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WidespreadMesozoic granitoids in the Cathaysia Block of South China are associatedwith intensive reworking of
the lower crust as a result of magma underplating. This inference is based mainly on studies of mafic igneous
rocks, whereas there is little evidence from lower-crustal rocks. Lower-crustal xenoliths in Mesozoic basalts in
the Daoxian regionwithin the Cathaysia Blockmight record information on the relationship betweenmagma un-
derplating and remelting of the pre-existing crust beneath the block. The xenoliths are mainly mafic granulites,
withminor felsic granulites. Themafic granulites have low SiO2 contents (47.22–49.46wt%) andhighMg#values
(77.8–82.4), suggesting that their protoliths were derived from a mantle source. The felsic granulite xenoliths
have high SiO2 (69.56–70.27 wt%) and low MgO (1.63–2.50 wt%) contents, and zircons in these xenoliths yield
negative εHf(t) values (−6.1 to −12.6) and high δ18O values (6.8–7.6‰), consistent with a crustal source. Both
mafic and felsic granulite xenoliths record magmatic (226–218 Ma) and metamorphic (218–193 Ma) events,
suggesting a genetic link between mafic and felsic rocks in the lower crust. We propose that the magma under-
plating was responsible for the origin of the mafic granulites and partial melting of pre-existing lower crust, as
recorded by the felsic xenoliths. The granulite xenoliths also contain abundant inherited zircons that formed dur-
ing the Archean–Neoproterozoic (2584–659 Ma), early Paleozoic (peaking at ca. 425 Ma), and late Paleozoic
(peaking at ca. 261 Ma). Zircons from the Daoxian granulite xenoliths have distinct Hf\\O isotopic compositions
that record the multistage evolution of the lower crust beneath the Cathaysia Block. This evolution involved the
accretion of juvenile crust during the late Archean (εHf(t) =+4.2 to +4.6) and late Paleozoic (εHf(t) =+1.3 to
+5.3; δ18O = 5.8–6.2‰), crustal reworking during the Neoproterozoic (εHf(t) = −7.5 to −11.8; δ18O =
5.1–9.5‰) and early Paleozoic (εHf(t) =−0.5 to−2.2; δ18O = 7.3–7.5‰), and crustal accretion with significant
reworking during the earlyMesozoic (εHf(t)=−19.2 to+5.9; δ18O=6.8–7.6‰). The U\\Pb ages and Hf\\O iso-
topic data of zircons from the Daoxian granulite xenoliths are consistent with the distribution of Phanerozoic ig-
neous rocks in the Cathaysia Block. These data support the inference that Mesozoic magma underplating
triggered the remelting of pre-existing crustal materials and produced extensive granitoid magmatism.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Underplating by mantle-derived magma is a key mechanism of
lower continental crustal growth (Fyfe, 1992; Rudnick, 1995). Granulite
xenoliths record this process because they represent samples of in situ
lower crust with a range of ages and origins (e.g., Downes et al., 2007;
Moyen et al., 2017; Zheng et al., 2009). Except for fragments of ancient
lower crust and the residues after remelting (Jiang et al., 2011; Jiang and
Guo, 2010), most mafic granulite xenoliths accumulated in the lower
crust through magma underplating and subsequently underwent
granulite facies metamorphism during the Phanerozoic (e.g., Downes
et al., 2007; Fan et al., 2005; Huang et al., 2001; Liu et al., 2010; Zhou
et al., 2002). Younger felsic granulite xenoliths, on the other hand, are
generally interpreted as being partial-melting products of pre-existing
lower crust (Jiang et al., 2011; Wei et al., 2015). Magma underplating
usually results in the formation of a juvenile crust represented by
mafic granulite xenoliths, which may be distinctly younger than granu-
lite terrains (e.g., Downes et al., 2007; Huang et al., 2004; Zheng et al.,
2009). Meanwhile, magma underplating frequently induces remelting
and even differentiation of the lower crust (Fountain, 1989; Ma et al.,
2012; Thybo and Artemieva, 2013). Hence granulite xenoliths record
the genetic relationship between mantle-derived magma underplating
and remelting of the lower crust.
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Previous studies have proposed that the widespreadMesozoic gran-
itoids in the Cathaysia Block resulted from partial melting of the
middle–lower crust (e.g., Gao et al., 2017; Wang et al., 2007, 2011;
Zhou et al., 2006) and that underplating by mantle-derived magma
might provide necessary heat andmaterial for the granitoidmagmatism
(Li et al., 2009; Zhou and Li, 2000). In contrast, the Cathaysia Block con-
tains scare Mesozoic mantle-derived rocks, including mafic granulite
xenoliths, basalts, gabbros, and mafic microgranular enclaves (MMEs)
in felsic igneous rocks. Previous studies have reported that the origin
of granulite xenoliths carried by Cenozoic or Mesozoic basalts in the
southeastern part of the Cathaysia Block was related to magma under-
plating involving variable amounts of crustal material (e.g., Dai et al.,
2008; Huang et al., 2013a; Li et al., 2018; Xu et al., 1999; Yu et al.,
2003a). Therefore, a detailed study of the granulite xenoliths is crucial
to understanding the connection between magma underplating and
remelting of pre-existing crust. Such study, when combined with geo-
chronological and geochemical data for the Phanerozoic granitoids in
the Cathaysia Block, would provide valuable insights into the accretion
and reworking history of the lower crust.

