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Dolerite dike swarms are widespread across the North China Craton (NCC) of Hebei Province (China) and Inner Mongolia.
Here, we report new geochemical, Sr—Nd-Pb isotope, and U-Pb zircon ages for representative samples of these dikes.
Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb analysis yielded consistent Permian
ages of 274.8 £ 2.9 and 275.0 &= 4.5 Ma for zircons extracted from two dikes. The dolerites have highly variable com-
positions (SiO; = 46.99-56.18 wt.%, TiO, = 1.27-2.39 wt.%, AL,O; = 14.42-16.20 wt.%, MgO = 5.18-7.75 wt.%,
Fe,0; = 8.03-13.52 wt.%, CaO = 5.18-9.75 wt.%, Na,0O = 2.46-3.79 wt.%, K;O = 0.26-2.35 wt.%, and
P,05 = 0.18-0.37 wt.%) and are light rare earth element (LREE) and large ion lithophile element (LILE, e.g. Rb, Ba,
and K, and Pb in sample SXG1-9) enriched, and Th and high field strength element (HFSE, e.g. Nb and Ta in sample
SXG1-9, and Ti) depleted. The mafic dikes have relatively uniform (3’ Sr/%6Sr); values from 0.7031 to 0.7048, (*?°Pb/?**Pb),
from 17.77 to 17.976, (**’Pb/2**Pb), from 15.50 to 15.52, (3**Pb/2*Pb); from 37.95 to 38.03, and positive eng(?) (3.6-7.3),
and variable neodymium model ages (Tpym; = 0.75-0.99 Ga, Tpyp = 0.34-0.74 Ga). These data suggest that the dike mag-
mas were derived from partial melting of a depleted region of the asthenospheric mantle, and that they fractionated olivine,
pyroxene, plagioclase, K-feldspar, and Ti-bearing phases without undergoing significant crustal contamination. These mafic
dikes within the NCC formed during a period of crustal thinning in response to extension after Permian collision between

the NCC and the Siberian Block.

Keywords: Permian; mafic dikes; dolerite origin; northern NCC; Siberian Block

1. Introduction

Extensional belts within the continental lithosphere can
provide important constraints on continental-scale crustal
dynamics. Although a number of preliminary studies of
orogenic belts within the North China Craton (NCC) and
southern China have been undertaken, most have focussed
solely on mantle—crust interaction during the Mesozoic
and Precambrian (e.g. Chen and Shi 1983, 1994; Chen
et al. 1992; Shao and Zhang 2002; Zhang and Sun 2002;
Shao et al. 2003; Zhai et al. 2003, 2004; Xu 2004; Yang
et al. 2004; Liu et al. 2005, 2006, 2008a, 2008b, 2009,
2012b, 2013; Peng et al. 2005, 2007, 2008, 2010, 2011a,
2011b; Hou et al. 2006; Wang et al. 2007; Hu et al.
2008; Lin et al. 2008; Wu et al. 2008; Zhu et al. 2008;
Zhang 2009; John et al. 2010; Li et al. 2010; Peng 2010).
In contrast, little research has focussed on Palacozoic

lithospheric extension in China, especially during the late
Palacozoic despite clear evidence of extensional tectonics
in this part of Asia at this time.

Mafic dike swarms (e.g. lamprophyres, dolerites, and
porphyritic dolerites) are thought to form during periods
of lithospheric rifting (Hall 1982; Hall and Fahrig 1987;
Tarney and Weaver 1987; Zhao and McCulloch 1993).
These dikes are widespread throughout the NCC, and
more than 600 dikes have been identified within swarms
that trend NE-SW, NW-SE, and E-W (Liu et al. 2008a,
2008b, 2009, 2012a, 2012b, 2013). Studying the NCC
mafic dikes provides information on processes involved
in the generation of these widespread mafic magmas; in
addition, investigating such dikes provides insight into
lithospheric and tectonic processes, including extension,
crust-lithosphere interaction, and magma sourcing during
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breakup of the NCC (e.g. Liu et al. 2005, 2006, 2008a,
2008b, 2009, 2012a, 2012b, 2013). Furthermore, the
presence of significant mineralization within the NCC
means that the relationship between ore formation and
magmatic activity — even if magmatism was just a source
of heat for mineralizing systems — is significant, and can be
illuminated by studying these mafic dike swarms.

