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Mesozoic mafic dikes in the Gan-Hang tectonic belt (GHTB) provide an opportunity to explore both the nature of their
mantle source(s) and the secular evolution of the underlying Mesozoic lithospheric mantle in the region. The geochronology
and primary geochemical and Sr—Nd-Pb isotopic compositions of Group 1 (middle section of GHTB) and Group 2 (the
rest of the section) dolerite dikes spanning the GHTB were investigated. K—Ar ages indicate that dikes of both groups
were emplaced during the Cretaceous (131-69 Ma). The dikes are doleritic in composition and are enriched in both
large ion lithophile elements (LILEs; e.g. Rb, Ba, and Pb) and light rare earth elements (LREEs), with a wide range of
Eu anomalies, but are depleted in high field strength elements (HFSEs; e.g. Nb, Ta, and Ti) and heavy rare earth ele-
ments (HREEs). Dikes sampled in the middle section of the GHTB (Group 1) show more pronounced REE differentiation
and a greater contribution from crustal material than those from the east and west sections (Group 2) and are similar
to GHTB volcanic rocks in exhibiting a slight enrichment in LREEs. The dolerites are further characterized by a wide
range in 87Sr/80Sr; =0.7041-0.7110, 143Nd/!#4Nd; = 0.511951-0.512758, ¢Nd; =—10.4 to +5.6, and Pb isotopic ratios
(206pb /204pp; = 18.1-18.3, 207Pb/204Pb; ~ 15.6, and 203Pb/204Pb; = 38.2-38.7). The dikes have undergone fractional
crystallization of olivine, clinopyroxene, plagioclase, and Ti-bearing phases, except for dikes from the Anding area, which
possibly experienced fractionation of plagioclase. Geochemically, all the dike samples originated from mantle sources rang-
ing in composition from depleted to enriched that contained a component of foundered lower crust; crustal contamination
during the ascent of these magmas was negligible. In the context of the late Mesozoic lithospheric extension across South
China, mafic dike magmatism was likely triggered by the reactivation of deep faults, which promoted foundering of the lower
crust and subsequent mantle upwelling in the GHTB.
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Introduction

Since late Mesozoic time, multiple magmatic episodes
— including broadly bimodal suites of tholeiitic basalt-
rhyolite and extensive swarms of mafic dikes — indicate the
operation of large-scale extensional tectonics over much
of SE China. Although many studies suggest that the
cause of this extensional regime was lithospheric exten-
sion, controversies remain concerning the timing of events
and the detailed mechanisms involved (e.g. Wang et al.
2003, 2005a, 2006; Zhou 2003; Mao et al. 2004; Hu
et al. 2004, 2007, 2008; Wang 2004; Chen et al. 2005;
Hua et al. 2005; Li and Li 2007; Li et al. 2007; Xu
2008). Wang et al. (2003) suggested that the source of
Jurassic mafic rocks spanning the Chengzhou-Linwu Fault
was a mixed mantle regime involving enrichment man-
tle I (EMI) and II (EMII) mantle sources, as well as an

oceanic island basalt (OIB) component (defined by Zindler
and Hart 1986). In addition, they proposed a model for the
tectonic evolution of the South China Block (SCB) dur-
ing the Mesozoic that invoked crustal detachment within
a collisional regime prior to ~175 Ma, followed by intra-
continental lithospheric extension from 175 to 80 Ma. In
contrast, Zhou and Chen (2000) argued that the primary
magmas responsible for igneous activity across SE China
were derived from an enriched mantle source, with melt-
ing triggered by subduction of the Pacific Plate since late
Mesozoic time. An additional alternative was provided by
Chen and Wang (1995), who proposed that the Jiangnan
Terrane was subducted beneath the Cathaysia Block during
the Early Jurassic, causing deformation and partial melting
of the thickened crust, which in turn led to the formation of
S-type volcano-intrusive complexes.
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Models explaining the evolution of the Mesozoic litho-
sphere across South China can, in principle, be divided
into two main perspectives. The first invokes a subduc-
tion regime, although the details of individual models
vary, including an Andean-type active continental mar-
gin (Charvet ef al. 1994), subduction of the Pacific Plate
with associated underplating of basaltic magma (Zhou
and Li 2000), and a low angle of subduction for the
down-going Pacific slab (Li and Li 2007; Zhu et al.
2010). The second perspective involves intracontinen-
tal lithospheric extension and thinning, of a style com-
monly referred to as ‘basin and range’ tectonics (Gilder
et al. 1996; Chen and Jahn 1998; Wang et al. 2003; Li
et al. 2004).

To further our understanding of the Mesozoic tec-
tonic evolution of South China it is therefore necessary to
clarify which of these conflicting scenarios is responsible
for Mesozoic magmatism in the region: destructive plate-
margin magmatism and related extension in a back-arc type
setting, or intracontinental lithospheric extension related to
crustal thinning (e.g. Fan et al. 2003). Particular attention
should be given to deep-shear faults that can undermine the
integrity of the lithosphere and may consequently trigger
a series of chemical processes that modify the lithosphere
(Wu et al. 2003). However, few studies have addressed this
issue; moreover, it remains unclear whether lithospheric
thinning can lead to the development of deep faults or, in
contrast, whether deep faults owe their existence to exten-
sion of the lithosphere (Xu ef al. 1993; Wu et al. 2003;
Wang et al. 2006, 2007).