The early Mesozoic basalts in the Daoxian County, Cathaysia Block
(Fig. 1), contain abundant mantle and lower-crustal xenoliths
(e.g., Dai et al., 2008; Li et al., 2018; Zheng et al., 2004). These xenoliths
yield ages from Archean to Mesozoic (Dai et al., 2008; Li et al., 2018),
andmay record thermal events contemporaneous with the widespread
Paleozoic–Mesozoic granitoidmagmatism in the Cathaysia Block. In this
paper, we presentwhole-rockmajor element contents and in situ zircon
U\\Pb ages and Hf\\O isotopic compositions of the Daoxian granulite
xenoliths，with aims to determine the Phanerozoic evolution of the
Fig. 1. Simplified geological map of the South China Block (modified fromWang et al., 2011; Z
et al., 2017; Jiang et al., 2015; Wang et al., 2013, 2015; Yao et al., 2012; Zhang et al., 2015; Zho
lower crust beneath the Cathaysia Block, which might improve our un-
derstanding of the genetic relationship between magma underplating
and remelting of the lower crust.
2. Geological background and sampling

The South China Block includes the Yangtze Craton to the northwest
and the Cathaysia Block to the southeast (Fig. 1). The basement of the
Yangtze Craton contains mainly widespread Archean–Paleoproterozoic
rocks (e.g., Xiang et al., 2018; Zhao and Cawood, 2012; Zheng et al.,
2006) covered by Neoproterozoic igneous and sedimentary rocks, and
Paleozoic and lower Mesozoic strata (e.g., Chen et al., 2018; Yan et al.,
2003; Zhao et al., 2018). In the Cathaysia Block, the oldest exposed
rocks are Paleoproterozoic, but detrital and xenocrystic zircon ages
(3.7–2.5 Ga) suggest crustal growth during the Archean (e.g., Li et al.,
1989; Xu et al., 2007; Zheng et al., 2011). The basement of the Cathaysia
Block ismainlyNeoproterozoic rocks coveredbyearly Paleozoic deposits
(Li et al., 2010; Wan et al., 2010; Yu et al., 2010). The Cathaysia Block
records intensive and widespread felsic magmatism with peak periods
during the Caledonian (early Paleozoic), Indosinian (Triassic), and
Yanshanian (Jurassic–Cretaceous) (e.g., Li et al., 2003; Li and Li, 2007;
Shu et al., 2015; Wang et al., 2011, 2013; Zhou et al., 2006). In contrast,
outcrops of contemporaneous basalts and intrusive mafic rocks are
scarce in the Cathaysia Block.

Basalts in the Daoxian region (40Ar\\39Ar plateau age of
154–149 Ma; Li et al., 2004) were erupted close to the suture zone be-
tween the Yangtze Craton and the Cathaysia Block. The basaltic lavas
hou et al., 2006) showing the locations of the reported mafic rocks (Chen et al., 2007; Gan
ng et al., 2013).
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carried abundant mantle and lower-crustal xenoliths (e.g., Dai et al.,
2008; Li et al., 2018; Zheng et al., 2004). Petrographic observation and
pressure-temperature estimates suggest thatmost of the Daoxian gran-
ulite xenoliths accumulated in the lower crust (Dai et al., 2008; Li et al.,
2018). Thus, these xenoliths might provide information on the evolu-
tion of the lower crust beneath the Cathaysia Block.

Samples collected for this study include 11 mafic and 2 felsic granu-
lite xenolithswith a range of shapes and sizes, 5–20 cm in diameter. The
mafic xenoliths comprise mainly two-pyroxene granulites and one
composite sample (DHZ16). They contain clinopyroxene (20–40%),
orthopyroxene (15–35%), and plagioclase (20–50%) as primary mineral
phases (Fig. 2a). Spinels (<5%) occur as a vermicular exsolution phase
(Fig. 2b) and as inclusions within the pyroxenes or along their grain
boundaries. Some samples contain minor (<1%) olivine, amphibolite,
and rutile. The two-pyroxene granulite samples are medium-grained
and display a granoblastic texture defined by plagioclase and pyroxene
with triple junction grain boundaries. The composite sample DHZ16 has
a granoblastic texture similar to that of the two-pyroxene granulite
samples and displays a partially preserved ophitic texture.
Clinopyroxene and plagioclase crystals that define the ophitic texture
are tabular, 1–2 mm long, and <1 mmwide, and might represent relict
crystals of a metamorphic event (Fig. 2c). The felsic granulite samples
are medium–coarse-grained and display a granoblastic texture defined
by plagioclase and pyroxene with triple junction grain boundaries
(Fig. 2d). They comprise mainly plagioclase (60–80%) and lesser
amounts of clinopyroxene (10–20%) and orthopyroxene (10–20%). Pla-
gioclase grains are larger than pyroxene grains. Previous studies have
reported that mafic xenoliths have high Mg# values, and are enriched
in LREE and depleted in HFSE (Dai et al., 2008; Li et al., 2018). Further-
more, thewhole-rock Sr\\Nd isotopic compositions of themafic granu-
lite xenoliths suggest that their source was derived from the mixing of
Fig. 2. Photomicrographs of the Daoxian granulite xenoliths: (a) mafic granulite (cross-polariz
granulite (plane-polarized light); (d) triple junction of plagioclase in felsic granulite (cross-pol
depleted mantle end-member and enriched end-member such as
lower crustal component.