The fact that these key pieces of information are
currently lacking means that an investigation of the
geochronological, geochemical, and isotopic characteris-
tics of the late Palaeozoic mantle lithosphere associated
with the NCC is required. Our investigation responds to
this need by examining mafic dikes. Here, we present new
laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) zircon U-Pb, petrological, whole-rock
geochemical, and Sr—Nd—Pb isotopic data for representa-
tive samples from a swarm in the northern NCC. These
data allow us to constrain the emplacement ages and
petrogenesis of these mafic dikes.

2. Geological setting and petrography

The NCC consists of Archaean eastern and western blocks,
and an NS-trending Proterozoic mid-continental orogenic
belt (Zhao et al. 2001). The two study areas that form
the focus of this paper are located in the Pinquan area of
north Hebei Province (XFZ1-13) and the Chifeng area
of Inner Mongolia (SXG1-9), both within the northern
NCC. Dolerite dikes from these areas were sampled during
this study (Table 1; Figures 1B and 1C); these dikes were
intruded into areas dominated by granites of unknown
age, volcanics, and Jurassic sediments (Figures 1B and
1C), and the dikes cross-cut all of these lithologies.
Individual dikes are vertical, trend NE-SW to NW-SE,
are 0.2-2.0 km wide, and 2.0-8.0 km long (Figures 1B
and 1C). Representative photomicrographs of mafic dike
lithologies from the Xinfangzi (samples XFZ 2 and 5) and
Shangxigou (samples SXG 1 and 3) areas are shown in
Figure 2. The dikes are all dolerites and have typical
dolerite/diabase textures. Dolerites in the Xinfangzi area
contain 33-36 modal% medium-grained clinopyroxene
(2.3-4.5 mm) and lath-shaped plagioclase (1.6-3.0 mm)
phenocrysts in a 65-70 modal% groundmass of clinopy-
roxene (0.04-0.06 mm), plagioclase (0.03—0.06 mm), and
minor magnetite (~0.04 mm). In contrast, dolerite dikes
in the Shangxigou area contain 32-35 modal% medium-
to coarse-grained clinopyroxene (2.2—4.3 mm) and plagio-
clase (1.5-3.0 mm) phenocrysts within a 65-70 modal%
matrix of clinopyroxene (0.04-0.07 mm), plagioclase
(0.03-0.05 mm), minor magnetite (0.04—0.06 mm), and
chlorite.

3. Analytical techniques
3.1 Zircon LA-ICP-MS U-Pb dating

Zircon was separated from two samples (XFZ01 and
SXGO01) using conventional heavy liquid and magnetic
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Figure 1 (A). Study areas in China. (B) and (C) Geological maps
of the two study areas, showing the distribution of mafic dikes and
sampling localities.

techniques at the Langfang Regional Geological Survey,
Hebei Province, China. After separation and mount-
ing, the internal and external structures of zircons were
imaged using transmitted and reflected light, and by
cathodoluminescence (CL) at the State Key Laboratory
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Figure 2. Representative photomicrographs illustrating the petrography of mafic dikes from the northern NCC, China; all samples have

doleritic textures and hence are termed dolerite dikes.
Note: Py = pyroxene, Pl = plagioclase.

of Continental Dynamics, Northwest University, China.
Prior to zircon U-Pb dating, grain mount surfaces were
washed in dilute HNO;3; and pure alcohol to remove any
potential lead contamination. Zircon U-Pb ages were deter-
mined using LA-ICP-MS (Table 1; Figure 3) and an
Agilent 7500a ICP-MS instrument equipped with a 193 nm
excimer laser at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of
Geoscience, Wuhan, China. A Zircon #91500 standard
was used for quality control, and a NIST 610 stan-
dard was used for data optimization. A spot diameter of
24 um was used during analysis, employing the method-
ology described by Yuan et al. (2004) and Liu et al.
(2010). Common Pb correction was undertaken following
Andersen (2002), and the resulting data were processed
using the GLITTER and ISOPLOT programs (Ludwig
2003; Table 1; Figure 3). Uncertainties on individual LA-
ICP-MS analyses are quoted at the 95% (1o) confidence
level.

