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Abstract

Revealing the origin of explosive eruptions of silica-rich magma is of paramount importance

for understanding the evolution of continental crust and volcanic hazards. However, it remains

controversial as to how the erupted magmas form and how they connect with plutonic realms,

partly owing to the rarity and the obscurity of the ‘cumulate’ complementary to such eruptions of

silica-rich magmas. Here the issues are explored by comparing the volcanic rocks (rhyodacite + rhy-

olite) and their associated subvolcanic intrusions (monzodiorite + monzonite + quartz monzonite)

within Tonglu volcanic basin (SE, China). The Tonglu plutonic and volcanic units are consistent

with each other in age (∼130 Ma), space and source materials (e.g. Sr-Nd-Hf isotopes), strongly

suggesting that they are cogenetic. Mineral mapping demonstrates that abundant plagioclase

clusters (and chains in monzodiorite) occur in plutonic units, implying the processes of crystal

gathering and/or accumulation. Rhyolite-MELTS modeling, and geochemical studies coupled with

textural observations suggest that the Tonglu volcanic and plutonic rocks represent the residual

melts and the complementary cumulate residues, respectively. The compositional and mineral

variations in the plutonic rocks can be explained by two-stage, low-pressure crystal-melt separation

of a dacitic magma. The monzodiorite represents the first-stage cumulate that was unsaturated

in zircon and biotite/K-feldspar on the basis of low Zr and Ba concentrations and the occurrence

of these two phases in the interstices between plagioclase and amphibole. The monzonite and

quartz monzonite are the second-stage cumulates after saturation of zircon and biotite/K-feldspar

as indicated by abrupt increases in Zr and Ba concentrations and zircon inclusions within euhedral

biotite. Mass balance calculation and textural estimation indicate that the cumulates actually are

a mixture of crystals and melt, containing ∼40 vol% interstitial melt. Interstitial zircons from

monzodiorite, largely crystallized from trapped melt, show contrasting trace-element trends (e.g. Ti,

Zr/Hf, Eu/Eu∗, Gd/Yb) to those of the other rock types (i.e. monzonite, quartz monzonite, rhyodacite

and rhyolite), consistent with fractional crystallization (FC). We interpret these divergences to

heating-induced partial dissolution of a basal crystal framework of monzodiorite due to recharges

of hot mafic magmas, but the limited dissolution fails to rejuvenate the crystal mush. The Tonglu

volcanic–plutonic system demonstrates that compositional distillation via crystal–liquid separation

within the upper crust is an effective mechanism by which a potentially eruptible rhyolitic cap can

be generated. Recharges of hot mafic magmas at shallow crustal levels may prolong the lifespan

of granitic magma reservoirs. A combined study including texture, geochemistry, thermodynamic

modeling and mass-balance calculations can help us identify the fingerprints of cumulates in felsic

magma systems and thus track the processes responsible for producing large eruptions of silica-

rich magmas.
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INTRODUCTION

Understanding how large-volume volcanic eruptions of silica-rich
magmas generate and differentiate within Earth’s crust has pro-
found implications for the evolution of continental crust and vol-
canic hazards (e.g. Keller et al., 2015; Lipman & Bachmann, 2015;
Cashman et al., 2017). However, the origin of these caldera-forming
volcanic rocks and their connections to plutonic rocks remain highly
controversial. Two main end-member models have been proposed to
explain their origins and they point to contrasting volcanic–plutonic
connections. It has been argued by some scholars that silicic magmas
in long-lived magma chambers are commonly stored as crystal mush
(at crystallinities of >50 vol%) for most of their residence time in
the cold mid- to upper-crust, and those rhyolitic melts could accu-
mulate at the top of the magma reservoir by extraction of interstitial
melts trapped within mush zones (e.g. Bachmann & Bergantz, 2004;
Hildreth, 2004; Gelman et al., 2013; Streck, 2014). This model
implies a close relationship between volcanic and plutonic rocks, i.e.
plutonic rocks are rheologically-locked remnant cumulates, having
lost interstitial melt to eruption (e.g. Lipman, 1984; Bachmann et al.,
2007; Deering et al., 2016). In contrast, others suggest that magma
chambers in the upper crust are ephemeral with short residence time
and differentiation, where rapid eruptions of silicic magmas take
place at high magma flux due to overpressure (Jellinek & Depaolo,
2003), leaving behind only minor plutonic residues, while significant
plutonic assembly is generated at low magma flux (e.g. Glazner et al.,
2004; Annen, 2009; Tappa et al., 2011; Mills & Coleman, 2013).
In this interpretation, the chemical diversity of volcanic and plutonic
rocks is mainly controlled by source regions and melting conditions
or inherited from deep-crustal magma chambers, which inversely
decouples the genetic connection between volcanic and plutonic
realms (e.g. Annen et al., 2006; Coleman et al., 2012; Glazner
et al., 2015).

A critical point in this debate is the location and identification
of the crystal residues complementary to such evolved volcanic
rocks, i.e. where are the hundreds of cubic kilometers of separated
crystals and what are their characteristics? In shallow silicic plutons,
several studies have recognized a signature of melt extraction and
crystal accumulation, as have observations of high-silica granite caps
above granodioritic plutons (e.g. Bachl et al., 2001; Barnes et al.,
2016; Hartung et al., 2017; Schaen et al., 2018; Zhao et al., 2018),
yet it is difficult to distinguish crystal cumulates from crystallized
melt differentiated along the liquid line of descent (e.g. Deering &
Bachmann, 2010; Lee & Morton, 2015). Furthermore, some high-
silica granites (e.g. aplites), extracted from granodioritic magma
chambers, show geochemical features distinct from high-silica rhyo-
lites, making connections between rhyolites and granodiorite plutons
tenuous (Glazner et al., 2008). More recently, silicic plutonic and
volcanic rocks from large databases have been directly compared, but
there is no consensus about whether plutonic rocks show cumulate
signatures. For examples, using the NAVDAT database, Gelman
et al. (2014) suggested that many shallow granodioritic plutons are
crystal residues which have lost some interstitial melt to volcanic
eruptions, but based on NAVDAT and GEOROC databases, Glazner
et al. (2015) argued that plutonic rocks represent frozen liquids
that are compositionally equivalent to cogenetic volcanic rocks. In
general, although a number of crystal-poor rhyolites and zoned

ignimbrites have been demonstrated to be highly fractionated liquids
expelled from crystal mush, their complementary crystal residues are
rarely reported (e.g. Hildreth, 1981, 2004; Hildreth & Wilson, 2007;
Lipman, 2007; Ellis et al., 2014; Deering et al., 2016; Yan et al.,
2018), and recognition of the cumulates remains elusive (Deering
& Bachmann, 2010; Gelman et al., 2014; Lee & Morton, 2015).
These make the cumulates complementary to evolved volcanic rocks
‘cryptic’. The roots of the rarity and the obscurity of the cumulates
of silica-rich volcanic rocks may largely stem from the fact that (1)
plutonic residues beneath calderas are rarely exposed, and (2) crystal-
melt separation is less efficient in viscous felsic magmas, leading to
subtle cumulate signatures.

