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Trace elements in igneous zircon crystals are variable within single crystals or amongst populations of crystals
and are particularly sensitive to changes in melt composition. In this study, we present zircon trace element
data from both volcanic and plutonic rocks of the Yandangshan caldera complex from SEChina. The erupted rhy-
olitic rocks are interpreted to represent the most differentiated magma, whereas the intruded porphyritic quartz
syenites are thought to be representative of the residual crystal mush. The zircon crystals of both lithologies are
subdivided into two types based on their internal structures: type A with a distinct oscillatory growth zoning and
type B crystals are bright in cathodoluminescence (CL-bright). Type B zircon occurs as rims of type A zircon or as
individual grains. Compared to type A, type B zircons commonly show lower Hf, U, Th and Y concentrations and
higher Ti and Zr/Hf and Eu/Eu* ratios. The zircon trace element compositions of the volcanic samples generally
overlap those of the intracaldera porphyritic quartz syenite and mafic microgranular enclaves that contain
both type A and type B zircons. Despite a general overlap, zircon grains from the volcanic rocks show relatively
higher Hf contents and Y/Dy ratios, lower Ti contents and Th/U ratios and larger negative Eu anomalies than
the plutonic samples. We suggest that the inter- and intragrain compositional variability of zircon crystals can
be used to track the evolution of magmatic systems. We show that in our case, the volcanic and plutonic rocks
crystallized continuously during the magmatic evolution in a common magma system and that the magmas of
these rocks may be linked by fractional crystallization. Furthermore, the type B zircon grains are inferred to
have crystalized in relatively hot and less evolved magma indicating a magma recharge event. Consequently,
the geochemical variability of igneous zircon crystals can be used to infer on the magmatic evolution of single vol-
canic system which may also be applicable in other geodynamic environments.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The relatively robust accessory mineral zircon is almost ubiquitous
in highly silicic rocks and has high concentrations of certain trace ele-
ments, which make it a useful tool to track compositional changes of
melts during magma evolution (e.g.,Belousova et al., 2006; Claiborne
et al., 2006; Hoskin and Schaltegger, 2003; Wark and Miller, 1993).
The zircon trace element geochemistry has been widely used to identify
magma-chamber processes in volcanic systems (e.g.,Chamberlain et al.,
2014; Cooper et al., 2014; Gagnevin et al., 2010; Klemetti et al., 2011;
Reid et al., 2011; Schmitt et al., 2017; Storm et al., 2014), to evaluate
the potential connection between high-silica volcanic units and coeval
plutonic rocks (e.g.,Barth et al., 2012; Buret et al., 2017; Claiborne et
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al., 2006, 2010; Deering et al., 2016; Fohey-Breting et al., 2010) and to
discriminate the tectonic setting of magmatism (Barth et al., 2013;
Carley et al., 2014; Grimes et al., 2015).

Intensive Cretaceous volcanism and plutonism are widespread along
the coastal area of SEChina, forming a larger scale, ca. 2000 km long vol-
canic-plutonic complex belt (Fig. 1a; Zhou et al., 2006). However, to
date, the detailed assessment of the relationship between volcanic and
plutonic rocks has only received little attention (He and Xu, 2012;
Wang et al,, 2000; Yan et al., 2016, 2018; Zhou et al., 2006). The
Yandangshan caldera complex in this large-scalevolcanic-plutonic
complex belt is characterized by voluminous rhyolitic rocks associated
with an intracaldera porphyritic quartz syenite (Fig. 1b; He et al.,
2009; Yan et al., 2016). The ubiquity of zircon in the rock units of the
Yandangshan caldera complex provides an excellent opportunity to
evaluate the petrogenetic link between volcanic and shallow plutonic
rocks in a single magmatic system from a mineral perspective. In this
study, we present zircon trace element compositions obtained by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
for the rhyolitic volcanic rocks and porphyritic quartz syenite (and
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Fig. 1. (a)Simplified geological map of SE China showing the distributions of the Late Meso:

zoic granitic and volcanic rocks and the circular volcanic fields (modified after Zhou etal., 2006).

