
1.  Introduction
Determining the state and processes of the formation of magma reservoirs in Earth's crust is crucial to 
understanding magmatic behaviors such as magmatic differentiation, mixing, and accumulation (Bach-
mann & Huber, 2016; Bindeman & Simakin, 2014; Cashman et al., 2017; Karakas et al., 2017). The state 
of magma bodies at depth controls the likelihood and size of eruptions, which in turn can have significant 
short- and long-term effects on climate. Magma reservoirs are also the dominant regions for generating the 
physiochemical diversity of igneous rocks (e.g., Jackson et al., 2018; Marsh, 2015) and the enrichment of 
volatiles, fluids, and metals for economic ore deposits, such as porphyry Cu (e.g., Buret et al., 2016; Mao 
et al., 2018), platinum group elements (e.g., Chistyakova et al., 2019), and Au deposits (e.g.,Grondahl & 
Zajacz, 2017; Halter et al., 2002). One of the key scientific problems regarding magma reservoirs concerns 
their lifetime and related aspects of magmatic evolution (e.g., Bachmann & Huber, 2016; Wang, et al., 2021). 
For example, various studies have investigated the thermal evolution of magmas (e.g., magma storage in 
cold non-eruptible or warm eruptible states), especially in the upper crust, using field mapping and new 
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O isotopes for the four main intrusions. The dating results show that the intrusions were emplaced at 
826–810 Ma, with a few inherited zircon domains in the range of 3,800–3,835 Ma. The magmatic zircon 
grains/rims commonly have wide δ18O variations from 5.9‰ to 13.1‰, and magmatic centers have similar 
δ18O ranges (3.9‰–12.2‰) to those of inherited zircon domains (3.8‰–11.4‰). The application of zircon 
CSD measurements reveals short zircon crystallization timescales and thus possible magmatic residence 
times in the order of 103–104 yr, consistent with the maximum residence times (18–47 kyr, as an upper 
limit) constrained by zircon oxygen isotopic diffusion modeling. This study of such ephemeral reservoirs 
provides unique insights into the state of magmas and the processes that occur within magma reservoirs.

Plain Language Summary  Magma reservoirs in the crust are key locations for the generation 
of volcanic eruptions and/or intrusive rocks and have a close association with the formation of economic 
ore deposits. The longevity of magma reservoirs and the magmatic processes involved in their formation 
remain highly debated topics in geoscience communities. Here we use zircon crystal size distributions 
and oxygen isotopic diffusion modeling to constrain the longevity of the magmas that formed the 
Neoproterozoic Jiuling composite batholith in South China. Our results reveal a short magmatic lifetime 
(a few thousand to a few tens of thousands of years). This well-documented example shows that melts 
were assembled rapidly during the Neoproterozoic era and adds to our understanding of magma reservoirs 
in the early Earth.
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geochemical and geochronologic tools (Barnett & Gudmundsson, 2014; Eddy et al., 2016; Farina et al., 2018; 
Reid, 2008; Townsend et al., 2019; Vazquez & Reid, 2004; Wotzlaw et al., 2013).

The recently developed chemical abrasion–isotope dilution–thermal ionization mass spectrometry (CA–
ID–TIMS) zircon U–Pb dating method can give analytical uncertainties better than 0.5‰ (e.g., Samperton 
et al., 2017; Schaltegger et al., 2021; Schoene et al., 2015) and has placed constraints on melt residence 
times of tens to hundreds of thousands of years ( Bachmann et al., 2007; Claiborne et al., 2010; Coleman 
et al., 2004; Farina et al., 2018; Karakas et al., 2019; Miller et al., 2007; Reid, 2008; Schmitt et al., 2010; 
Schoene et  al.,  2010; Storm et  al.,  2014; Wotzlaw et  al.,  2013,  2014). However, this method may not be 
applicable for the analysis of ancient (e.g., Precambrian) magmatic units, as the 0.5‰ uncertainty (i.e., 
equivalent to 400 kyr for 800 Ma samples) may exceed the residence times of melt. In contrast, crystal size 
distributions (CSDs; Pappalardo & Mastrolorenzo,  2012) and diffusion modeling (Cooper & Kent,  2014; 
Druitt et  al.,  2012) are independent of absolute ages and are robust alternatives for placing constraints 
on the timescale of magmatic residence. Traditionally, CSD analysis has been widely applied to major 
minerals, such as plagioclase, K-feldspar, and quartz (Brugger & Hammer, 2010; Higgins, 2002; Higgins & 
Roberge, 2007; Morgan et al., 2007), but only rarely to accessory minerals such as zircon and apatite (Binde-
man, 2003; Bindeman et al., 2006; Mock & Jerram, 2005).

The common occurrence of accessory zircon in magmatic rocks, together with its refractory physical and 
chemical nature and low elemental volume diffusivities (Cherniak, 2010), makes it a potential tool for esti-
mating the lifetimes of magma reservoirs, in particular for Precambrian igneous suites. The Jiuling compos-
ite batholith is one of the largest (>4,000 km2; BGMRJX, 1984) Neoproterozoic granitic batholiths in South 
China and has been investigated thoroughly by whole-rock geochemistry, geochronology, and in situ zircon 
Hf–O isotopes (e.g., Rong et al., 2018; Sun et al., 2017; Wang & Wang, 2021; Wang, Zhou, et al., 2013). In 
this paper, we report a study of zircon CSDs and oxygen isotopes for four intrusions in the Neoproterozoic 
Jiuling composite batholith. Our results provide important constraints on magmatic residence times for 
intrusions on early Earth.

