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Abstract
The Cretaceous Yunshan caldera complex in SE China consists of an unusual
coexisting assemblage of peraluminous and peralkaline rhyolites and a resurgent
intra-caldera porphyritic quartz monzonite. In this study, we use zircon trace element
data to study the compositional differences of zircons from cogenetic magmas and to

of

track the evolution of the entire magmatic system. Our results indicate that the zircons
from the peraluminous and peralkaline rhyolites formed from highly evolved

ro

compositions with high Hf concentrations and low Ti contents, and low Th/U and

-p

Zr/Hf ratios, which are distinct from those of the intrusive porphyritic quartz

re

monzonite. Zircons from the peraluminous and peralkaline rhyolites display

lP

overlapping Zr/Hf and Hf, but the zircons from the peralkaline rhyolites have

na

extremely low Eu/Eu* ratios (< 0.1) and Ti contents (2.26–13.3 ppm). The lack of
overlapping zircon trace element compositions between the volcanic and intrusive

Jo
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caldera units is interpreted to represent crystal–melt segregation processes. In addition,
zircon grains from the porphyritic quartz monzonite and a few zircon grains from the
peraluminous rhyolite display distinctly bright rims and whole grains in
cathodoluminescence imaging, which have high Ti, Zr/Hf, and Eu/Eu*, and are
similar to those of zircons from the mafic microgranular enclave within the
porphyritic quartz monzonite. We interpret these signatures to reflect crystallization
from a relatively hot and less evolved magma indicating a magma chamber recharge
event. We further developed a model in which the magmas of the peraluminous and
peralkaline rhyolites were successively extracted from a primitive crystal mush by

Journal Pre-proof

crystal–melt segregation with a rejuvenation of the crystal mush after the extraction of
the peraluminous rhyolitic melt, leaving behind residual mushes solidified as
porphyritic quartz monzonite. Our study shows that trace element analyses of zircons
can effectively be used to pinpoint multiple crystal–melt segregation and melt

of

extraction events as well as magma recharge processes in silicic magmatic systems.
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1. Introduction

lP

In large silicic magmatic systems, rhyolitic magmas are thought to have been

na

generated through crystal-melt segregation and melt extraction from a shallow
intermediate-silicic crystal mush, which also is an effective mechanism controlling the
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chemical evolution of magmas from mafic to highly silicic compositions (Bachmann
and Bergantz, 2004; Hildreth, 2004; Miller and Wark, 2008; Lipman and Bachmann,
2015; Bachmann and Huber, 2016). This process is consistent with geophysical
observations that isolated pockets of crystal-poor eruptible magma occur in the
shallow crust (Cooper and Kent, 2014; Floess et al., 2019). Zircon incorporates a
variety of trace elements during the crystallization process, including rare-earth
elements (REE), Hf, U, Th, and Ti but is relatively resistant to alteration and
weathering over long geological timescales. The trace element composition of zircon
has been used to reveal how magmas are stored and remobilized, and to identify
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differentiation processes during the various stages of magma evolution, because
zircon occurs over a wide compositional range and its textural, trace element and
isotopic composition is sensitive to the composition and temperature of the host melts
(e.g., Claiborne et al., 2006, 2010; Gagnevin et al., 2010; Klemetti et al., 2011; Reid et
al., 2011; Chamberlain et al., 2014; Kong et al., 2016; Deering et al., 2016; Buret et

of

al., 2017; Bell et al., 2019; Zou et al., 2019).
Calderas often consist of a compositional continuum of volcanic rocks and

ro

intra-caldera subvolcanic plutons. They commonly show a close genetic connection

-p

although they may represent different stages of magmatic evolution and

re

caldera-forming processes (de Silva and Gosnold, 2007; Lipman, 2007; Shane et al.,