To chase the cryptic cumulates complementary to evolved vol-
canic rocks, the optimal scenario is to directly examine cogenetic
plutonic units exposed within volcanic calderas. Voluminous Cre-
taceous volcanic rocks are widespread along the coastal area of
SE China, many of which are accompanied by the exposure of
coeval plutonic rocks within the calderas, constituting a large-scale
volcanic–plutonic complex belt in SE China (e.g. Zhou et al., 2006;
Liu et al., 2020; Xu et al., 2020). Here, we focus on the Cretaceous
Tonglu volcanic–plutonic complex as an example to decipher the
petrogenesis of plutonic units and their connection with volcanic
units. Previous studies suggest that the plutonic and volcanic units
overlap in time, space and source materials (e.g. Zhou et al., 1999;
Wang et al., 2000; Griffin et al., 2002). Our coupled studies on
textures, geochemistry, thermodynamic modeling and mass-balance
calculations confirm that the plutonic rocks are the crystal cumulates
complementary to the volcanic rocks.

GEOLOGICAL BACKGROUND AND THE TONGLU

VOLCANIC–PLUTONIC COMPLEX

The South China Block consists of the Yangtze and the Cathaysia
Blocks, and these two blocks were amalgamated by the Neoprotero-
zoic Jiangnan Orogen at ca. 860–820 Ma (Fig. 1a; e.g. Chen & Jahn,
1998; Wang et al., 2014; Shu et al., 2021). Voluminous Cretaceous
plutonic and volcanic rocks are widely distributed in SE China,
especially in the coastal area (eastern Cathaysia block, Fig. 1a). The
total exposure area of granitoid-volcanic rocks generated during this
period (∼140–70 Ma) is about 117 507 km2 with the present pluton-
ic/volcanic area ratio of 3:5, in which the volcanic rocks are mainly
rhyolites, while plutonic rocks are dominated by granitoids (Liu et al.,
2020). Magmatic activity generally migrated eastward from present-
day inland to the coastal areas of SE China with increasing intensity
of volcanism during ∼120–80 Ma (e.g. Zhou et al., 2006; Liu
et al., 2020). A number of large volcanic calderas are located along
the coastal area of SE China, e.g. Tonglu, Yandangshan, Yunshan,
Daiqianshan volcanic fields, and they are characterized by multistage
eruptions and associated collapses (e.g. Yan et al., 2016, 2018; Xu
et al., 2020). Many researchers suggest that the intensive and exten-
sive magmatism was closely related to underplating of mantle-derived
basaltic magmas facilitated by intracontinental extension due to the
rollback of the subducting Paleo-Pacific Plate (e.g. Zhou & Li, 2000;
Zhou et al., 2006; Liu et al., 2014; Xu et al., 2020).

The Tonglu volcanic–plutonic complex is located in the eastern
part of Neoproterozoic Jiangnan orogen (west Zhejiang province, SE
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Fig. 1. Geological map of the investigated Late Mesozoic Tonglu volcanic–plutonic complex. (a) Simplified geological map of SE China showing the distributions

of the Late Mesozoic volcanic–plutonic rocks (modified from Zhou et al., 2006). (b) Geological map showing the distributions of different phases of the Tonglu

volcanic–plutonic complex (modified after the geological map of Jinhua area 1:250000).

China; Fig. 1a). This complex lies within a NE–SW trending volcanic
collapse basin and occurs as an ellipsoidal body which is bounded
by inferred ring-faults, covering an area of ∼460 km2, with length
of ∼42 km and width of 9–15 km (Fig. 1b). It comprises three units;
the rhyolite, rhyodacite and intrusive units. As shown in Fig. 1b, the
rhyolite, showing flow structure (Fig. 2d), is discontinuously exposed
along the margin of the volcanic basin and is covered by a thick
section of rhyodacite in the center. The intrusive unit was emplaced
into the rhyodacite unit, and the contact between these units is
covered by slope washes and plants and could not be observed. The
intrusive unit can be further divided into two subunits based on
petrography and location, i.e. (1) a large monzodiorite-monzonite
subunit within the south segment of the volcanic–plutonic complex,
and (2) a discrete quartz monzonite subunit exposed within the north
segment. In the field, ellipsoidal to spheroidal mafic microgranular
enclaves (MMEs) are abundant in the diorite, common in the mon-
zonite and quartz monzonite, sparse in the rhyodacite, and generally
absent in the rhyolite (Fig. 2a–d). The MMEs, coupled with in situ
Sr isotope profiles of plagioclase (87Sr/86Sr in core domain: up to
0.7092; mantle to rim: ∼0.7073 to ∼0.7088) and textures (e.g. sieve
zones and resorption surfaces in plagioclases) from plutonic rocks
(i.e. monzodiorite, monzonite and quartz monzonite), indicate that

recharges of mafic magma were injected into the Tonglu magma
reservoir (Yu et al., 2018). The single-grain zircon U–Pb method of
both plutonic and volcanic rocks yield identical ages ranging from
134.4 ± 7 to 134.9 ± 7 Ma (Chen et al., 1999), whereas recently Yu
et al. (2018) re-dated several samples from the intrusive unit and
MME and found ages from 129.4 ± 1.4 to 131.1 ± 1 Ma based on
LA-ICP-MS zircon U–Pb method. The Tonglu volcanic and plutonic
rocks have similar bulk-rock initial 87Sr/86Sr ratios (volcanic: 0.7079
to 0.7085 vs. plutonic: 0.7074 to 0.7084; Zhou et al., 1999; Yu
et al., 2018), εNd(t) (volcanic: −6.6 to −5.3 vs. plutonic: −6.2 to
−4.7; Zhou et al., 1999; Yu et al., 2018) and zircon εHf(t) values (vol-
canic: −4.9 ± 5.2 vs. plutonic: −3.7 ± 3.9, 2SD; Griffin et al., 2002;
Wong et al., 2011; Yu et al., 2018), indicating a cogenetic origin.
The crystallization pressures of the plutonic rocks were estimated by
Al-in-hornblende to ∼2–3 kbar (∼7–9 km; Yu et al., 2018). Caldera
collapse generated a basin that was filled by volcanic rocks, and then
uplift associated with rift faulting, erosion and rugged topography
have exposed the subvolcanic intrusions and intracaldera volcanic
rocks (Yin et al., 1985).

The monzodiorite-monzonite subunit comprises monzodiorite
and monzonite, but the boundary between these two phases is
not clear in the field. The monzodiorite is composed of amphibole
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Fig. 2. Field photographs and photomicrographs showing typical structures and textures of the Tonglu plutonic and volcanic rocks. (a) monzodiorite with

abundant MMEs; (b) monzonite with locally abundant MMEs; (c) rhyodacite with rare tiny MMEs; (d) rhyolite showing flow structure; (e-f) crossed polarized light

microphotographs of monzodiorite (e), monzonite (f); plagioclase cluster in quartz monzonite (g), rhyodacite (h) and rhyolite (i). Abbreviations: Mt = magnetite,

Amp = amphibole, Pl = plagioclase, Zrn = zircon, Bt = biotite, Kfs = K-feldspar, Qtz = quartz.