2.  Geological Background
The South China Block is an important constituent tectonic element of East Asia and can be divided into 
the Cathaysia Block in the southeast and the Yangtze Block in the northwest (Wang, Wang, et al., 2013). The 
two blocks were amalgamated along the nearly E–W-trending ∼1,500-km-long Jiangnan Orogen during the 
Neoproterozoic (860–820 Ma; Wang et al., 2014). Voluminous middle Neoproterozoic granitoids were gener-
ated in the Jiangnan Orogen, representing the reworking of juvenile arc materials and old continental crust 
(Wang, Zhou, et al., 2013; Zheng et al., 2008). Of these granitoids, the Neoproterozoic Jiuling composite 
batholith (Figure 1) in the eastern Jiangnan Orogen is the largest, with an exposed area of ∼4,000 km2 (BG-
MRJX, 1984). It comprises four main intrusions; that is, Meiling (390 km2), Jiuling (3,680 km2), Shihuajian 
(260 km2), and Jiuxiantang (44 km2) (BGMRJX, 1984). The four intrusions are composed predominantly 
of strongly peraluminous (with aluminous saturation index [ASI] values of >1.1) granodiorite and tonal-
ite, with the dominant mineral assemblage being 40–50 vol.% plagioclase (An10–42), 10–15 vol.% K-feldspar, 
25–35 vol.% quartz, 6–20 vol.% biotite, 0–5 vol.% cordierite, 0–5 vol.% garnet, and minor accessory minerals 
such as zircon and apatite. The rocks show radiogenic Hf and Nd isotopic features, consistent with tran-
sitional I–S granitic characteristics (Wang, Zhou, et  al.,  2013). The Jiuling composite batholith intrudes 
860–820 Ma metasedimentary sequences and is in turn unconformably overlain by middle Neoproterozoic 
(<800 Ma) sequences (BGMRJX, 1984). Available in situ zircon U–Pb geochronological studies (sensitive 
high-resolution ion microprobe [SHRIMP] and laser-ablation–inductively coupled plasma–mass spectrom-
etry [LA–ICP–MS]) indicate that the Neoproterozoic batholith formed between ca. 830 and ca. 810 Ma (e.g., 
Rong et al., 2018; Sun et al., 2017; Wang & Wang, 2021; Wang, Zhou, et al., 2013, 2014; Zhao et al., 2013). 
The mean ages of individual intrusions vary from the oldest (Meiling) unit at ca. 830 Ma to the youngest 
(Jiuxiantang) unit at ca. 810 Ma. The geochronological difference observed for individual intrusions has 
been interpreted to reflect incremental accumulation of different magmatic batches. The geochemical var-
iations (e.g., whole-rock major- and trace-element contents, whole-rock Nd isotopes, and zircon Hf and O 
isotopes) in all of these intrusions require multiple contributions of diverse melts to their parental magma 
bodies (Wang & Wang, 2021).
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3.  Analytical Methods
3.1.  Zircon U–Pb Dating and Oxygen Isotope Analysis

Zircon grains were separated from crushed samples using conventional heavy liquid and magnetic tech-
niques and handpicked under a binocular microscope. The separated zircon grains were then picked for 
spot targeting for in situ U–Th–Pb and O isotope analyses according to transmitted- and reflected-light mi-
crographs and cathodoluminescence (CL) images. Zircon oxygen isotopes were measured using a CAME-
CA IMS 1280-HR instrument at the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute 
of Geochemistry, Chinese Academy of Sciences, Guangzhou, China, using detailed analytical procedures 
similar to those of Yang et al. (2018). The Qinghu zircon standard, which has a weighted mean δ18O value of 
5.17‰  ±  0.16‰, was used as an in-house standard to monitor the analytical precision (Li et al., 2013). To 
correct for the instrumental mass fractionation factor (IMF) and instrumental drift, all data were normalized 
to the Penglai zircon standard, which has a δ18O value of 5.31‰ (Li et al., 2010). The internal precision of a 
single analysis is generally better than ±0.2‰. After oxygen isotope analysis, zircon U–Th–Pb isotope dating 
was performed using an Agilent 7500a ICP–MS instrument at the State Key Laboratory for Mineral Deposits 
Research, Nanjing University, Nanjing, China, with analytical processes similar to those given by Wang 
et al. (2007). The accuracy of age determinations is in the order of 1% for LA–ICP–MS (Chang et al., 2006). 
For individual zircon, U–Pb and O isotope determinations were performed on the same domains.

3.2.  Zircon CSD Measurements

More than 250 zircon crystals were picked at random from each sample and their external morphologies 
observed before mounting. During zircon separation procedures, there may be a selective loss of smaller 
grains, which may introduce bias to zircon CSDs. To confirm the possible influence of such loss on zir-
con CSDs, especially the right-hand-side slopes of CSDs, previous studies have compared zircon CSDs for 
acid (HF) dissolution procedures with those for conventionally extracted zircon, and have shown that CSD 

Figure 1.  Simplified geological map of the Neoproterozoic Jiuling batholith (modified after Wang et al., 2018), showing the studied intrusions and sample 
locations. The inset shows the location of the Jiuling batholith in the South China Block (modified after Wang, Zhou, et al., 2013).
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results obtained by the former technique overlap those obtained using the conventional technique (e.g., 
Bindeman & Valley, 2001, 2002). Therefore, zircon extraction through conventional mechanical separation 
procedures, as used in the present study, is as reliable as that obtained using the acid (HF) dissolution pro-
cedure (Bindeman & Valley, 2001; Bindeman, 2003). Parameters such as length, width, and area of zircon 
were automatically measured by the software ImagJ. The majority of studied zircon are euhedral tetragonal 
dipyramids. The mode of width-to-length (aspect) ratio (w/l) is equal to I/L (ellipsoid intermediate axis/ 
ellipsoid long axis), as zircon crystals are not randomly oriented (Higgins, 2006). The parameters of the 
short, intermediate, and long dimensions (S: I: L) of zircon can be estimated according to crystal habits. The 
results of CSD measurements are plotted in a diagram of the natural log of linear population density versus 
average crystal length with 10 or 5 μm sample bins. The population residence time τ at nominal growth rates 
is estimated by the Avrami equation (m = −1/Gτ; Cashman & Marsh, 1988) applied to zircon by Bindeman 
and Valley (2001) with the slope (m) of plots, where G is a growth rate. In addition, we used the zircon crys-
tallization software reported by Bindeman and Melnik (2016) to obtain the typical growth rates G of zircon 
in plutons of large size (Figure 1).

4.  Results
4.1.  Zircon U–Pb Ages and Oxygen Isotopes

Most zircon grains separated from the four intrusions of the Jiuling composite batholith are euhedral, color-
less, and transparent, with lengths of 30–560 μm and aspect ratios of 1:1 to 10:1. They are either prismatic 
or ellipsoidal with oscillatory zoning (Figure S1 in the Supporting Information S1), typical of a magmatic 
origin, meaning that their U–Pb dates represent crystallization ages. Inherited zircon cores are recognized 
by ages older than the crystallization age. Combined with structures recognized by CL imaging, the age 
threshold between magmatic and inherited domains was set at ca. 840 Ma, as the 206Pb/238U ages of mag-
matic rims are continuous and have an obvious geochronological hiatus (mostly >15 Myr) relative to the 
inherited zircon domains with ages older than 840 Ma. Some of the zircon center domains show concordant 
U–Pb ages that are indistinguishable from the crystallization age and are denoted as magmatic centers that 
formed during the early stage of magmatic evolution. The corresponding U–Pb dating and O isotopic results 
are presented in Table 1 and Tables S1 and S2 in the Supporting Information S1.