lP

2012; Lipman and Bachmann, 2015). Caldera systems are ideally suited to improve

na

our understanding of the complexities of magmatic processes because they retain a
comprehensive temporal and compositional record of magma reservoir dynamics and
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multistage processes during magma evolution (e.g., Tappa et al., 2011; Barth et al.,
2012; Deering et al., 2016; Yan et al., 2016; Wu et al., 2017). The Yunshan caldera
complex in SE China consists of an unusual assemblage of coexisting high-silica
peraluminous and peralkaline rhyolites, associated with an intra-caldera resurgent
porphyritic quartz monzonite containing mafic microgranular enclaves (Fig. 1; Hong
et al., 2013; Yan et al., 2018a; Chen et al., 2019). Previous studies have shown that
different rocks from this volcanic–plutonic complex formed from the same primitive
magma inferred from overlapping zircon U–Pb ages and Hf isotope compositions, and
whole-rock Sr–Nd isotopic data (Yan et al., 2018a). However, tracing the
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relationships between the two types of rhyolites and the magmatic process of the
volcanic and plutonic rocks remains challenging.
Here, we present new zircon trace element data of volcanic and plutonic rocks
from the Yunshan caldera complex analyzed by laser ablation–inductively coupled
plasma–mass spectrometry (LA-ICP-MS). The comparison of zircon trace element

of

data from different compositions from the Yunshan caldera provides important
constraints on (1) the processes of crystal–melt segregation forming peraluminous and

ro

peralkaline rhyolitic melts, (2) the processes of magma recharge and rejuvenation, (3)

-p

the genetic relationship between the volcanic and associated intrusive rocks, and (4)

re

the mechanisms that led to the formation of the highly evolved silicic magmas. We

lP

can show that trace element analyses of zircons reflect crystal–melt segregation and

na

magma recharge processes of a single silicic magmatic system and highlight the role

Jo
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of multiple crystal–melt segregations in generating high-silica peralkaline rhyolites.

2. Geological background and petrography
The Yunshan caldera complex is situated in the Fujian Province of SE China,
which is part of a larger, ca. 2000-km-long Cretaceous volcanic–plutonic complex
belt in the coastal region of SE China. The volcanic rocks in this belt occur in several
large volcanic fields intimately associated with shallow intra-caldera plutons.
Magmatic activity occurred in an active continental margin environment associated
with the westward subduction of the paleo-Pacific plate (Jahn, 1974; Zhou et al., 2006;
He and Xu, 2012; Yan et al., 2016; Zhang et al., 2018; Chen et al., 2019).
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The Yunshan caldera complex has an exposure of ~30 km2, and is bordered by a
ring-fault. The complex is composed of three volcanic units represented by three
successive caldera-forming eruptions and an intra-caldera porphyritic quartz
monzonite (Fig. 1; Hong et al., 2013; Yan et al., 2018a). The oldest volcanic unit
consists of flow-banded and massive peraluminous rhyolite (Fig. 1) containing ~10–

of

15 vol.% phenocrysts of alkali feldspar and plagioclase in a fine- to micro-grained
holocrystalline matrix consisting of feldspar, quartz, and accessory biotite (Fig. 2a).

ro

Glomerocrysts of alkali feldspar, plagioclase, and Fe–Ti oxides are also present.

-p

Distinctive zones rich in spherulites and lithophysae developed on top of the unit. The

re

second volcanic unit (Fig. 1) consists of pyroclastic flow deposits of welded lapilli

lP

tuff with obsidian blocks (Fig. 2b). The third and youngest volcanic unit that occurs in