3. Analytical methods

The whole-rock major element compositions were analyzed using
the Shimadzu XRF-1800 sequential X-ray fluorescence spectrometer at
China University of Geosciences (Wuhan). The instrument model and
operating conditions are given in Ma et al. (2012). The USGS standard
BHVO-2 and Chinese national standard GSR-1 were used to monitor
the data quality and the analytical uncertainties are better than 3%.

In-situ zircon U\\Pb ages and Hf\\O isotopic compositions were
measured at State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences.
Cathodoluminescence (CL) images of the zircons were obtained using
field emission scanning electron microscopy (Supra 55 Sapphire) to
characterize the internal structures. ZirconU\\Pb datingwas performed
on a Cameca IMS-1280HR ionmicroprobe following the procedures of Li
et al. (2009). An O2

− primary ion beam with an intensity of 10 nA was
accelerated at 13 kV, and the ellipsoidal spot was approximately
20 × 30 μm2. Positive secondary ions with a 10 kV potential were ex-
tracted. Correction of the Pb/U fractionation was based on an observed
linear relationship between ln(206Pb/238U) and ln(238U16O2/238U). The
measured compositions were corrected for common Pb. Plešovice zir-
con was used as an external standard, and Qinghu zircon was used as
the unknown to monitor the data quality of the U\\Pb dating. To test
the zircon O isotopes, a Cs+ primary ion beam with an intensity of
~2–3 nA was accelerated at 10 kV. The spot was approximately 20 μm
in diameter. The operating conditions, analytical procedure, data cali-
bration and monitoring are described in detail by Yang et al. (2018).
The zircon Lu\\Hf isotopes were analyzed by multiple-collector
ed light); (b) spinel inclusions in mafic granulite (BSE); (c) relict ophitic texture in mafic
arized light). Cpx, clinopyroxene; Opx, orthopyroxene; Pl, plagioclase; Sp, spinel.
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inductively coupled plasma mass spectrometry (Neptune Plus) and a
RESOlution M-50193 nm laser ablation system. The zircon standard
Penglai was used to monitor the measurement procedures and data
quality.

4. Results

The major-element compositions of the Daoxian granulite xenoliths
and their zircon U\\Pb ages and Hf\\O isotopic compositions are pro-
vided in Supplementary Tables S1–S3.

4.1. Whole-rock major elements

The mafic granulite samples have low SiO2 (47.22–49.46 wt%)
and alkali (Na2O + K2O = 1.86–3.54 wt%) contents, and high
Al2O3 (15.43–21.41 wt%), TFe2O3 (4.21–6.72 wt%), and MgO
(8.60–13.70 wt%) contents; their Mg# values are high at 77.8–82.4
(Supplementary Table S1). The two felsic granulite samples have high
SiO2 (69.56–70.27 wt%), Al2O3 (13.00–14.22 wt%), and alkali
(Na2O + K2O = 6.38–8.69 wt%) contents and low TFe2O3

(1.83–3.18 wt%) and MgO (1.63–2.50 wt%) contents. Their Mg# values
(60.9–63.8) are lower than those of the mafic granulite samples.

4.2. Zircon U\\Pb ages and Hf\\O isotopes

4.2.1. Mafic granulite sample DHZ14
Zircons from the mafic granulite DHZ14 occur as anhedral grains

with round to elongate shapes. In CL images, they show oscillatory zon-
ing (Fig. 3a), indicating a magmatic origin. Twenty-nine U\\Pb analyses
of 25 zircons indicate highly variable U (25–411 ppm) and Th
(6–400 ppm) contents with Th/U ratios of 0.02–1.12 (Supplementary
Table S2). Cores and rims were analyzed in four zircons (spots 5, 8, 17
and 19), yielding similar U\\Pb ages (Supplementary Table S2). All zir-
cons have 207Pb/206Pb or 206Pb/238U ages of 1191 ± 35 to 216 ± 4 Ma,
and some show discordant data (Fig. 4a). Spots 19r, 49, 20 and 45 on
concordant zircons yield 206Pb/238U ages of 750 ± 11, 685 ± 10,
659 ± 9 Ma and 358 ± 6 Ma, respectively. The remaining concordant
zircons can be divided into three clusters, with weighted mean
206Pb/238U ages of 425 ± 6 Ma (MSWD = 1.2, n = 4), 261 ± 3 Ma
(MSWD= 0.96, n = 7), and 218 ± 4 Ma (MSWD = 0.25, n = 3). Six-
teen in situ O isotopic analyses were performed on 13 zircons. The
δ18O values of late Paleozoic zircons and one late Triassic zircon
(5.8–6.2‰) are lower than those of early Paleozoic zircons
(7.3–7.5‰), whereas Neoproterozoic–Mesoproterozoic zircons yield
variable δ18O values (5.1–9.5‰; Supplementary Table S3). Sixteen in
situ Hf isotopic analyses were performed on the same sites as those an-
alyzed for U\\Pb dating. The zircons have variable 176Hf/177Hf ratios of
0.281849–0.282766, corresponding to εHf(t) values of −19.2 to +6.8
(Supplementary Table S3). Late Triassic zircons have negative εHf(t)
values of −4.8 to −19.2; while late Paleozoic zircons have positive εHf
(t) values of +1.3 to +5.3, except for one zircon grain with an age of
358 ± 6 Ma and an εHf(t) value of −15.3 (Supplementary Table S3).
Most early Paleozoic zircons exhibit negative εHf(t) values of −0.5 to
−2.2, except for one analysis (spot 46) with a high εHf(t) value of
+6.8. Neoproterozoic–Mesoproterozoic zircons yield negative εHf(t)
values of −7.5 to −11.8.