Zircon grains from sample 11JL-21 of the Meiling intrusion have lengths of 30–560 μm, aspect ratios of 
1:1 to 7:1, and Th/U ratios of 0.12–1.0. Few spot analyses obtained from inherited cores show U–Pb ages 
ranging from 3,799 to 3,842 Ma and δ18O values from 3.9‰ to 10.1‰. The analyses of magmatic rims show 
overlapping 206Pb/238U dates and yield a weighted mean age of 814.7 ± 6.2 Ma (n = 18; MSWD = 2.4; Fig-
ure S2a in the Supporting Information S1), representing the crystallization age of the Meiling intrusion. 
These magmatic rims show a wide range of δ18O values from 7.2‰ to 10.2‰ (Figure 2a), within the range 
(5.1‰–10.1‰) of inherited domains in this sample (Table 1). Three magmatic centers show 206Pb/238U ages 
varying from 834 to 809 Ma and δ18O values from 3.9‰ to 9.5‰.

Zircon grains from four samples (07JL-12-1, 11JL-03-1, 11JL-16, and 11JL-19) of the Jiuling intrusion have 
variable sizes (30–250 μm in length and aspect ratios of 1:1 to 10:1), and few display core–rim structures 
in CL images (Figure S1 in the Supporting Information S1). Most spot analyses show Th/U ratios of 0.10–
1.54. Magmatic rims yield concordant U–Pb dates with weighted mean 206Pb/238U ages of 812.5 ± 4.7 Ma 
(n = 25; MSWD = 1.7) for sample 07JL-12-1, 821.3 ± 6.7 Ma (n = 20; MSWD = 1.3) for sample 11JL-03-1, 
826.0 ± 7.0 Ma (n = 12; MSWD = 0.33) for sample 11JL-16, and 823.8 ± 3.8 Ma (n = 23; MSWD = 1.13) 
for sample 11JL-19 (Figures S2b–e in the Supporting  Information S1). The four mean ages are indistin-
guishable within uncertainty and represent the crystallization ages of the Jiuling intrusion. Magmatic zir-
con rims from the four samples have consistent δ18O values within the range of 8.1‰–10.8‰ (Figures 2b 
and 2c; Table 1). The magmatic centers yield 206Pb/238U ages ranging from 833 to 803 Ma, with δ18O values of 
7.4‰–10.5‰. In addition, the inherited domains give U–Pb ages ranging from 2,006 to 844 Ma, with more 
variable δ18O values of 4.6‰–10.5‰.

Zircon grains from two samples (09JL-13-1 and 11JL-10) collected from the Shihuajian intrusion have 
lengths of 30–290 μm, aspect ratios of 1:1 to 8:1, and Th/U ratios mostly in the range of 0.12–1.75. The 
youngest group of concordant spot analyses gives weighted mean 206Pb/238U ages of 810.1 ± 4.5 Ma (n = 22, 
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MSWD = 1.19) for sample 09JL-13-1 and 821.2 ± 6.5 Ma (n = 14, MSWD = 1.4) for sample 11JL-10 (Figure 
S2f–g in the Supporting Information S1), representing the crystallization ages of the Shihuajian intrusion. 
In situ zircon oxygen isotopic values of the magmatic zircon rims vary from 6.8‰ to 8.5‰ for sample 09JL-
13-1, and from 5.9‰ to 13.1‰ for sample 11JL-10 (Figures 2d and 2e). The magmatic centers yield U–Pb 
ages ranging from 837 to 798 Ma, with δ18O values of 5.0‰–12.2‰. In addition, inherited zircon cores and 
domains give variable U–Pb dates of 1,445–844 Ma and δ18O values of 3.8‰–11.4‰.

Only one sample, 09JL-8-1, was collected from the Jiuxiantang intrusion. The zircon grains separated from 
this sample are 40–190 μm in length, with aspect ratios of 1:1 to 6:1 and Th/U ratios varying from 0.10 to 
1.00. Magmatic zircon rims in this sample yield a weighted mean 206Pb/238U age of 814.9 ± 3.9 Ma (n = 24, 
MSWD = 1.04; Figure S2h in the Supporting Information S1), representing the crystallization age of the 
Jiuxiantang intrusion. These spot analyses show in situ δ18O values that are more consistent (7.6‰–9.3‰) 
than those of other samples (Figure 2f). The magmatic centers yield U–Pb ages varying from 823 to 805 Ma, 
with δ18O values of 8.0‰–8.3‰. In contrast, the inherited domains give variable U–Pb dates of 889–849 Ma 
and δ18O values of 7.5‰–8.9‰.

Taken together, the Meiling, Jiuling, Shihuajian, and Jiuxiantang intrusions were formed at 826–810 Ma, 
with ages that are indistinguishable between the different magmatic bodies and close to the maximum dep-
ositional ages of the underlying Shuangqiaoshan Group. Inherited zircon domains from these intrusions 
yield Neoproterozoic to Archean ages. Inheritance of ancient zircon cores and domains indicates that the 
temperatures of the parental magmas of these intrusions did not exceed zircon saturation temperatures (TZr 
for each intrusion given by the whole-rock Zr concentration, following Watson & Harrison, 1983) for an 
extended period. Such inheritance is typical of S-type granites worldwide (e.g., Chappell & White, 2001). 
Of note, one zircon xenocryst (11JL-21#05) yields the oldest 207Pb/206Pb age (3,799 Ma) in this study and a 
δ18O value of 7.7‰, which indicate intracrustal recycling of high-δ18O materials. The histogram of inherited 
ages reflects one major peak of ca. 880 Ma and two minor peaks of 1,746 and 1,138 Ma (Figure S3 in the 
Supporting Information S1). The major peak is common in age spectra of the Yangtze and Cathaysia Blocks; 
however, the other two peaks are consistent with age clusters (i.e., 1,150–1,000 and 1,900–1,650 Ma) of gran-
itoids in the Laurentian orogen (Condie & Aster, 2010).

Most of the magmatic zircon grains have δ18O values falling within the ranges of the inherited domains. 
These magmatic grains have wide variations in δ18O values (1.7‰–8.1‰) within each sample (Figures S4 
and S5 in Supporting Information S1). The diversity of δ18O values of zircon from the studied intrusions 
is rivaled only by that of zircon from Yellowstone and other Snake River Plain rhyolites (Bindeman & Si-
makin, 2014). We estimate (Figure S1 in the Supporting Information S1) that the inherited cores of each 
intrusion represent only 0.5–6.3 vol.% of the entire zircon volume in the rocks, and that most zircon crys-
tallization took place during batch assembly of chronologically and isotopically diverse magmas, which 
crystallized a common and volumetrically dominant zircon rim. Therefore, we can apply the CSD method 

Intrusion Sample no.