na

the central part of the caldera is dominated by flow-banded peralkaline rhyolite (Fig.
1), which has a micro-grained holocrystalline matrix with few phenocrysts (< 5 vol.%)
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of alkali feldspar, quartz, Na-rich amphibole (ferrorichterite and arfvedsonite), and
minor clinopyroxene, magnetite, and ilmenite, but plagioclase phenocrysts are absent
(Fig. 2c). A porphyritic quartz monzonite was emplaced into the center of the caldera
along the conduit that was generated when previous rhyolites erupted (Fig. 1). The
porphyritic quartz monzonite has ~40–50 vol.% phenocrysts dominated by alkali
feldspar, plagioclase, quartz, amphibole (edenite to magnesiohornblende), and
clinopyroxene. The fine-grained matrix mainly comprises alkali feldspar, plagioclase,
quartz, and clinopyroxene with accessory biotite, magnetite, and apatite (Fig. 2d).
Mafic microgranular enclaves (5–15 cm in diameter) sparsely occur in the host
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porphyritic quartz monzonite, which contain plagioclase mantled by alkali feldspar,
alkali feldspar, clinopyroxene, amphibole (magnesiohornblende and edenite), biotite,
magnetite, ilmenite, quartz (in order of decreasing abundance), and accessory acicular
apatite.
Both, the peraluminous rhyolite and peralkaline rhyolite are silica-rich with high

of

SiO2 contents (70.1–78.9 wt.%), while the porphyritic quartz monzonite has lower
SiO2 contents (61.8–63.2 wt.%). The peraluminous rhyolite has an alumina saturation

ro

index [A/CNK = molar Al2O3/(CaO + Na2O + K2O)] of 1.01–1.17 except for a few

-p

metaluminous compositions, while the peralkaline rhyolite has a high agpaitic index

re

[NK/A = molar (Na2O + K2O)/Al2O3] of 0.96–1.04 (Fig. 3).

lP

SHRIMP zircon U–Pb geochronology of the Yunshan caldera complex revealed

na

indistinguishable ages between 95.6 and 93.6 Ma (Fig. 4a; Yan et al., 2018a) within
analytical uncertainties of the technique (Li et al., 2015). In addition, SHRIMP U–Pb

Jo
ur

dating results of individual samples show a large scatter of zircon ages, perhaps
reflecting a protracted zircon crystallization in upper-crustal magma reservoirs
(Samperton et al., 2015). The geochronological and geochemical data, and structural
evidence support a genetic link between the Yunshan volcanic units and the
intra-caldera intrusions (e.g., Deering et al., 2016; Buret et al., 2017).

3. Analytical methods
Zircon grains from two peraluminous rhyolite samples (F379-1 and F380-1), two
peralkaline rhyolite samples (F374-1 and F376-1), one porphyritic quartz monzonite
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(F371-2) and one mafic microgranular enclave (F371-1) samples (Fig. 1) were
analyzed for their trace element compositions. Cathodoluminescence (CL) images of
the analyzed 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 Academy of

of

Geological Sciences. Analytical sites were checked under transmitted light images in
order to ensure that they were free of visible inclusions and fractures.

ro

The zircon trace elements were analyzed at the GeoZentrum Nordbayern,

-p

Friedrich-Alexander Universität Erlangen-Nürnberg (FAU), Germany, using a 193 nm

re

Analyte Excite laser ablation system (Teledyne Photon Machines) connected to an

lP

Agilent 7500c quadrupole ICP-MS (Plasma power 1100 W). The laser was operated

na

using a spot size of 20–35 P , a frequency of 20 Hz and a beam fluence of 3.0 J/cm2.
The acquisition time for each analysis was 43 s including 20 s for background

93

Nb,

232

117

Sn,
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scanning. Integration times were 10 ms for 29Si, 30 ms for 31P, 49Ti, 51V, 53Cr, 88Sr, 89Y,
137

Ba,

139

La,

140

Ce,

141

Pr,

146

Nd,

Th, and 238U, and 25 ms for 159Tb, 163Dy,

used mass

49

147

165

Sm,

Ho,

153

166

Eu,

157

Gd,

177

Hf,

178

Er, 169Tm, 172Yb, and

Hf,

175

181

Ta,

Lu. We

Ti to calculate Ti concentrations to avoid the overlapping interferences

from Zr (Szymanowski et al., 2018). Calibration was performed using NIST standard
glass 612 (Pearce et al., 1997) with