3.2 Whole-rock geochemistry

The whole-rock and Sr—Nd—Pb isotope geochemical com-
positions of 22 samples were determined during this
study. Prior to whole-rock geochemical analysis, samples
were trimmed to remove altered surfaces, cleaned with
de-ionized water, and then crushed and powdered in an
agate mill. Major element concentrations were determined
on fused glass discs using a PANalytical Axios-advance
(Axios PW4400) X-ray fluorescence spectrometer (XRF)

at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang, China. These analyses have a precision of <5%,
as determined using GSR-1 and GSR-3 Chinese National
standards (Table 2). Loss on ignition (LOI) values were
obtained using 1 g of powder heated to 1100°C for
1 hour. Trace element concentrations were determined
using ICP-optical emission spectrometry (OES) and ICP-
MS at the National Research Centre of Geo-analysis,
Chinese Academy of Geosciences, Guiyang, China, using
the procedures outlined in Qi et al. (2000). Triplicate anal-
yses were reproducible to within 5% for all elements, and
analysis of the OU-6 and GBPG-1 international standards
agreed with recommended values (Table 3).

3.3 Sr—Nd-Pb isotope analyses

Sample powders used for Rb—Sr and Sm-Nd isotope
analysis were spiked with mixed isotope tracers, dis-
solved in Teflon capsules with HF and HNO; acids,
and separated by conventional cation-exchange techniques.
Isotopic measurements were performed using a Finnigan
Triton Ti thermal ionization mass spectrometer at the
State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences,
Wauhan, China. Procedural blanks yielded concentrations of
<200 pg for Sm and Nd, and <500 pg for Rb and Sr. Mass
fractionation corrections for Sr and Nd isotopic ratios were
based on 3Sr/®8Sr = 0.1194 and '*Nd/'**Nd = 0.7219,
respectively, and analysis of the NBS987 and La Jolla
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Figure 3. Zircon LA-ICP-MS U-Pb concordia diagrams and CL
images of zircons separated from mafic dike samples from the
northern NCC, China.

standards yielded values of 37Sr/80Sr = 0.710246 + 16
(20) and "BNd/'*Nd = 0.511863 + 8 (20), respec-
tively. Pb was separated and purified by conventional
cation-exchange techniques (AGl x 8, 200—400 resin)
using diluted HBr as an eluent, yielding procedural
blanks with Pb concentrations of <50 pg. Repeat analy-
sis of the NBS981 standard during Pb isotope determi-
nations yielded values of 2%4Pb/?%°Pb = 0.0896 + 15,
207pp /206ph = 0.9145 + 8, and 208Pb/2%Pb = 2.162 + 2.
Total procedural Pb blanks yielded Pb values of 0.1-0.3 ng,
and Sr—Nd-Pb isotope data are presented in Tables 4
and 5.

4. Results
4.1 Zircon U-Pb ages

Euhedral zircons in samples XFZ01 and SXGOl are
clean and prismatic, and have oscillatory magmatic zoning

(Figure 3). Seventeen zircons from sample XFZ01 yielded
a weighted mean 2%°Pb/>8U age of 274.8 + 2.9 Ma
(1o, 95% confidence interval; Table 1; Figure 3A), with
15 zircons from sample SXGO1 yielding a weighted mean
206pp /238U age of 275.0 & 4.5 Ma (1o; 95% confidence
interval; Table 1; Figure 3B). These new data provide the
best estimates of mafic dike crystallization ages in the
Xinfangzi and Shangxigou areas, and no inherited zircons
were observed in either sample population.

4.2 Major and trace element geochemistry

The whole-rock geochemical compositions of the mafic
dikes sampled during this study are listed in Tables 2
and 3.

The mafic dikes have a wide range of compositions,
with SiO; = 46.99-56.18 wt.%, TiO; = 1.27-2.39 wt.%,
AlLO3 = 14.42-16.20 wt.%, MgO = 5.18-7.75 wt.%,
Fe,03 = 8.03-13.52 wt.%, CaO = 5.18-9.75 wt.%,
Na,O = 2.46-3.79 wt.%, KoO = 0.26-2.35 wt.%, and
P,05 = 0.18-0.37 wt.%. All of these mafic dikes plot close
to the alkaline—sub-alkaline field boundary on a total alkali-
silica (TAS) diagram (Figure 4A); these dikes also straddle
the join between shoshonitic and calc-alkaline series in a
NayO versus KO diagram (Figure 4B). These mafic dikes
have negative correlations between SiO», TiO,, Fe>; O3, and
P,0Os concentrations and MgO (Figures 5A, 5B, 5D, and
S5H), and are light rare earth element (LREE)-enriched and
heavy rare earth element (HREE)-depleted, with a wide
range in (La/Yb)y (1.7-8.9) and Eu/Eu* (0.6-0.9) val-
ues (Table 3; Figure 6A). In addition, mafic dikes from
the Xinfangzi have much steeper REE trends (Figure 6A),
with significant LREE-enrichments and HREE-depletions;
these dikes contrast significantly with dikes from the
Shangxigou area, which have a concave upwards pat-
tern that indicates LREE-enrichment but not significant
HREE-depletion. Dike samples from both areas are large
ion lithophile element (LILE)-enriched (e.g. Pb in sam-
ple SXG1-9, along with Rb, Ba, and K in other samples),
and Th-, Ti-, and occasionally Nb—Ta-depleted in primitive
mantle-normalized trace element diagrams (Figure 6B).