Age(Ma) Zircon δ18 O (‰, VMSOW)

mr mc iz mr mc iz

Meiling 11JL-21 796–831 809–834 848–3799 7.2–10.2 3.9–9.5 5.1–10.1

Jiuling 07JL-12-1 791–820 803–829 844–917 8.1–10.8 7.4–10.5 4.6–6.8

11JL-03-1 808–832 835 842–931 8.2–10.5 8.5 4.5–10.0

11JL-16 811–839 819–823 893–1744 8.9–10.6 7.7–10.2 5.9–10.5

11JL-19 812–839 826–833 846–1755 8.5–10.6 8.6–10.5 5.6–10.3

Shihuajian 09JL-13-1 793–830 798–835 864–1238 6.8–8.5 5.8–9.7 6.4–10.3

11JL-10 808–831 805–837 848–1445 5.9–13.1 5.0–12.2 3.8–11.4

Jiuxiantang 09JL-08-1 799–830 805–823 849–889 7.6–9.3 8.0–8.3 7.5–8.9

Note. mr, mc and iz represent magmatic rims, magmatic centers and iherited zircon, respectively. The age threshold 
between inherited and magmatic zircon is at 840 Ma.

Table 1 
U–Pb Ages and Oxygen Isotopic Variations for the Neoproterozoic Intrusions
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to estimate the duration of zircon crystallization in each intrusion to assess cooling during this part of the 
magmatic history. The CSD method used here can estimate the magmatic residence time of each intrusion 
as given by the zircon crystallization interval more precisely than the U–Pb dating method because of the 
large uncertainties on U–Pb ages given by the latter method.

Figure 2.  Plots of δ18O vs. U–Pb age for the Neoproterozoic Meiling (a), Jiuling (b, c), Shihuajian (d, e), and 
Jiuxiantang (f) intrusions. The range of δ18O zircon in equilibrium with mantle-derived magmas (5.3‰ ± 0.6‰; 
Valley, 2003) is shown by the horizontal gray field. Vertical light-blue bars show the δ18O values of zircon rims 
in equilibrium with quartz (taken as Δ18Oquartz-zircon = 2.29‰). Some representative zircon CL images for the 
Neoproterozoic intrusions are also shown. Blue and red circles in CL images show the domains for U–Pb dating and O 
isotope analyses, respectively. Blue and red numbers close to circles are corresponding ages and O isotopes, respectively. 
The abbreviations “mr”, “mc”, and “iz” represent magmatic rims, magmatic centers, and inherited zircon, respectively.
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4.2.  Zircon CSD Results

Morgan and Jerram (2006) proposed that more than 250 crystals with acicular shapes are required to ro-
bustly acquire CSD data. In this study, more than 250 zircon crystals of each sample were randomly picked 
and checked for CSD analysis and then measured, with the majority of zircon grains being 30–250 μm long. 
Overall, the crystallized zircon grains exhibit concave-down and lognormal-shaped CSD patterns (Figure 3), 
similar to the CSDs measured for felsic volcanic rocks from North America (Bindeman, 2003; Bindeman 
et al., 2006). The origin of this lognormal-shape CSD feature can be either an intrinsic property of near-eu-
tectoid silicic bodies, which can provide insights into delayed nucleation in the magmatic crystallization 
history (e.g., Bindeman, 2003), or alternatively reflect dissolution and reprecipitation episodes caused by 
temperature cycling (Simakin & Bindeman, 2008), each dissolving the smallest zircon. In either case, here 
we consider only the right-hand-side slopes of the CSD, unaffected by the above processes, and additionally 
the possible loss of the smallest zircon during extraction procedures. According to the simplified theory of 
CSDs (i.e., the modified Avrami equation), the slope reflects the time of crystallization since its initiation 
(e.g., Cashman & Marsh, 1988). In order to prove that a greater number of crystals cannot affect the slope of 
CSDs, data for sample 11JL-10 with different numbers of zircon grains were also compared (Table 2), and 

Figure 3.  Diagrams of zircon crystal size distributions, expressed as the logarithm of population density (n/LV) versus 
average crystal length with 10 or 5 μm sample bins, for the studied Neoproterozoic intrusions. At our estimated average 
growth rate (G) of 10−14 cm/s (Section 5.2.1 for a detailed explanation), the timescales (τ) are estimated by the Avrami 
equation (m = −1/Gτ) with a distribution slope (m).
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the difference of the slopes is very small (only ∼10% difference). Therefore, the number of zircon crystals in 
this study is sufficient to yield reliable CSD slopes. The measured slopes of the right-hand side of the CSD 
in Figure 3 and Table 2 are −426 for the Meiling intrusion, −561 to −327 for the Jiuling intrusion, −612 to 
−213 for the Shihuajian intrusion, and −315 for the Jiuxiantang intrusion. We use these slopes and zircon 
growth rates, estimated independently below, to estimate magmatic residence times, using the modified 
Avrami equation. Qualitatively, an increase in crystallization time corresponds to shallower slopes in the 
zircon CSD pattern.

4.2.1.  Application of Zircon CSDs to Granitoids

The CSD method has been applied to zircon from volcanic rocks (e.g., Bindeman, 2003; Wotzlaw et al., 2014) 
but rarely to those from granitoids. The existence of inherited zircon cores may affect the shape of the zircon 
CSD, especially in granitoids. Moreover, a mixture of different magmatic batches is likely to be a common 
feature of granitic batholith formation (Wang & Wang, 2021). Igneous zircon that crystallized from earlier 
batches of melt might be partially dissolved in later batches, which would also influence the final CSD 
pattern. Therefore, the application of the zircon CSD method to granitoids needs to be carefully evaluated.

In comparison with the right-hand side of the CSD for all zircon, the slopes for zircon with inherited cores 
(abbreviated as ZICX) within a specific intrusion show similar variations (Figure 4, Table 2, with slopes of 
−376 for the Meiling intrusion, −594 to −233 for the Jiuling intrusion, −460 to −309 for the Shihuajian 
intrusion, and −533 for the Jiuxiantang intrusion). Compared with all zircon from each sample, the slopes 
for ZICX vary within a factor of <2. For example, the slopes for ZICX from three samples (i.e., samples 
07JL-12-1, 11JL-16, and 11JL-19) from the Jiuling intrusion yield very similar values to those for all zircon. 
The slope for ZICX from sample 09JL-08-1 from the Jiuxiantang intrusion differs slightly from that for all 
zircon by a factor of 1.7. Overall, the slopes for ZICX and for all zircon from each intrusion are fairly con-
sistent. Moreover, the inherited cores represent only 0.5–6.3 vol.% of the zircon, a very small proportion of 
inheritance. Furthermore, CSD distributions of zircon without inherited cores indicate the period from the 
initial stage of formation of zircon in the initial melt to the final stage when zircon growth ends. The slopes 
for zircon without inherited cores are fairly consistent with those for all zircon (Figure 5), and also close to 
those for ZICX. The agreement between both methods is within 20%, and the estimated magmatic durations 
are of the same order of magnitude. Therefore, the slopes using all zircon are reliable and can be utilized to 
estimate melt residence times.