29

Si as the internal standard. USGS basalt glass

BCR-2G (Jacob, 2006) was analyzed as quality control reference material. The
accuracy of the measurements was also checked using the 91500 zircon standard
(Coble et al., 2018). Analyses of the standards and the calculated analytical precision
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and accuracy are provided in Supplementary Table 1. The estimated accuracy of trace
element analysis in this study is commonly less than 10% error except for Ti (with
14.4% error). The raw ICP-MS data were processed using GLITTER version 4.4.4,
On-line Interactive Data Reduction for LA-ICPMS (Van Achterbergh et al., 2001). We
convert Hf abundance into Zr/Hf ratios using a stoichiometric Zr content of 500,000

of

ppm. The measured zircon trace element compositions and 1 sigma errors are

ro

provided in Supplementary Table 2.

-p

4. Results

re

The zircon grains from the six studied samples show characteristic morphologies

lP

and internal structures in the CL images (Fig. 5). Zircon grains from the peraluminous

na

and peralkaline rhyolite samples are euhedral with oscillatory growth zoning. The
zircon grains from the peraluminous rhyolite tend to be brighter and display a weaker

Jo
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zoning than those in the peralkaline rhyolite (Fig. 5a-d). A few zircon grains from the
peraluminous rhyolite display relatively CL-bright rims. Zircon grains from the
porphyritic quartz monzonite sample are characterized by oscillatory zoned dark cores,
surrounded by weakly zoned or unzoned bright rims with resorption boundaries (Fig.
5e). The CL-bright zircon domains also occur as individual whole crystals. Zircon
grains from the mafic microgranular enclave are unzoned or display a banded zoning
(Fig. 5f).
Zircons from the peraluminous rhyolite, peralkaline rhyolite, porphyritic quartz
monzonite, and mafic microgranular enclave have distinctly different trace element
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compositions (Fig. 6; Supplementary Table 2). Zircons from the peraluminous
rhyolite and the peralkaline rhyolite contain similarly lower Ti (2.26–32.3 ppm)
contents, Th/U (0.44–1.47), and Zr/Hf (45–61) ratios, and higher Hf (8,152–11,017
ppm) contents and Yb/Gd (8.8–15.5) ratios compared to zircons from the porphyritic
quartz monzonite and mafic microgranular enclave samples [cf. Ti (13.4–67.5 ppm),

of

Th/U (0.84–2.58), and Zr/Hf (54–77), and Hf (6,472–9,258 ppm) and Yb/Gd (7.1–
13.3)] (Fig. 6). However, zircon trace elements of the peralkaline rhyolite are distinct

ro

from those of the peraluminous rhyolite in having lower Eu/Eu* [Eu/Eu* = EuN/(SmN

-p

× GdN)0.5] (0.02–0.05), Th/U (0.44–0.98), and Ti (2.26–13.3 ppm). The Eu/Eu* ratios

re

of zircons from the peraluminous rhyolite (0.12–0.51) are close to those of the

5. Discussion

na

lP

porphyritic quartz monzonite (0.04–0.69) (Fig. 6).

elements

Jo
ur

5.1. Crystal–melt segregation and magma differentiation revealed by zircon trace

Igneous zircon is useful in tracking the magma evolution process of its host rock,
because it grows over a wide range of mafic to silicic compositions. The trace
elements in zircon solid solutions can reflect geochemical features of their parent
magmas and the magmatic process fractionating the trace elements. Hafnium
concentrations and Zr/Hf ratios of zircon are conventional monitors of the evolution
of parent melt where high Hf concentrations and low Zr/Hf ratios in zircon
corresponds to mineral growth in a relatively evolved melt (Claiborne et al., 2006;
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Deering et al., 2016; Wu et al., 2017). In addition, zircon crystallization with
decreasing temperature of the melt can be assessed where decreasing Ti contents are
accompanied by increasing Hf concentrations (Watson and Harrison, 2005; Watson et
al., 2006; Ferry and Watson, 2007).
Zircons from the peraluminous and peralkaline rhyolites and the intra-caldera

of

plutons of the Yunshan caldera complex generally straddle amongst two distinct
groups in Hf and Ti concentrations, and Zr/Hf, Th/U, and Yb/Gd ratios (Fig. 6). The

ro

rhyolite zircons display a highly evolved signature with relatively high Hf but low Ti