(b)Geological sketch map of the Yandangshan caldera complex, showing the distribution of the volcanic and intracaldera plutonic rocks and sample localities and ages (modified from Yan

etal., 2016).

mafic microgranular enclaves) of the Yandangshan caldera complex.
The purpose of this research is: (1)to compare the zircon trace element
geochemistry of the rhyolitic volcanic rocks with those obtained from
the intracaldera porphyritic quartz syenite, and (2)to distinguish be-
tween magmatic processes, e.g.fractional crystallization, crystal accu-
mulation and magma recharge using the texture and geochemistry of
zircon grains. Our results indicate that the inter- and intragrain compo-
sitional variability of zircon crystals can be used to track the evolution of
magmatic systems, and that zircon preserves an important mineral re-
cord for the extraction processes of silicic melt from crystal mushes
(Bachmann and Bergantz, 2004).

2. Geological background

Intensive Cretaceous volcanism and plutonism in the coastal area of
SEChina was generated in an active continental margin environment
which has generally been associated with the westward subduction of
the paleo-Pacific plate (He and Xu, 2012; Jahn, 1974; Zhou et al.,
2006). The volcanic products mainly consist of rhyolitic pyroclastic
rocks and rhyolite lavas with a total outcrop area of ca. 90,000 km?.
They occur in several large volcanic fields containing calderas or caldera
complexes intimately associated with shallow intracaldera plutons (Fig.
1a; Zhou et al., 2006; He et al., 2009; Yan et al., 2016, 2018).

The Yandangshan caldera (ca. 25 km in diameter) in the Zhejiang
Province of SEChina is composed of concentrically zoned volcanic
units and several intracaldera porphyritic quartz syenite intrusions
(Fig. 1b; He et al., 2009; Yan et al., 2016). The caldera forming volcanic
units can be divided into four volcanic lithologies, representing four suc-
cessive caldera-forming eruptions (Fig. 1b). The first and oldest volcanic
unit comprises pyroclastic-flow deposits with a thickness of ~360 m.
The rocks are dominantly rhyolitic welded crystal-lapilli tuffs with a
well-developed eutaxitic texture. The second volcanic unit is approxi-
mately 500 m thick, and mainly consists of massive or flow-banded rhy-
olite with distinctive zones enriched in spherulites and lithophysae in
some places. The third volcanic unit, about 380 m thick, is dominated
by rhyolitic lapilli tuff and interlayered rhyolite. The fourth volcanic
unit (the youngest unit) is dominated by rhyolitic welded crystal-vitric
tuff with a thickness over 300 m showing a distinctive appearance of
well-developed columnar jointing and eutaxitic texture. Darker pumice

clasts with ellipsoidal and banded form are locally observed. Porphyritic
quartz syenites intruded in the center of the caldera and contain rare
mafic microgranular enclaves with 5 to 15 cm in diameter. The mafic
microgranular enclaves show subspherical to irregular shapes and are
characterized by large plagioclase phenocrysts in a fine-grained ground-
mass (Supplementary Fig. 1). SHRIMP and LA-ICP-MS zircon U-Pb dat-
ing results revealed that the rhyolitic volcanic rocks and intracaldera
porphyritic quartz syenite were emplaced contemporaneously within
analytical errors (104 4 2-98 + 2 Ma; Fig. 1b; Supplementary Fig. 2;
also see Yan et al., 2016).

The Yandangshan volcanic rocks are highly silicic, with SiO, contents
of 69.6-71.6 wt% in the first unit, 73.1-76.3 wt% in the second unit,
70.1-74.9 wt% in the third unit, and 71.1-74.9 wt% in the fourth unit,
broadly showing an increasing trend of SiO, contents. In comparison
with the volcanic rocks, porphyritic quartz syenites have lower SiO,
(65.0-66.1 wt%), thus showing a compositional gap (from about 66 to
70 wt% SiO,) between the porphyritic quartz syenites and volcanic
rocks (Yan et al., 2016).

3. Analytical methods

Zircon grains from 4 volcanic rock samples, 3 porphyritic quartz sy-
enites and 3 mafic microgranular enclaves were analyzed for their trace
element compositions. Cathodoluminescence (CL) images of the ana-
lyzed zircon grains were obtained using an FEI NOVA NanoSEM 450
scanning electron microscope equipped with a Gatan Mono CL4
cathodoluminescence system at the Institute of Geology, Chinese Acad-
emy of Geological Sciences.