(∼15–20%), biotite (∼10–15%), plagioclase (∼40–44%), K-feldspar
(∼16–25%), and quartz (∼5%–10%). Magnetite, apatite and zircon
are the main accessory minerals (Fig. 2e). The monzonite has similar
mineral assemblages to the monzodiorite but different mineral pro-
portions (Fig. 2f). Quartz and K-feldspar contents increase from mon-
zodiorite to quartz monzonite, whereas mafic minerals decrease (con-
taining ∼3–6% amphibole, ∼10–14% biotite, ∼35–45% plagioclase,
∼22–30% K-feldspar, ∼10–18% quartz). The quartz monzonite is
porphyritic, including ∼40% plagioclase, ∼30% K-feldspar, ∼20%
quartz, ∼6% biotite and ∼3% amphibole. Euhedral plagioclase crys-
tals commonly occur as phenocrysts occasionally in clusters (Fig. 2g).
Some K-feldspars are perthitic, implying slow cooling.

Volcanic rocks show porphyritic textures (Fig. 2h–i) and display
strong gradients in SiO2 and crystal content (Fig. 3c; from ∼40 to
4 vol %) that are similar to the zoned ignimbrites in the western
United States (Hildreth, 1981; Huber et al., 2012). The rhyodacites
show higher phenocryst contents (about ∼20–40%) composed of
plagioclase, k-feldspar, biotite, quartz and minor amphibole. In con-
trast, rhyolite samples have lower contents (∼4–20%) of phenocrysts
consisting of plagioclase, K-feldspar, quartz, and rare biotite. The
MMEs from plutonic rocks are finer grained than their host rocks,
and they are mineralogically similar to the hosts but have clinopy-
roxene and more abundant hydrous mafic minerals and plagioclase.
A total of 58 samples representing the entire spectrum of the Tonglu
volcanic–plutonic complex were collected for geochemical analysis in

this study, including five monzodiorites, seven monzonites, five quartz
monzonites, 27 rhyodacites, 12 rhyolites, and two MMEs.

ANALYTICAL TECHNIQUES

Mineral mapping

Tescan Integrated Mineral Analyzer (TIMA) was used to create
mineral phase maps of representative thin sections from Tonglu
intrusive unit at Nanjing Hongchuang Geological Exploration Tech-
nology Service Co., Ltd. The TIMA comprises a Mira-3 scanning
electron microscope equipped with four energy dispersive X-ray
spectrometers (EDS, EDAX Element 30). The measurements were
conducted with the dot mapping mode which includes the collection
of backscattered electron (BSE) and EDS data on a regular grid (9 μm
dot spacing). The analyses were performed at 25 kV using a spot
size of ∼90 nm, and a working distance of 15 mm. The BSE images
were used to define boundaries between distinct mineral phases. The
resultant EDS data were matched to mineral definition files, allowing
for mineral identification and mapping.

Whole-rock analysis

Whole-rock major elements for the samples were analyzed using
a Thermal Scientific ARL 9900 X-ray fluorescence spectrometer
(XRF) at the State Key Laboratory for Mineral Deposits Research,
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Fig. 3. Geochemical classification of the Tonglu volcanic and plutonic rocks.

(a) Diagram of total alkalis vs. SiO2 for the Tonglu plutonic and volcanic rocks.

Previously published Tonglu plutonic rocks (grey open symbols) and MMEs

(grey crosses) are from Yu et al. (2018). Open triangles represent altered

rhyolites. (b) Variations in SiO2 and crystal contents for Tonglu volcanic

rocks compared with ignimbrites in western United states (modified from

Huber et al., 2012). Felsic magmas are rheologically locked at ≥50 vol%

crystallinity (Dufek & Bachmann, 2010). Abbreviations: LC = Lava Creek Tuff;

T = Tshigere Member of Bandelier Tuff; BT = Bishop Tuff; WP = Wason Park

Tuff; CR = Carpenter Ridge Tuff; RC = Rat Creek Tuff; NM = Nelson Mountain

Tuff; AT = AmmoniaTanks Tuff; FC = Fish Canyon Tuff; BC = Blue Creek Tuff,

SM = Snowshoe Mountain Tuff; MP = Masonic Park Tuff.

Nanjing University, following the method similar to Franzini et al.
(1972). RMG-2, BCR-2 and BHVO-2 standards were used for quality
control. The analytical precision (RSD) is 1–3% for elements with
content above 1 wt% and is better than 6 wt% for elements with
contents below 1 wt%.

About 50 mg of sample powder for each sample was digested
using a mixture of concentrated HF + HNO3 in Teflon bombs. Trace
element concentrations of dissolved samples were determined by
an Agilent 7700x inductively coupled plasma-mass spectrometer
(ICP–MS) at Nanjing FocuMS Technology Co. Ltd. following the
procedures of Gao et al. (2003). AGV-2, W-2 and OU-6 standards
were used to monitor the instrument performance. The analytical
precisions (RSD) are generally better than 5%.

Twenty-two samples were selected for whole-rock Sr and Nd
radiogenic isotopic analysis at Nanjing FocuMS Technology Co. Ltd.
using a Nu Plasma II Multi-Collector ICP–MS. Sample powders were
digested in a HF-HNO3 mixture. Sr and REE were separated from
matrix elements by cation exchange chromatography using Biorad

AG50W-X8 resin. Sr was further purified using Sr-specific resin,
while Nd was separated from other REEs with LN-specific resin. The
analytical methods were described in detail by Liang et al. (2003). Iso-
topic ratios were corrected for instrumental mass fractionation using
88Sr/86Sr = 8.375209 for the 87Sr/86Sr ratios, 146Nd/144Nd = 0.7219
for the 143Nd/144Nd ratio. The measured Sr-Nd isotopic com-
positions of standards BCR-2 (87Sr/86Sr = 0.705012 ± 0.000006,
143Nd/144Nd = 0.512636 ± 0.000006; 2SE), AGV-2 (87Sr/86Sr =
0.704004 ± 0.000010, 143Nd/144Nd = 0.512777 ± 0.000004; 2SE),
RGM-2 (87Sr/86Sr = 0.704230 ± 0.000010, 2SE) and GSP-2
(143Nd/144Nd = 0.511371 ± 0.000006; 2SE) are all consistent with
the recommended values (Raczek et al., 2003).

Zircon analysis

Textures of zircon grains were characterized using SEM-
cathodoluminescence (SEM-CL) imaging (Mira3 TESCAN scanning
electron microscope) at Nanjing Hongchuang Geological Explo-
ration Technology Service Co., Ltd. In order to avoid inclusions,
spots for trace element and U–Pb age analysis were carefully selected
based on CL images and transmitted and reflected light images.