The inter-sample diversity in zircon oxygen isotopes indicates mixing of different batches of melts, which 
played an important role in the formation of the Neoproterozoic Jiuling batholith (Wang & Wang, 2021). In 
the CSD distribution, mixing of two magmas with non-collinear straight CSDs will produce a concave-up 
curved CSD (Figure S6 in the Supporting Information S1; Higgins, 1996; Higgins & Roberge, 2007). De-
viation from the ideal pattern (i.e., a straight line on a CSD diagram) is commonly a result of magmatic 

Intrusion
Sample 

no.
Slope of 

all Zircon
Calculated 

duration (kyr)
Number 
of crystal

Slope of 
ZICXa

Calculated 
duration (kyr)

Number 
of crystal

Slope of Zircon 
without inherited cores

Calculated 
duration (kyr)

Number 
of crystals

Meiling 11JL-21 −426 7 291 −376 8 78 −383 8 171

Jiuling 07JL-12-1 −327 10 323 −322 10 72 −394 8 131

11JL-03-1 −372 9 273 −233 14 74 −486 7 106

11JL-16 −561 6 282 −535 6 49 −549 6 143

11JL-19 −537 6 257 −594 5 61 −528 6 151

Shihuajian 09JL-13-1 −213 15 303 −309 10 63 −278 11 203

11JL-10 −612 5 295 −460 7 107

11JL-10b −549 6 452 −518 6 226

Jiuxiantang 09JL-08-1 −315 10 268 −533 6 63 −299 11 169
aZICX is the abbreviation for zircon with inherited cores; Zircons with or without inherited cores are distinguished by CL images and geochronological data. bIt 
is a replicate sample, which contains a greater number of zircon.

Table 2 
Crystal Intersection Size Distribution Data of Zircon in the Neoproterozoic Granitic Intrusions
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processes, such as mixing of magmas, or differential coarsening of individual mineral grains (e.g., Ostwald 
ripening, annealing, textural maturation) (Higgins, 2006). Each of these processes can affect the CSD by 
changing the characteristic features of the residence time regime (Marsh, 1988), with the altered CSD pat-
terns thus implying the occurrence of these processes in the magma reservoir. However, most of the CSDs 
for the studied granitoids display concave-down patterns with a narrow range in slopes. If magmas with dis-
tinct residence times mixed with each other, the slopes of the right-hand side of the CSD would likely vary 
markedly, according to the distinct proportions of different magmas. However, there is also a possibility that 
different batches of magma have relatively consistent slopes in the CSD, indicative of relatively consistent 
residence times of different magma batches.

In general, the inheritance of zircon and the magmatic process (i.e., mixing) involved in the generation 
of the studied Neoproterozoic granitoids have subtle influences on zircon CSD patterns, especially on the 
slopes of the right-hand side of the CSD. Therefore, zircon CSDs in our study could be an alternative way of 
making first-order estimates of the melt residence time. It is worth noting that granitoids with high levels 
of zircon inheritance are not suitable targets for the application of zircon CSDs, as these high levels would 
introduce significant bias to the relevant parameters, such as length, width, and area of magmatic zircon, 
which would in turn influence the slope of data in zircon CSD diagrams. However, granitoids with low 

Figure 4.  Diagrams of crystal size distributions of inherited zircon cores (dotted lines). Slopes (red lines) are very close 
to those for all zircon in Figure 3.
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proportions of inherited zircon, as in this study, are suitable for zircon CSD analysis. Zircon inheritance 
should be checked by CL imaging, and any possible influence on CSD slopes should also be evaluated 
carefully.

5.  Discussion
5.1.  Mechanism of Oxygen Isotope Variations in Magmatic Zircon

Our zircon dataset documents differences in zircon δ18O among intrusions, as well as different degrees of 
isotopic heterogeneity in granitoid samples, as evidenced by greater isotopic variability among grain centers 
relative to rims (Table  1 and Figures S4–S5 in the Supporting  Information  S1). For example, magmatic 
centers of zircon from the Meiling intrusion have more variable δ18O values (3.9‰–9.5‰) compared with 
magmatic rims (7.2‰–10.2‰). In the Jiuling intrusion, the magmatic centers (7.4‰–10.5‰) of zircon from 
sample 07JL-12-1 show a wider variation than magmatic rims (8.1‰–10.8‰), and similarly in sample 09JL-
13-1 from the Shihuajian intrusion (5.8‰–9.7‰ for magmatic centers and 6.8‰–8.5‰ for magmatic rims). 
Within individual samples, the magmatic zircon domains (mainly as rims) generally have higher δ18O val-
ues than those of inherited domains (as cores; Figure 2).

Figure 5.  Diagram of crystal size distributions of zircon without inherited cores (dashed lines). Slopes are nearly the 
same as those for all zircon in Figure 3.
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The physical mechanism causing these oxygen isotope variations in magmatic zircon domains remains 
speculative. The magmatic zircon grains/domains of the studied Neoproterozoic Jiuling granitic batholith 
show wide δ18O variations from mantle-like to as high as 13.1‰, with this value being amongst the highest 
found in magmatic zircon, although not as high as S-type granites in the Oman–United Arab Emirates ophi-
olite (Spencer et al., 2017). Most spot analyses of magmatic zircon in the present study display δ18O values in 
the range of 6‰–11‰. The assimilation of high-δ18O wall rocks is a possible mechanism for high magmatic 
δ18O values, and could produce rims with higher δ18O than corresponding center domains. According to 
Wang, Zhou, et al. (2013), the sedimentary wall rocks (slate, phyllite, sandstone, and conglomerate of the 
Shuangqiaoshan Group) of the Jiuling granitic batholith have high whole-rock δ18O values approaching 
12‰. However, despite the overall tendency of higher δ18O in zircon rims relative to centers, some zircon 
grains show rims with lower δ18O values than those of the corresponding center domains (11JL-21@15&16 
from the Meiling intrusion; 07JL-12-1@06&07 and 11JL-19@02&03 from the Jiuling intrusion; 09JL-13-
1@11&12, 15&16, and 20&21 from the Shihuajian intrusion; and 09JL-08-1@04&05 and 06&07 from the 
Jiuxiantang intrusion). Moreover, Rong et al. (2018) showed that rims of zoned garnets have lower δ18O 
values than those of the corresponding centers in the Jiuling composite batholith, which also precludes 
significant contamination. Therefore, wall-rock assimilation could have played an insignificant role in the 
variation in oxygen isotopes of magmatic domains, and may also have introduced some inherited zircon 
into the magma. It is probable that high magmatic δ18O values reflect derivation from a proto-sedimen-
tary, “supracrustal” source with high proportions of materials that interacted with surface waters at low 
temperatures.