Samples Z359-1, Z338-1, Z340-1 and Z340-2 were analyzed at the
GeoZentrum Nordbayern, Friedrich-Alexander Universitdt Erlangen-
Niirnberg, Germany, using a single collector quadrupole Agilent 7500i
ICP-MS equipped with a 193 nm Analyte Excite laser ablation system
(Teledyne Photon Machines). The glass reference material NIST SRM
612 was used as external standard for the silicates. BCR-2G was used
to check the reproducibility and accuracy. The measurements were con-
ducted using a spot size of 35 um, 25 um or 20 pm in diameter and a
laser frequency of 20 Hz and 2° Si concentrations were used as internal
standard. Detailed analytical procedures and data reduction procedures
are listed in Giinther et al. (2017). In-situ zircon trace element analyses
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of the remaining samples were obtained simultaneously with the U-Pb
dating using an Agilent 7500a ICP-MS equipped with a Coherent GeoLas
Pro 193-nm laser ablation system in the State Key Laboratory of Mineral
Deposits Research, Nanjing University. KL2-G was used to check the re-
producibility and accuracy. Detailed analytical procedures are described
by Yan et al. (2016). In this study, we convert Hf abundance into Zr/Hf
using a stoichiometric Zr content of 500,000 ppm (Schmitt et al., 2017).
The results of analyses of the international rock standards BCR-2G and
KL2-G and the calculated analytical precision and accuracy are shown
in Supplementary Table 1. The measured zircon trace element composi-
tions and 1 sigma errors are provided in Supplementary Table 2.

4. Results

Based on the CL images, the zircon grains from 10 studied samples of
the Yandangshan caldera complex were subdivided into two groups
based on their internal structural domains (Fig. 2). The first type zircon
(type A)has clear oscillatory growth zoning. The second type zircon
(type B)is relatively CL-bright with generally weak zoning occurring ei-
ther as the rim of the oscillatory zoned zircon (type A)or as individual
zircon grain. We have previously demonstrated that the two zircon
types have consistent ages and Hf-O isotope compositions, suggesting
that they probably formed by a two-stage crystallization process from
a single magmatic source (Supplementary Fig. 2; Yan et al., 2016).
Plots of Hf versus Ti and Eu/Eu* versus Y/Dy, Zr/Hf and Sm/YDb ratios,
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as well as Ti versus Yb and Th/U versus U, show distinct fields for the
two zircon populations (Fig. 3). The type A zircon crystals have relative-
ly high Hf (7147-15,625 ppm), U (36.0-366 ppm), Th (41.2-568 ppm)
and Yb (123-838 ppm) and low Ti (5.51-37.5 ppm) contents and Eu/
Eu* (0.19-0.55) ratios. Compared to type A zircon, type B zircon com-
monly shows lower Hf (5318-12,151 ppm), U (10.7-124 ppm), Th
(18.5-313 ppm) and Yb (103-769 ppm), and higher Ti (12.1-49.8
ppm) contents and Zr/Hf (41.2-94.0) and Eu/Eu* (0.36-0.88) ratios
(Supplementary Table 2; Figs. 3 and 4). It has to be noted, however
that there are some overlaps and a few outliers within the two zircon
groups (Figs. 3 and 4). For example, two analyses on type B zircon
from the first volcanic unit have relatively low Eu/Eu* (0.15-0.30) ra-
tios, while three analyses on type A zircon from the mafic microgranular
enclaves show relatively high Eu/Eu* (0.57-0.69) ratios. Few type A zir-
cons have relatively high Ti (26.2-37.5 ppm) contents. These are
interpreted to reflect the presence of early nucleated zircons or the lo-
calized heterogeneous nucleation and growth (e.g.,Reid et al., 2011).
Furthermore, zircon trace elements of the volcanic rocks overlap
with those of the porphyritic quartz syenites and mafic microgranular
enclaves (Figs. 3 and 4). The Hf compositions in zircon grains from the
volcanic rocks (5318-13,673 ppm) overlap those of the porphyritic
quartz syenites (6493-14,940 ppm) and mafic microgranular enclaves
(6958-15,625 ppm). The Eu/Eu* values range from 0.15 to 0.73 for zir-
con grains from the volcanic rocks, 0.22 to 0.88 for zircon grains from
the porphyritic quartz syenites and 0.19 to 0.88 for zircon grains from
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the mafic microgranular enclaves (Figs. 3 and 4; Supplementary Table
2). In addition, zircons from the volcanic rocks have relatively high Y/
Dy ratios (8.88-15.7), while those of the porphyritic quartz syenites
and mafic microgranular enclaves are relatively low (7.58-13.3), al-
though we note that they generally overlap (Figs. 3 and 4).