Zircon trace elements and U–Pb isotopes were determined inde-
pendently by Laser ablation inductively-coupled plasma mass spec-
trometry (LA-ICP-MS) at State Key Laboratory for Mineral Deposits
Research, Nanjing University. The LA-ICP-MS consists of a Coherent
GeoLas Pro 193 nm Ablation System and a Thermal iCAP RQ ICP-
MS. The laser was operated using a fluence of 6.5 to 7.5 J/cm2, a
frequency of 5 Hz and a spot size of 24 to 32 μm depending on
the grain sizes. The isotopes were measured include 29Si, 49Ti, 89Y,
139La, 140Ce, 141Pr, 143Nd, 147Sm, 151Eu, 155Gd, 159Tb, 163Dy, 165Ho,
166Er, 169Tm, 173Yb, 175Lu, 179Hf, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb,
232Th, 238U. The analyzed data were processed using the program
GLITTER (version 4.4.4; Griffin et al., 2008). For U–Pb dating,
zircon standard GJ-1 was used as the calibration standard, and
zircon Mud Tank (MT) and extra GJ-1 (as unknowns) were used
as secondary standard to monitor instrument performance. Repeated
analyses of the two reference zircons yielded average 206Pb/238U
ages of 599 ± 10 Ma (2SD, n = 10) and 728 ± 6 Ma (2SD, n = 4)
for GJ-1 and MT, respectively, consistent with recommended values
(Jackson et al., 2004). For trace elements, NIST 610 was used as
the calibration standard and 29Si was used as the internal standard.
Repeated measured values of NIST 612 calibrated with NIST 610 are
consistent with the recommended values (Pearce et al., 1997) within
a bias of ±9% for all the measured elements. Measured values of the
GJ-1 calibrated with NIST 610 are in agreement with the previous
determinations (Liu et al., 2010) within a bias of ±14% for most
elements (except for La, Pr and Nd).

RESULTS

Whole-rock geochemistry

The investigated samples, plus previously published whole-rock geo-
chemical data (Yu et al., 2018; grey crosses and open symbols in
Fig. 4), exhibit a wide range of chemical compositions. The silica
contents range continuously from 52.2 wt% to 76.9 wt%, and each
type has a limited range: 52.2–56.4 wt% for monzodiorite, 58.3–
60.6 wt% for monzonite, 63.1–67.6 wt% for quartz monzonite,
66.8–69.9 wt% for rhyodacite and 70.2–76.9 wt% for rhyolite
(Fig. 3a–b). The three most crystal-poor rhyolite (open triangles in
the figures) samples are moderately to strongly altered in thin section
which may result in alkali (Na2O + K2O) loss (Fig. 3b). Although
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Fig. 4. Variations of representative major-element (a–f) and trace-element (g–l) concentrations/ratios vs. SiO2 for the Tonglu volcanic–plutonic complex. Previously

measured Tonglu plutonic rocks (grey open symbols) and MMEs (grey crosses) are from Yu et al. (2018). Although three altered rhyolites (open triangles) are

shown in the diagrams, they do not change the geochemical trends and our conclusions. Text in each diagram indicates specific mineral phases with the largest

influence on elemental concentrations. Abbreviations: Mt = magnetite, Ilm = ilmenite, Amp = amphibole, Ap = apatite; Pl = plagioclase, Zrn = zircon, Bt = biotite,

Kfs = K-feldspar.

these samples are still plotted in the latter diagrams, they do not affect
our discussion and conclusion. As shown in the Fig. 4 (Table 1), the
five types of rocks define linear trends in most elements vs. SiO2
following the expected trajectories (e.g. negative for mafic major
elements and compatible elements). Relative to volcanic rocks, the
plutonic rocks are distinctly more mafic in composition (Fig. 4a–f;
e.g. low SiO2, higher contents of Fe2O3

t, MgO, TiO2, CaO, Al2O3,
and P2O5), and tend to have higher concentrations of compatible
elements, such as Sc, V, Sr, and Eu (Fig. 4g–j). Interestingly, Zr and
Ba concentrations show curved geochemical trends with SiO2 and
they systematically increase from monzodiorite to monzonite, but
abruptly decrease from quartz monzonite to rhyolite (Fig. 4k–l).

The volcanic rocks, monzonite and quartz monzonite have com-
parable Sr and Nd isotopic compositions (Fig. 5; Table 2). They

have limited variations in εNd(t) values (−5.47 to −4.70) and ini-
tial 87Sr/86Sr ratios (0.7080 to 0.7086). However, the monzodiorite
samples have slightly lower initial 87Sr/86Sr ratios (0.7074 to 0.7076)
and slightly higher εNd(t) values (from −4.66 to −4.35) than the
other four types (i.e. monzonite, quartz monzonite, rhyodacite and
rhyolite).

Textures and phase assemblages of Tonglu intrusive

rocks

We selected three representative thin sections from the monzodiorite
(17TL-20-2) and monzonite (19TL-2-9 and 19TL-2-1) phases to
characterize the intrusive rocks in terms of mineral assemblages,
modal percentages and textures (Table 3).
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Fig. 5. Whole-rock Rb-Sr and Sm-Nd isotopic data of Tonglu volcanic–plutonic

complex. (a) SiO2 (wt%) vs. initial 87Sr/86Sr (87Sr/86Sr)i diagram. (b) SiO2

(wt%) vs. εNd(t) diagram. The Tonglu plutonic rocks (grey open symbols) and

MMEs (grey crosses) are from Yu et al. (2018). The contemporary and most

primitive Liucheng basalts from SE Zhejiang Province, China, are cited from

Cui et al. (2011).

The monzodiorite (17TL-20-2) is composed of amphibole
(12.1 wt%), biotite (13.9 wt%), plagioclase (44.5 wt%), K-feldspar
(6.5 wt%), quartz (14.1 wt%), chlorite (3.4 wt%), and accessory
minerals (1.6 wt% magnetite +0.7 wt% apatite +0.4 wt% ilmenite
+0.03 wt% zircon). Plagioclase crystals (<4 mm) are euhedral to
subhedral (Fig. 6a). They tend to form clusters or chains in physical
contact, consisting of commonly more than 10 crystals. In the
clusters, some of plagioclase crystals show sieve texture with small
inclusions of quartz and K-feldspars (Fig. 6a). Amphibole grains are
euhedral to subhedral and anhedral amphiboles are also observed;
some are altered to chlorite. Plagioclase and amphibole largely define
the framework of the monzodiorite (∼60 wt% crystals). Biotite
is subhedral to anhedral and contains various mineral inclusions
(i.e. plagioclase, amphibole, apatite and Fe-Ti oxides), while K-
feldspar and quartz are both anhedral and occur as interstitial phases,
representing the late-stage crystallized phases. For accessory minerals,
apatite and Fe-Ti oxides (magnetite and ilmenite) are mainly found
as inclusions in amphibole, plagioclase and biotite, but also occur
in K-feldspar and quartz, indicating that the accessory minerals
saturated earlier than these rock-forming minerals and remained
saturated during the subsequent cooling process. Ilmenite occurs
as exsolution lamellae associated with magnetite and single grains.
In contrast, zircon grains are only present as inclusions in quartz
and K-feldspar or occur within the rims of biotite and amphibole

(Fig. 7a–b), implying a later stage saturation in the magmas. Based
on these observations, the following crystallization sequence has been
broadly established: apatite/Fe-Ti oxides, plagioclase/amphibole,
zircon/biotite, quartz/K-feldspar.