In conjunction with the important tectonic position of
the Gan-Hang tectonic belt (GHTB) in South China, the
characteristics of the belt provide an excellent opportu-
nity to resolve the controversies outlined above. Thus, in
this article we present new analytical data for a representa-
tive suite of mafic dikes collected from across the GHTB.
Using a combination of these results and previously pub-
lished geochemical data, we examine the petrogenesis of
these rocks and consider their tectonic significance with
the aim of understanding the lithospheric evolution and
geodynamics of South China.

Geological setting

The GHTB of the SCB is an important active tectonic-
magmatic belt, as well as the site of volcanically hosted
uranium, and is located at the junction of the Yangtze
and Cathaysia blocks. The GHTB experienced long-term
tectonic overprinting (structural, magmatic, and metamor-
phic) and widespread mineralization (Deng and Zhang
1989, 1997, 1999; Gilder et al., 1991; Goodell et al.
1991; Zhang 1999a, 1999b, 2004). The belt comprises
several components that are delineated by three deep, large-
scale fault systems: the Yongfeng—Fuzhou, Dongxiang—
Guangfeng, and Jiangshan—Shaoxing. These correspond
to the western, middle, and eastern sections, respectively.

From west to east, the GHTB is also host to three
basins: the Fuzhou—Chongren, Xinjiang, and Jinhua—
Quzhou (Figure 1B).

The study area contains a package of Mesoproterozoic
to Cenozoic sediments exhibiting regional differences that
may be related to tectonic activity. For example, the GHTB
underwent three periods of large-scale extension: litho-
spheric stretching in relation to Tungwu movement in
Permian, which resulted in the formation of the Yongfeng—
Zhuji depression; a further period of extension during the
Late Jurassic, which contributed to the formation of the
Gan-Hang volcanic belt; and additional extensional tecton-
ics at the end of the Early Cretaceous, which culminated
in the development of the Gan-Hang graben-bound basins.
The latter two of these periods of extension were large-
scale events that occurred during the Yanshanian Epoch
(~195-65 Ma) and constitute the main periods of tectonic
activity in the GHTB. These events also led to extensive
magmatic activity, including the eruption of a bimodal
basalt-rhyolite association and the emplacement of granite,
gabbro, and dolerite (Goodell et al. 1991). As such, these
igneous rocks provide an excellent opportunity to probe
and systematically study both the dynamic background and
the metallogenic character of the GHTB.

Mafic dikes are widely distributed across the belt,
with the majority being emplaced into Jurassic—Cretaceous
strata, both within and along the periphery of the ‘Red
Graben’ Basin, named after the red colour of the strata
(Figure 1). Individual dikes are commonly vertical and
strike NE-SW to ENE-WSW, parallel to the main fault
zones within the region. The dikes are predominantly por-
phyritic dolerites and extend from several kilometres to
tens of kilometres along strike, with widths on the order of
10 m; there is clear evidence that they formed by the infill-
ing of crustal fractures (e.g. mafic dikes at Jiangshan and
Jinhua; Figure 2). For details on the locations of individual
dikes, see Figure 1.

Analytical methods

Fresh samples were collected, taking care to avoid weath-
ered, hydrothermally altered, or mineralized pieces. Whole-
rock samples were trimmed to remove any weathered
surfaces, then powdered using an agate mill. In total, 19
representative samples were analysed for major and trace
elements. Major oxides were analysed with a PANalytical
Axios-Advanced X-ray fluorescence (XRF) spectrometer
(PANalytical B.V,, Almelo, The Netherlands) at the State
Key Laboratory of Ore Deposit Geochemistry (SKLODG),
Institute of Geochemistry, Chinese Academy of Science
(IGCAS), Guiyang, China. Fused glass discs were used
for major element analysis, with an analytical precision,
as determined on the Chinese National standard GSR-3, of
better than 5%. Loss on ignition (LOI) determinations were
obtained using 1 g of powder that was heated to 1100°C for
1 hour.
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Figure 1. (A) Simplified map of China. (B) Geological map of the Gan-Hang tectonic belt (GHTB), South China and sampling localities

of mafic dikes from the GHTB [green = this study, red = Xie (2003)].

Whole-rock trace element analyses, including a subset
of the rare-earth elements (REEs), were carried out using
a Perkin-Elmer ELAN 6000 inductively coupled plasma—
mass spectrometer (ICP-MS) at IGCAS using the ana-
lytical procedures outlined by Qi e al. (2000). Precision
and accuracy range from 5% to 10% for all elements. The
results of both XRF and ICP-MS analyses are presented in
Table 1.

K—Ar age determinations were carried out using
an MM1200 spectrometer at the Institute of Geology,
China Seismology Bureau, Beijing, China, and Beijing
University, Beijing, China. Parameters used were the fol-
lowing: A, =0.581 x 10710 year~!, 15 =4.962 x 10~1°
year—!, 40K =0.01167 atom % (Steiger and Jiger 1977).
Isotopic analyses for a subset of samples were performed
on a MAT-262 TIMS instrument at the Institute of Geology
and Geophysics, Chinese Academy of Science (IGGCAS),
Beijing, China, using the analytical procedures and exper-
imental conditions published by Liu et al. (2008a). The
results of K—Ar dating and isotopic analysis are presented
in Tables 2 and 3, respectively.