At the lower end of the δ18O values, zircon with mantle-like (or close to mantle-like) signatures is also pres-
ent in the Meiling and Shihuajian intrusions (Figure 2). Their formation could potentially be explained as 
differentiates of mantle-derived basaltic magmas that also perhaps served as a heat source for crustal melt-
ing. However, this possibility can be precluded by the absence of a correlation between magmatic zircon 
δ18O and Th/U. However, the mantle-like δ18O zircon values could be alternatively explained by anatexis of 
juvenile arc materials (such as arc-related granitic rocks with δ18O values of 4.0‰–6.7‰; Ye et al., 2007). 
Whatever the detailed mechanism might be, the variable δ18O values in magmatic zircon of the Neopro-
terozoic Jiuling batholith indicate a mixed source of variable supracrustal components and juvenile arc 
components.

Mineralogical, petrographic, and geochemical studies have revealed that magma mixing is a common pro-
cess in the formation of granitic intrusions (e.g., Bindeman & Simakin, 2014; Budd et al., 2017; Paterson 
et al., 2016). Mixing of different batches of granitic melt would explain the variation in oxygen isotopes (e.g., 
Young et al., 2016) as well as the diversity in major element contents in these samples (Wang et al., 2018). 
Rong et al.  (2018) also reported variable oxygen isotopes in quartz and zircon from the Jiuling compos-
ite batholith, varying from 9.6‰ to 14.8‰ and 5.0‰ to 11.3‰, respectively. Zircon diversity and the cor-
responding range in Δ18Oquartz-zircon disequilibria also characterize the Meiling and Shihuajian intrusions, 
whereas both minerals appear in equilibrium and show narrower δ18O ranges in the Jiuling and Jiuxiantang 
intrusions. We should point out that the identified disequilibria and diversity of zircon and other mineral 
δ18O values, measured by both SIMS and laser fluorination (data from Rong et al., 2018), are remarkable and 
have rarely been reported in plutonic rocks worldwide. Such disequilibria have been reported in many vol-
canic rocks, where mixing of magma batches with quartz and zircon grains of diverse δ18O over short times-
cales (shorter than that required for zircon isotope equilibration) has been inferred, such as for rocks from 
Yellowstone and the Snake River Plain (Bindeman & Simakin, 2014; Bindeman & Valley, 2001) and Toba 
(Budd et al., 2017). In our study, zircon that is indistinguishable in age but shows highly diverse δ18O could 
have resulted from diverse batch assembly in short intervals. Each batch may consist of a diverse range of 
magma and crystal mixing and incomplete diffusive exchange of their crystalline cargo. The lack of equilib-
rium also suggests that the emplacement and solidification of the final intrusion were rapid, operating over 
timescales shorter than those involved in diffusive exchange and annealing of crystal size distributions. In 
addition, the right-hand side of the zircon CSD for many samples shows a downward curve, with a steep 
slope for small-sized grains and a gentle slope for larger grains. This suggests inheritance of a few of the 
largest grains during magma mixing (Higgins, 1999), as mixing of magmas with contrasting CSDs is known 
to give a CSD with a steep slope for small grain sizes and a more gentle slope for larger grains.
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During magma mixing, dissolution and/or diffusion take place simultaneously, which can yield variations 
in δ18O values. The variable O isotope compositions from different batches of magma might not be fully 
eliminated during mixing and could lead to wide variations in O isotope of magmatic rims. Zircon with 
inward resorption features in our samples (Figure S1 in the Supporting Information S1) has been suggested 
as indicating dissolution and growth (Erdmann et al., 2013). Zircon dissolution and growth are controlled 
mainly by the diffusion of Zr in melt (Bindeman & Melnik, 2016; Watson & Harrison, 1983). However, 
zircon oxygen diffusivities are significantly slower than zirconium diffusivities (Watson & Cherniak, 1997; 
Zhang & Xu, 2016). Therefore, zircon dissolution/growth rates are higher than oxygen diffusion rates for the 
vast majority of circumstances. Furthermore, dissolution will generate isotopic variations in a shorter time 
compared with diffusion under the same conditions (when zircon migrates from a melt with a particular 
δ18O to a melt with a contrasting δ18O during mixing; e.g., Bindeman & Simakin, 2014), and this could be 
the dominant mechanism for generating variable zircon oxygen isotopes.

Given the above discussion, mixing and dissolution might explain the variation in zircon oxygen isotopes 
in the Jiuling composite batholith. Zircon crystallized in magmas of diverse δ18O, of which some were 
grain centers and others were rims. These magmatic zircon segregated from protolith rocks of diverse δ18O 
and crystallized at the same geochronologically unresolvable time. Magmas remained cool and below the 
zircon saturation temperature, and thus preserved the diversity of δ18O in zircon. Some magmatic zircon 
with diverse δ18O values may have gone through several cycles of dissolution, which renewed their ages. 
This suggests that zircon could have been heated above the zircon saturation temperature in batches, but 
then, without complete mixing to generate common and homogeneous δ18O rims, cooled and crystallized 
with inherited intrusion ages and local δ18O values. These batches then mixed together during the process 
of aggregation and finally formed the batholith. Our zircon results add to a growing dataset of zircon iso-
topic diversity that suggests that silicic igneous rocks (in western North America) are assembled by magma 
batches that show diversity in δ18O and εHf (e.g., Bindeman & Simakin, 2014; Wotzlaw et al., 2014), with 
diversity commonly being proportional to the degree of mixing.

5.2.  Ephemeral Magma Reservoirs of the Jiuling Composite Batholith

Estimating the lifetimes of magma reservoirs is a key issue for Earth science communities (e.g., Bachmann 
& Huber, 2016). Both CSD analysis (Sections 5.2.1 and 5.2.2) and diffusion modeling (Section 5.2.3) can be 
used to define timescales of magmatic residence.