-p

contents and Zr/Hf ratios (Fig. 6). In contrast, zircons from the porphyritic quartz

re

monzonite have relatively high Ti contents, and low Hf concentrations and Zr/Hf

lP

ratios, implying that they formed from a less-evolved melt (Fig. 6; Claiborne et al.,

Schaen et al., 2017).

na

2006, 2010; Barth et al., 2013; Klemetti and Clynne, 2014; Deering et al., 2016;

Jo
ur

Zircon grains from the peraluminous rhyolite, peralkaline rhyolite, and
porphyritic quartz monzonite have consistent U–Pb ages, and Hf isotope compositions,
suggesting that the zircons crystallized from melts, which were derived from the same
primitive magma (Fig. 4; Yan et al., 2018a). This observation is consistent with the
petrogenetic link between volcanic and plutonic rocks from the same caldera,
suggesting that the magmas of the volcanic lithologies were extracted from a silicic
crystal mush (Bachmann et al., 2007; de Silva and Gosnold, 2007; Lipman, 2007;
Miller and Wark, 2008) crystallizing zircons with evolved trace-element compositions,
whereas the plutonic rocks formed from solidified residual mushes, corresponding to
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lower degrees of fractionation (Deering et al., 2016; Schaen et al., 2017; Yan et al.,
2018b). This interpretation is also supported by the whole-rock compositions in which
the porphyritic quartz monzonite has an intermediate composition (SiO2 = 62–63
wt.%), separated by a Daly Gap (63–70 wt.%) from the peraluminous and peralkaline
rhyolites, and a Eu/Eu* close to unity and relatively high Sr and low Rb

of

concentrations reflecting feldspar accumulation (Fig. 7).
It has been suggested that zircon grains may continuously be mobilized in

ro

extracting melts but may also remain in the crystal mushes during crystal–melt

-p

segregation events (Deering et al., 2016; Buret et al., 2017; Schaen et al., 2017; Yan et

re

al., 2018b). Here, we observe a minor overlap between the zircon trace element

lP

contents of the peraluminous rhyolite and those from the porphyritic quartz monzonite,

na

with respect to their Eu/Eu*, Yb/Gd, and Zr/Hf ratios, and Ti contents (Fig. 6). We
propose that a few zircon grains from the peraluminous rhyolite may be captured from
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the crystal mush indicating a prolonged contact between the rhyolitic melt and crystal
mush, similar to the cases of Deering et al. (2016) and Yan et al. (2018b) (see a
comparison in Fig. 6). However we note that most zircon grains (with distinctively
low Zr/Hf) crystallized directly from the host peraluminous rhyolitic magma
concordant with the crystal–melt segregation processes.
In order to verify our observations, we modeled the crystal–melt segregation
processes for the formation of the peraluminous rhyolite using a Rayleigh fractional
crystallization model (model 1; Fig. 6d). The distinct Zr/Hf ratios of the zircons from
the peraluminous rhyolite and the porphyritic quartz monzonite indicate zircon
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crystallization and accumulation in a zircon-saturated mush. The comparable Eu/Eu*
ratios of the peraluminous rhyolite and the porphyritic quartz monzonite indicate little
plagioclase fractionation. The high A/CNK ratios of the peraluminous rhyolite (Fig. 3)
indicate crystal fractionation of amphibole and/or pyroxene due to their relatively low
A/CNK ratios (< 1.0) (Wu et al., 2017). Our modeling results show that the

of

peraluminous rhyolite can be produced by 50% fractional crystallization of K-feldspar
(35%), plagioclase (30%), amphibole (20%), clinopyroxene (10%), biotite (5%), and

ro

accessory zircon (0.01%) from the starting melt composition calculated from the most