Analytical results
Petrology

Nineteen mafic dike samples from the following 10
localities were collected for the study (Figure 1B):
Yongfeng (Shaxi, SX), Xiajiang (XJ), Guangfeng (GF
QB, and HSY), Jiangshan (Anding, AD; Yingpanban,

YPF), Longyou (Fangtan, FT), Jinhua (Shanxiacao, SXC;
Daling, DL), and Pujiang (Caoxikou, CXK). The sam-
pled dikes are predominantly dark green dolerite and
exhibit typical features (e.g. sub-ophitic plagioclase and
clinopyroxene with minor olivine, orthopyroxene, and Ti-
magnetite). The dikes are ~35% phenocrysts of clinopy-
roxene (0.2—0.5 mm) and plagioclase (0.5-1.3 mm) within
a groundmass of clinopyroxene, plagioclase, magnetite,
and chlorite with grain sizes of ~0.05 mm. Most plagio-
clase phenocrysts (mainly labradorite with An=50-70)
are euhedral, whereas clinopyroxene phenocrysts (mainly
augite) are commonly subhedral. In contrast to elsewhere
in the belt, samples from the middle section of the GHTB
are more coarsely porphyritic (e.g. with phenocrysts of
clinopyroxene of up to 1.0 mm). Figure 2 shows represen-
tative petrographic images of the samples of GHTB dikes.

Radiometric age determinations

Table 2 lists the K—Ar ages of the investigated mafic dikes.
Eight samples were measured, yielding the following ages:
Xiajiang (131.6 million years), Yongfeng (100.2 million
years), Guangfeng (91.1-95.9 million years), Jiangshan
(Anding, 69.5 million years; Yingpanban, 131.7 million
years), Jinhua (123.6 million years), and Pujiang (137.4
million years). In addition to our results, Wang et al.
(2008) reported a “*Ar/3? Ar age of 90.2 million years for
aplitic basalts from Luosishan (Ji’an in Jiangxi Province,
southwest of GHTB), and Jiang ez al. (2011) used SHRIMP



Downloaded by [Institute of Geochemistry] at 00:59 21 August 2013

International Geology Review 923

Figure 2. Field photographs of mafic dikes formed by the infilling of crustal fractures in the Anding region of Jiangshan (A) and
Shanxiacao region of Jinhua (stature) (B). Representative photomicrographs of mafic dikes from Gan-Hang tectonic belt (GHTB), South
China: (C) for Anding of Jiangshan; (D) for Shanxiacao of Jinhua. Cpx, clinopyroxene; Pl, plagioclase; Mt, magnetite; Chl, chlorite.

zircon U-Pb dating to show that granitic plutons and a dia-
basic dike to the northwest of the GHTB were emplaced
in the Early Cretaceous (129—-122 million years). These
results are consistent with the new data presented here and,
in combination with previously published ages for GHTB
mafic dikes (Shao 2004; Yu et al. 2006), suggest that mafic
dike emplacement was widespread during the Cretaceous,
and thus contemporaneous with regional volcanic activity
and large-scale episodes of mineralization.

Major and trace elements

Major element oxide and trace element results obtained by
XRF for all samples of this study are provided in Table 1.
The dolerite shows a wide range of chemical composi-
tions (e.g. SiOp =46.7-54.7 wt.%, MgO =2.7-7.9 wt.%;
Figure 3), but in a plot of NayO versus K;O (not shown)
the majority of samples straddle the boundary between the
calc-alkaline and shoshonitic series. In a plot of total alkalis
versus SiOy (wt.%; Figure 3A), the data span the fields

of basalt, basaltic andesite, trachybasalt, and basaltic tra-
chyandesite (Le Bas ef al. 1986). The samples also show
an alkaline to sub-alkaline character based on the classifi-
cation of Irvine and Baragar (1971). A similar subdivision
is apparent in a plot of Nb/Y versus Zr/TiO; (Figure 3B,
after Winchester and Floyd 1977).

The studied mafic dikes are characterized by enrich-
ment in light rare earth elements (LREEs) and depletion in
heavy rare earth elements (HREEs), with (La/Yb)y values
0f2.8-26.3 and Eu/Eu* of 0.7-1.5 (Figure 4). In a diagram
of REEs versus (La/Yb)y (Figure 5), the samples can be
classified into two groups: Group 1 samples, which were
mainly collected from the middle section of the GHTB,
have (La/Yb)y ratios of greater than 16, whereas Group 2
samples have (La/Yb)y ratios of less than 12. Mafic dikes
from Shaxi in Yongfeng show the lowest Eu/Eu* ratios (i.e.
large negative Eu anomalies), but the dikes from Anding in
Jiangsha show obvious positive Eu anomalies.

In Figure 4A, the shaded region represents the range
for volcanic rocks from the Jiangshan—Guangfeng area of
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Table 2. K-—Ar ages of mafic dikes from the GHTB, South China.
Locality Sample K (wt.%) 40Ar (mol/g) 40Ar, (%) Apparent age (Ma) + lo Reference
Jiangshan YPF1 1.43 3.38E-10 54.39 131.74 £ 11.11 This study
Jiangshan AD1 3.56 4.37E-10 40.25 69.50£3.13 This study
Qianshan HSY1 2.52 6.18E-10 73.65 136.24 £ 6.64 This study
Pujiang CXK4 2.98 7.37E-10 63.04 137.42+9.49 This study
Jinhua SXC2 2.55 5.65E-10 55.33 123.55+£13.80 This study
Guangfeng GF03 2.29 3.71E-10 96.39 91.14 £ 1.75 This study
Guangfeng QBO1 242 4.14E-10 94.16 95.92 +£1.88 This study
Xiajiang XJo1 0.40 9.47E-11 69.00 131.6 £4.1 This study
Qianshan 6403 2.35 5.92E-10 83.22 139.8+2.8 Xie (2003)
Qianshan SLX5 1.64 3.48E-10 85.03 118.5+2.0 Xie (2003)
Maopai MP4 1.54 2.99E-10 82.06 108.5+ 1.7 Xie (2003)
Maopai MG4 1.13 1.96E-10 87.50 973 +£1.7 Xie (2003)
Yongfeng YFX2 1.66 2.97E-10 84.82 100.2+1.6 Xie (2003)
Qianshan SLX2 2.37 4.47E-10 88.17 105.7+1.6 Xie (2003)
Qianshan CF1 1.68 3.32E-10 87.11 1104 +2.1 Xie (2003)
Parameters for 4°K: 1, =0.581 x 10710 yearf1 ,hp=4.962x IO*IOyear*1 , 40K =0.01167 atom% (Steiger and Jager 1977).
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Figure 3. (A) Total alkalis (K,O + NayO) versus SiO; diagram, showing the range in rock types for mafic dikes from the Gan-Hang

