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Abstract
Granite batholiths record the processes that occur during the formation and differentiation of the continental crust. 
The ~ 4000 km2 composite Neoproterozoic Jiuling batholith is one of the largest batholiths in southern China and consists 
of four peraluminous granitoid intrusions that were emplaced at ca. 828–810 Ma. These granitoids define a trend that moves 
from the terrestrial towards the seawater Nd–Hf isotope array, indicating the source of these magmas incorporated increas-
ing amounts of marine sedimentary material over time. Our new geochronological and geochemical data suggest that the 
composite Neoproterozoic Jiuling batholith formed incrementally via the intrusion of multiple batches of crustally derived 
melts. The intrusions within the batholith are characterized by decreasing Rb/Sr ratios and increasing Na/K ratios and εHf(t) 
values, suggesting variations in source composition over time. These inter-intrusion variations can be well explained by 
three-component mixing in magma sources (mature, immature sediments and felsic arc-related granitoids) prior to partial 
melting, with inter-sample variations within individual intrusions occurring as a result of the subsequent mixing of different 
melt batches. The first stage of mixing within the source of these magmas involves a significant variation in source composi-
tions and cannot reflect the simple melting of a heterogeneous metasedimentary source region. The second stage of mixing 
occurred during magma ascent and storage, and is recorded by variations in mineral compositions (e.g., zircon). These inter-
intrusion and inter-sample geochemical variations provide evidence that the peraluminous Jiuling batholith formed as a result 
of two mixing processes, namely mixing within the magma source region and mixing of multiple batches of granitic melts. 
This dual mixing could explain the significant geochemical diversity present within peraluminous granitoid rocks worldwide.
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Introduction

Understanding the formation and emplacement of com-
posite granitic batholiths can provide significant insights 
into the processes involved in the formation of continental 
landmasses (e.g., Petford et al. 2000). Recent research has 
determined that these batholiths can form as a result of the 

incremental assembly of different magma batches, chal-
lenging previous models for the dynamics of, and processes 
involved in, composite batholith formation (e.g., Coleman 
et al. 2004; Glazner et al. 2004; Michel et al. 2008; Miller 
et al. 2011; Fiannacca et al. 2017). A single granitic intru-
sion can form over a short period of time (100 kyr–1 Myr), 
whereas the formation of a single batholith can extend over a 
time period of ca. 10 Myr (e.g., Coleman et al. 2004; Miller 
et al. 2011; Tichomirowa et al. 2019). This prolonged times-
pan could lead to larger geochemical variations amongst the 
different batches of magma that form a composite batholith, 
with these variations recorded as distinct changes in min-
eral chemistry. These variations also occur spatially, as evi-
denced by variations between different hand samples from 
a given single intrusion. The geochemical evolution of the 
magmas that form a batholith may also indicate changes in 
sources and magmatic processes amongst individual intru-
sions and/or batches of melts (e.g., Farner et al. 2014; Marsh 
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2015; Nikkilä et al. 2016; Camilletti et al. 2020). More spe-
cifically, each batch of melt is generated over a very short 
period of time within a restricted area, meaning that mixing 
between different batches of magma is likely to be a com-
mon feature of batholith formation. The identification of this 
process provides further insights into the geochemical varia-
tions within granitic batholiths and the associated evolution 
of the continental crust.

Hafnium and neodymium isotopes can provide evi-
dence of the processes involved in the petrogenesis of igne-
ous rocks. Globally, Nd–Hf isotope data define two linear 
arrays, namely terrestrial (Vervoort et al. 1999) and seawater 
(Albarède et al. 1998) arrays. The seawater array diverges 
from the terrestrial array as a result of Nd–Hf decoupling, 
yielding an array of higher 176Hf/177Hf values relative to 
143Nd/144Nd values that is rarely recorded in granitoids 
within the continental crust (Vervoort et al. 1999). This 
decoupling has been explained by models including the 
zircon effect of Patchett et al. (1984) and the garnet effect 
(Vervoort and Patchett 1996; Vervoort et al. 2000; Huang 
et al. 2017). However, even with these explanations, this 
decoupling still remains controversial (e.g., Vervoort and 
Blichert-Toft 1999; Vervoort et al. 1999, 2011; Van de Fli-
erdt et al. 2007; Zheng et al. 2007; Stichel et al. 2012; Tang 
et al. 2014; Wang et al. 2018; Huang et al. 2019).

The composite Neoproterozoic Jiuling batholith crops out 
over an area of ~ 4,000  km2 and is one of the largest granitic 
batholiths in southern China. It contains four separate Neo-
proterozoic intrusions (i.e. the Meiling, Jiuling, Shihuajian, 
and Jiuxiantang intrusions) that were emplaced sequentially, 
providing an ideal natural laboratory for research into the 
petrogenesis and evolution of voluminous peraluminous 
granitic batholiths. Although this area has been the focus 
of a significant amount of previous research (Li et al. 2003; 
Zhong et al. 2005; Wang et al. 2013c, 2018; Zhao et al. 
2013; Xin et al. 2017; Rong et al. 2017, 2018), additional 
geochronological and geochemical data are required to con-
strain the formation of the peraluminous batholith as well 
as details of the magmatic processes that generated the geo-
chemical diversity within the study area. This study presents 
new U–Pb and Hf isotope data for the Neoproterozoic intru-
sions within the batholith. The coupled bulk-rock and zircon 
isotope data for these intrusions record Nd–Hf decoupling 
that reflects the incorporation of marine sediments into the 
sources of the magmas that formed the batholith, indicat-
ing the strongly peraluminous composite Jiuling batholith 
records dual mixing processes, namely mixing of magma 
source material and mixing between different magma 
batches prior to and during their emplacement.

Geological background

The approximately E–W trending ~ 1500 km long Jiang-
nan Orogen (JO; Fig. 1a) divides the South China Block 
into the Cathaysia Block to the southeast and the Yangtze 
Block to the northwest (Wang et al. 2013a). The orogen 
is dominated by weakly metamorphosed Neoproterozoic 
sedimentary sequences and voluminous Neoproterozoic 
(860–800 Ma) magmatic rocks, both of which record the 
convergence history of the Yangtze and Cathaysia blocks 
(e.g., Wang et al. 2006).

The sediments within the JO have undergone low 
greenschist facies metamorphism and are divided into 
underlying and overlying sequences (Wang et al. 2013b). 
The underlying folded sequences have been previously 
described as “basement sequences” and include the widely 
distributed Shuangqiaoshan (SQS) Group within the east-
ern JO and the Sibao Group in the western JO. These units 
are thought to have formed in a back-arc basin associated 
with NW-dipping Neoproterozoic oceanic plate subduc-
tion beneath the Yangtze Block (e.g., Huang et al. 2003; 
Wang et al. 2007, 2012; Charvet 2013). The SQS Group 
has a total thickness of > 4 km and contains siltstone, slate, 
sandstone, greywacke, and conglomerate units (BGMRJX 
1984). Detrital zircons from this group yielded U–Pb ages 
of ca. 845–815 Ma, constraining the maximum deposi-
tional ages of these sediments (Gao et al. 2008; Li et al. 
2016).