The monzonites contain amphibole (1.1–2.3 wt%), biotite (9.8–
10.1 wt%), plagioclase (∼45 wt%), K-feldspar (14.8–18.4 wt%),
quartz (15.7–19.3 wt%), chlorite (∼3.3 wt%), and accessory min-
erals (0.3–0.9 wt% magnetite +0.7 wt% apatite +0.3 wt% ilmenite
+ ∼0.09 wt% zircon). Compared with the monzodiorite, the mon-
zonite has higher proportions of K-feldspar, quartz and zircon, but
lower proportions of amphibole and magnetite. Plagioclase crystals
(≤5 mm) are typically euhedral and also tend to occur in clusters
(Fig. 6b–c). The number of feldspar crystals in these clusters are
less than those in the monzodiorite (<10 crystals). Biotite occurs as
euhedral to subhedral flakes. Amphibole is largely altered to chlorite.
In general, the plagioclase and biotite form a connected framework
(∼60 wt% crystal), while quartz and K-feldspar largely occur as
anhedral grains in the interstices, representing later crystallization
phases following the crystallization of plagioclase and biotite. Apatite
and Fe-Ti oxides are mainly included in biotite and amphibole
crystals, but also occur in plagioclase, K-feldspar and quartz. Ilmenite
is similar to that observed in the monzodiorite, and presents as
exsolution lamellae or single crystals. In contrast to the monzodiorite,
where zircon only occurs in quartz and K-feldspar, zircon in the
monzonite is found within all the major mineral phases, indicating its
saturation earlier than plagioclase, amphibole and biotite (Fig. 7c–d).

To evaluate grain orientation of the plutonic rocks, any potential
foliation was quantified by a parameter of ‘alignment factor’ (AF),
for which massive rocks have a value of 0 and perfectly oriented
rocks have a value of 1 (Higgins, 2006). We calculated the AFs
based on the plagioclase crystals with length > 1 mm for each sample
since foliation is primarily defined by the larger grains (e.g. Boorman
et al., 2004). Calculated AFs for rocks from one monzodiorite and
two monzonites are 0.11(17TL-20-2), 0.10 (19TL-2-1) and 0.06
(19TL-2-9), respectively (Fig. 6). The results indicate that foliations
are weakly developed in the plutonic samples.

Zircon textures, trace elements and U–Pb

geochronology

Zircon grains from the Tonglu volcanic–plutonic complex are com-
monly euhedral, prismatic, and show characteristic structures in the
CL images. Zircon grains from monzodioritic samples can be divided
into two types: Group I zircons show no clear core-rim structures
and have entirely dark grey CL intensities; Group II zircons exhibit
core-rim structures in which the dark grey and homogeneous-CL
cores are surrounded by bright-CL rims (Fig. 8a). Zircon grains
from the monzonite, quartz monzonite and rhyodacite samples have
similar CL features. They show a dark grey featureless interior
that is enclosed by oscillatory growth zoning with moderate CL
luminescence, and widths of growth zoning are variable from broad
to fine in a single grain (Fig. 8b–c). Zircons from rhyolite samples
have dark to bright cores, and some of them show subtle zoning,
while others are homogeneous. The cores are surrounded by a fine,
bright to dark-CL rims with a commonly regular and sharp boundary
(Fig. 8d).

Trace element compositions of 330 analyses of 287 zircons from
11 samples (including two monzodiorites, two monzonites, one
quartz monzonite, two rhyodacites and four rhyolites) are presented
in Fig. 9 (and in Appendix Table S1). Zircon grains from the rhyolites
contain 56 to 761 μg/g U. Th, Y and Hf increase and Ti, Zr/Hf and
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Table 2: Whole-rock Sr-Nd isotopic compositions of the Tonglu volcanic–plutonic complex

Sample 87Rb/86Sr 87Sr/86Sr 2σ (10−6) 87Sr/86Sri
147Sm/144Nd 143Nd/144Nd 2σ (10−6) 143Nd/144Ndii εNd(t)

Monzodiorite
17TL-20-8 0.43 0.708184 5 0.707386 0.602 0.512354 5 0.512240 −4.5
17TL-20-6 0.31 0.708059 6 0.707488 0.130 0.512335 8 0.512225 −4.8
17TL-20-7 0.29 0.708186 5 0.707645 0.129 0.512335 7 0.512225 −4.8
Monzonite
17TL-20-4 0.61 0.709608 12 0.708487 0.126 0.512322 5 0.512215 −5.0
17TL-20-9 0.72 0.709877 9 0.708555 0.128 0.512331 5 0.512222 −4.8
17TL-11 1.18 0.710901 6 0.708686 0.130 0.512310 6 0.512200 −5.3
17TL-20-3 0.39 0.708685 6 0.707960 0.117 0.512307 6 0.512207 −5.1
Quartz monzonite
17TL-10-1 1.51 0.710938 5 0.708152 0.127 0.512300 7 0.512192 −5.4
17TL-18 1.09 0.710513 9 0.708499 0.119 0.512320 5 0.512218 −4.9
17TL35 1.11 0.710694 7 0.708651 0.127 0.512295 8 0.512186 −5.5
17TL-13-1 0.81 0.709939 6 0.708439 0.128 0.512300 5 0.512191 −5.5
Rhyodacite
17TL-6-1 1.45 0.710886 11 0.708206 0.124 0.512313 4 0.512207 −5.1
17TL-15 1.47 0.710929 7 0.708205 0.127 0.512323 9 0.512215 −5.0
17TL-30 1.84 0.711763 6 0.708367 0.124 0.512313 7 0.512208 −5.1
17TL-21 1.84 0.711664 7 0.708272 0.125 0.512315 5 0.512209 −5.1
17TL-4 1.56 0.710892 6 0.708011 0.126 0.512314 6 0.512207 −5.2
17TL-12 1.83 0.711401 6 0.708017 0.123 0.512308 6 0.512203 −5.2
17TL-3 1.33 0.710567 6 0.708114 0.125 0.512308 6 0.512202 −5.2
17TL-6-2 1.48 0.710934 6 0.708190 0.124 0.512314 6 0.512208 −5.1
17TL-24 1.80 0.711505 13 0.708176 0.125 0.512317 5 0.512211 −5.1
Rhyolite
17TL-23-2 2.45 0.712665 9 0.708140 0.129 0.512292 5 0.512183 −5.6
17TL-25 2.51 0.712735 10 0.708099 0.123 0.512301 5 0.512196 −5.4

Note: εNd(t) values are calculated based on the zircon U–Pb age (130 Ma) and a 147Sm decay constant of 6.54 × 10−12.