tectonic belt (GHTB), South China (reference fields are from Le Bas ef al. 1986); the division between alkaline and sub-alkaline is after
Irvine and Baragar (1971). (B) Zr/TiO, versus Nb/Y diagram for the studied mafic dikes (reference field from Winchester and Floyd

1977).

South China (Yu et al. 2006). Group 1 samples are sim-
ilar in terms of total REE abundances to these volcanic
rocks and also display a slight enrichment in LREEs. In
contrast, Group 2 samples display weaker slope in the
REE trend, less enrichment in the LREE than that present
in the Jiangshan-Guangfeng volcanic rocks. Primitive-
mantle-normalized trace element diagrams (Figure 4C and
4D) show that GHTB mafic dikes are enriched in large ion
lithophile elements (LILEs; i.e. Rb, Ba, Pb, and Th), but
depleted in Sr and high field strength elements (HFSEs; i.e.
Nb, Ta, P, and Ti). These characteristics are shared by the
Jiangshan-Guangfeng volcanic rocks, although the latter
have even higher abundances of Pb.

Ni, Cr, and Co concentrations of the studied mafic dikes
range from 7.2 to 239 ppm, 18.7 to 417 ppm, and 19.8 to

52.6 ppm, respectively; rocks from Yingpanban, Xiajiang,
Fangtan, and Huangshayuan have relatively high contents
of Ni and Cr. All samples show positive correlations of
MgO versus Ca, Cr, and Ni, and negative correlations
of MgO versus SiO,, Al,O3, and TiO;; MgO shows no
correlation with Sr or Th (Figure 6).

Sr—Nd-Pb isotopic compositions

Table 3 lists the Sr, Nd, and Pb isotopic compositions of
the investigated samples. The dikes exhibit a wide range in
87Sr/808Sr;, 13Nd/'*4Nd;, and eNd, values (from 0.704098
to 0.711026, 0.511951 to 0.512758, and —10.4 to +5.6,
respectively). For comparison, Figure 7 shows the isotopic
results of this study along with data for other mafic rocks
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Figure 4. Chondrite-normalized rare earth element (REE) patterns and primitive-mantle-normalized multi-element diagrams of mafic
dikes from the GHTB, South China: (A) and (C) are for Group 1 dikes; (B) and (D) are for Group 2. Normalizing values are after Sun
and McDonough (1989). The shaded area represents data from a volcano from the Jiangshan-Guangfeng area (middle part of the GHTB),

after Yu et al. (2000).
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Figure 5. Rare earth element (REE) versus (La/Yb)y diagram
for mafic dikes from the Gan-Hang tectonic belt (GHTB), South
China. Normalization data are after Sun and McDonough (1989).
Symbols are as in Figure 3.

from across South China and Shandong. When combined
with isotopic data from other parts of the GHTB (yellow
area in Figure 7), the dolerites form an approximately
linear trend towards an EMII composition. Moving south-
wards across South China (i.e. from Ganbei to Gannan
and Yuebei; see Figure 7), there is a characteristic counter-
clockwise rotation in the distribution of samples from a
given region in 87Sr/80Sr; versus eNd, space. Regionally,
samples from the central GHTB (i.e. Guangfeng) gener-
ally have lower Nd and higher Sr isotopic compositions
than other samples. Samples older than ~130 million years
display lower Nd and higher Sr isotopic ratios than those
younger than ~130 million years. However, the Xiajiang
dike, which has an emplacement age of 140 million years,
has the highest Nd isotopic ratio.

The Pb isotopic ratios of the studied dikes are char-
acterized by 20°Pb/204Pb; = 18.1-18.3, 207Pb/204Ph,; ~
15.6, and 2°8Pb/294Pb, = 38.2-38.7, with the exception of
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Figure 7. Initial (87Sr/ 86 Sr) ; versus eNd; value for mafic rocks
from the Gan-Hang tectonic belt (GHTB), South China. The
shaded fields represent data from the following sources: Fujian
data are from Zhou and Chen (2001), Zhao (2004), and Mao et al.
(2006); Yuebei and Gannan data are from Li et al. (1990, 1997,
1998) and Xie (2003); Qiongzhou data are from Ge et al. (2003);
Ganhang data are from Chen and Wang (1995), Xie (2003), and
Yu et al. (2004); Ganbei data are from Xie (2003); Shandong data
are from Liu (2004, 2008a,b) and Yan and Chen (2007); Dexing
data are from Wang et al. (2004).

sample HSY1 (Figure 8; Table 3). As such, they are signif-
icantly different from those of lower Yangtze lithospheric
mantle (Yan et al. 2003), but nearly identical to those of
Jiangxi mafic dikes (Xie et al. 2006; Figure 8A and §B).
Furthermore, the dikes from the study region are different

to Pacific mid-ocean ridge basalt (MORB) and to Southern
Fujian mafic dike rocks, which are believed to be related to
plate subduction (Zhao ef al. 2007).