The composite Jiuling batholith is located in the east-
ern part of the JO, along the southeastern margin of the 
Yangtze Block. It is split into the Meiling (~ 340  km2), 
Jiuling (~ 3680  km2), Shihuajian (~ 260  km2), and Jiuxi-
antang (~ 44  km2) intrusions. The Meiling and Jiuling 
intrusions were exclusively emplaced into the SQS Group 
units, whereas the Shihuajian and Jiuxiantang intru-
sions were emplaced into both the Jiuling intrusion and 
the SQS Group. The Jiuling, Shihuajian, and Jiuxiantang 
intrusions also commonly contain microgranular enclaves 
(Fig. 2). The Meiling, Jiuling, and Shihuajian intrusions 
are dominated by granodiorite and tonalite phases, with 
lesser amounts of monzogranite (Figs. 2, 3). All of these 
intrusions show porphyritic textures defined by K-feldspar 
and/or plagioclase phenocrysts that range in size from 
2.5 to 10 mm and are hosted by a granitic matrix. The 
Meiling intrusion contains 40–55% plagioclase, 25–35% 
quartz, 10–15% K-feldspar, 5–15% biotite, 0–5% garnet, 
and minor amounts of accessory minerals. The Jiuling 
intrusion contains 35–55% plagioclase, 25–35% quartz, 
5–15% K-feldspar, 5–15% biotite, 0–5% cordierite and 
0–5% garnet. The Shihuajian intrusion is finer-grained 
than the Meiling and Jiuling intrusions, and contains 
40–55% plagioclase, 5–40% K-feldspar, 25–35% quartz, 
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5–10% biotite, and 0–5% cordierite. The Jiuxiantang intru-
sion is dominated by a biotite tonalite phase, and contains 
40–50% plagioclase, 25–35% quartz, 10–15% biotite and 
2–7% K-feldspar. All of these Neoproterozoic intrusions 
contain accessory zircon, apatite, ilmenite and magnetite, 
and are classified as strongly peraluminous granites as 
evidenced by the presence of garnet and/or cordierite and 
the high aluminum saturation index (ASI) values (> 1.1). 
The Jiuling and Meiling intrusions were emplaced dur-
ing the early stages of batholith formation as evidenced 
by (1) the spatial distribution of the intrusions, with the 
Meiling intrusion being spatially continuous with the Jiul-
ing intrusion, (2) the similarity of the grainsizes, miner-
alogy, and lithologies within the two intrusions, (3) the 
geochemical similarities between the intrusions, includ-
ing their rare earth element (REE) concentrations, and (4) 
the fact that the later-formed Shihuajian and Jiuxiantang 
intrusions were partly emplaced into the already-formed 
Jiuling intrusion. 

Analytical methods

All analyses, including mineral and whole-rock geochem-
ical and isotope analyses, were undertaken at the State 
Key Laboratory for Mineral Deposits Research, Nanjing 
University, Nanjing, China. Prior to analysis, zircons 
were separated using conventional heavy liquid and mag-
netic techniques before being imaged using transmitted 
and reflected light optical microscopy and cathodolumi-
nescence (CL). The resulting images were used for spot 
selection for U–Th–Pb and Lu–Hf isotope analysis. Zir-
con U–Th–Pb isotope analysis was undertaken using laser 
ablation–inductively coupled plasma–mass spectrometry 
(LA–ICP–MS) employing an Agilent 7500a ICP–MS 
instrument coupled to a Geolas 193 nm LA system. A GJ-1 
standard zircon (Jackson et al. 2004) was used as a pri-
mary standard for calibration with Mud Tank, Plešovice, 
and 91500 standard zircons used as validation reference 

Fig. 1  Simplified geological map of the South China Block (a) and the composite Jiuling batholith (b) in the Jiangnan Orogen (modified after 
BGMRJX 1984; Wang et al. 2013a)
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Fig.2  Representative outcrops 
of the Neoproterozoic intru-
sions in the composite Jiuling 
batholith. a the granodiorites of 
the Meiling intrusion; b grano-
diorites of the Jiuling intrusion; 
c microgranular enclaves in the 
Jiuling intrusion; d granodior-
ites of the Shihuajian intrusion; 
e the Jiuxiantang intrusion 
(tonalites) intruding into the 
Jiuling intrusion (granodior-
ites); f the boundary between 
the Jiuxiantang (bottom right) 
and Jiuling intrusions (top left)

Fig. 3  Representative photomi-
crographs of the Neoproterozoic 
granitoids in the composite Jiul-
ing batholith. a–c Granodiorite 
(sample 11JL-21, 11JL-04 and 
09JL-13-1) from the Meiling, 
Jiuling and Shihuajian intrusion, 
respectively; and d tonalite 
(09JL-6-1) from the Jiuxiantang 
intrusion. Abbreviations are as 
follows: Grt garnet, Pl plagio-
clase, Kfs K-feldspar, Bt biotite, 
Qtz quartz
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materials to monitor the accuracy and precision of the 
analyses. A NIST-612 glass standard was used for trace 
element concentration calibrations, employing 29Si as an 
internal standard. The analytical processes used are similar 
to those outlined in Wang et al. (2017). Systematic sources 
of uncertainty  [206Pb/238U = 1.9%, 207Pb/206Pb = 1.3% (2σ)] 
have been propagated into the final, calculated dates for 
each sample, as recommended by Horstwood et al. (2016).

In situ zircon Hf isotope analysis was undertaken in the 
same or similar domains as the U–Th–Pb analysis outlined 
above, using a GeoLas 193 nm  ArF3 laser ablation (LA) 
system attached to a Neptune Plus multicollector–ICP–MS 
(MC–ICP–MS) instrument. Routine analysis of the Mud 
Tank (176Hf/177Hf = 0.282507 ± 6; Woodhead and Hergt 
2005) and 91500 (Wiedenbeck et al. 1995) standard zircons 
were undertaken to ensure analytical accuracy. The analyti-
cal conditions and procedures used during this study are 
similar to those outlined in Griffin et al. (2000) and Wang 
et al. (2013a).

Whole-rock major element contents were determined 
by X-ray fluorescence using a Thermo Scientific ARL 
9900 instrument yielding analytical precisions better than 
2%. Whole-rock trace elements contents were determined 
using a Finnigan MAT Element II high resolution–ICP–MS 
(HR–ICP–MS) instrument following the procedures outlined 
in Gao et al. (2003), yielding analytical precisions that are 
generally better than 5%.

Results

Zircon U–Pb geochronology and Hf isotopes

The zircon grains analyzed during this study are colorless, 
and transparent with lengths of 50–200 μm. The majority 
are euhedral and prismatic to subhedral and contain weak 
to well-developed oscillatory zoning that is visible during 
CL imaging and is indicative of a magmatic origin. Only 
a few zircon grains are ellipsoidal with weakly developed 
oscillatory zoning (Fig. 4a–d). Some of the zircons exhibit 
multiple growth stages separated by intermittent phases of 
corrosion, as evidenced by the presence of corroded crystal 
outlines (Fig. 4b, c). In addition, some of these zircons have 
cores with different characteristics to the rest of the grain, 
such as variations in CL brightness or faint/oscillatory zon-
ing. These cores yield older U–Pb dates (generally between 
the early Neoproterozoic and late Archean; see below), sug-
gesting they are either inherited or xenocrystic. In compari-
son, zircon rims and those zircons without older cores yield 
uniformly younger ages. The results of U–Pb geochronology 
and Hf isotope analysis undertaken during this study are 
provided in Appendix 1.

The Meiling intrusion

Three samples (11JL-22A, 11JL-22B, and 11JL-23) from 
the Meiling intrusion were analyzed during this study, 
with zircons from these samples yielding Th/U values of 
0.19–1.12. The youngest spot analyses yield 206Pb/238U 
ages between ca. 838 and ca. 799  Ma, and weighted 
average ages of 822 ± 10  Ma (n = 14; MSWD = 0.13), 
817 ± 12 Ma (n = 12; MSWD = 0.07) and 827.9 ± 8.5 Ma 
(n = 21; MSWD = 0.09) for samples 11JL-22A, 11JL-22B 
and 11JL-23, respectively (Fig. 5a–c). All three of these 
weighted average ages are identical within uncertainty. 
The three inherited/xenocrystic grains (11JL-22A#04, 
#15; 11JL-22B#02) yield 207Pb/206Pb dates of 1752 ± 38, 
1459 ± 51 and 1043 ± 121 Ma, respectively.