4.2.2. Mafic granulite sample DHZ16
Zircons from the mafic granulite DHZ16 occur as anhedral grains.

One zircon displays weak oscillatory zoning, while the others display
uniform internal structures (Fig. 3b). Seven U–Pb–O isotopic analyses
were performed on six zircons and five Hf isotopic testswere conducted
on the same sites for U\\Pb dating. The zircons have a wide range of Th
(13–657 ppm) and U (14–874 ppm) contents with Th/U ratios of
0.27–0.90 (Supplementary Table S2). Three old discordant analyses
(spots 3, 7r and 9) yield a range of 207Pb/206Pb apparent ages from
2272 ± 10 Ma to 2442 ± 20 Ma, whereas old concordant zircon analy-
ses (spots 7c and 5) yield similar 207Pb/206Pb apparent ages of 2584 ±
14 and 2568 ± 13 Ma but very different δ18O values of 4.7‰ and
8.1‰. The old zircons (spots 5, 7c and 9) exhibit positive εHf(t) values
of +0.6 to +4.6. In contrast, two young concordant zircons (spots 2
and 1) yield different 206Pb/238U apparent ages of 275 ± 4 and 221 ±
3 Ma (Fig. 4b), similar δ18O values of 5.9‰ and 6.2‰, and negative εHf
(t) values of −12.4 and − 1.8, respectively (Supplementary Table S3).

4.2.3. Mafic granulite sample DHZ17
Zircons from the mafic granulite DHZ17 occur as anhedral grains.

Their CL images exhibit well-developed oscillatory zoning as well as
fir-tree zoning structures (Fig. 3c). Eighteen U–Pb–O analyses were per-
formed on 16 zircons. They have highly variable U (114–1044 ppm) and
Th (51–715 ppm) contents, with Th/U ratios of 0.29–0.69 (Supplemen-
tary Table S2). Analyses of the rim and core of the same zircon gave sim-
ilar results within errors. Seventeen analyses define a cluster with a
weighted mean 206Pb/238U age of 207 ± 3 Ma (MSWD = 2.9). Spot 5
yields a younger 206Pb/238U age of 193 ± 3 Ma (Fig. 4c). The analyzed
zircons display slightly variable δ18O values of 6.5–7.6‰ (Fig. 5a). In
situ Hf isotopic analyses, performed on the same spots as U–Pb–O anal-
yses, yield high 176Hf/177Hf ratios of 0.282658–0.282823, with corre-
sponding positive εHf(t) values of +0.5 to +5.9 (Supplementary
Table S3).

4.2.4. Felsic granulite sample DHZ19
Most zircons from the felsic granulite DHZ19 are anhedral and have

cores and rims with either oscillatory or sector zoning (Fig. 3d). Most
rims lack zoning, except for a few that exhibit irregular concentric zon-
ing (Fig. 3d). Seventeen U–Pb–O isotopic analyses were performed on
12 zircons. They have highly variable Th (148–1483 ppm) and U
(779–3719 ppm) contents with Th/U ratios of 0.06–0.53. Analyses of
sector-zoned cores and rims without evident zoning yield 206Pb/238U
apparent ages of 196± 3 to 226± 3Ma; eight analyses define a cluster
with a weighted mean 206Pb/238U age of 212 ± 2 Ma (MSWD = 0.91)
(Fig. 4d). Analyses of oscillatory-zoned cores, on the other hand, yield
206Pb/238U apparent ages of 362± 5 to 429± 6Ma (Supplementary Ta-
ble S2, Fig. 4d). The analyzed zircons have relatively high δ18O values of
6.8–7.6‰ (Supplementary Table S3). Nine in situ Hf isotopic analyses
were performed on eight zircons on the same spots as U–Pb–O analyses.
The analyzed zircons display low 176Hf/177Hf ratios of
0.282252–0.282442, with corresponding negative εHf(t) values of
−6.1 to −12.6 (Supplementary Table S3; Fig. 5b, c).