5.2.1.  Numerical Modeling of Zircon Growth

To obtain the timescales constrained by zircon CSDs, a new model of zircon survivability and recycling as 
a function of external and internal parameters, especially growth rate, is required (e.g., Bindeman & Mel-
nik, 2016). Watson (1996) suggested growth rates (G) in the order of 10−13 to 10−17 cm/s for zircon (radius 
>30 μm) in silicic rocks based on experimental work. The model proposed by Bindeman and Melnik (2016) 
is an advance over the previous work, as it considers zircon survivability and recycling in a realistic situation 
(a finite melt reservoir around a zircon crystal) and allows zircon growth and dissolution to occur under 
variable external and internal parameters. In addition, utilizing new developments in experimental work 
and parameterizations of zircon–melt saturation, Bindeman and Melnik (2016) provided reliable numerical 
modeling of zircon dissolution and constrained zircon growth rates in granitic melts of variable composi-
tion, temperature, and thermal history. In their model, those authors assume local thermodynamic equi-
librium between zircon crystals and melt at the interface. In addition, each zircon crystal is assumed to be 
surrounded by a melt cell of finite radius and located in the center. The principal features of zircon behavior 
during melting were closely reproduced by their model. In the present study, we adopted the composition 
of sample 11JL-21 (Table S3 in the Supporting Information S1), with the highest MgO content and low SiO2 
content, as the primary composition of magma. The initial Zr undersaturation was estimated as 10 ppm, 
on the basis that mixing with relatively mafic and hot magma will lead to zircon being dissolved initially. 
Most estimated zircon saturation temperatures are within the range 762–857°C, with a mean of 800°C 
(Table S3 in the Supporting Information S1), which is broadly consistent with the range (690–850°C) cal-
culated by titanium-in-zircon thermometry (Wang et al., 2018). Experimental constraints on the formation 
of peraluminous silicic magmas indicate that at least 4 wt.% water content of melt (Scaillet et al., 2016) is 
suitable for the present study. Figure 6 shows the case of partial zircon dissolution followed by growth over 
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a magmatic cooling history of 10 kyr. More specifically, zircon is dissolved during the first 3 kyr with an av-
erage dissolution rate of ∼3 × 10−14 cm/s and then grows in the following 7 kyr with an average growth rate 
of ∼5 × 10−14 cm/s (Figure 6). The zircon growth rate, therefore, constrained by the numerical modeling, is 
in the order of 10−14 cm/s during the first 10,000 years. Our modeling also suggests that a zircon grain with 
initial 50 μm radius will partially dissolve, leaving a very small (∼10 μm) inherited core, and regrow after 
3 kyr as the magma cools below the zircon saturation temperature (<800°C). Small zircon (<50 μm) will 
dissolve completely, with new zircon reappearing subsequently.

5.2.2.  Ephemeral Magma Reservoirs Revealed by the Zircon CSD Method

Zircon CSDs, which are plotted as the natural logarithm of population density versus crystal length, have 
been used to determine magmatic timescales (e.g., Bindeman, 2003; Pappalardo & Mastrolorenzo, 2012) 
after making assumptions about zircon growth and intrusion cooling rates. Some zircon cores can be inher-
ited but occupy a very small proportion of all zircon, on account of the cubic relationship between zircon 
volume and radius, and subsequent magmatic zircon growth. The existence of inherited cores documents 
information about the source and early temperature–time history that may include initial stages of zircon 
dissolution and overgrowth. The modeling of their growth (Figure 6) suggests that the studied zircon under-
went dissolution and growth stages. However, as mentioned above, zircon inheritance in our study might 
affect the final CSD insignificantly. For example, sample 07JL-12-1, with Zr undersaturation (at 800 °C) as 
inferred from the revised zircon saturation model proposed by Boehnke et al. (2013), yields a slope of −327. 
This slope differs from those of the other three samples from the same intrusion (range from −561 to −372) 
by less than a factor of 2. Moreover, there is no relationship between Zr content or inferred zircon under- or 
over-saturation and average zircon grain size. Therefore, we consider the measured slopes of zircon CSDs 
as reliable to within a factor of two. As the slopes are directly proportional to −1/Gτ according to the theory 
of CSDs (Cashman & Marsh, 1988), they can be used to determine the residence time τ.

Our numerical modeling of rates of zircon growth in intrusions corresponding to the studied granitoids 
demonstrates that most zircon growth proceeds at a rate of 1 × 10−14 cm/s. By using the measured slopes of 
the CSDs, we estimate that the zircon residence times, corresponding to the durations of zircon population 
crystallization, are in the order of 103–104 yr. Specifically, we estimate 7 kyr of zircon crystallization for the 
Meiling intrusion, 6–10 kyr for the Jiuling intrusion, 5–15 kyr for the Shihuajian intrusion, and 10 kyr for 
the Jiuxiantang intrusion. Three-dimensional modeling of zircon dissolution incorporating the occurrence 

Figure 6.  Zircon dissolution, core survival, and regrowth inside an 800°C granitic sill emplaced into 200°C country 
rocks, with 4.0% H2O and original Zr undersaturation ΔU = 10 ppm in melt. The solidus temperature of magmas is set 
at 670°C. The half-thickness of the sill is 1,000 m, and the distance from the dike–rock interface is 900 m. Zircon growth 
rate (a), remaining zircon radius (b), and magma temperature (c) vary with the timescale of magma cooling.
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of zircon inheritance has also revealed very short magma generation periods, probably of around several 
thousand years (<104 years), as exemplified by granitoids and volcanic rocks in the Variscan basement of 
the Central Iberian Zone (Bea et al., 2007).

It is noted that numerous studies have used zircon CA–ID–TIMS zircon U–Pb dating to estimate times-
cales of silicic magmatism in the order of tens to hundreds of thousands of years (e.g., Barboni et al., 2015; 
Chamberlain et  al.,  2014; Farina et  al.,  2018; Samperton et  al.,  2017; Schoene et  al.,  2010; Wotzlaw 
et al., 2013, 2014). A compilation of crystal residence durations documents a global pattern in which U–Pb 
crystallization ages are one to two orders of magnitude longer than crystal residence ages based on diffusion 
or CSDs (e.g., Cooper & Kent, 2014; Bachmann & Huber, 2016; Pappalardo & Mastrolorenzo, 2012). Several 
interpretations have been proposed to explain the difference in recorded timescales. The difference could 
result from the use of different crystals for each method (e.g., Costa et al., 2020). However, we used the same 
mineral in our study, which precludes this possibility. We consider that zircon U–Pb ages reveal the absolute 
timescale of crystallization from the youngest to the oldest co-genetic zircon and can gauge the absolute du-
ration of crystal existence. These zircon U–Pb ages are not sensitive to temperature fluctuations. In contrast, 
zircon CSDs, in conjunction with estimates of crystal growth rates, can reflect the duration of residence of 
zircon at the temperatures that this mineral occurs (i.e., between the liquidus and solidus temperatures; 
Figure S7 in the Supporting Information S1). Therefore, zircon CSDs record the durations over which zircon 
grows in melts, which are usually shorter than zircon radiometric ages.