The Neoproterozoic magmatic zircon grains have ini-
tial 176Hf/177Hf ratios of 0.282220–0.282499, and the 
corresponding εHf(t) values that vary from  − 1.6 ± 1.1 
to + 8.9 ± 0.9 (Fig. 6). They also yield calculated  TDM2 
ages of 1.8–1.2  Ga. In contrast, the three inherited/
xenocrystic zircons (11JL-22A#04, #15; 11JL-22B#02) 
have higher εHf(t) values (+ 3.6 ± 0.8, + 11.3 ± 0.8 
and + 1.7 ± 0.8), with calculated  TDM2 ages of 2.2, 1.5, and 
1.8 Ga, respectively.

The Jiuling intrusion

Few of the zircon grains within these five Jiuling intrusion 
samples analyzed during this study (07JL-09–3, 11JL-04, 
11JL-05-1, 11JL-11-3, and 11JL-18) have clear core–rim 
structures visible during CL imaging (Fig. 6). The zir-
con grains within these samples have a wide range of Th 
(47–1065 ppm) and U (157–2514 ppm) concentrations that 
yield Th/U ratios of 0.07–1.61 (generally 0.4–0.7). The 
youngest group of concordant analyses within each sample 
yield weighted mean 206Pb/238U ages of 817.5 ± 8.8 Ma 
(n  = 20,  MSWD = 0.10) ,  818 ± 12  Ma (n  = 13, 
MSWD = 0.08), 827 ± 11  Ma (n = 15, MSWD = 0.06), 
820 ± 12 Ma (n = 15, MSWD = 0.08) and 819 ± 14 Ma 
(n = 11, MSWD = 0.21), respectively (Fig. 5d–h). These 
ages are identical to each other within uncertainty. The 
remaining 13 older (inherited/xenocrystic) zircons yield 
ages from 2472 to 852 Ma.

The Neoproterozoic magmatic zircons yield initial 
176Hf/177Hf ratios of 0.282048–0.282634, and a wide 
range of corresponding εHf(t) values and  TDM2 ages 
of  − 7.7 ± 1.0– + 13.6 ± 1.1 (Fig.  6) and 2.2–0.9  Ga, 
respectively. The inherited/xenocrystic zircons have εHf(t) 
values that range from  − 5.8 ± 1.0 to + 10.6 ± 1.0 (Fig. 6) 
and calculated  TDM2 ages of 3.3–1.5 Ga.
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The Shihuajian intrusion

Zircons from the three samples of the Shihuajian intrusion 
analyzed during this study (09JL-13-1, 09JL-14-2, and 

11JL-10) have Th/U ratios of 0.16–2.63 (generally 0.4–1.2). 
The youngest concordant zircons from these samples yield 
weighted mean 206Pb/238U ages of 820 ± 11 Ma (n = 12, 
MSWD = 0.92), 822 ± 10 Ma (n = 14, MSWD = 0.12) and 

Fig. 4  Representative CL images showing the internal structure and 
morphology of zircons analyzed during this study. a granodiorite 
(sample 11JL-22B and 11JL-23) from the Meiling intrusion; b grano-
diorite (11JL-04, 11JL-5-1, 11JL-18 and 07L-09-3) from the Jiuling 
intrusion; c granodiorite (11JL-10 and 09JL-14-2) from the Shihua-

jian intrusion; and d tonalite (09JL-06-1 and 09JL-08-1) from the 
Jiuxiantang intrusion. Solid circles indicate the pits of U–Pb analyses 
and dashed circles indicate corresponding pits of Hf analyses; the U–
Pb dates (Ma) and εHf(t) values for each analysis are shown near the 
circles
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Fig. 5  Zircon LA–ICP–MS U–Pb concordia diagrams for Neoproterozoic granitoids of the composite Jiuling batholith
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810 ± 23 Ma (n = 3, MSWD = 0.12), respectively (Fig. 5i–k). 
The remaining six inherited/xenocrystic zircon grains have 
old and concordant or near-concordant ages that range from 
2472 ± 41 Ma to 857 ± 24 Ma.

All of the Neoproterozoic magmatic zircons within 
these three samples have initial 176Hf/177Hf ratios of 
0.282220–0.282512, εHf(t) values from  − 1.2 ± 0.9 
to + 9.1 ± 0.9 (Fig. 6), and  TDM2 ages that range from 1.8 to 
1.1 Ga. The inherited/xenocrystic zircons have εHf(t) values 
that vary from  − 12.3 ± 0.9 to + 11.5 ± 1.0, and  TDM2 ages 
that range from 3.1 to 1.2 Ga.

The Jiuxiantang intrusion

The two samples from the Jiuxiantang intrusion analyzed 
during this study (09JL-06-1 and 09JL-8-1) contain zircons 
with Th/U rations of 0.08–0.97 (generally 0.3–0.7). The 
youngest spot analyses from samples 09JL-06-1 and 09JL-
8-1 yield weighted mean 206Pb/238U ages of 817.9 ± 8.0 Ma 
(n = 21, MSWD = 0.06) and 814.3 ± 7.5  Ma (n = 24, 
MSWD = 0.31), respectively (Fig. 5l, m). Six spot analy-
ses yield older and concordant ages from 889 ± 23 Ma to 
849 ± 21 Ma.

i j

k l

m

Fig. 5  (continued)
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The magmatic zircons in these samples have initial 
176Hf/177Hf ratios of 0.282291 –0.282501, εHf(t) values that 
vary from + 1.1 ± 1.0 to + 8.6 ± 0.9 (Fig. 6), and two-stage 
Hf model ages that range from 1.7 to 1.1 Ga. A single inher-
ited/xenocrystic zircon (09JL-06-1#19) yields an εHf(t) value 
of + 7.5 ± 0.9 and a  TDM2 age of 1.3 Ga.

Geochemistry

Major elements

The Meiling granitoids contain restricted concentrations 
of  SiO2 (66.5–69.6 wt.%),  TiO2 (0.45–0.67 wt.%), MgO 
(1.25–1.90 wt.%), and total alkalis  (Na2O + K2O; 6.01–6.70 
wt.%), and have low  Na2O/K2O ratios (0.64–0.78; Table 1 
and Appendix 1). However, the granitoids from the Jiul-
ing and Shihuajian intrusions contain more variable  SiO2 
(62.4–74.7 wt.%), MgO (0.45–2.16 wt.%), CaO (0.56–3.65 
wt.%; generally < 2.50 wt.%), and total alkali (3.51–8.10 
wt.%; generally > 6.00 wt.%) concentrations in addition 
to more  Na2O/K2O ratios (0.30–1.13, generally < 0.9 for 
the Jiuling granitoids and 1.11–1.13 for the Shihuajian 
granitoids; Fig. 7). In contrast, the Jiuxiantang granitoids 

contain 63.0–67.7 wt.%  SiO2 and have lower total alkali 
values (5.22–6.13 wt.%), higher CaO (2.70–3.31 wt.%) and 
MgO (1.73–2.95 wt.%) concentrations, and higher  Na2O/
K2O ratios (1.11–1.53) than the Meiling and Jiuling grani-
toids (Fig. 7). All of these granitoids are strongly peralumi-
nous with aluminum saturation index [ASI = molar  Al2O3/
(CaO + Na2O + K2O)] values of 1.15–1.61, and have  SiO2 
concentrations that negatively correlate with their  TiO2, 
 Al2O3,  Fe2O3

T, MnO, and MgO concentrations. The com-
posite Jiuling batholith transitions from an early K-rich 
 (Na2O/K2O < 1) and Ca-poor (CaO < 2.5 wt.%) phase to a 
late Na-rich  (Na2O/K2O > 1) and Ca-rich (CaO > 2.5 wt.%) 
phase (Fig. 7), with the Shihuajian granitoids being transi-
tional between these end-members. These data suggest that 
the granitoids record a change in source over time, as dis-
cussed below. 