5. Discussion

5.1. Formation and metamorphism of the Daoxian granulite xenoliths

Granulite xenoliths have been interpreted as being fragments of an-
cient lower crust, residues of crustal remelting,metamorphic cumulates
derived from underplated melts, and metamorphic felsic rocks derived
from partial melting of a pre-existing lower crust (Downes et al.,
2007; Fan et al., 2005; Huang et al., 2001, 2004, 2013a; Jiang et al.,
2011; Jiang and Guo, 2010; Liu et al., 2010; Wei et al., 2015; Zhou
et al., 2002). The analyzed mafic granulite xenoliths have low SiO2

(47.22–49.46 wt%) and high MgO (8.60–13.70 wt%) contents, suggest-
ing that they originated from mantle-derived melts (Fig. 6). In the
Mg# versus SiO2/Al2O3 diagram (Fig. 6a), the Daoxian mafic granulite
xenoliths display a tendency toward plagioclase accumulation, with
higher Mg# values than the Hannuoba mafic granulite xenoliths,
which are related to underplating of mafic melts (e.g., Fan et al., 2005;
Kempton and Harmon, 1992; Liu et al., 2001; Zheng et al., 2009). Meso-
zoic zircons from the Daoxian mafic granulite xenoliths have variable
εHf(t) values mainly in the range of −4.8 to +5.9, except for two ex-
treme negative values of −17.3 and −19.2 (Fig. 5c). They all plot



Fig. 3. Representative cathodoluminescence images of zircons from the Daoxian granulite xenoliths.
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between the evolution lines of depletedmantle and average lower crust
at 2.5 Ga (Fig. 5b). Furthermore, δ18O values of these zircons (5.9–7.6‰)
are higher than those of mantle-derived zircons (5.3 ± 0.3‰; Valley
et al., 2005) but much lower than those of contemporaneous granitoids
in the Cathaysia Block (Fig. 5a). Such zircon Hf\\O isotopic composi-
tions suggest that the protolith of Daoxian mafic granulite xenoliths
was magmatic cumulates derived from a mantle source with variable
contributions from crustal materials. This inference is consistent with
mingling process related to magma underplating.

The youngest concordant ages (221–218 Ma) obtained from
oscillatory-zoned zircons in mafic granulite samples DHZ14 and
DHZ16 (Fig. 4a, b) represent the crystallization ages of their protoliths.
In contrast, the fir-tree zoning structures of the zircons from the mafic
granulite sample DHZ17 are the result of high-grade metamorphism
with a weighted mean 206Pb/238U age of 207 ± 3 Ma. Furthermore,
U\\Pb ages of magmatic zircons from sample DHZ17 are indistinguish-
able from those ofmetamorphic zircons (Fig. 4c). Such overlap between
magmatic and metamorphic ages suggests that the metamorphic event
occurred immediately after magma underplating.
The analyzed felsic granulite xenoliths have high SiO2 and low MgO
contents (Fig. 6b), probably as a result of partial melting of crustal ma-
terials. Mesozoic zircons from the felsic granulite sample DHZ19 yield
negative εHf(t) values (−7.3 to −12.6), which suggests a protolith of
mainly old crustal materials, with a minor contribution from juvenile
components (Fig. 5d). Moreover, the felsic granulite xenolith with low
εNd(t) value (−11.4) and high initial 87Sr/86Sr ratio (0.7296) (Li et al.,
2018) is very similar to the basement of South China. This resemblance
indicates that felsic granulite might represent remelting product of old
pre-existing crust. Mesozoic zircons from the felsic sample DHZ19
yield relatively constant εHf(t) values compared with those from mafic
xenoliths (Fig. 5c), suggesting that the protolith of felsic granulites
was derived from partial melting of crustal source rather than being a
result of mingling processes.

Magma underplating usually results in the formation of juvenile
crust and frequently induces the remelting of pre-existing lower crust
(Downes et al., 1990, 1991; Fountain, 1989; Kempton et al., 1990; Ma
et al., 2012; Thybo and Artemieva, 2013). Our data support these pro-
cesses, as shown by some zircon U\\Pb ages from the felsic granulite



Fig. 4. U\\Pb concordia diagrams of zircons from the Daoxian granulite xenoliths.
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sample DHZ19 identical to those from mafic granulite samples. Spot 12
on the oscillatory-zoned core of a zircon from sample DHZ19 yields a
206Pb/238U age of 226 ± 3 Ma, whereas metamorphic zircons from the
same sample yield 206Pb/238U ages of 218–196 Ma (Fig. 4d). These
U\\Pb ages are similar to those of crystallization (221–218 Ma) and
metamorphism (218–193 Ma) recorded in the mafic granulite samples
(Supplementary Table S2). Therefore, theDaoxianmafic and felsic gran-
ulite xenoliths are temporally associated, and both experienced succes-
sive events of magmatism and metamorphism. Although, the protolith
of mafic granulites was derived from a mantle source, the protolith of
felsic granulites was derived from the remelting of pre-existing lower
crust.
5.2. Crustal accretion and reworking beneath the Cathaysia Block recorded
by the Daoxian granulite xenoliths