-p

primitive zircon composition (F371-1-15) of the mafic microgranular enclave (Fig.

re

6d).

lP

The solubility of zircon in peralkaline melts is much higher than that in

na

peraluminous and metaluminous melts and once a melt has reached zircon-saturation
this process is non-reversable (Watson, 1979; Miller et al., 2003). This is consistent
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with similar Zr/Hf ratios and Hf concentrations of zircons from the peraluminous and
peralkaline rhyolites, indicating that the peralkaline melt was extracted from a
zircon-undersaturated mush without growth of zircon. Therefore, we suggest that
rejuvenation of the crystal mush through the injection of a more primitive magma
occurred after extraction of peraluminous rhyolitic melt in a cooling magmatic system.
Magma rejuvenation is also evidenced by the occurrence of partial dissolution
features and resorbed core regions of zircon from the peraluminous rhyolite (Fig. 5;
Miller and Wooden, 2004; Claiborne et al., 2010). The consistently low Eu/Eu* ratios
(< 0.1) of zircons from the peralkaline rhyolite reflects that the magma experienced
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plagioclase-dominated fractionation before the extraction of the peralkaline rhyolitic
melt (Fig. 6; Reid et al., 2011; Trail et al., 2012). In addition, the low Ti contents and
Th/U ratios of the peralkaline rhyolite zircons indicate that they formed from a more
evolved melt resulting in the eruption of the peralkaline rhyolite, supported by the
evolved whole-rock characteristics (lowest Sr and Eu/Eu*; Fig. 7). Our Rayleigh

of

fractional crystallization model for the peralkaline rhyolite melt is based on a starting
composition derived from a mixed composition of the peraluminous rhyolite and the

ro

mafic microgranular enclave (model 2). The modeling results show that the

-p

peralkaline rhyolites can be produced by 70% fractional crystallization of K-feldspar

re

(15%) + plagioclase (55%) + clinopyroxene (15%) + magnetite (10%) + amphibole

lP

(5%; Fig. 6d).

na

Considering the spatial and temporal relationship of the peraluminous and
peralkaline rhyolites, we suggest a model in which the magmas that formed the

Jo
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peraluminous and peralkaline rhyolites were different batches of melt extracted from
silicic crystal mushes. The peraluminous rhyolitic melts were initially extracted from
a silicic mush (Fig. 8a). The silicic mush was rejuvenated by a mafic magma recharge
event after the extraction of peraluminous rhyolitic melt and then underwent
plagioclase dominated fractionation, which ultimately resulted in a peralkaline
composition of the extracted melt (Fig. 8b). The zircon grains from both the
peraluminous and peralkaline rhyolites mainly crystallized from their respective host
magmas, indicating a crystal–melt segregation process. In addition, the extracted
peraluminous and peralkaline rhyolitic magmas were continuously assembled and
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stored in a melt lens within the mush zone prior to eruption (Fig. 8), concordant with a
protracted duration of zircon crystallization revealed by SHRIMP U–Pb dating results
(Fig. 4a).

5.2. Magma recharge events revealed by multistage crystallization of zircon from the

of

porphyritic quartz monzonite
The occurrence of distinct zircon trace element domains or crystals from the

ro

porphyritic quartz monzonite and from the peraluminous rhyolite reflects changes in

-p

melt composition during zircon crystallization (Claiborne et al., 2010; Reid et al.,

re

2011; Chamberlain et al., 2014; Large et al., 2018; Yan et al., 2018b). The zircon cores

lP

are partly resorbed and have dissolution features (Fig. 5). The CL-bright zircon rims

na

or crystals show comparatively lower Hf, Th, and U, and higher Ti contents, as well as
higher Zr/Hf and Eu/Eu* ratios compared to the zircon cores (Fig. 6). Their high Ti