Discussion
Fractional crystallization

Fractional crystallization generally plays an important role
in magmatic evolution (Hawkesworth er al. 2000). The
low MgO contents and Mg numbers (Mg#) of the GHTB
mafic dikes, together with the presence of clinopyroxene
and olivine phenocrysts, indicate fractionation of both min-
erals during dike evolution. In Harker diagrams (Figure 6),
MgO correlates positively with Ni, Cr, and CaO, and neg-
atively with SiO;, Al,O3, and TiO;. These trends indicate
the fractionation of olivine, clinopyroxene, plagioclase, and
Ti-bearing phases (e.g. rutile, ilmenite, and titanite) during
magma evolution. In addition, the removal of Ti—Fe oxides
from the melt might account for the negative Nb, Ta, and Ti
anomalies observed in primitive-mantle-normalized multi-
element diagrams (Figure 4). Both negative and positive
Eu anomalies (i.e. Eu/Eu* =0.7-1.5) indicate that signif-
icant degrees of both fractionation and accumulation of
plagioclase occurred.

Crustal contamination

Crustal contamination often has a significant impact dur-
ing magma emplacement and its effects must be evalu-
ated carefully. The mafic dikes of this study are believed
to have been emplaced in an extensional environment,
which may have resulted in a degree of crustal contami-
nation during ascent (Mohr 1987). Mafic rocks from the
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Figure 8. Pb isotopic ratios of mafic dikes from the Gan-Hang tectonic belt (GHTB), South China. (A) 207pp/204pp vs 206Pb/204Pb,
(B) 208p,204py, g 200pp/204p, Fields for DMM, enrichment mantle I (EMI), and II are after Zindler and Hart (1986); Cenozoic basalts
from East China and Pacific mid-ocean ridge basalt (MORB) are after Tu ef al. (1991) and Zou et al. (2000), respectively; lower Yangtze
data are from Yan ez al. (2003); data for mafic rocks from Southern Fujian and Jiangxi are from Zhao et al. (2007) and Xie et al. (2006),
respectively; the NHRL (Northern Hemisphere Reference Line) is after Hart (1984).
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GHTB mostly display negative éNd, values, accompanied
by higher 7Sr/%Sr; values, which could indicate contam-
ination by crustal materials (Liu ef al. 2009a). However,
their low concentrations of Th, U, and Pb (1.18-14.9,
0.233-2.42, and 3.38-24.3 ppm, respectively) relative to
published data for the upper—middle crust (Rb= 84 ppm,
Th=10.5 ppm, U=2.7 ppm, and Pb =20 ppm; Rudnick
and Gao 2003) suggest that they were not significantly
affected by upper-middle crustal contamination (Taylor
and McLennan 1985). Although it is possible that lower
crustal contamination occurred, available isotopic data (i.e.
87Sr/36Sr; and £Nd,) preclude significant crustal contami-
nation in the development of these dikes, and the geochem-
ical and isotopic signatures may simply reflect derivation
from an enriched mantle source. There is a strong corre-
lation between La/Sm and La concentration (not shown)
in the dolerites, suggesting that these dikes are mainly the
products of partial melting of mantle material (Cocherie
1986).

Nature of the mantle source

Mafic dikes are believed to have originated directly from
the mantle (Liu ef al. 2006, 2008a,b, 2009a). The Sr—Nd
isotopic compositions of mafic dikes across the GHTB vary
greatly (Table 3; Figure 7) and show a clear linear distri-
bution between depleted mantle (DM) and EMII mantle
sources, indicating a trend from an enriched lithospheric
mantle source to a depleted asthenospheric mantle source.
The eNd,; and ¢Hf; values (in sifu zircon analysis) of a
diabasic dike from northwest of the GHTB are +0.9 and
—7.1, respectively (Jiang et al. 2011), suggesting that it was
derived from a portion of asthenospheric mantle wedge
that was metasomatized by melts derived from subducted
sediment. In addition, the characteristic counter-clockwise
rotation of trends in 87Sr/®0Sr; versus ¢Nd, (Figure 7)
could indicate a transition from an EMI source for the
Yangtze Block to an EMII-type mantle source for the south-
ern Cathaysia Block. If so, the mafic dikes of this study
may represent an interaction between the two blocks, which
meet at this tectonic division of the SCB.

A diagram of Ba/Nb versus La/Nb (Figure 9) shows a
large spread in elemental ratios, with a predominantly lin-
ear distribution. This differs from most intra-plate volcanic
rocks (e.g. N-MORB, OIB, alkali basalt, and kimberlite),
which have La/Nb ratios of 0.5-2.5 and much lower Ba/Nb
ratios of 1-20 (Figure 9). These differences suggest that
continental materials (e.g. granitoids, granulites, and/or
sedimentary rocks) were involved in the development of
the mantle-derived partial melts that formed the GHTB
mafic dikes (Jahn et al. 1999). As such, the heterogeneity
of the mantle source(s) is likely to relate to the proportion
of continental material incorporated into the source dur-
ing melting. Garnet has a high partition coefficient for Y
(Dgarnet/melt =4—11) relative to Zr (Dgarnet/melt = 0.4-0.7;
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Figure 9. Ba/Nb versus La/Nb diagram for mafic dikes from
the Gan-Hang tectonic belt (GHTB), South China. The basic dia-
gram is after Jahn ez al. (1999), with the following data sources:
Primitive Mantle (PM) (Sun and McDonough 1989), continen-
tal crust average (Taylor and McLennan 1985; Condie 1993),
clastic sediment average (Condie 1993), mid-ocean ridge basalt
(MORB), oceanic island basalt (OIB), and Dupal OIB (Le Roux
1986).