Previous studies have shown that the Daoxian granulite xenoliths
were transported from the lower crust by Mesozoic basalts (Li et al.,
2004, 2018). Zircon U\\Pb ages and Hf isotopic compositions obtained
in this study, and data compiled from previous studies (Dai et al.,
2008; Kong et al., 2016; Li et al., 2018), reveal that the xenoliths have
an extremely complicated geochronology, which might provide infor-
mation directly concerning the accretion and reworking history of the
lower crust beneath the Cathaysia Block. The histogram of the zircon
U\\Pb ages from the granulite xenoliths indicates a wide range of ages
(3126–193 Ma) with a degree of concordance of ≥90%, a significant
peak at ca. 220 Ma and several small peaks during the Archean to the
late Paleozoic (Fig. 7), indicating multistage accretion and reworking
of the lower crust beneath the Cathaysia Block.
5.2.1. Late Archean juvenile crustal accretion
Due to the absence of Archean rocks, the ancient crustal materials in

the Cathaysia Block have been debated for decades. However, U\\Pb
ages of the xenocrystic, inherited and detrital zircons, zircon Hf model
ages, and whole-rock Nd model ages of some Phanerozoic rocks provide
essential insights into the Archean basement (e.g., Chen and Jahn, 1998;
Wan et al., 2007, 2010; Xu et al., 2007; Yu et al., 2010, 2012; Zheng
et al., 2011). Archean geochronological data suggests that the Cathaysia
Block underwent major episodes of crustal accretion at 2.8 and
2.6–2.5 Ga and minor episodes at 3.7–3.6 and 3.5–3.3 Ga, with crustal
reworking occurring at 3.3–3.0 Ga (Yu et al., 2012). The mafic granulite
xenoliths and their host basalts in the Daoxian region contain xenocrystic
zircons that record late ArcheanU\\Pb ages of 2.6–2.5Ga (Dai et al., 2008;
Li et al., 2018) and depleted Hf isotopic compositions (εHf(t) = +0.6 to
+4.6; Fig. 5b). Furthermore, depleted whole-rock Sr\\Nd isotopic com-
positions have been reported for a late Archean mafic granulite xenolith
(sample HZY09–37 in Li et al., 2018). Together, these data indicate accre-
tion of juvenile crustalmaterial beneath the Cathaysia Block at 2.6–2.5 Ga.

5.2.2. Proterozoic crustal reworking
Based on Precambrian detrital zircon U\\Pb ages and Hf isotopic

compositions, Li et al. (2014) proposed that accretion of juvenile crustal
material beneath the Cathaysia Block occurred during the Paleo- to
Mesoproterozoic crustal accretion (at ca. 1.85 and ca. 1.0 Ga, respec-
tively) and that crustal reworking occurred during the Neoproterozoic.
Zircons with Neoproterozoic ages (1191–659 Ma) are also reported in
this study (Fig. 4) andmight be related to the Neoproterozoic basement
beneath the Cathaysia Block (e.g., Li et al., 2010; Shu et al., 2011; Wan
et al., 2007, 2010). Additionally, analyzed Neoproterozoic zircons have
sub-chondritic Hf isotopic compositions, old Hf model ages (up to



Fig. 5. Plots of (a) zircon δ18O values versus U\\Pb ages; (b, c) zircon εHf(t) values versus U\\Pb ages; and (d)Mesozoic zircon δ18O versus εHf(t) values. Zircon Hf\\O isotopic data are from
this study, Dai et al. (2008), Kong et al. (2016), Li et al. (2018) and references listed in the Supplementary Information. The dotted lines in (d) denotemixing trends between the depleted
mantle- and lower-crust-derivedmagmas. Hfpm/Hflc is the ratio of theHf concentrations of a parentalmantlemagma (pm) and a lower crustalmelt (lc), with the small open circles on the
curves representing 10% mixing increments. The mantle is assumed to have a zircon εHf(t) value of +16 (represented by a Daoxian mafic granulite xenolith from Dai et al. (2008)) and a
δ18O value of 5.3‰ (Valley et al., 2005),while the zircon from the lower crust has an εHf(t) value of−20 (based on themafic granulite DHZ14) and a δ18O value of 9‰ (approximate average
value of the Indosinian I-type granites in the Cathaysia Block).
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2.5 Ga), and high δ18O values (5.1–9.5‰) (Fig. 5b; Supplementary Ta-
ble S3), indicating that crustal reworking rather than juvenile crustal
generation was the primary process of crustal evolution beneath the
Cathaysia Block during the Neoproterozoic. Crustal reworking might
also have involved the recycling of Archean crustal materials.

5.2.3. Early Paleozoic crustal reworking and late Paleozoic crustal accretion
Paleozoic zircons from the Daoxian granulite xenoliths exhibit two