Trace elements

The Neoproterozoic granitoids contain variable trace element 
concentrations but are enriched in the light REE (LREE) rel-
ative to the heavy REEs (HREE; Appendixes 1, 2). The Meil-
ing granitoids have (La/Yb)N values of 5.67–7.56 (where N 
denotes normalization to chondrite), negative Eu anomalies 
(Eu/Eu* = 0.55–0.63, where Eu* = ½·[(Sm)N + (Gd)N]), and 
high Rb/Sr ratios (1.66–3.55). In comparison, the Jiuling 
granitoids have variable Rb/Sr ratios (0.67–2.65, gener-
ally > 1.6) and REE concentrations with fractionated REE 
patterns [(La/Yb)N = 4.60–20.9] and negative Eu anomalies 
(Eu/Eu* = 0.09–0.77). The Shihuajian granitoids have rela-
tively low Rb/Sr ratios (0.5–1.45) and similar REE patterns 
to the Jiuling granitoids, with (La/Yb)N values of 4.61–14.5. 
The Jiuxiantang granitoids are also similar to the Shihuajian 
granitoids in that they have low Rb/Sr ratios (0.49–0.90), 
fractionated REE patterns [(La/Yb)N = 4.79–8.57], and 
negative Eu anomalies (Eu/Eu* = 0.58–0.78). All of these 
granitoids have primitive mantle-normalized multi-element 
variation diagram patterns that are enriched in the light ion 
lithophile elements (LILE; Rb and Th) and the LREE, but 
are depleted in Nb, Ta, Sr, and Eu, indicating they are similar 
to arc-type granitoids (Zhou et al. 2002). These granitoids 
also record a systematic decrease in Rb/Sr ratios and REE 
contents from the early to the late stages of formation of the 
batholith.

Zircon saturation thermometry and Ti‑in‑zircon 
thermometry

Zircon saturation thermometry enables the estimation of 
zircon crystallization temperatures  (TZr) if the whole-rock 
composition of a sample approximates the composition 
of a melt (e.g., Miller et al. 2003, 2007; Walker et al. 
2007; Boehnke et al. 2013). This approach provides an 

Fig. 6  εHf(t) vs. U–Pb age diagram for magmatic zircons in the Neo-
proterozoic intrusions. a is shown for the all analyses; b highlights 
the distribution of crystallizing zircon grains in (a)
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estimate of the maximum or minimum melting tempera-
ture depending on whether the melt is zircon-saturated or 
not, respectively (e.g., Miller et al. 2003; Harrison et al. 
2007). The Meiling granitoids have restricted  TZr values 

(780 °C ± 9 °C–812 °C ± 10 °C; Fig. 8; Table 1 and Appen-
dix 1) that contrast with the variable values obtained from 
the Jiuling intrusion (655 °C ± 7 °C–837 °C ± 10 °C). The 
Jiuxiantang granitoids have a narrow but low range of  TZr 

Fig. 7  a–d Diagrams showing the chemical variations of the Neoproterozoic granitoids

Fig. 8  Comparison of zircon saturation temperatures  (TZr) and Ti-in-zircon temperatures  (TTi-in-zrc) among the Neoproterozoic intrusions. Note: 
solid symbols for  TTi-in-zrc temperatures, and hollow symbols for  TZr temperatures



 Contributions to Mineralogy and Petrology           (2021) 176:7 

1 3

    7  Page 12 of 21

values (712 °C ± 8 °C–728 °C ± 9 °C), and the Shihua-
jian granitoids are intermediate between the other intru-
sions, yielding moderate  TZr values from 712 °C ± 8 °C to 
799 °C ± 9 °C. The fact that all of the samples from the 
study area—aside from the two dated samples from the 
Jiuling intrusion—contain inherited/xenocrystic zircon 
suggests that the majority of these magmas were zircon-
saturated. This indicates that these temperatures represent 
maximum values as otherwise the inherited zircons within 
these samples would have dissolved within the melt.

Titanium-in-zircon thermometry provides an indica-
tion of the temperature of formation of natural zircons 
(e.g., Watson and Harrison 2005; Harrison et al. 2007; 
Hofmann et al. 2014). Apparent temperatures  (TTi-in-zrc) 
calculated using this approach can also outline varia-
tions in temperature within magma chambers (Collins 
et al. 2016). The presence of Ti–rich accessory miner-
als can be used to constrain the Ti activity (aTiO2) of a 
magmatic system to around 0.7 (e.g., Watson and Har-
rison 2005), enabling the calculation of  TTi-in-zrc values. 
The Meiling intrusion yields a restricted range of  TTi-in-zrc 
values (748  °C ± 16  °C–764  °C ± 23  °C), whereas the 
Jiuling intrusion yields a larger range of higher tempera-
tures (765 °C ± 42 °C–835 °C ± 23 °C; Fig. 8; Table 1 and 
Appendix 1). However, the Shihuajian intrusion yields 
relatively low  TTi-in-zrc values (727 °C ± 52 °C) and the 
temperatures obtained from the Jiuxiantang intrusion 
(748 °C ± 14 °C) lie within the range of those obtained 
from the Meiling intrusion. This indicates that the early 
and late stage intrusions within the batholith record differ-
ent temperature ranges. In addition, the magmatic system 
in the study area was not always zircon-saturated as two 
samples without xenocrystic cores yield higher  TTi-in-zrc 
values than  TZr values, indicating that the intrusions in the 
study area formed from different melts.

Discussion

Sourcing of magmas within the composite Jiuling 
batholith

Granitoids form as a result of a number of different processes 
including partial melting of magma sources, magma mixing, 
fractionation, and other crystal mush processes during the 
evolution of the magmas within the system (e.g., Moyen and 
Laurent 2018; Rong et al. 2018). Regardless of the processes 
involved, the nature of the magma source exerts a first-order 
control on the composition of granitic melts. Moyen et al. 
(2017) collected and compared the compositions of more 
than 800 experimental granitic melts  (SiO2 > 62 wt.%) from 
diverse sources using a (Ca + Al) − Na + K + Al − 3 Al + 2 
(Na + K) diagram, projected from biotite + quartz + H2O. 
This diagram, which projects a number of tightly constrained 
arrays representing magmas derived from different sources 
(Fig. 9), enables the minimization of the effects of differen-
tiation and can, therefore, be used to discriminate between 
granites derived from different sources (Moyen et al. 2017; 
Moyen and Laurent 2018).

The granitoids within the four Neoproterozoic intrusions 
that form the Jiuling batholith appear to be derived from 
different sources. The Jiuxiantang granitoid samples clus-
ter along the Al = 3Ca + (Na + K) line (Fig. 9), and overlaps 
with the composition of experimental melts derived from 
felsic granitoids. In comparison, the Meiling, Jiuling, and 
Shihuajian granitoids define trends that are associated with 
more aluminous sources (e.g., immature and mature sedi-
ments). More specifically, the Jiuling granitoids plot close to 
the top of this diagram and define a steep slope that is indic-
ative of the increased involvement of mature sedimentary 
material (e.g., pelites). However, samples from the Meiling 
and Jiuxiantang granitoids define more gentle slopes that 

Fig. 9  Compositions of Neopro-
terozoic granitoids, projected 
from biotite on to the Ca + Al − 
3Al + 2(Na + K) − Al + (Na + K) 
plane. The trends of immature 
sediments, mature sediments, 
and felsic igneous are modi-
fied according to Moyen et al. 
(2017). See Moyen et al. (2017) 
for details on the database and 
the projection
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are indicative of the involvement of more immature sedi-
ments (e.g., sandstones). This suggests that these granitoids 
were derived from multiple different sources (e.g., felsic 
granitoids and immature and mature sediments) rather than 
a single heterogeneous crustal source region.