Table 3: Modal abundances (wt%) of mineral phases in monzodior-

ite and monzonite units obtained from TIMA analyses

Rock type Monzodiorite Monzonite Monzonite

Sample 17TL-20-2 19TL-2-9 19TL-2-1
Plagioclase 44.5 45.9 45.4
Quartz 14.1 19.3 15.7
Orthoclase 6.5 14.8 18.4
Biotite 13.9 10.1 9.8
Amphibole 12.1 1.1 2.3
Chlorite 3.4 3.2 3.3
Magnetite 1.6 0.9 0.3
Apatite 0.7 0.7 0.7
Ilmenite 0.4 0.3 0.3
Zircon 0.03 0.09 0.1
unassigned 2.7 3.5 3.7
Total 100 100 100

Eu/Eu∗ decrease systematically with increasing U. In addition, Th/U
and Gd/Yb of these zircons slightly decrease (or remain unchanged)
with increasing U concentrations. Zircon from monzonites, quartz
monzonite and rhyodacites have compositions that generally follow
the trends defined by rhyolite zircons (Fig. 9). However, zircon grains
from monzodiorites show distinctly different compositional trends.
For zircon grains from monzodiorites, Group I zircons and the cores
of Group II zircon have similarly higher Ti, Th, Y, Th/U, Zr/Hf,
Eu/Eu∗ and Gd/Yb compared to the bright-CL rims of Group II

zircon. Furthermore, representative zircons from Group I exhibit
increases in Ti, U, Gd/Yb, Zr/Hf and Eu/Eu∗ and Th/U from core to
rim (Fig. 9). In contrast to the trends defined by rhyolite zircons, Ti,
Th/U, Zr/Hf, Eu/Eu∗ and Gd/Yb of Group I zircon and the cores of
Group II generally increase with U concentration. Although the Th
and Y of the zircons also show a positive correlation with U, they
show steeper slopes compared with the trends defined by rhyolites.

Three representative volcanic samples (2 rhyodacites and 1 rhy-
olite) were selected for zircon U–Pb dating (Fig. 10 and Table 4).
Zircon grains from sample of 17TL-32 (rhyodacite) have Th con-
centrations of 175–738 μg/g, U concentrations of 237–621 μg/g
and Th/U ratios of 0.6–1.2. A total of 13 spot analyses are concor-
dant and yield a weighted mean 206Pb/238U age of 131.0 ± 0.6 Ma
(MSWD = 0.67, 2σ ). Zircon grains from sample 17TL-12 (rhyo-
dacite) have Th concentrations from 76 to 386 μg/g, U concentrations
from 108 to 489 μg/g and Th/U ratios from 0.7 to 1.4. The analyses
are concordant and correspond to weighted mean 206Pb/238U age
of 130.3 ± 0.4 Ma (MSWD = 3.9, 2σ , n = 19). Zircon grains from
sample 17TL-17 (rhyolite) have 60–272 μg/g Th, 74–210 μg/g U
and Th/U ratios of 0.62–1.34. They yield a weighted mean 206Pb/238U
age of 130.5 ± 0.6 Ma (MSWD = 0.014, 2σ , n = 19). The analyzed
zircon grains from the volcanic rocks in this study yield weighted
mean 206Pb/238U ages of ∼130 Ma, identical to the crystallization age
of the MMEs and intrusive rocks (∼130 Ma; Yu et al., 2018).

Calculated melt temperatures

Bulk rock zircon saturation geothermometry (TZr) is used to esti-
mate the zircon saturation temperature (Boehnke et al., 2013). We
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Fig. 6. TIMA phase mapping for Tonglu plutonic rocks. (a) sample 17TL-20 from monzodiorite, (b) sample 17TL-2-9 from monzonite and (c) sample 19TL-2-1 from

monzonite. The rose diagrams on the right side show the plagioclase orientation of the long axis of the ellipsoid fit to each grain using the programs of Image

J and CSD Corrections (Higgins, 2006). The pie charts show the percentage abundance of mineral phases in each section. White rectangles on TIMA images

represent the typical plagioclase clusters and chains.

calculated TZr based on volcanic rocks only because the composi-
tions of plutonic rocks might be affected by crystal accumulation.
The calculated TZr for the volcanic rocks are within a limited range
of 836–880◦C, with an average of 858 ± 22◦C (n = 36, 1SD; Fig. 9g).
Zircon crystallization temperatures were further estimated using the
Ti-in-zircon thermometer of Ferry & Watson (2007). The presence
of magmatic quartz in all rock types indicates that the aSiO2

value

was close to 1. The absence of titanite in these rocks suggests that
the aTiO2

was not high. Here we use 0.5 for aTiO2
based on the

result of Schiller & Finger (2019) who demonstrated that aTiO2
is typically ∼0.5 for ilmenite-bearing granites based on thermody-
namic calculations. The calculated Ti-in-zircon temperatures for the
monzodiorite, monzonite-quartz monzonite, rhyodacite and rhyolite
are within the ranges of 739–876◦C, 661–843◦C, 706–821◦C and
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Fig. 7. TIMA phase mapping showing zircon textural relationships with other mineral phases. (a) and (b): sample 17TL-20 from monzodiorite, (c) sample 17TL-2-9

from monzonite, and (d) sample 19TL-2-1 from monzonite. White open ellipses on TIMA images show zircon distributions.

671–858◦C (Fig. 9g), which are overall lower than the calculated
zircon saturated temperatures (Fig. 9g).

DISCUSSION

The effect of mafic magma recharge on the

compositional trends of Tonglu volcanic–plutonic rocks

To understand the petrogenetic relationship between plutonic and
volcanic rocks, it is necessary to evaluate the effect of mafic magma
recharges on the evolutionary paths of the Tonglu volcanic–plutonic
complex. Although Yu et al. (2018) indicated recharge of mafic
magma into the Tonglu magma chamber, the effect of recharge
processes on magmatic compositional trends is not clear. Monzonites,
quartz monzonites and volcanic rocks are relatively homogeneous in
initial 87Sr/86Sr and εNd(t), but the monzodiorites have less radiogenic
Sr isotopic compositions and slightly higher εNd(t) values trending
towards the nearly contemporaneous and less crustally contaminated
basalts from eastern Zhejiang Province (Fig. 5; Cui et al., 2011).
The difference indicates that the monzodiorites incorporated a higher
mafic component than the other four rock types (i.e. monzonite,

quartz monzonite, rhyodacite and rhyolite). Determining to what
extent such processes have influenced the monzodiorites is critical
to understanding the evolutionary sequence. Although chemical dif-
fusion during magma mixing would modify the primitive compo-
sitions of MMEs, some slow diffusing species (e.g. REE, Ba, Zr;
Brady & Cherniak, 2010) can largely/partly retain the primitive
signatures of injected mafic magmas. For example, the extremely low
concentrations of Zr and Ba in monzodiorites cannot be caused by
incorporating mafic material since the MMEs (from monzodiorite
and monzonite) tend to have higher Zr and Ba concentrations than
monzodiorite (Fig. 4k–l). Similarly, on plots of SiO2 vs. V, clear
inflections in slope are observed at around 60 wt% SiO2 (Fig. 4h),
but the remarkably high values of V in monzodiorites also cannot
be explained by a process of magma mixing because of the lower
V concentrations in MMEs. In addition, for elements P2O5, TiO2
and Sr, the Tonglu geochemical trends on the Harker diagrams are
roughly linear and uninflected and they follow anticipated trajec-
tories although MMEs have lower concentrations of these elements
(Fig. 4c, f and i). Thus, the effect of mafic magma recharge on mon-
zodiorite compositions is limited and cannot change the overall
geochemical trends of the Tonglu volcanic–plutonic complex. We
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Fig. 8. Representative CL images of zircon showing spots of trace element

analysis and corresponding Ti concentrations: (a) monzodiorite; (b) mon-

zonite and quartz monzonite; (c) rhyodacite; (d) rhyolite. Zircon from mon-

zodiorite can be divided into two groups based on core-rim textures (see text

for details).

suggest that most chemical variations preserved in plutonic and
volcanic rocks are the results of shallow-crustal differentiation. In
the following sections, we focus on the geochemical differentiation
of in the shallow-crustal reservoir.