Jenner et al. 1993), and residual garnet in the source can
affect the Y contents of the products of melting. In a plot of
Zr/Y versus Y (not shown), the mafic dikes from Maopai,
Guangfeng, Shixilong, Yongfeng, and Jiangshan display a
very strong negative correlation, suggesting that the source
may be rich in garnet.

Because melts from the asthenosphere are susceptible
to modification of their Pb isotopic composition within the
lithosphere, Pb isotopic data are important in the identifi-
cation of basement as either a source or a contaminant. The
majority of Pb isotopic data for mafic dikes of this study are
consistent with the presence of crustal material from the
Cathaysia Block in the source of these magmas. Previous
tectonic investigations in the study area suggest that South
China is the result of a collision between the Yangtze and
Cathaysia blocks during the Indosinian Orogeny, as indi-
cated by Pb isotopic data (e.g. Chen 1999; Carter et al.
2001; Li et al. 2003, 2004; Wang and Shen 2003). In addi-
tion, the range in Pb isotopic data for mafic dikes from the
GHTB differs from that of Cenozoic basalts from across
South China, which are considered to have been derived
from either asthenosphere or juvenile lithosphere (Chung
et al. 1994). This difference implies that crustal material
(especially old crust) was incorporated into the source of
the GHTB dikes, resulting in mantle enrichment during
this late Mesozoic collisional event. Therefore, our Pb iso-
topic data record the resulting evolutionary trend of the
lithospheric mantle below the Cathaysia Block.

It has been shown above that crustal contamination
(from the upper—middle crust in particular) is absent or
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negligible in the investigated dike rocks. Moreover, it is
thought that old upper crust is absent in the Cathaysia
Block (Chen et al. 1999). Hence, the GHTB mafic dikes
were most probably derived from the partial melts of an
enriched lithospheric mantle source, which was slightly
modified by melts from the lower crust beneath the
Cathaysia Block.

Petrogenetic model

Zirconium and Y can maintain a degree of stability during
magmatic evolution, which makes them very effective dis-
criminators in determining palaeco-tectonic environments.
In a plot of Zr/Y versus Zr (Figure 10, after Pearce and
Norry 1979), the studied GHTB mafic dikes fall within the
field of within-plate basalts.

The above analysis, combined with our Pb isotopic
data, shows that crustal material from the Cathaysia Block
was added to the source of the studied dike rocks. There are
several possible models to account for the incorporation of
crustal material into the mantle source of the GHTB mafic
magmas, including collision between or subduction of the
Yangtze and Cathaysia blocks during the Mesozoic (Chen
and Wang 1995), subduction of the palaeco-Pacific Plate
(Li and Zhou 2001; Li and Li 2007), thermo-chemical ero-
sion, and delamination or foundering of lower crust (Wang
et al. 2006). Each of these is discussed in turn below.

First, we focus on the model of collision between the
Yangtze and Cathaysia blocks. The Indosinian Collision
occurred mainly within the Qinling—Dabie Belt and the
Song—Ma Belt in SE Asia (Carter et al. 2001), meaning
that South China, which was sandwiched between the two,
was not part of the main collisional belt. Furthermore,
because magmatic activity occurred mainly during the late
Yanshanian, it is possible that the Indosinian Collision did

20 T —
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10 C - Mid-ocean ridge basalts
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Figure 10. Zr/Y versus Zr diagram for mafic dikes from the
Gan-Hang tectonic belt (GHTB), South China. Symbols are as
in Figure 3. Data sources for A, B, and C are after Pearce and
Norry (1979).

not directly affect magmatic activity in the study area.
Thus, in the absence of further evidence in support of this
interpretation, we do not support the collisional model as
an explanation for the occurrence of the mafic rocks of this
study.

For the model of subduction between the Yangtze and
Cathaysia blocks during the Mesozoic, Chen and Wang
(1995) considered that the direction of subduction was
from the Yangtze Block to the Cathaysia Block. This is,
however, inconsistent with the characteristics of our Pb
isotopic data. Alternatively, it has been proposed that sub-
duction of the palaeo-Pacific (Izanagi) Plate (Zhou and
Li 2000) could account for the petrogenesis of Mesozoic
magmatism across South China. The angle of palaeo-
Pacific Plate subduction beneath South China is thought to
have increased from a very low angle to a medium angle,
thereby influencing areas inland of the Hunan migration to
the coasts of Fujian and Taiwan. Plate convergence thus
provided the conditions necessary for intense magmatic
activity across South China during the Mesozoic. It should
be noted, however, that some studies have postulated that
subduction of the palaeo-Pacific Plate was actually north—
northeastward during the late Mesozoic (Maruyama and
Send 1986; Kimura et al. 1990; Ratschbacher et al. 2000),
which would provide little opportunity for the development
of back-arc extensional tectonics in the region. In addition,
large areas of SE China host granites and volcanic rocks
which occur parallel to the shoreline (Zhou et al. 20006),
as well as along the border region between the Yangtze
and Cathaysia blocks, with their distribution controlled by
faults. Hence, based on the distribution of igneous rock,
there is no clear evidence that subduction of the palaco-
Pacific Plate played a role in the development of the GHTB
magmas.