clusters with 206Pb/238U ages of 425 ± 6 and 261 ± 3 Ma (Fig. 4a). Some
early Paleozoic zircons yield relatively high εHf(t) values of up to+6.8, in-
dicating the involvement of juvenile crustal materials. However, the rela-
tively low εHf(t) values of most early Paleozoic zircons (−6.1 to −2.2;
Fig. 6. Plots of (a) Mg# versus SiO2/Al2O3 and (b) MgO versus SiO2 for the Daoxian granulite xe
(2005), Huang et al. (2001), Jiang and Guo (2010), Jiang et al. (2011), Liu et al. (2001, 2005, 201
partial melting of crustal rocks are from Gao et al. (2016).
Fig. 5c) imply a contribution from recycled crustal materials, as further
supported by the relatively high zircon δ18O values (7.0–7.5‰; Fig. 5a).
Moreover, the early Paleozoic igneous rocks in the Cathaysia Block are
mainly peraluminous S-type granites, with subordinate I-type granites
and scarce mafic rocks (Huang et al., 2013b;Shu et al., 2015; Wang et al.,
2007, 2011; Yu et al., 2018), indicating significant contributions from
remelting of crustal materials. Most of the S-type granites were derived
from partial melting of the Proterozoic crustal basement without signifi-
cant input from juvenile materials (Shu et al., 2015; Wang et al., 2007,
2011; Yu et al., 2018). I-type granites, on the other hand, were derived
from partial melting of the middle–lower crust, with minor involvement
of mantle materials (Huang et al., 2013b; Yu et al., 2018).
noliths. Data for the Hannuoba xenoliths are shown for comparison and are from Fan et al.
0), Zhang et al. (1998), and Zheng et al. (2009). Data for experimental melts produced by



8 Y. Wei et al. / Lithos 368–369 (2020) 105596
In general, there is insufficient evidence to support the involvement
of mantle-derived melts in crustal reworking processes beneath the
Cathaysia Block during the early Paleozoic, except for the rare occur-
rence of gabbros, basalts, and MMEs (Wang et al., 2013; Xu and Xu,
2015; Yao et al., 2012; Zhang et al., 2015). In contrast, late Paleozoic
(ca. 261Ma) zircons from the Daoxian granulite xenoliths yield positive
εHf(t) values (+1.3 to +5.3) and relatively low zircon δ18O values
(5.8–6.2‰), indicating a significant input of mantle-derived magmas.
However, only a few outcrops of coeval igneous rocks, such as the Hai-
nan Island shoshonitic intrusions (ca. 270 Ma) and I-type granites
(262–269 Ma), occur in the Cathaysia Block (e.g., Li et al., 2006; Xie
et al., 2006). The paucity of late Paleozoic magmatism in the Cathaysia
Block indicates an overall quiescent period for crustal evolution (Xu
et al., 1999). Summarizing, crustal reworkingwas the dominant process
during the Paleozoic in the Cathaysia Block, while an input of mantle-
derived magmas took place during the late Paleozoic.

5.2.4. Mesozoic crustal accretion and reworking
The late Triassic to early Jurassic zircons (226–193 Ma) from the

Daoxian granulite xenoliths record their crystallization andmetamorphic
ages, and yield variable εHf(t) values (−19.2 to +5.9) and high δ18O
values (6.8–7.6‰) (Fig. 5a, c). The positive zircon εHf(t) values of the
mafic sample DHZ17 (Fig. 5c) imply a significant input of mantle-
derived magmas, consistent with the major element compositions of
the mafic granulites. In particular, some late Triassic zircons from the
Daoxian mafic crustal xenoliths exhibit very depleted Hf isotopic compo-
sitions with a highest εHf(t) value of +16 (Dai et al., 2008; Li et al., 2018),
indicating significant juvenile crustal accretion. On the other hand, zircons
with negative εHf(t) values (−19.2 to −1.8) suggest remelting of pre-
existing crust. Ourmixingmodel calculation usingHf\\O isotopic compo-
sitions of Mesozoic zircons from mafic xenoliths indicates a significant
contribution of variable proportions of pre-existing crust during magma
underplating (Fig. 5d). Therefore, we propose that crustal accretion dur-
ing the late Triassic was accompanied by significant reworking of pre-
existing crustal materials. Granitoids contemporaneous with Daoxian
crustal xenoliths arewidespread in the Cathaysia Block (Fig. 1b), probably
due to the intensive remelting of pre-existing crust. This inference is sup-
ported by the relatively evolved Hf and heavy O isotopic compositions of
zircons from those granitoids (Fig. 5a, c).
5.3. Links between mantle-derived magmas and remelting of the lower
crust

Phanerozoic igneous rocks in the Cathaysia Blockare mainly granit-
oids with minor mafic rocks (Fig. 8). The Phanerozoic granitoids were
Fig. 7. Histogram of zircon U\\Pb ages (discordance <10%) from the Daoxian granulite
xenoliths. Data are from this study and Dai et al. (2008), Kong et al. (2016), and Li et al.
(2018).
formed during three periods: the Caledonian (early Paleozoic),
Indosinian (Triassic), and Yanshanian (Jurassic–Cretaceous) (e.g., Gao
et al., 2017; Li and Li, 2007;Wang et al., 2011; Zhou et al., 2006). The ra-
diogenic whole-rock Sr\\Nd and zircon Hf isotopic data support the or-
igin of these granitoids being the remelting of ancient curst (e.g., Chen
and Jahn, 1998; Gao et al., 2016; Huang et al., 2013b; Wang et al.,
2011). Mantle-derived melts also played an important role in the
Cathaysia Block (e.g., Li et al., 2003, 2009; Wang et al., 2005, 2015; Xia
et al., 2014; Yu et al., 2018). Previous studies have reported the
shoshonitic syenites from the Fujian and Jiangxi provinces in the
Cathaysia Block were derived from partial melting of a re-fertilized
mantle source (Li et al., 2003; Wang et al., 2005), while granites in the
Nanling Range of the block are associated with mantle-derived
magma underplating (Li et al., 2009).