Genetic relationship between volcanic and plutonic

rocks

Cumulate + evolving melt vs. liquid line of descent?
Two main hypotheses have been invoked to explain the relationship
between volcanic and plutonic rocks worldwide: (1) plutons are
‘failed eruptions’ counterparts of eruptive melts (e.g. Glazner et al.,
2004; Tappa et al., 2011; Mills & Coleman, 2013; Glazner et al.,
2015), and (2) plutons represent ‘crystal cumulates’ and volcanic
rocks represent the extracted melts (e.g. Hildreth, 2004; Gelman
et al., 2014; Deering et al., 2016). In this study, the Tonglu volcanic–
plutonic complex obviously favors the latter explanation, since the
plutonic rocks are more mafic and geochemically complementary
to the volcanic rocks (Fig. 4). However, the negative correlations
between SiO2 and major elements (i.e. Fe2O3

t, MgO, TiO2, Al2O3,
CaO, P2O5; Fig. 4a–f) and trace elements (i.e. Sc, V, Sr, Eu/Eu∗;
Fig. 4g–j) can also be explained as liquid line of descent starting from

an evolved basaltic composition (∼52 wt% SiO2). In this regard,
the plutonic rocks represent crystallized liquids rather than crystal
cumulates. Elements with variable incompatibility along a liquid line
of descent have the potential to discriminate the two hypotheses.
For example, Zr, P2O5 and Ba are incompatible until the evolving
melt saturates in zircon, apatite and K-feldspar/biotite, respectively,
and could serve as good candidates to trace the magmatic processes
(e.g. Deering & Bachmann, 2010; Lee & Bachmann, 2014; Schaen
et al., 2017).

Here, we use Zr and P2O5 to distinguish the above two scenarios
(liquid line of descent vs. crystal cumulate + evolving melt). Ba is
not considered here because Rhyolite-MELTS can accurately predict
K-feldspar crystallization but poorly predicts the saturation of biotite
(Gualda et al., 2012). On a volatile-free basis, Zr rises from 81 to
∼300 μg/g as SiO2 increases from 54.5 to 62.7 wt%, and then
peaks at ∼63 wt% SiO2, followed by a decline with further increase
in SiO2 (Fig. 11a). If the curved geochemical trend is the result of
liquid line of descent, the peak at ∼63 wt% SiO2 (∼300 μg/g Zr)
should represent the inflection point marking saturation in zircon.
In contrast, the monotonous decrease in P2O5 with increasing SiO2
(Fig. 11b) requires that the magma is initially saturated in apatite
(∼54 wt% SiO2 and 0.4 wt% P2O5) if the P2O5-SiO2 array
represents the liquid line of descent. The exact saturation points
of zircon and apatite depend on several factors, including Zr and
P2O5 concentrations in the melt, melt compositions and temperature
(e.g. Watson & Harrison, 1983; Harrison & Watson, 1984; Boehnke
et al., 2013). The saturation point was examined by integrating zircon
and apatite saturation models (Watson & Harrison, 1983; Boehnke
et al., 2013) and Rhyolite-MELTS calculations (Gualda et al.,
2012). Calculations were done assuming a starting composition of
an evolved basalt (sample 12TL-02 cited from Yu et al. (2018) on
a volatile-free base, e.g. 54.5 wt% SiO2, 81 μg/g Zr and 0.4 wt%
P2O5) at a pressure of 2 kbar, an oxygen fugacity of �QMF + 1,
and an initial water content from 2 to 4 wt%. As shown in Fig. 11,
the modelings indicate that zircon and apatite saturate at ∼71 wt%
and ∼ 62 wt% SiO2, respectively, indicating that the magmas starting
from 54.5 wt% SiO2 can saturate in zircon and apatite only when the
residual melts reach more evolved compositions than those defined by
natural samples. The paths of Zr and P2O5 required for saturation
(dashed lines) could represent the liquid lines of descent after the
saturation of zircon and apatite if the melt remains saturated in
zircon and apatite during the subsequent cooling path. However, the
predicted saturation points and liquid lines of descent are totally
different from the SiO2-Zr/P2O5 geochemical trends of the Tonglu
volcanic–plutonic complex. Thus, the curved trend for Zr and linear
trend for P2O5 in the Tonglu volcanic–plutonic complex most
likely represent crystal cumulates (plutonic rocks) and corresponding
residual melt (volcanic rocks) rather than liquid lines of descent.

Identifying two-stage crystal cumulates in Tonglu volcanic–plutonic
complex
Clusters of touching crystals are common in both volcanic and plu-
tonic mafic rocks and are often thought to be the fragments or build-
ing blocks of underlying crystal cumulates (e.g. Murata & Richter,
1966; Schwindinger & Anderson, 1989; Jerram et al., 2003). Similar
clusters are also found in felsic magma systems. Ellis et al. (2014)
reported that crystal clusters from central Snake River Plain rhyolites
are composed of plagioclase, pyroxenes and oxides which formed by
entrainment of fragments from a remobilizing cumulates. In addition,
plagioclase clusters and chains are also observed in charnockites
(Jiuzhou pluton, South China), and the granites are thought to be
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Fig. 9. Variation of selected Tonglu zircon trace element compositions and ratios with U. The diverging vectors show the schematic trace element variation

produced by FC and cumulate remelting (CR), respectively. Ti-in-zircon temperatures are calculated using the calibration of Ferry & Watson (2007), aSiO2 of 1 and

aTiO2 of 0.5 (Schiller & Finger, 2019). Zircon saturation temperatures are estimated by zircon saturation geothermometry (TZr) (Boehnke et al., 2013). The inserts

show the representative intracrystal compositional variation of the Group I zircon from the monzodiorite.

the crystal residues having lost liquid to extraction by compaction
(Zhao et al., 2018). In the Tonglu monzodiorite, plagioclase clusters
are relatively large, consisting of more than 10 plagioclase crystals,
and some of them are interconnected to form crystal chains, similar to
those seen in mafic layered intrusions (e.g. Eales & Cawthorn, 1996)

and charnockites (Zhao et al., 2018). Clusters in the monzonite are
smaller and more complex than those in monzodiorite. Except for
plagioclase clusters, crystal clusters composed of plagioclase, Fe-Mg
silicate minerals and magnetite are also observed in this study, and
they are similar to the fragments from Snake River Plain rhyolites
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Fig. 10. Zircon U–Pb concordia diagrams of zircons from samples of Tonglu volcanic rocks. (a) 17TL-32 is a rhyodacite; (b) 17TL-12 is a rhyodacite; (c) 17TL-17 is a

rhyolite.

(Ellis et al., 2014). These suggest that the Tonglu monzodiorite and
monzonite have a cumulate character, and the rocks consist of a
framework of connecting euhedral crystals dominated by plagio-
clase associated with amphibole (in monzodiorite) and biotite (in
monzonite).