Zircon Hf–O isotopes and whole-rock Nd isotope data can 
also provide evidence on the nature of sources of granitoid 
magmas. The Neoproterozoic magmatic zircons within the 
intrusions in the study area have even more variable εHf(t) 
values (− 7.7 ± 1.0– + 13.6 ± 1.1; Fig. 6). In comparison, the 
Neoproterozoic (ca. 850–795 Ma) detrital zircons within the 
SQS Group country rocks that surround these intrusions 
have variable εHf(t) values (− 20.2– + 15.1; Wang et  al. 
2013b; Li et al. 2016). Magmatic zircons within early Neo-
proterozoic arc-related granitoids (e.g., Xiqiu granitoids) of 
the Jiangnan Orogen have εHf(t) values that range from + 6.9 
to + 12.6 (calculated for 820 Ma; Chen et al. 2009). The zir-
cons within the Jiuling batholith have Hf isotope composi-
tions that are similar to zircons within both the SQS Group 
and the Xiqiu granitoids. These magmatic zircons also yield 
 TDM2 ages from 2.4 to 1.0 Ga (generally 2.0–1.1 Ga) that are 
similar to the range of  TDM2 ages obtained for detrital zir-
cons within the SQS Group (2.8–0.9 Ga; Wang et al. 2013b), 
suggesting the magmas that formed the batholith may have 
been derived from source material that was similar to the 
SQS Group. This is consistent with the similar Nd isotope 
compositions of the intrusions and the SQS Group (Wang 
et al. 2014), where the latter has εNd(t) values from − 5.4 
to + 2.8 at ca. 820 Ma and Nd model ages of 2.4–1.3 Ga 
(Chen and Jahn 1998 and references therein). In compari-
son, the Neoproterozoic granitoids have similar calculated 
εNd(t) values and  TDM2 ages from − 5.4 to − 1.9 and from 1.9 
to 1.6 Ga (Wang et al. 2018), respectively. The majority of 
the magmatic zircons from the Jiuling batholith also yield 
δ18O values > 7‰ (Wang et al. 2013c; Zhao et al. 2013) 
that are indicative of the presence of abundant supracrustal 
components within these magmas. Very few of these mag-
matic zircons have low δ18O values (< 6‰; Appendix 3) 
that are indicative of the incorporation of minor amounts 
of material differentiated from mantle-derived melts (e.g., 
arc-related magmas) or the reworking of early arc-related 
intracrustal magmatic rocks. This indicates that the mag-
mas that formed the Neoproterozoic granitoids in the study 
area were predominantly derived from supracrustal mate-
rial (i.e., material geochemically similar to the SQS Group) 
with minor contribution from arc-related granitoids (e.g., the 
Xiqiu granitoids). Moreover, the volumes of the Meiling and 
Jiuling intrusions are much larger than that of the Shihuajian 
and Jiuxiantang intrusions, which could be related to differ-
ent melting reactions for distinct source lithologies and/or 
different melt productivity.

Zircon cores can also provide information on the nature 
of the magma source of the magmas that formed the Jiuling 

batholith. These cores yield Archean–Neoproterozoic ages, 
and the majority (aside from sample 07JL-12-1) yield oxy-
gen isotope compositional ranges with similar upper limits 
but lower limits that gradually decrease over time to match 
zircon rim compositions. This is illustrated by sample 11JL-
19 from the Jiuling intrusion, which has δ18O values of 
5.60–10.3‰ and 8.46–10.6‰ for cores and rims, respec-
tively, sample 09JL-13-1 from the Shihuajian intrusion with 
δ18O values of 6.42–10.3‰ for cores and 5.84–9.74‰ for 
rims, and sample 09JL-08-1 from the Jiuxiantang intru-
sion, which has δ18O values of 7.53–8.95‰ for cores and 
7.72–9.33‰ for rims. The inherited zircons also have two-
stage Hf model ages  (TDM2) that are broadly consistent with 
the  TDM2 ages of the rims. This suggests that the composi-
tions of these zircon cores reflect the compositions of the 
source of the host magma. These zircon cores record large 
inter-intrusion variations in O (up to 7.6‰ in δ18O terms) 
and Hf isotopic ratios (Fig. 10) that are indicative of deriva-
tion from either different source rocks or a single, isotopi-
cally heterogeneous source. Inter-sample variations in zircon 
core oxygen isotope compositions are also indicative of the 
involvement of source materials formed by differentiation of 
mantle-derived magmas or by the reworking of pre-existing 
infracrustal materials (e.g., arc-related granitic magmas) and 
supracrustal crustal components (e.g., sediments).

The nature of the basement within the JO has been the 
focus of a significant amount of research but remains con-
troversial. The 400 km long high-resolution seismic reflec-
tion profile reported by Dong et al. (2015) enabled the 
identification of an orogen buried beneath the Lengjiaxi 

Fig. 10  Plot of δ18O versus εHf(t) for zircons of these Neoproterozoic 
intrusions, suggesting multi-components mixing. The fields of Neo-
proterozoic arc-related granitoids and folded sequences in western 
and eastern JO are from Wang et  al. (2013c). The oxygen isotopic 
data used in this publication can be found in the EarthChem Library 
(https ://doi.org/10.26022 /IEDA/11153 3)

https://doi.org/10.26022/IEDA/111533
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Group (equivalent to the SQS Group) between the Yangtze 
and Cathaysia blocks. Dong et al. (2015) used this seismic 
data to suggest that this buried orogen formed during the 
Paleoproterozoic, which is consistent with the timing of ca. 
2.0–1.85 Ga regional metamorphic and magmatic events 
(e.g., Yu et al. 2009, 2012). However, this buried orogen 
is likely to be compositionally and structurally similar and 
to have the same deformational history as an early Neopro-
terozoic arc terrane within the eastern segment of the JO. 
In addition, significant Neoproterozoic reworking through-
out the whole Yangtze Block (Zhang et al. 2006a, b; Zhang 
and Zheng 2013) suggests that any Paleoproterozoic orogen 
may not have been preserved. It is likely that some ancient 
basement material (i.e., sedimentary sequences older than 
the Lengjiaxi and SQS Groups) could have been preserved 
during this orogenesis. This buried material may consist of 
arc-related granitoids that subsequently acted as a source 
for the magmas that formed the Neoproterozoic granitoids 
in the study area.

Combining these data with the information given above 
indicates that the first petrogenetic step in the formation of 
the Neoproterozoic Jiuling batholith was the mixing of mate-
rial within the magma source region. Although a signifi-
cantly heterogeneous source cannot be fully excluded, the 
compositional variations within the intrusions most likely 
record mixing within the source of these magmas. The geo-
chemical data presented in this study, in particular the zir-
con Hf–O isotope data, provide evidence of three magma 
sources, namely arc-like felsic igneous rocks represented 
by early Neoproterozoic granitoids (913–905 Ma; Ye et al. 
2007) in the eastern JO, and immature and mature suprac-
rustal sources such as the folded sedimentary sequences in 
the western and eastern JO.

Magma mixing during formation of the composite 
Jiuling batholith

Magma mixing is thought to be involved in a number of dif-
ferent geological processes including the formation of the 
continental crust and the triggering of volcanic eruptions 
(Ruprecht and Bachmann 2010; Laumonier et al. 2014). It 
is often documented by field evidence, such as the presence 
of microgranular enclaves in plutonic systems (e.g., Barbarin 
2005). The Neoproterozoic intrusions that form the Jiuling 
batholith contain common microgranular enclaves (Fig. 2). 
Magmatic zircon textures and geochemical compositions 
also record processes such as magma mixing (e.g., Laurent 
et al. 2017). Some of the zircons from the study area have 
complex internal textures that are suggestive of magma mix-
ing (Fig. 4), and the combined titanium-in-zircon and zircon 
saturation thermometry discussed above also provide evi-
dence of fluctuations in melt temperature (Tang et al. 2014), 
all of which suggests magma mixing. Linear geochemical 

trends in binary plots are often thought to provide evidence 
of mixing (e.g., Barbarin 2005; Clemens et al. 2016), and 
the Neoproterozoic granitoids in the study area define linear 
trends in binary major element diagrams (Fig. 7), again sup-
porting the occurrence of magma mixing.