5.2.3.  Ephemeral Magma Reservoirs Revealed by Diffusion Modeling

To independently verify that the life spans of magma bodies are indeed as short as we infer above from 
zircon CSDs, here we additionally employ diffusion modeling of oxygen isotopes in zircon crystals. Given 
the slow oxygen diffusion in zircon, inter- and intracrystalline zircon oxygen isotopic heterogeneities can 
also provide independent mineral-diffusive timescales appropriate for the durations of reservoir residence 
(Bindeman & Valley, 2001; Wotzlaw et al., 2015). However, zircon dissolution and crystallization rates are 
substantially higher than intracrystalline oxygen diffusion rates, and the former is an important mech-
anism of the generation of variations in zircon oxygen isotopes in our study. Therefore, residence times 
estimated by diffusion modeling should be longer than those estimated by dissolution, which means that 
diffusion-based estimates should give maximum values of magmatic residence time.

Diffusive exchange of zircon oxygen isotopes was modeled for diffusion in a low-δ18O sphere surrounded by 
an infinite reservoir of high-δ18O zircon rim that was rapidly precipitated from host magma (Crank, 1975). 
This assumption applies to the case where an inherited core from isotopically distinct magma is first rapidly 
overgrown, which provides an initial condition for the diffusion clock to start. We set the magma tempera-
ture at 800°C, in agreement with previous studies, for the temperature of the studied intrusions (e.g., Wang 
et al., 2018; Rong et al., 2018). The lowest δ18O values (4.0‰) of inherited grains, as centers, were set as 
initial oxygen isotopes of the original zircon. The wet diffusion coefficient in zircon of Watson and Cher-
niak (1997) was used for the calculations, namely, 3.2 × 10−22 m2/s at 800°C. As shown by the calculated 
exchange curves with zircon δ18O ranges in Figure 7, the variability in zircon oxygen isotopes suggests diffu-
sive timescales of 22–32 kyr for the Meiling intrusion, 33–47 kyr for the Jiuling intrusion, 18–29 kyr for the 
Shihuajian intrusion, and 35–38 kyr for the Jiuxiantang intrusion. If we assume a more complicated tem-
perature–time history for inherited zircon, namely, a model in which these zircon successively spent 5 kyr 
at 825°C, 5 kyr at 775°C, 5 kyr at 725°C etc, as is resulting from our modeling above of zircon crystallization 
from 800°C to solidus, the diffusion-based estimate remains virtually unchanged, because the residence 
time and diffusion at the hottest temperature intervals around 800°C are first-order factors. The magmatic 
residence timescales of several 103–104 yr inferred from CSDs, and the timescales estimated by diffusive 
modeling during and following crystallization, are complementary to each other.

Collectively, our results show that the studied intrusions remained at sufficiently high temperatures for 
crystallization to occur over periods not exceeding several tens of thousands of years, and have implications 
for geothermal conditions and thus depths of emplacement as magmas and subsequent cooling to form sol-
id bodies. It is well established that emplacement depth and geothermal gradient are important factors that 
control reservoir longevity. An elevated geothermal gradient is favorable for magma reservoir growth (de 
Silva & Gregg, 2014). Nicoli et al. (2016) proposed that the geothermal gradient during the Neoproterozoic 
was close to that of the Phanerozoic. Gelman et al. (2013) suggested that deep emplacement (e.g., 10 km 
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depth) can both extend magma survival time (long residence time) and increase melt availability (large 
volumes). According to pressure estimates in the Qz–Ab–Or–H2O system (Figure S8 in the Supporting In-
formation S1), the emplacement depths of the studied Neoproterozoic intrusions are less than 6 km at a 
temperature of ca. 180°C (or less). Such shallow conditions are supported by the low-greenschist metamor-
phism that the country rock underwent.

In general, low temperatures at shallow depths are unfavorable for the longevity of melt-rich magma res-
ervoirs because of the heat fluxes involved. Thus, taking all factors discussed above into consideration, it 
is inferred that magma reservoirs of the Neoproterozoic intrusions would probably have been ephemeral 
(several 103–104 yr). This new knowledge of the longevity of magma reservoirs can shed light on magmatic 
processes and also provide new insights into the relationships between plutonism, volcanism, and related 
ore deposits.

6.  Conclusions
Magma reservoirs are of particular importance with regard to magmatic processes, climate change, and ore 
deposit formation. Our systematic study of the large-scale Jiuling composite batholith reveals important 
information on the timescales of magma reservoirs for the granitic batholith. Oxygen isotope (δ18O) values 
in zircon from separate intrusions in the Jiuling composite batholith demonstrate significant heterogeneity. 
Within an intrusion, wide variations (up to 8.1‰) in zircon δ18O values for individual samples suggest mix-
ing of distinct zircon-bearing magma batches. These batches were hot enough to assemble and mix, but not 

Figure 7.  Diffusive exchange of zircon δ18O with high-δ18O melt. Assuming a magmatic temperature of 800°C, 
melt and initial zircon have δ18O of 11.0‰ and 4.0‰, respectively. The wet diffusion coefficient (3.2 × 10−22 m2/s at 
800°C) for oxygen in zircon (Watson & Cherniak, 1997) was used. Solid and dashed lines represent zircon oxygen 
isotopic diffusion curves for different residence durations (kyr). Colored horizontal bars denote δ18O variations as the 
difference between the lowest δ18O of magmatic domains for samples from each intrusion. The δ18O variations for 
these Neoproterozoic intrusions are 5.6‰–7.2‰ for Meiling, 7.4‰–8.9‰ for Jiuling, 5.0‰–6.8‰ for Shihuajian, and 
7.6‰–8.0‰ for Jiuxiantang.
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too hot for any significant period of time and never above zircon saturation temperatures for each intrusion. 
Otherwise, as our modeling using zircon crystallization and dissolution suggests, all zircon would have 
been dissolved, leaving no inherited zircon. The CSD measurements and zircon oxygen isotopic diffusion 
modeling are able to address the scientific problem of magmatic longevity unable to be solved by traditional 
(e.g., U–Pb) geochronological data for Precambrian igneous rocks. The calculated magmatic residence du-
rations estimated by zircon CSD measurements are 5–15 kyr for these Neoproterozoic (826–810 Ma) intru-
sions, within the durations calculated by zircon oxygen isotope diffusive modeling, revealing short lifetimes 
of magma reservoirs.

Data Availability Statement
All supporting data are included as two tables (Tables S1 to S3 in Supporting Information S1) and five fig-
ures (Figures S1 to S8 in Supporting Information S1). The data used in this publication has been contributed 
to the EarthChem Library and are available online at https://doi.org/10.26022/IEDA/111533.
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