5. Discussion

5.1. Recharge of magma chamber revealed by multistage crystallization of
zircon

The occurrence of two distinct zircon types in each of the rock units
from the Yandangshan caldera complex requires a common process
influencing both the volcanic and plutonic lithologies (Fig. 2). The
type B type zircons are relatively CL-bright with generally weak zoning,
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however their high (Sm/La)y (12-724) and Ce anomalies (Ce/Ce* =
10-94) exclude late-stage hydrothermal formation (Supplementary
Table 2; Hoskin and Schaltegger, 2003; Large et al., 2018). Furthermore,
the type B and type A zircons show two chemically distinct zircon pop-
ulations, ruling out the possibility that the type B zircons formed during
a late-stage reheating event (Fig. 4; Bachmann and Bergantz, 2003;
Buret et al., 2016). We propose here that the type B zircon was related
to a magma recharge in a magma chamber system (e.g.,.Bachmann et
al., 2002; Chamberlain et al., 2014; Claiborne et al., 2010; Large et al.,
2018). The lower Hf, Yb and U and higher Ti, Zr/Hf and Eu/Eu* of the
type B zircons is consistent with a hotter and less-evolved melt (Fig.
3; Claiborne et al., 2006, 2010; Ferry and Watson, 2007; Gagnevin et
al., 2010; Reid et al., 2011; Barth et al., 2012; Cooper et al., 2014;
Deering et al., 2016; Schmitt et al., 2017). The occurrence of a transgres-
sive boundary between the type A zircon core and the type B zircon rim
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domains further suggests that the magma in which type A zircon grains
had formed had subsequently been modified by magma recharge of the
type B magma (Fig. 2). As a result type A crystals were partly resorbed
and overgrown by type B zircon rims in the hotter and less-evolved re-
charge melts (e.g.,.Bachmann et al., 2002; Chamberlain et al., 2014;
Claiborne et al., 2010; Gagnevin et al,, 2010).

Magma recharge processes are often accompanied by the formation
of mafic microgranular enclaves (e.g..Bachmann et al,, 2002; Browne et
al., 2006; Claiborne et al., 2010; Kennedy et al., 2016; Wright et al.,
2011). In this study, type A and B zircon grains from the mafic
microgranular enclaves in the porphyritic quartz syenite show the
same internal textures and similar variation in trace element composi-
tions compared to those from the volcanic samples and the host por-
phyritic quartz syenite (Figs. 2 and 3). This indicates that the type A
zircons in the mafic microgranular enclaves had already formed when
the recharge event occurred. Thus, the type A zircons were probably
entrapped from the host magma during magma recharge. We suggest
that the recharge magma is best represented by the mafic
microgranular enclaves in the intracaldera porphyritic quartz syenite.
The darker and finer-grained mafic microgranular enclaves are common
in silicic plutonic and volcanic rocks, which have alternatively been pro-
posed to be either residual source material (restite), hybrid magmas,
cogenetic magmas (autoliths), or from unrelated magmas (Barbarin
and Didier, 1992; Cantagrel et al., 1984; Kennedy et al., 2016; Perugini
and Poli, 2012; Vernon, 1984; and references therein). Our case study
here confirms that mafic microgranular enclaves in silicic plutons and
volcanic rocks can be formed by injection of recharged cognate magmas

Letter

and must not necessarily indicate mixing of mafic mantle-derived and
felsic crustal-derived magmas (e.g.,Donaire et al., 2005; Shellnutt et
al.,, 2010; Wright et al., 2011).

5.2. The volcanic-plutonic connection revealed by zircon trace elements

Zircon trace elements (such as Zr, Hf, Th, U, Y, Ti and REE) can be
used to determine the conditions of crystallization and may record mag-
matic processes such as magma rejuvenation, magma mixing and frac-
tional crystallization (Barth et al.,, 2012; Belousova et al., 2006;
Chamberlain et al., 2014; Claiborne et al., 2006; Cooper et al., 2014;
Hoskin and Schaltegger, 2003; Klemetti et al., 2011; Wark and Miller,
1993). Given the occurrence of zircon in the volcanic and plutonic
rocks, we aim here to use the trace elements to decipher the processes
influencing both rock types. For example, Hf in zircon commonly in-
creases with decreasing temperature and increasing SiO, of the melt
(Claiborne et al., 2006; Cooper et al., 2014; Reid et al., 2011). Plagioclase
fractionation will deplete the residual melt in Eu?>* and zircon fraction-
ation will remove Zr relative to Hf; hence the Eu/Eu* and Zr/Hf ratios
will decrease with decreasing magmatic temperatures (Barth et al.,
2012; Buret et al., 2016; Claiborne et al., 2006; Cooper et al., 2014;
Deering et al., 2016; Reid et al., 2011; Schmitt et al., 2017). This is in
agreement with decreasing Th/U ratios which also decrease as the
magmas evolve (Barth et al., 2012; Buret et al., 2016; Chamberlain et
al.,, 2014; Kemp et al., 2007; Kirkland et al., 2015).