4.3 Sr-Nd and Pb isotopes

The Sr—Nd isotopic compositions of eight representative
dikes from both field areas were determined during this
study (Table 4). These mafic dikes have a wide range
of (37Sr/%Sr); (0.7031-0.7048) and enq(?) (3.6-7.3) val-
ues, suggesting they formed from magmas generated from
a depleted mantle source. These Sr—Nd isotope com-
positions are not comparable to other late Palaecozoic
mafic rocks within Inner Mongolia (Wu et al. 2007;
Miao et al. 2008; Chen et al. 2012; Figure 7), but are
similar to MORB compositions. The mafic dikes have
(?%Pb/2%4Pb);, (2°7Pb/2%4Pb);, and (*°®Pb/204Pb); values
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Table 2. Major element concentrations (in wt.%) for mafic dikes of the NCC; LOI = loss on ignition, Mg” = 100 x Mg/(Mg + Fe) in

atomic proportions, RV* = recommended values, MV* = measured values; values for GSR-1 and GSR-3 are from Wang et al. (2003).

Sample Si0, TiO, AL, O4 Fe, 05 MnO MgO CaO0 NaO K,O0 P05 LOI Total Mg*
XFZ-1 50.83 2.29 14.70 12.60 0.15 5.21 8.13 3.79 1.06 0.34 0.73 99.82 48
XFZ-2 50.85 2.15 14.90 12.41 0.15 5.28 8.10 3.65 1.07 0.33 0.24 99.12 48
XFZ-3 50.22 2.23 14.70 12.36 0.15 522 8.15 3.62 1.06 0.33 1.40 99.45 48
XFZ-4 50.40 2.21 14.74 12.43 0.15 5.28 8.11 3.66 1.08 0.33 0.79 99.19 48
XFZ-5 51.01 2.18 14.98 12.52 0.15 531 8.25 3.73 1.08 0.33 0.56 100.11 48
XFZ-6 51.30 221 15.08 12.66 0.15 5.44 8.34 3.62 1.10 0.33 0.50 100.71 49
XFZ-7 50.01 2.21 13.99 13.52 0.16 6.02 7.97 3.48 1.07 0.33 0.51 99.27 49
XFZ-8 50.73  2.18 14.84 12.70 0.15 5.46 8.27 3.55 1.07 0.33 0.79  100.08 49
XFZ-9 51.78 2.32 14.60 12.74 0.15 5.35 8.08 3.25 1.15 0.37 0.88 100.66 48
XFZ-10 50.80  2.19 14.57 12.29 0.15 5.37 7.98 3.15 1.28 0.36 1.14 99.26 49
XFZ-11 50.89 2.29 14.42 12.29 0.15 522 8.10 3.02 1.24 0.37 1.14 99.13 48
XFZ-12 5126  2.27 14.49 12.30 0.14 5.18 7.99 3.10 1.32 0.37 1.26 99.69 48
XFZ-13 51.03 2.25 14.44 12.92 0.15 5.66 8.08 3.09 1.21 0.35 0.87 100.06 49
SXG-1 48.45 1.54 16.21 10.94 0.18 6.79 9.75 2.46 0.33 0.24 323  100.11 58
SXG-2 47.19 1.91 16.20 11.38 0.20 7.63 7.68 2.74 1.88 0.28 3.25 100.33 60
SXG-3 50.80 1.60 15.03 11.16 0.19 5.83 7.46 3.52 1.44 0.24 2.88  100.16 53
SXG-4 54.61 1.27 15.01 8.23 0.14 5.54 5.18 3.31 2.35 0.18 397 99.80 60
SXG-5 49.37 1.33 15.50 10.13 0.15 7.75 9.30 2.46 0.26 0.18 3.36 99.78 63
SXG-6 48.41 2.02 15.71 11.95 0.18 6.42 9.08 2.96 0.62 0.31 2.28 99.95 54
SXG-7 46.99 1.94 15.70 10.89 0.18 7.22 7.25 3.32 1.20 0.29 4.56 99.53 59
SXG-8 52.38 1.66 14.88 10.46 0.18 5.98 7.12 3.20 1.56 0.26 3.15 100.83 56
SXG-9 56.18 1.27 14.89 8.03 0.13 5.49 5.39 3.03 2.35 0.19 2.79 99.74 60
GSR-3 (RV*) 44.64 237 13.83 13.4 0.17 7.77 8.81 3.38 2.32 0.95 2.24 99.88
GSR-3 (MV*) 4475 236 14.14 13.35 0.16 7.74 8.82 3.18 2.3 0.97 2.12 99.89
GSR-1(RV*) 72.83  0.29 13.4 2.14 0.06 0.42 1.55 3.13 5.01 0.09 0.7 99.62
GSR-1 (MV*) 72.65  0.29 13.52 2.18 0.06 0.46 1.56 3.15 5.03 0.11 0.69 99.70

