Pearce and Stern, 2006). As seen
in Fig. 15a, the Zhaiwa mafic dykes are plotted in the transition
fields between MORB and IAB, indicating a back arc setting more
probable. Moreover, island arc basaltic rocks are more oxidized
than basalts of other settings and will generate higher V contents
and lower Ti/V ratios (Kelley and Cottrell, 2012; Shervais, 1982).
Therefore, the relative lower V contents and higher Ti/V ratios, dis-
tinct from arc basalts, show that the Zhaiwa mafic dykes are in
a back arc setting (Fig. 15b), which can be further confirmed in
Fig. 15c. Meanwhile, the Zhaiwa mafic dykes have (La/Yb)y values
of 3.4-9.3, Ba/La ratios of 13-28 and Sm/Nd ratios of 0.19-0.26,
consistent with intra-continental back arc basalts which typically
exhibit (La/Yb)y >3, Ba/La>10 and Sm/Nd<0.3 (Fan et al., 2010).
Although coeval arc-related rocks have not been identified, their
existence cannot be precluded due to lacking detailed regionla geo-
chemical survey. Then our studies in the Zhaiwa mafic dykes in the
Taihua Complex is consistent with Liu et al. (2014a,b) in Lvliang
Complex, which suggest an overall 2.2-2.1 Ga back-arc setting in
the Lvliang Complex, adding more evidence implying that the
southern North China Craton margin also underwent a long-lived
subduction.

In Section 1, we have stated that three controversial mod-
els have been arised regarding the formation of the TNCO. The
above discussion show that the Zhaiwa mafic dykes were emplaced
in a intra-continental back arc setting at ~2.2 Ga, showing that
final collision between the Western and Eastern Blocks no earlier
than 2.2 Ga. Then the model advocating the final amalgamation
resulted from a westward subduction at ~2.5Ga (later modified
to 2.3-2.2Ga) can be precluded. In order to further discriminate
the other two models, to clarify the geodynamic settings of the
tectonic events at ~2.1Ga is essential. In fact, ~2.1 Ga igneous
rocks are ubiquitous in the TNCO, such as the mafic dykes in the
Lvliang Complex (Wang et al., 2014), the Xuting potassic gran-
ite in the Zanhuang Complex (Yang et al., 2011), the Lingyunkou
potassic granite in the Hengshan Complex (Zhao et al., 2011), the
Huangjinshan potassic granite and A;-type granite in the Wutai
Complex (Du et al., 2012), and the quartz-monzonite porphyry
in the Zhongtiao Complex (Li et al., 2013). Two tectonic sett-
ings have been arised to account for the ~2.1 Ga igneous rocks
between a continental rift and a back arc basin. We are not sure
which setting is more appropriate to interpret the petrogene-
sis of these ~2.1Ga igneous rocks, but both these two models
suggest extension rather than collision. Although we cannot deter-
mine the polarity of subduction, a westward subduction with two
Paleoproterozoic collisions at ~2.1Ga and ~1.85Ga can be
excluded. Then, an eastward subduction with the final amalgam-
ation at ~1.85 Ga may be the best model to explain the formation
of the TNCO.

7. Conclusion

1. The intrusion age of the Zhaiwa mafic dykes are ~2.24Ga.
According to the large age discrepancy between the Zhaiwa
Mo mineralization (~1.76 Ga) and the intrusion of the Zhaiwa
mafic dykes (~2.24 Ga), direct metallogenic association appears
unlikely between them.

2. Partial melting was likely to have predominated, over crustal
contamination and fractional crystallization, to control the geo-
chemistry of the Zhaiwa mafic dykes.

3. The Zhaiwa mafic dykes were formed in an extensional setting,
perhaps a back arc setting.

4. Asthenosphere upwelling may have occurred in a slab win-
dow opened during subducted slab detachment, and had heated
and partially melted the overlying metasomatized mantle
wedge.

5. Our work implies the existence of a 2.24 Ga back arc basin in
the southern part of the TNCO and the final collision must have
happened after 2.24 Ga.
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