Jo
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and low Hf contents are consistent with high crystallization temperatures (Fig. 6a;
Watson and Harrison, 2005; Watson et al., 2006; Ferry and Watson, 2007). This
texture and composition change is thus best explained by the involvement of a hot and
less evolved melt and likely records a magma recharge process (Ferry and Watson,
2007; Claiborne et al., 2010; Chamberlain et al., 2014; Klemetti and Clynne, 2014;
Large et al., 2018). The boundaries between zircon core and rim domains have typical
resorption textures (Fig. 5e), indicating dissolution and overgrowth of zircon in the
presence of a hot melt (e.g., Bachmann et al., 2002; Wark et al., 2007; Wolff et al.,
2015; Watts et al., 2016). The occurrence of mafic microgranular enclaves in the
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porphyritic quartz monzonite also provides petrographic evidence for the occurrence
of a hot and less evolved recharge magma (e.g., Bachmann et al., 2002; Wright et al.,
2011; Kennedy et al., 2016; Buret et al., 2017).
In addition, zircons from the mafic microgranular enclave and CL-bright zircons
from the porphyritic quartz monzonite have comparable trace element compositions,

of

i.e., high Zr/Hf and Eu/Eu* ratios, as well as high Ti contents (Figs. 5 and 6),
suggesting that both crystallized from the recharge magma. Some overlapping zircon

ro

trace element compositions between zircons from the mafic microgranular enclave
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and zircon cores from the porphyritic quartz monzonite may be related to small-scale
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magma mixing between the magma in the reservoir and the recharge magma. This

lP

supports magma recharging and rejuvenation of a crystal mush beneath the Yunshan
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caldera complex (Fig. 8). The recharge magma may lead to thermal reactivation of a
rheologically locked crystal mush and may also promote the crystal-melt segregation,
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rhyolitic melt extraction and the rhyolite eruption as well as emplacement of the
resurgent intra-caldera intrusions (e.g., Charlier et al., 2007; Wright et al., 2011;
Pistone et al., 2015; Sliwinski et al., 2017; Floess et al., 2019; Sun et al., 2019).

6. Conclusions
(1) The distinct zircon trace element signatures of the coeval volcanic and plutonic
rocks from the Yunshan caldera complex reveal that the magmas that formed the
peraluminous and peralkaline rhyolites were successively extracted from silicic
crystal mushes via crystal–melt segregation. Followed by an interval of

Journal Pre-proof

rejuvenation of the crystal mush after the extraction of peraluminous rhyolitic melt,
the residual mushes solidified as porphyritic quartz monzonite. This indicates that
the magma differentiation via melt extraction from crystal mushes is an effective
mechanism for generating high-silica rhyolite melts.
(2) Zircons from the resurgent intra-caldera porphyritic quartz monzonite were

of

subdivided into two types due to their different CL- and chemical zoning
characteristics, indicating the rejuvenation of the crystal mush by hotter and

ro

less-evolved recharge magmas. The rejuvenation is also responsible for changing

-p

the compositions of extracted melts from peraluminous to peralkaline.

re

(3) Our study shows that trace element analyses of zircons from coeval plutonic and

lP

volcanic rocks can effectively be used to elucidate magmatic processes such as

na

multiple crystal–melt segregation and melt extraction events as well as magma

Jo
ur

recharge processes in silicic magmatic systems.
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Figure Captions
Fig. 1. Geological sketch map of the Yunshan caldera complex, SE China, showing
the distribution of the volcanic and intra-caldera plutonic rocks, and sample localities
(modified from Yan et al., 2018a).

of

Fig. 2. Photomicrographs of volcanic and plutonic rocks from the Yunshan caldera
complex (a and d in crossed nicols; b and c in parallel nicols). (a) Peraluminous

ro

rhyolite from the oldest volcanic unit showing the alkali feldspar and plagioclase

-p

phenocrysts in a fine- to micro-grained holocrystalline matrix. (b) Obsidian from the

re

second volcanic unit. (c) Peralkaline rhyolite from the youngest volcanic unit showing

lP

alkali feldspar, quartz, and ferrorichterite phenocrysts. (d) Porphyritic quartz

na

monzonite showing porphyritic texture with plagioclase and alkali feldspar
phenocrysts. Mineral abbreviation: Afs, alkali feldspar; Pl, plagioclase; Frct,

Jo
ur

ferrorichterite; Qtz, quartz; Bt, biotite.