The large variations in the εHf(t) values of magmatic 
zircons from these Neoproterozoic intrusions (~ 7 epsilon 
units for the Jiuxiantang intrusion and > 10 epsilon units 
for the other intrusions) could be attributed to open system 
processes rather than just by the melting of heterogeneous 
crustal source(s) (e.g., Griffin et al. 2002; Yang et al. 2007; 
Appleby et al. 2010; Villaros et al. 2012) although magma 
mixing could also be involved (e.g., the mixing of crust- and 
mantle-derived magmas; e.g., Griffin et al. 2002; Belousova 
et al. 2006; Kemp et al. 2007). However, it is unlikely that 
this mixing involved mafic magmas for the following rea-
sons. First, no contemporary mafic intrusions are associated 
with the Neoproterozoic granitoids in the study area. Sec-
ond, the addition of mantle-derived magmas to form grani-
toids would increase the maficity (MgO + FeOT) of the latter. 
This contrasts with the geochemistry of the Neoproterozoic 
granitoids, which record no such increase (Appendix 4). 
In addition, zircons with low oxygen isotope compositions 
(~ 6‰ δ18O; 11L-10#03, #06) are rare within the intru-
sions in the study area, and those that are present yield low 
 TTi-in-zrc values (~ 760 °C) that preclude the addition of mafic 
magmas during magma mixing. The magmatic zircons in the 
Neoproterozoic granitoids also have εHf(t) values that do not 
correlate with their Th/U values (Appendix 4b), again pro-
viding no evidence of mixing with mantle-derived magmas 
(Tang et al. 2014). Finally, the involvement of mafic magmas 
in the formation of these granitic rocks would have yielded a 
negative correlation between higher εNd(t) and zircon εHf(t) 
values and decreasing  SiO2 concentrations, a relationship 
which is not observed in the samples from the study area. All 
of these lines of evidence exclude the possibility that these 
granitoids formed as a result of magma mixing involving 
mantle-derived magmas.

Kemp et al. (2007) suggested that covariant εHf–δ18O 
arrays can be used to identify mixing and assimilation 
processes. The magmatic zircon rims from the Neoprote-
rozoic granitoids in the study area span a wide range of 
values along the mixing lines  (Hfac/Hfoc = 0.7 and  Hfac/
Hfoc = 4.0) present within this type of covariant εHf–δ18O 
array (Fig. 10). These large isotopic variations suggest that 
the intrusions record either the mixing of multiple batches 
of crustal partial melts or the assimilation of supracrustal 
rocks by mantle-derived mafic melts. Crustal contamina-
tion of a mantle-derived melt would require prohibitively 
large amounts of crustal components (60–70%) to explain 
the isotopic compositions of the Meiling and Jiuling grani-
toids. Thermal constraints considering the overall energy 
of the system also dictate that mantle-derived melts cannot 
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assimilate more than their own mass of crustal material. In 
addition, even if different degrees of partial melting of the 
same source material could produce different batches of 
magma, this type of melting would still produce isotopically 
homogenous magma batches. This contrasts with the highly 
variable range of zircon 176Hf/177Hf ratios present within 
individual Neoproterozoic intrusions in the study area. Each 
of these intrusions contains zircons with Hf isotope com-
positions that span between 4 and 14 epsilon units for the 
Meiling and Jiuling intrusions, 5–13 epsilon units for the 
Shihuajian intrusion, and 3–7 epsilon units for the Jiuxian-
tang intrusion. The presence of high and/or low 176Hf/177Hf 
outliers within these Neoproterozoic intrusions also suggests 
that the Neoproterozoic magmas that formed this batholith 
involved at least two melt batches of enriched and depleted 
176Hf/177Hf melts. Villaros et al. (2012) suggested that the 
magmatic heterogeneity within a given batholith is inherited 
from the source of the magmas within the intrusion, poten-
tially explaining any significant overlap between the εHf val-
ues of magmatic zircons and the time evolved εHf arrays of 
older inherited zircon cores with values calculated for the 
timing of crystallization of these inherited zircons. However, 
Farina et al. (2014) demonstrated that the dissolution of iso-
topically disparate inherited zircons during the emplacement 
of isotopically homogenous melts can generate late-stage Hf 
isotopic variability in the melt being emplaced and thus in 
any zircons forming from this melt. The modelling of Farina 
et al. (2014) also indicates that the extent of any Hf isotopic 
variability is dependent on how far below zircon saturation 
the melt was emplaced, the load of inherited zircons within 
the magma, and the cooling rate after emplacement. Nev-
ertheless, there are documented cases where this isotopic 
variability is below analytical uncertainty because the melt 
was close to saturation when it was emplaced and/or the 
melt underwent rapid crystallization (e.g., Couzinié et al. 
2017). Moreover, Farina et al. (2014) also demonstrated that 
even zircon under-saturated magmas undergoing slow cool-
ing would generate only modest isotopic heterogeneity that 
would also be much smaller than the original isotopic het-
erogeneity of the inherited zircons. However, this research 
did not exclude the importance of magmatic processes such 
as magma mixing in the generation of small-scale isotope 
variability between zircons. The Neoproterozoic magmas 
in the study area must also have mixed thoroughly at some 
stage to yield relatively homogenous Hf isotope composi-
tions, as evidenced by the presence of zircons with rims 
yielding intermediate 176Hf/177Hf ratios that lie between the 
Hf end-members of the distinct sources of the magmas. In 
summary, the large range of zircon 176Hf/177Hf values pre-
sent in these granitoids provide robust evidence of magma 
mixing.

A change in the oxygen isotope composition of a magma 
can only be achieved by the addition of material with a 

distinct oxygen isotope composition (Valley 2003). This 
suggests that the presence of more than two apparent zircon 
δ18O populations in the Neoproterozoic intrusions (Appen-
dix 5) must represent mixing of at least two magmas. The 
majority of the zircons within the Meiling and Jiuling grani-
toids have rims and cores with resolvable variations in δ18O 
values that vary from lower value cores to higher value rims, 
reflecting the mixing of a higher δ18O melt with the original 
magma. However, some samples also document opposite 
trends (samples 11JL-21#15 and 16 from the Meiling intru-
sion; and samples 07JL-12-1#06 and 07, 11JL-16#01 and 
02, 11JL-19#02 and 03, 11JL-19#07 and 08 from the Jiul-
ing intrusion). This suggests that the system was open at the 
time of formation of these intrusions and underwent mixing 
of different batches of melt with different oxygen isotope 
compositions. In contrast, the Shihuajian and Jiuxiantang 
granitoids have zircons with δ18O values that decrease from 
core to rim, reflecting mixing with lower δ18O melts. This 
suggests that the batholith records a complex scenario where 
each individual intrusion formed from at least two melt 
batches, one high δ18O and one lower δ18O, as evidenced 
by the by the highest and lowest measured zircon values for 
each intrusion (7.3‰ and 10.2‰ δ18O melts for the Meiling 
intrusion, 7.4‰ and 10.9‰ δ18O melts for the Jiuling intru-
sion, 5.0‰ and 13.1‰ δ18O melts for the Shihuajian intru-
sion, and 7.6‰ and 9.3‰ δ18O melts for the Jiuxiantang 
intrusion). These large variations in zircon oxygen isotope 
compositions suggest that the intrusions record the mixing 
of multiple batches of evolved magma that had undergone 
zircon crystallization, indicating that this mixing occurred 
during magma ascent and storage.