In considering thermo-chemical erosion and delamina-
tion in the genesis of the mafic GHTB magmas, differ-
ences between the models should be carefully considered.
Menzies et al. (2007) examined these two models in
detail, which they term ‘top-down’ (rapid delamination)
and ‘bottom-up’ (a more protracted period of thermo-
chemical erosion lasting ca. 100 Ma). Earlier studies had
shown that thermo-chemical erosion in the axis of a deep
fault will be associated with a greater degree of partial
melting, that is, the addition of lithospheric mantle (Chung
et al. 1994, 1995). In contrast, rapid delamination will
cause fast upwelling of asthenospheric mantle, meaning
that any melts and magmatic rocks formed during this
period will exhibit asthenospheric characteristics. Given
the geochemical traits of the mafic dikes of this study (i.e.
early mafic rocks that display partial depleted mantle eNd,
values; unpublished data), we are more inclined to sup-
port only small-scale delamination. However, we cannot
rule out thermo-chemical erosion following delamination,
because it is not easy to distinguish between the two pro-
cesses in detail. In addition, a dike from Xiajiang has
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Table 4. Mixed end-member compositions.

DMM PSM AOC-fluid MORB-melt PREC
87gr /868, 0.7025 0.7090 0.7045 0.7045 0.7220
Sr (ppm) 14.8 3145 558 1509 95
143Nd/14Nd; 0.51315 0.51238 0.51315 0.51315 0.51150
Nd (ppm) 1.24 1208 0.148 108 20

DMM from Ishizuka et al. (2003); PSM (Pacific sediment melts) from Plank and Langmuir (1998); AOC-fluid (Altered Oceanic Crust fluid) was estimated
through balance fractionation between 2% fluid and oceanic crust (Ishizuka et al. 2003), isotopic composition from Staudigel ez al. (1996); MORB-melt
(melts of mafic plate subduction) from White ez al. (1987); PREC (Precambrian metamorphic rock) from Hu and Zhang (1998), Xie (1996), Ma and Xiang

(1993).

a relatively low trace element pattern and positive ¢Nd,,
strongly supporting the proposed delamination model.

It has been proposed that foundering of lower continen-
tal crust into an underlying convecting mantle could play a
role in the development of mantle plumes, in the evolution
of continental crust, and in the formation of chemical het-
erogeneities within the mantle (Arndt and Goldstein 1989;
Kay and Kay 1991; Rudnick and Fountain 1995; Jull and
Kelemen 2001; Escrig et al. 2004; Gao et al. 2004, 2008;
Elkins-Tanton 2005; Lustrino 2005; Anderson 2006; Liu
et al. 2008a,b, 2009b, 2010, 2011). Because we prefer
a delamination model for the origin of the GHTB mafic
magmas, the following section focuses on the scale of the
delamination considered to be responsible for the gener-
ation of the lithospheric mantle source that produced the
GHTB mafic magmas.

As discussed above, delamination occurs mainly in
foundered lower crust. Based on the regional geology of
South China, Precambrian metamorphic rock (PREC) is
considered to be a likely candidate, and because of the
highly radiogenic 37Sr/3¢Sr; composition of ancient crust,
isotopic ratios can be an important constraining factor
in testing the delamination model. Previous studies have
demonstrated that Precambrian metamorphic rocks across
South China exhibit a wide range in isotopic composi-
tions (37Sr/%Sr; =0.711-0.732, 3Nd/!*Nd,; =0.5121;
Ma and Xiang 1993; Hu and Zhang 1998). Because of the
active nature of Sr relative to Nd, and the larger age cor-
rections required, we chose an initial Sr ratio of 0.7220
for Precambrian metamorphic basement (see Table 4).
Figure 11 shows that the studied GHTB mafic dikes fall on
a mixing curve between depleted MORB mantle (DMM)
and PREC, in a range corresponding to 1-10% of the PREC
component, and that there was a greater involvement of
crustal material in Group 1 dikes than in Group 2. Figure 11
also shows that the data form of GHTB is different from
Fujian so that its mafic rocks are thought to be related with
subduction of the Pacific Plate (Zhao et al. 2004, 2007).

The long-term geological evolution of the GHTB is
conducive to the involvement of metamorphic basement.
During the early Neoproterozoic, following the closure of
the Palaco-Huanan Ocean, the Cathaysia Block collided
with the Yangtze Block to form part of the Rodinia

0.5132

DMM ® AOC Fluid
MORB melt

0.5130

0.5128

0.5126

144Nd/143Ndl

0.5124

0.5122

0.5120

05118I L 1 1 1 1 1 1 9!
0.700 0.702 0.704 0.706 0.708 0.710 0.712 0.714 0.716

'Sr/*Sr,

Figure 11. (87Sr/86Sr),~ versus (143Nd/144Nd),- diagram of
mafic dikes from the Gan-Hang tectonic belt (GHTB), South
China. Symbols are as in Figure 3. Further information is listed in
Table 4.

supercontinent (Li et al. 2002). This was followed by the
breakup of Rodinia, during which time the Cathaysian
Block split into several sub-blocks, with rifts or sea chan-
nels developing between them (Shu 2006). Subsequently,
intense collisions occurred along the Jiangshan—Shaoxing
Fault as the GHTB prototype (Zhou and Zhu 1993), which
led to the incorporation of old crustal material into mantle
(resulting in mantle enrichment). As such, the regional
geochemical variations observed across SE China may
reflect differences between individual tectonic basements
(Deng et al. 2002).