Magmatic zircons from the Phanerozoic granitoids in the Cathaysia
Block display increasing εHf(t) and decreasing δ18O values from the
early to late Mesozoic (Fig. 9), implying a gradual increase in contribu-
tions frommantle-derivedmelts during the Yanshanian.Moreover, pre-
vious zircon U\\Pb dating (Fig. 8) indicates relatively intensive Jurassic
mafic magmatism in the Cathaysia Block; and previous K\\Ar and
40Ar\\39Ar dating indicates that the block experienced widespread ba-
saltic magmatism during the Cretaceous (Wang et al., 2003). The pres-
ence of late Mesozoic–Cenozoic mafic granulite xenoliths in different
localities (Qilin, Yingfengling, Xilong, and Mingxi) within the Cathaysia
Fig. 8. Histogram of zircon U\\Pb ages (discordance <10%) of the Daoxian granulite
xenoliths and Phanerozoic igneous rocks in the Cathaysia Block. References are listed in
the Supplementary Information. Themethod for calculating discordance used determined
U\\Pb ages as follows: discordance= (1−t206/238/t207/206) × 100%, t means age.



Fig. 9. Variation of zircon εHf(t) and δ18O values with U\\Pb ages of the Daoxian granulite xenoliths and Phanerozoic igneous rocks in the Cathaysia Block. References are listed in the
Supplementary Information.
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Block confirms the prevalent underplating of mafic magmas during the
late Yanshanian (e.g., Huang et al., 2013a; Xu et al., 1999; Yu et al.,
2003b). In addition, most mafic xenoliths and late Mesozoic basalts
and gabbros in the Cathaysia Block have MORB-like to highly evolved
Sr\\Nd isotopic compositions (e.g., Gan et al., 2017; Jiang et al., 2015;
Li et al., 2003, 2004; Wang et al., 2003; Yu et al., 2003b), suggesting bi-
nary mixing between crust and mantle due to magma underplating.
Therefore, underplating of mantle-derived magmas during the late Me-
sozoic in the Cathaysia Block was an important mechanism, which
might have triggered the remelting of crustal materials and thus caused
extensive granitoid magmatism.

There is little evidence to support such a genetic relationship between
magmaunderplating and intensive graniticmagmatism in the early Paleo-
zoic to early Mesozoic, mainly because of the scarcity of outcrops of mafic
rocks in the Cathaysia Block. However, analyzed mafic materials such as
MMEs, gabbros, and mafic dikes exhibit high MgO, Cr, and Ni contents
and Mg# values, consistent with mantle-derived igneous rocks
(e.g., Jiang et al., 2015; Wang et al., 2013; Xu and Xu, 2015; Zhang et al.,
2015). Although mantle-derived mafic rocks from the early Mesozoic are
volumetrically minor in SE China, geophysical data revealed an approxi-
mately five-km-thick layer of gabbro–basalt rocks at the lower part of
the middle crust beneath the Cathaysia Block (Zhang et al., 2005, 2008),
suggesting large-scale magma underplating in the early Yanshanian (Li
et al., 2009). Furthermore, the zircon U\\Pb ages and Hf\\O isotopic com-
positions of early Mesozoic granulite xenoliths determined here indicate
multistage accretion and reworking of the lower crust, consistent with
the distribution of Phanerozoic igneous rocks in the Cathaysia Block
(Figs. 8, 9). The Daoxian granulite xenoliths thus provide new information
on the genetic relationship between magma underplating and crustal
remelting in the Cathaysia Block during the early Yanshanian.

The Daoxian mafic and felsic granulite xenoliths were products of
mantle-derived magma underplating and crustal remelting, respec-
tively, according to their contrastive geochemical compositions. How-
ever, they experienced similar and successive magmatic and
metamorphic events, suggesting a genetic relationship between the
mafic and felsic rocks in the lower crust. It is noteworthy that early
Indosinian granitoids older than the Daoxian crustal xenoliths (Fig. 8)
are contemporaneous with the emplacement of intensive mafic rocks,
which implies a genetic relationship between mafic and felsic rocks in
the early Indosinian. We propose that magma underplating recorded
by the Daoxian mafic granulite xenoliths may have provided the neces-
sary heat for remelting of pre-existing lower crust, contributing to the
formation of the late Triassic to Jurassic granitoids in the Cathaysia
Block.

6. Conclusions

The Daoxian mafic and felsic granulite xenoliths record successive
magmatic (226–218 Ma) and metamorphic (218–193 Ma) events. The
mafic granulites were formed mainly through underplating of mantle-
derived magmas, whereas the felsic granulites originated from
remelting of pre-existing lower crust.

The Daoxian granulite xenoliths record the multistage evolution of
the lower crust beneath the Cathaysia Block, including crustal
reworking during the early Paleozoic and magma underplating during
the early Mesozoic. Magma underplating triggered the remelting of
pre-existing crustal materials, resulting in widespreadMesozoic granit-
oid magmatism in the Cathaysia Block.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2020.105596.
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