In summary, the Neoproterozoic intrusions in the study 
are the result of two stages of mixing within the magma 
source and during magma storage and ascent. The first stage 
occurred in the granitoid source region and involved the 
mixing of immature and mature sedimentary and arc-related 
granitoid sources, and the second stage involved different 
melt batches, as evidenced by the variable zircon Hf–O iso-
tope compositions observed in the intrusions and the linear 
correlations present between major element concentrations 
within samples from the study area.

Nd–Hf decoupling and “seawater array” granitoids

It is well known that Lu–Hf and Sm–Nd isotopes behave 
in a covariant manner during magmatic processes (e.g., 
Vervoort and Blichert-Toft 1999; Vervoort et al. 1999). 
However, the majority of Neoproterozoic granitoids scatter 
away from “the terrestrial array” of Vervoort et al. (1999), 
providing evidence of Nd–Hf decoupling (Fig. 11a). Four 
main processes can cause this decoupling: (1) an abnormal 
enrichment in radiogenic Hf isotopes, a process that occurs 
in long-lived, fluid-dominated arc systems (e.g., Polat and 
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Münker 2004; Janney et al. 2005; Zheng et al. 2007); (2) 
high-grade metamorphism and partial melting of the lower 
crust (Vervoort et al. 2000; Schmitz et al. 2004); (3) the 
“zircon effect” (e.g., Patchett et al. 1984; Carpentier et al. 
2009; Tang et al. 2014); and (4) the “garnet effect” (Vervoort 
and Patchett 1996; Vervoort et al. 2000; Huang et al. 2017). 
The latter both affect sources during non-modal melting with 
respect to zircon and garnet, respectively, generating out of 
equilibrium melt–source compositions as discussed below.

The tetrad effect  (TE1,3) can be used to identify the effects 
(or the segregation) of magmato-hydrothermal fluids (e.g., 
Irber 1999), where granitic samples with low Nb/Ta ratios 
(< 5) are most likely to have undergone significant chemical 
modification during fluid–rock interaction (Ballouard et al. 
2016). The Neoproterozoic granitoids have whole-rock  TE1,3 
values of 0.98–1.21 (generally < 1.10) and Nb/Ta ratios of 
3.8–13.9 (generally > 8), both of which preclude the pos-
sibility of fluid interaction. All of these granitoids also have 
variable Lu/Hf ratios that do not correlate with their εHf(t) 
values, indicating that this isotopic decoupling cannot be 
controlled by high Lu/Hf ratios. The Neoproterozoic grani-
toids have also not undergone high-grade metamorphism, 
contain zircons with high Th/U (generally > 0.4) values and 
oscillatory zoning visible under CL imaging, have low Nb/U 
ratios (< 7.27 versus ~ 4.5 for the upper crust and ~ 25 for the 
lower crust; Rudnick and Gao 2003), and were emplaced at 
low pressures (< 0.2 GPa; BGMRJX 1984). These observa-
tions suggest that the granitoids cannot have been subject 
to high-grade metamorphism or partial melting within the 
lower crust. The presence of garnet during partial melting 
generates melts with elevated REE concentrations, Lu/Hf 

ratios, and εHf(t) values, which is contrary to the results from 
the granitoids in the study area; this implies that the Nd–Hf 
decoupling identified in this study cannot have been the 
result of any of these processes. The final possibility is the 
“zircon effect”, which relies on the facts that zircon is very 
resistant to chemical alteration, and that Zr and Hf are both 
concentrated within the zircon that tends to be deposited 
in coarse-grained detrital sediments (Patchett et al. 1984). 
This means that zircon-bearing sandy sediments have very 
low Lu/Hf values, and clay-poor sandstones have low Lu/
Hf values, meaning that it is difficult to significantly change 
the Hf isotope composition of a sediment without involving 
detrital zircons (Carpentier et al. 2009). Zircon abundances 
within magma sources can be estimated using whole-rock 
Zr concentrations. The studied samples record a negative 
relationship between whole-rock Zr concentrations and εHf(t) 
values. In addition, the majority of inherited zircon cores 
have more negative εHf(t) values (calculated for the timing of 
crystallization) than their rims, indicating that the presence 
of these zircons within the source rocks for the magmas that 
formed the Jiuling batholith would have decreased the εHf(t) 
values of the granitoids shown in Fig. 11b. This suggests 
that the zircon effect may explain the isotopic decoupling 
observed within the studied samples.

The above discussion indicates that the mixing of mag-
mas with abnormally high εHf(t) values generated by the 
zircon effect caused the Nd–Hf decoupling in the study 
area. Microgranular enclaves are very common within the 
Neoproterozoic intrusions (Fig. 2), as evidenced by sam-
ples 09JL-06-1 and 09JL-08-1 from the Jiuxiantang intru-
sion and sample 09JL-14-2 from the Shihuajian intrusion. 

Fig. 11  Diagrams showing variations in (a, b) εNd(t) vs. εHf(t) for 
the Neoproterozoic granitoids and marine sediments worldwide. 
Note: the “terrestrial array” and “seawater array” are modified after 
Albarède et al. (1998), Vervoort et al. (1999), Carpentier et al. (2009) 

and Vervoort et al. (2011) and references therein. Nd and Hf isotopic 
compositions of marine sediments from Vervoort et  al. (2011) and 
references therein
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All of these samples contain microgranular enclaves that 
may have formed during the mixing of melts with pre-
dominantly supracrustal origins (e.g., Zhao et al. 2013). As 
discussed above, magma mixing is likely to have been an 
important process in the formation of these Neoproterozoic 
granitoids; however, all of the granitoids with microgranu-
lar enclaves record Nd–Hf decoupling, and the presence of 
these enclaves provides direct evidence of variations in the 
degree of mixing. Further studies on these microgranular 
enclaves are needed to provide more information on this 
isotopic decoupling, although this is outside the scope of this 
study. It is likely that the source of the magmas in the study 
area contained marine sediments (e.g., terrigenous clays). 
These marine sediments have elevated εHf(t) values relative 
to their εNd(t) values, and contain zircons with high oxygen 
isotope values (e.g., Vervoort et al. 2000; Valley et al. 2005), 
characteristics that are also present within the Shihuajian 
and Jiuxiantang granitoids. More specifically, five types of 
marine sediments (i.e., turbidites, terrigenous clays, and vol-
caniclastic, hydrothermal and hydrogenetic sediments) can 
be distinguished using lithological and geochemical varia-
tions (Vervoort et al. 2011). Terrigenous clay, hydrother-
mal and hydrogenetic sediments plot closer to the “seawa-
ter array” than the other sediments, and are proximal to the 
Neoproterozoic granitoid samples analyzed during this study 
(Fig. 11). These granitoids have Nd/Hf values < 6, consistent 
with the composition of terrigenous clays. The geochemi-
cal characteristics outlined above are also inconsistent with 
derivation from hydrothermal and hydrogenetic sedimentary 
sources. For example, terrigenous clays within the Izu-Bonin 
region plot above the “seawater array” (Fig. 11), indicating 
they cannot have been present in the source of the Neoprote-
rozoic granitoids in the study area. The granitoids were most 
likely derived from magmas generated by the partial melting 
of sedimentary material within the eastern and western JO 
(e.g., the SQS and Sibao Groups) that are thought to have 
originally been marine sediments deposited in a back-arc 
basin associated with oceanic subduction (Wang et al. 2012; 
Charvet 2013). In conclusion, melts derived from marine 
sediments (e.g., terrigenous clays) have high εHf(t) values 
as a result of the zircon effect associated with this type of 
source material, with the mixing of these magmas account-
ing for the Nd–Hf decoupling observed in the study area.