As shown in Figs. 3 and 4, the trace elements of type A and type B zir-
cons from all volcanic rocks and the porphyritic quartz syenites and
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mafic microgranular enclaves overlap, respectively. In particular, the
trace elements of type A zircons display a broad correlation, indicating
that Zr from the different rock units saturated almost contemporane-
ously and zircon crystallized continuously during the magmatic evolu-
tion (Fig. 3). Hafnium abundances in type A zircons increase with
decreasing Ti, and the Y/Dy ratios increase with decreasing Eu/Eu*.
The Sm/Yb and Zr/Hf ratios positively correlate with the Eu/Eu* ratios
(Fig. 3). In addition, Yb and Ti show a very broad negative correlation
for the type A zircons (Fig. 3), thereby suggesting that the magmas of
these rocks are linked by fractional crystallization of amphibole, titanite,
apatite, zircon and plagioclase (Fig. 3; Claiborne et al., 2006, 2010; Reid
et al,, 2011; Barth et al.,, 2012; Chamberlain et al., 2014; Deering et al.,
2016). This is in agreement with abundant accessory titanite, apatite
and zircon found in both volcanic and plutonic rocks of the
Yandangshan caldera complex (Yan et al., 2016).

However, as mentioned above, a prominent silicic gap (from about
66 to 70 wt% Si0O,) exists between the volcanic rocks and porphyritic
quartz syenite (Yan et al., 2016), which may be inconsistent with a con-
tinuous magma evolution. These disparities between the whole-rock
and zircon compositions can be reconciled if the volcanic rocks repre-
sent the erupted melt expelled from a crystal-rich reservoir (crystal
mush), which later crystallizes to form the plutonic rock assemblage
(Bachmann and Bergantz, 2004; Cashman et al., 2017; Hildreth, 2004;
Yan et al., 2016).

Zircon grains may be widely distributed due to the mobility of small-
er zircon relative to the larger feldspar crystals that remain locked in
crystal mush zones during liquid segregation events (Deering et al.,
2011; Stelten et al., 2015). Therefore, zircon grains were continually
mobilized by extracted melts or remained in the crystal mushes and
thus recorded a continuous compositional range of magma evolution
(e.g..Bachmann et al., 2002; Buret et al., 2016; Cooper and Kent, 2014;
Wotzlaw et al., 2013). We note that although there are some overlaps
between the zircon trace elements of the volcanic rocks and those of
the porphyritic quartz syenite, the volcanic zircon grains, especially
from the second unit, extend towards lower Ti contents and Th/U and
Eu/Eu” ratios, and higher Hf contents and Y/Dy ratios (Figs. 3 and 4).
This observation is consistent with the conclusion that the volcanic
rocks represent highly evolved magmas, while the porphyritic quartz
syenites represent the residual crystal mushes after the extraction of
the rhyolite magmas (Yan et al,, 2016, 2018).

6. Conclusions

(1) Zircon trace element geochemistry shows that the Yandangshan
volcanic rocks and the intracaldera porphyritic quartz syenite are
linked by fractional crystallization in a common magma chamber
system. The magmas of the volcanic rocks were extracted from
crystal-rich reservoirs, while the porphyritic quartz syenite rep-
resents the residual crystal mushes.

(2) Magma recharge processes were recorded in the zircon domains
and some grains, which have lower Hf, Y and U, and higher Ti, Zr/
Hf and Eu/Eu* relative to those of the zircon core domains, con-
sistent with a formation from hotter and less-evolved melt. The
recharge magma is represented by the mafic microgranular en-
clave in the intracaldera porphyritic quartz syenite, which con-
firms that mafic microgranular enclaves in silicic plutons and
volcanic rocks can be formed by injection of recharged cognate
magmas and do not necessarily indicate mixing of mafic man-
tle-derived and felsic crustal-derived magmas.

(3) Zircon crystals may be used as indicators for the magmatic evolu-
tion of a single volcanic system and provide important con-
straints on the timescales and processes that influence active
continental margin magmas. The preservation of zircon may
thus provide a unique tool to infer on magmatic processes even
in variably altered and old igneous systems.
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