Fig. 3. Plot of Al2O3/(Na2O + K2O) versus Al2O3/(CaO + Na2O + K2O) (all in molar
proportion) for the volcanic and plutonic rocks from the Yunshan caldera complex
(Maniar and Piccoli, 1989). Data from Yan et al. (2018a).

Fig. 4. SHRIMP zircon 206Pb/238U ages (a) and zircon 0Hf(t) values (b) for the volcanic
and plutonic rocks from the Yunshan caldera complex. The weighted mean ages of
the samples F374-1, F380-1 and F371-2 ZHUH UHSRUWHG XVLQJ ‡7XII =LUF DJH· RI
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ISOPLOT (Ludwig, 2001) WR H[WUDFW D ‡EHVW· DJH ZLWK DFFHSWHG
Data from
06:’
Yan et al. (2018a).

Fig. 5. Cathodoluminescence (CL) images of representative zircon grains, and
corresponding trace element concentrations and elemental ratios of the studied

of

samples from the Yunshan caldera complex.

ro

Fig. 6. Trace element compositional variations in zircons from the Yunshan caldera

-p

complex. Hollow rhombus and solid rhombus denote zircon cores and CL-bright rims

re

and whole grains, respectively. Data of zircons from the Turkey Creek caldera

lP

(Deering et al., 2016) and Yandangshan caldera complex (Yan et al., 2018b) are

na

shown for comparison. (d) Rayleigh fractional crystallization modeling results. Model
1 (grey line) is calculated using a fractional crystallization assemblage of K-feldspar

Jo
ur

(35%), plagioclase (30%), clinopyroxene (10%), amphibole (20%), biotite (5%), and
accessory zircon (0.01%). Model 2 (black line) is calculated using a fractional
crystallization assemblage of K-feldspar (15%) + plagioclase (55%) + clinopyroxene
(15%) + amphibole (5%) + magnetite (10%). The starting composition for Model 1 is
the least evolved zircon composition of mafic microgranular enclave (F371-1-15).
The starting compositions for Model 2 is the calculated average zircon composition of
the most evolved zircon composition from the peraluminous rhyolite and the least
evolved zircon composition from mafic microgranular enclave. The partition
coefficients of all phases used in this model are listed in Supplementary Table 3.
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Fig. 7. Whole-rock trace element compositional variations of the volcanic and
plutonic rocks from the Yunshan caldera complex. (a) Rb versus Sr. (b) Eu/Eu* versus
Sr. Data from Yan et al. (2018a).
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Fig. 8. Schematic model illustrating the generation of magmas of the peraluminous
rhyolites and peralkaline rhyolites from the Yunshan caldera complex. The

ro

peraluminous rhyolitic melts were initially extracted from a silicic mush (a). The

-p

silicic mush was rejuvenated by mafic magma recharge after the extraction of

re

peraluminous rhyolitic melt and then underwent plagioclase dominated fractionation,

lP

resulting in a peralkaline composition of the extracted melt (b). The extracted

na

peraluminous and peralkaline rhyolitic magmas would be assembled and stored in
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ur

melt lens within the mush zone before eruptions.
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Highlights
Volcanic-plutonic link was revealed by zircon trace elements from caldera
complex;
Peralkaline rhyolite extracted from rejuvenated mush after peraluminous rhyolite
extraction;
Contrasting compositions of volcanic and plutonic zircons imply crystal–melt
segregation;
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Multistage zircon crystallization reflects magma recharge processes.
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