of 17.91-17.83, 15.50-15.52, and 37.95-38.03, respec-
tively, similar to the isotopic compositions of Permian
basalts from Inner Mongolia, China (Chen ef al. 2012;
Figures 8A and 8B), and they plot in the -lMORB com-
positional field (Figure 8A).

5. Genesis of mafic dike magmas
5.1 Mantle source

With the exception of three samples (SXG-4, 8, and
9), the mafic dikes contain low concentrations of SiO;
(46.99-52.0 wt.%; Table 2), suggesting that the magmas
that formed these rocks were derived from an ultramafic
(i.e. mantle) source, and not by melting of crustal mate-
rial. An ultramafic source is also supported by the relatively
high MgO (5.18-7.75 wt.%), Ni, and Cr concentrations
within these rocks, and the elevated Mg” values (48—60) of
mafic dikes from the Xinfangzi and Shangxigou areas.
Crustal rocks are likely to be a potential source for these
mafic magmas, as partial melting of any crustal mate-
rial (e.g. Hirajima et al. 1990; Zhang et al. 1995; Kato
et al. 1997) or lower crustal intermediate granulites in
the deep crust (Gao et al. 1998a, 1998b) would pro-
duce high-Si, low-Mg melts (i.e. granitoid liquids). Mafic
dikes in the study area have low initial 87Sr/30Sr ratios
(0.7031-0.7048) and positive but variable eng(f) values

(3.6-7.3; Tables 4 and 5), consistent with derivation from
a depleted lithospheric mantle source or from the astheno-
spheric mantle. It is generally accepted that the lithospheric
mantle has enriched initial 37Sr/30Sr ratios and typically
low eng(?) values (Zhang et al. 2005), whereas magmas
sourced from the asthenospheric mantle are characterized
by depleted compositions with low (87Sr/%0Sr); and high
end(?) values (Saunders et al. 1992). This suggests that
the NCC mafic dikes studied here formed from magmas
sourced from the asthenospheric mantle, a hypothesis that
is further supported by the Pb isotope compositions of these
dikes (Table 5; Figures 8A and 8B).