Magma construction mechanism

The concept of intrusions as large ascending molten blobs 
(also termed magma chambers) remains widespread in the 
geological community and commonly guides the interpreta-
tion of field data (e.g., Bateman 1992; Clarke 1992). A con-
trasting view is that the diapiric ascent of magma is too slow 
and energetically inefficient to be geologically significant, 
meaning that large magma bodies only form when they are 

continually fed by dikes during emplacement (e.g., Petford 
et al. 2000). However, this is contrary to new geochronologi-
cal and geophysical data that indicate that large intrusions 
can accumulate incrementally over millions of years (e.g., 
Coleman et al. 2004; Glazner et al. 2004; Chambers et al. 
2020). The intrusions that form the focus of this study also 
provide evidence that batholiths can form from multiple 
batches of magma with distinct geochemical characteristics.

The Meiling and Jiuling intrusions were emplaced into 
wall rocks of the SQS Group and were subsequently intruded 
by the Shihuajian and Jiuxiantang intrusions, with the ages 
of these distinct intrusive phases being identical within 
uncertainty. The Meiling and Jiuling intrusions formed dur-
ing the early stages of batholith development and are litho-
logically similar, dominated by medium- to coarse-grained 
granodiorites and tonalites. These two intrusions have low 
 Na2O/K2O ratios (generally < 1.0), contain low concentra-
tions of CaO (generally < 2.5 wt.%), and have high Rb/Sr 
ratios (generally > 1.6), which indicates they formed from 
magmas derived from similar sources. However, the two 
intrusions also have some geochemical differences and the 
Jiuling granitoids yield higher and more variable tempera-
tures than those recorded within the Meiling granitoids. The 
Jiuling intrusion also contains zircons with a broader range 
of zircon δ18O (7.3–10.9‰) and εHf(t) (− 7.7– + 13.6) values 
and has a wider range of εNd(t) values (+ 1.0– + 5.0) than 
the Meiling intrusion (δ18O: 9.1–10.2%; εHf(t): − 1.6– + 8.9; 
εNd(t): + 2.7– + 3.6; Wang et al. 2018 and this study). The 
large inter-intrusion variations in zircon Hf–O isotopes and 
whole-rock Nd isotopic compositions also indicate these 
intrusions formed from magmas derived from distinctly 
different sources. The highly variable zircon Hf–O isotope 
compositions recorded by single samples from these intru-
sions (δ18O: up to 3.4‰; εHf(t): up to 13 epsilon units) indi-
cate the Meiling and Jiuling intrusions formed as a result 
of the mixing of multiple batches of magma generated by 
variable extents of disequilibrium melting.

The Shihuajian intrusion is markedly different from the 
Meiling and Jiuling intrusions in a number of respects. The 
Shihuajian intrusion was emplaced into the Jiuling intrusion, 
although both contain fine-grained granodiorites and tonalites 
and formed during the late stages of batholith genesis. The 
Shihuajian granitoids also have lower Rb/Sr ratios (< 1.6) 
and more variable  Na2O/K2O ratios (from > 1.0 to < 1.0) and 
CaO concentrations (0.66–3.65 wt.%) than the Jiuling intru-
sion. The Shihuajian granitoids also records lower magmatic 
temperatures, contain more abundant inherited/xenocrystic zir-
cons, and contain zircons with rims that have a wider range of 
δ18O values (5.0–13.1‰; Appendix 1), but similar εHf(t) val-
ues (− 1.2– + 9.1) than those within the Meiling intrusion. The 
Shihuajian intrusion also records larger variations in zircon 
Hf–O isotope and whole-rock geochemical compositions than 
the earlier intrusions, indicating that this phase of batholith 
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formation involved a different magma source than that which 
generated the Meiling and Jiuling intrusions. This phase of 
batholith formation must have involved the mixing of multiple 
batches of magma with different geochemical compositions, 
as reflected by the inter-sample range of zircon isotopic (δ18O: 
up to 8.1‰; εHf(t): up to 13 epsilon units) and whole-rock 
geochemical compositions obtained from samples of the Shi-
huajian granitoids.

The Jiuxiantang intrusion was emplaced into the Jiul-
ing intrusion and also represents the late phase of batholith 
formation. However, this intrusion is dominated by a biotite 
tonalite phase and has low Rb/Sr ratios (< 1.0), high  Na2O/
K2O ratios (> 1.0) and high concentrations of CaO (> 2.5 
wt.%; Fig. 7). Magmatic zircons within this intrusion yield 
low  TTi-in-zrc temperatures and a restricted range of high 
εHf(t) values (+ 1.1– + 8.6), but relatively low δ18O values 
(7.6–9.3‰; Appendix 1). This intrusion is also free of inher-
ited/xenocrystic zircons. Both the later Shihuajian and Jiuxi-
antang granitoids also have Nd and Hf isotope compositions 
that lie closer to the “seawater array” than the other intrusions 
within the batholith. The large inter-intrusion and inter-sample 
variations in zircon Hf–O isotopes and whole-rock major and 
trace element compositions also provide robust evidence of 
mixing in the source for the Shihuajian magmas as well as 
mixing of magma batches during ascent and storage prior to 
emplacement.

The field relationships and lithological, geochemical, and 
geochronological data outlined during this study indicate that 
the composite Jiuling batholith accumulated incrementally, 
despite the fact that the age of the different intrusions within 
the batholith are indistinguishable within uncertainty. The 
detailed discussion of the processes involved in this incre-
mental accumulation is beyond the scope of this study; how-
ever, large inter-intrusion variations in zircon Hf–O isotope 
and whole-rock major and trace element compositions provide 
evidence of derivation from different magma sources. Variable 
zircon Hf and O isotope compositions within individual intru-
sions also provide evidence of the mixing of multiple batches 
of magma generated by variable extents of disequilibrium 
melting during the evolution of the magmas that formed these 
intrusions (Fig. 12). All of this indicates that the geochemi-
cal variations within the Neoproterozoic intrusions and within 
individual samples from these intrusions reflect the mixing of 
three components within the sources for these magmas and the 
mixing of different geochemically distinct batches of magma 
during ascent and storage.

Conclusions

1. Peraluminous crustally derived Neoproterozoic intru-
sions record the incremental formation of the composite 
Jiuling batholith.

2. The Neoproterozoic granitoids within the batholith were 
predominantly derived from underlying supracrustal 
material that was geochemically similar to the sedi-
ments of SQS Group, combined with minor amounts of 
arc-related granitoid material. However, the temporal 
transition from the early to late stages of batholith for-
mation also record several geochemical transitions: (1) 
from K-rich to Na-rich components; (2) from high to low 
Rb/Sr ratios; (3) from high to low zircon δ18O values; 
and (4) from low to high εHf(t) values at given εNd(t) 
values. The presence of large inter-intrusion variations 
provides evidence of the involvement of magmas from 
multiple different sources. Inter-sample zircon Hf and O 
isotope variations also provide evidence of the mixing 
of multiple batches of melt within a single intrusion, 
with these geochemically distinct batches generated by 
disequilibrium melting. This dual mixing, involving 
heterogeneous magma sources and multiple batches of 
granitic melts (Fig. 12), represents the key process in 
the generation of the composite peraluminous batholith, 
and may also explain some of the geochemical diversity 
present within crustally derived granitoids.

3. The Neoproterozoic intrusions of the composite Jiuling 
batholith contain Nd–Hf isotopes that plot above the ter-

Fig. 12  A schematic model for the formation of a granitic intru-
sion/batholith, which involves dual mixing of heterogeneous magma 
sources and multiple batches of granitic melts
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restrial array and close to the seawater array. This Nd–Hf 
decoupling suggests that the intrusions that formed the 
batholith were derived from a source containing marine 
sediments.
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