Tectonic processes and their significance in the GHTB

Many researchers have noted the lithospheric thinning
and large-scale late Mesozoic mineralization that occurred
across South China (Hua ef al. 2005; Hu et al. 2008), but
magmatic activity and tectonic constraints are still largely
overlooked in large-scale tectonic reconstructions of the
South China area. In fact, this study area may represent
an ancient rift zone, as geochemical characteristics support
a rifting origin (e.g. NaO/K,O ratios range from 0.45 to
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Figure 12. Proposed model for the formation of the Gan-Hang tectonic belt (GHTB) mafic dikes and other rocks via progressive
hybridism of foundered lower crust since the pre-Jurassic in the South China area. (A) Collision of the Yangtze and Cathaysia blocks during
the Indosinian Orogeny caused crustal thickening. (B) Due to its higher density (relative to peridotite), eclogitized thickened lower crust
foundered into the lithospheric mantle in the Early Jurassic, inducing the upwelling of hot asthenosphere. During this time, adakitic rocks
and Cu—(Au) mineralization formed at Dexing, and mafic dikes of the GHTB were emplaced (Wang et al. 2006). (C) Decompressional
melting of the hybridized lithospheric mantle produced ‘pristine’ basaltic melts, followed by extensive volcanism throughout the area,
uranium mineralization, and the formation of mafic dikes. In addition, partial melting of residual ecologitic lower crust produced the
younger adakitic volcanic rocks of Pujiang (135-126 Ma; Qin et al. 2006).

6.05, and areas with elevated Na; O/K;O ratios are located
in the axis of the belt). Thompson and Gibson (1994)
confirmed that a mafic, ultrapotassic component that pro-
vides a distinctive input to magmas from a lithospheric
source appears to be largely feasible at temperatures well
below the dry solidus of subcontinental lithospheric mantle
(SCLM). This would promote melting and magma produc-
tion in the flanks of the rift zone, due to localized upwelling
of Na-rich asthenosphere along the rift axis, which in turn
causes melting at shallow depths. Hence, the magmatic
activity would have been affected by both asthenospheric
and lithospheric mantle along the axis and the flanks of
the rift zone. This relationship is clearly reflected in ¢éNd,
values and in the typical elemental and isotopic ratios
of the studied mafic rocks (i.e. Ba/Nb=17.8-199.1 and
La/Ta=19.1-106.9, as compared with primitive man-
tle values of Ba/Nb=9.8 and La/Ta=16.8; Sun and
McDonough 1989). In conclusion, the potential sources of
mafic magmas in rift zones are thinned SCLM, the convect-
ing mantle beneath the continental plate, or mixtures of the
two (Thompson and Gibson 1994). Variability in source
region composition is controlled mainly by the level of
enrichment; consequently, melt compositions are governed
by the interaction between homogeneous asthenospheric
mantle, lithosphere, and lower crust. Therefore, fault activ-
ity within the tectonic belt may play a more important

role than initially expected in terms of controlling the melt
composition.

On the basis of this study, magma production may
be a function of three constraints: addition of H,O =+
CO;j-rich fluid (produced via metasomatism and carried
through fracture systems), decompression melting (deep
faults can effectively reduce geological stress in an exten-
sional environment), and increase in mantle temperature
(asthenospheric upwelling). During delamination, and with
the addition of lower crust, partial melting can release a
certain amount of fluid, thereby promoting melting. In addi-
tion, large-scale extension over a short period can cause
mantle decompression, modifying the geothermal gradient
and resulting in partial melting of the lithosphere.

Our data and the related discussion, in combination
with the results of previous studies, have culminated in
the following genetic model of GHTB that involves three
stages (pre-Jurassic, Jurassic, and Cretaceous; Figure 12).
During the pre-Jurassic, there existed a thick lower crust
that was the result of the Indosinian Collision between
the Yangtze and the Cathaysia blocks. Subsequently (in
the Early Jurassic), as a result of its higher density
(relative to peridotite), this eclogitized lower thickened
crust foundered into the lithospheric mantle, inducing
upwelling of hot asthenosphere. At this time, adakitic rocks
and Cu—(Au) mineralization occurred at Dexing, and the
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GHTB mafic dikes were emplaced (Wang et al. 2000).
Lithospheric extension then continued gradually, resulting
in thinning of the GHTB lithosphere and further astheno-
spheric upwelling. Lower crustal materials then foundered
into the lithospheric mantle, before participating in the for-
mation of magma via melting of silica-saturated eclogites.
Subsequent decompressional melting of these hybridized
lithospheric mantle products resulted in the eruption of
‘near-pristine’ basaltic melts to form large volcanoes.
Uranium mineralization and the emplacement of mafic
intrusions and dikes also resulted from this basaltic magma.
In addition, partial melting of residual eclogitic lower crust
produced the adakitic volcanic rocks found at Pujiang
(135-126 Ma; Qin et al. 2006).

Conclusions

Based on primary geochronologic, geochemical, and Sr—
Nd-Pb isotopic studies of the sampled GHTB mafic dikes,
we draw the following conclusions:

(1) Primary radiometric dating demonstrates that the
mafic dikes were intruded during the Cretaceous
(131-69 Ma). They are all enriched in LREEs and
LILEs (Rb, Ba, and Pb), depleted in HFSEs (Nb,
Ta, and Ti), and show a wide range of Eu/Eu*
values.

(2) The mafic dikes display a wide range of 37Sr/80Sr;
(0.704098-0.711026), *3Nd/'*Nd; (0.511951—
0.512758), eNd, (-10.4 to +5.6), and Pb isotopic
ratios, suggesting their origin from a mantle source
that varied from a depleted to an enriched compo-
sition, and that was hybridized by foundered lower
crust. Subsequent fractionation of olivine, clinopy-
roxene, plagioclase, and ilmenite or rutile resulted
in the generation and emplacement of mafic dikes
with negligible crustal contamination.

(3) Lithospheric  thinning and  asthenospheric
upwelling occurred beneath the GHTB during
the Cretaceous (131-69 Ma) and was related to
foundering of the lower crust.

(4) Fault reactivation and structural constraints within
the GHTB played an important role in magmatic
evolution and should be the focus of further study.
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