5.2 Crustal contamination

Crustal contamination can lead to significant Sr—Nd iso-
tope enrichments in basaltic rocks. The fact that the
dolerites studied here are characterized by depleted Sr
isotopic compositions and positive enxd(#) values suggests
that the magmas that formed these dikes did not assimilate
significant crustal material. In addition, crustal contam-
ination would cause significant variation in Sr-Nd iso-
tope compositions, positive correlations between MgO and
end(?) values (3.6-7.3), and negative correlations between
MgO and (¥7Sr/80Sr); ratios (0.7031-0.7048), features that
are absent from the dolerite samples analysed during this
study (Figures 7 and 9).
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Table 5. Pb isotope compositions of mafic dikes from the northern NCC.
U Pb Th 238U/ 235 U/ 232Th/ 206Pb/ 207Pb/ 208 Pb/ (206Pb/ (207Pb/ (208Pb/
Sample  (ppm) (ppm) (ppm) 2Pb  2Mpp  204pp  204pp 204pp  204pp 204pb)i 204py), 204pb);
XFZ-1 0.53 2.33 0.59 14385 0.104 16.547 18.456 15.545 38.177 17.829 15.513 37.950
XFZ-3 0.56 2.26 0.56 15.668 0.114  16.190 18.452  15.543 38.176 17.769 15.508 37.954
XFZ-5 0.49 2.18 0.54 14212 0.103 16.184 18.453 15.541 38.175 17.834 15.509 37.954
SXG-2 0.51 1.88 0.64 17.241 0.125  22.357 18.671 15.542  38.332 17.920 15.503 38.025
SXG-3 054 195  0.66 17.601 0.128 22229 18.674 15543 38333  17.907 15.503  38.028
SXG-8 0.38 1.47 0.35 16.401 0.119 15.610 18.682  15.554 38.185 17.967 15.517 37.971
5 T T Table 2), inconsistent with significant crystal fractionation.
(A) However, the fact that MgO concentrations negatively cor-
< | e relate with SiO;, TiO;, Fe;O3, and P,Os5 in all samples
fg- 10+ Alkaline series g analysed during this study (Figures 5A, 5B, 5D, and 5H)
. L N AN N e suggests that the magmas that formed these mafic dikes
E‘? - were derived from fractionation of olivine, pyroxene, and
Q, 5'_ il Ti-bearing phases (rutile, ilmenite, titanite, etc.) from a
S [ e more mafic parental magma. The separation of plagioclase
| ‘ could also account for the observed negative Eu anoma-
N N T T T T lies in chondrite-normalized REE patterns (Figure 6A), and
35 45 55 65 75 the relationships between Eun/Eu* values and Sr and Rb
Si0, (Wt.%) concentrations (plots not shown) indicate that the dolerites
12 . . ; . . underwent both K-feldspar and plagioclase fractionation.
. (B) il . .
e 5.4 Genetic processes and model of formation
sl Sl 5 3 il All samples analysed during this study plot along a partial
§ ! melting trend (positive correlation) on La versus La/Sm
z / diagrams (not shown), indicating that the mafic dikes
g\. / Shoshanitic formed from magmas derived from partial melting of a
4r o 7 region of the asthenospheric mantle. However, chondrite-
oo T i normalized REE diagrams indicate that dikes from the
- 3 _________Q@@"_mmmm two study areas either formed from differing sources or
o= ; & & g : have significantly differing igneous histories; for exam-
0 2 4 6 ple, XFZ1-13 dike samples are strongly LREE-enriched

Na, O(wt.%)

Figure 4. Classification of mafic dikes from the NCC by (A)
TAS (after Middlemost 1994; Le Maitre 2002), where all major
element concentrations are recalculated to 100% volatile-free
compositions, and (B) K, O versus Na,O.

In addition, the absence of any inherited zircons sug-
gests that the magmas that formed the dikes in the
study area underwent negligible crustal contamination.
In summary, the geochemical and isotopic signatures of
the dolerites are indicative of derivation from a depleted
asthenospheric mantle source.

5.3 Fractional crystallization

Mafic dikes from the Xinfangzi and Shangxigou areas
analysed during this study have high Mg” values (48—60;

and HREE-depleted, suggesting they were derived from
magmas formed during partial melting of a region of the
mantle that contained residual garnet, whereas the REE
characteristics of the SXG1-9 dikes do not indicate sourc-
ing from a region of the mantle that contained residual
garnet.

The data presented here suggest that mafic dikes in the
study area formed from magmas derived from partial melt-
ing of a region of the asthenospheric mantle, with differ-
ences between the two dike suites relating to garnet-present
or garnet-absent melting. However, a dynamic model is
required to further decipher the origin of these rocks. The
timing and direction of collisional tectonics in the NCC
(Engebretson et al. 1985; Xu et al. 1993; Shen et al. 1994;
Zhang et al. 1995; Yuan 1996; Meng and Zhang 1999;
Zhang et al. 2001; Hu et al. 2004; Liu et al. 2005; Zhang
et al. 2005) means that the subducting Yangtze lithosphere
and the ancient Pacific Plate did not contribute to the source
of the magmas that formed these dikes. Here, we present an
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Figure 5. Variations in major element concentrations compared with MgO (in wt.%) for mafic dikes of the northern NCC, China.

alternative model that accounts for the origin of these mafic
dikes.

The study areas are within the northern part of the
NCC, to the south of the Siberian Block. The tim-
ing of collision between these blocks is controversial
(Miyashiro 1981; Tang 1990; Shao 1991; Wang et al.
1991; Hong et al. 1994; Zhang et al. 2007; Miao et al.
2008; Zhang et al. 2008; Luo et al. 2009; Chen et al.

2012), although there is increasing evidence for a pre-
early Permian (i.e. Palacozoic) collision (e.g. Miyashiro
1981; Zhang et al. 2008; Zhou et al. 2010). After col-
lision, the study areas underwent relaxation and exten-
sion, which led to crustal thinning and decompression
partial melting of a region of the asthenospheric mantle
that ultimately resulted in the emplacement of mafic dike
swarms.
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Figure 6. (A) Chondrite-normalized REE and (B) primitive versus *°°Pb /2%*Pb values for alkaline felsic rocks compared with

mantle-normalized incompatible element distribution diagrams
for mafic dikes of the northern NCC, China; concentrations are
normalized to the chondrite and primitive mantle values of Sun
and McDonough (1989).
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Figure 7. Diagram showing variations in initial 8”Sr/30Sr versus
end(?) values for mafic dikes of the northern NCC, China. Also
shown is a field delineating the composition of Palaeozoic mafic
rocks within the NCC (Wu et al. 2007; Miao et al. 2008; Chen
et al. 2012). The NCC mafic dikes analysed during this study plot
within the depleted mantle source field.

We therefore propose the following genetic model that
accounts for the presence of mafic dikes in the northern
NCC: (a) Prior to collision, the NCC and the Siberian
Block were two independent crustal blocks. (b) Collision

Permian basalts from Inner Mongolia (Chen et al. 2012). The
fields for Indian, Pacific, and North Atlantic MORB, OIB, and
NHRL are from Zou et al. (2000), and the 4.55 Ga geochron is
from Hart (1984).

between the NCC and the Siberian Block occurred before
the Permian, with crustal shortening and collision caus-
ing thickening of the lithospheric mantle beneath both
regions. This thickened lithosphere was associated with
deformation and regional metamorphism, coincident with
the transformation of supracrustal rocks that led to the
formation of ophiolites within the collisional zone. (c)
Density differences in this mélange caused gravitational
instabilities, leading to the foundering of denser crustal
units into the asthenosphere. The terminal stage of col-
lision between the two crustal blocks was followed by
relaxation and lithospheric extension, leading to buoy-
ant upwelling of hot asthenospheric material that locally
increased geothermal gradients, causing partial melt-
ing of ultramafic lithologies within both asthenospheric
and lithospheric mantle regions beneath the NCC and
Siberian crustal blocks. These partial melts, which were
the mafic parental magmas for the mafic dikes discussed
here, underwent fractionation but did not assimilate any
crustal material prior to or during ascent and emplace-
ment. These magmas also formed other igneous rocks
within the NCC (e.g. Permian basalts in Inner Mongolia;
Figures 7 and 8).
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values with changing MgO concentrations for mafic dikes of the
northern NCC, China.

6. Conclusions

Based on geochronological, geochemical, and Sr—Nd-Pb
isotopic data presented here, we reach the following con-
clusions:

(1) U-Pb dating of zircons indicates that mafic dikes
within Hebei Province and Inner Mongolia formed
between 275.0 4.5 and 274.82 + 2.9 Ma, indi-
cating Permian magmatism.

(2) The dolerites examined in this study crystallized
from magmas derived from a depleted astheno-
spheric mantle. The parental magmas of these
dike swarms underwent fractionation during ascent
and/or emplacement, precipitating olivine, pyrox-
ene, plagioclase, K-feldspar, and Ti-bearing phases
(rutile, ilmenite, and titanite), with negligible
crustal contamination.

(3) The generation and emplacement of these magmas
was associated with post-collisional relaxation that
promoted upwelling of the asthenospheric mantle.
This rising mantle underwent decompression par-
tial melting, yielding the mafic parental melts of the
dikes. Extensional tectonics also facilitated crustal
thinning and possibly rifting, providing easy path-
ways for the migration and emplacement of the
evolved dolerite dike swarms.
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