To further examine the cumulate signatures and relationship
between plutonic and volcanic rocks, we use Rhyolite-MELTS to
constrain the crystallization process of mineral phases. The most
challenging task of such modeling is to determine the composition
of initial melt that differentiates to form the plutonic rocks and the
volcanic rocks. However, mass balance requires that the composition
of the crystal cumulate plots along a vector point in the opposite
direction of that defined by the complementary residual melt (Deering
& Bachmann, 2010; Gelman et al., 2014; Lee & Morton, 2015).
Thus, the primary composition for the Tonglu volcanic–plutonic
complex should plot on the geochemical gap between plutonic rocks
and volcanic rocks along the regression line (Fig. 12a). Some por-
phyritic quartz monzonites (SiO2 ≥ 66 wt%) are compositionally
similar to the rhyodacites (Fig. 4), implying that they may present
the ‘unerupted rhyodacites’. We assume for simplicity that the initial
melt has a SiO2 content of 65 wt%, and thus the initial contents
of other major elements can be estimated by the regression line
equations at SiO2 = 65 wt% (Fig. 12a), with a starting composi-
tion corresponding to dacites (recalculated to 100% on an anhy-
drous basis: 66.6 wt% SiO2, 0.67 wt% TiO2, 15.8 wt% Al2O3,
4.60 wt% Fe2O3

t, 0.11 wt% MnO, 3.19 wt% CaO, 3.56 wt%
Na2O, 3.97 wt% K2O, 0.21 wt% P2O5). The Rhyolite-MELTS
calculations were conducted at a pressure of 2 kbar, an oxygen
fugacity of �QFM + 1 (�QFM and �QFM – 1 were also tested,
and they did not significantly affect the final result). The initial H2O
contents (H2Oi) are set at the range from 2 wt% to 4 wt% because
high-silica rhyolitic compositions (∼75 wt% SiO2) can only evolve
from residual melts when H2Oi is higher than 2 wt%, and the
content of SiO2 tends to be constant when the H2Oi is up to 4 wt%
(Fig. 12b). Similarly, zircon and apatite saturation were calculated in
combination with the Rhyolite-MELTS calculations with established
saturation models as described above.

We note that the Tonglu plutonic rocks contain amphibole,
whereas Rhyolite-MELTS modeling produces pyroxene instead of
amphibole (Gualda et al., 2012). Here we mainly focus on the
relative crystallization sequence of the following minerals: apatite,
plagioclase, zircon and K-feldspar/biotite. Because these minerals
can be well predicted by Rhyolite-MELTS (combined with zircon

and apatite saturation models) and they are the dominant phases
in controlling evolutionary trends of some critical and specific
elements, such as P2O5, Sr, Zr and Ba. Furthermore, the predicted
crystallization sequence can be compared with our petrographic
observation. The modeling predicts that quartz crystallized earlier
than biotite at 2 wt% H2Oi (Fig. 13a), which is inconsistent with
petrographic observations, indicating the 2 wt% H2Oi in initial melts
is likely to be underestimated. At higher H2Oi contents (3–4 wt%;
Fig. 13d and g), the first phase assemblages to appear at subliquidus
conditions are magnetite, plagioclase and apatite, quickly followed by
orthopyroxene (amphibole?). Zircon appears at higher crystallinity
(∼20 wt%). With decreasing temperature, biotite crystallizes before
quartz and K-feldspar. The crystallization sequences are consistent
with our petrographic observations, implying that the H2Oi contents
for Tonglu initial melt may range from 3 to 4 wt%. In addition,
according to experiments on dacitic compositions at ∼2 kbar,
amphibole starts to crystallize at temperatures on the order of
900◦C at higher water concentrations (≥ 4 wt%; Rutherford et al.,
1985; Costa et al., 2004), implying that amphibole crystallizes before
zircon.

Combined the modeling results with the monotonous trends
of SiO2-P2O5/Sr and the curved trends of SiO2-Zr/Ba (Fig. 11),
we suggest that the monzodiorite represents the early-stage crystal
cumulate that is saturated in apatite and plagioclase (and magnetite
+ amphibole) but undersaturated in zircon and biotite/K-feldspar
(and quartz), while monzonite and quartz monzonite represent the
late-stage crystal cumulates after saturation of zircon and biotite/K-
feldspar (and quartz). This is consistent with our petrographic obser-
vations. In monzodiorite, plagioclase tend to form clusters and chains
while K-feldspar/biotite only occur as interstitial phases (Fig. 6a),
and apatite could occur in cores of plagioclase and amphibole but
zircons are only distributed in the interstitial phases (Fig. 7a–b). All
of these observations indicate that plagioclase and amphibole tend to
construct the crystal framework, but K-feldspar/biotite (and quartz)
and zircon may crystallize from the trapped interstitial melts, and we
will specifically discuss this point in the latter section. However, in
monzonite and quartz monzonite, biotite crystals are relatively euhe-
dral and K-feldspar grains are relatively abundant and euhedral, and
zircons occur as inclusions within plagioclase and biotite (Fig. 6b–c
and Fig. 7 c–d), indicating they all crystallized early. Thus, Sr (and Eu)
and P2O5 are significantly partitioned into the monzodiorite due to
early saturation of plagioclase and apatite, and their concentrations
progressively decrease in the late cumulates (monzonite and quartz
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Table 4: LA-ICP-MS zircon U–Pb dating results for the Tonglu volcanic rocks

Analysis Th U Th/ Isotopic ratios Ages (Ma)

(μg/g) (μg/g) U 7/6 1σ 7/5 1σ 6/8 1σ 7/6 1σ 7/5 1σ 6/8 1σ

Sample 17TL-32 (Rhyodacite)
32–8 480 490 0.98 0.0514 0.0017 0.145 0.005 0.0205 0.0003 258 72 138 4 131 2
32–9 165 262 0.63 0.0493 0.0022 0.139 0.006 0.0205 0.0004 164 101 132 5 131 2
2–10 223 327 0.68 0.0481 0.0019 0.137 0.005 0.0206 0.0003 106 89 130 5 132 2
32–12 193 274 0.71 0.0493 0.0019 0.141 0.005 0.0208 0.0003 160 87 134 5 133 2
32–14 189 262 0.72 0.0489 0.0020 0.138 0.006 0.0205 0.0003 143 94 131 5 131 2
32–17 343 390 0.88 0.0482 0.0015 0.136 0.004 0.0205 0.0003 111 72 130 4 131 2
32–18 273 368 0.74 0.0488 0.0015 0.137 0.004 0.0204 0.0003 138 72 131 4 130 2
32–20 738 621 1.19 0.0503 0.0013 0.145 0.004 0.0210 0.0003 206 60 138 3 134 2
32–22 246 364 0.68 0.0478 0.0015 0.136 0.004 0.0206 0.0003 89 73 129 4 132 2
32–23 368 348 1.06 0.0495 0.0015 0.139 0.004 0.0204 0.0003 174 70 132 4 130 2
32–24 158 237 0.67 0.0507 0.0019 0.143 0.005 0.0205 0.0003 225 84 136 5 131 2
32–26 421 379 1.11 0.0494 0.0018 0.140 0.005 0.0205 0.0003 165 82 133 4 131 2
32–29 266 325 0.82 0.0482 0.0015 0.136 0.004 0.0205 0.0003 110 71 130 4 131 2
Sample 17TL-12 (Rhyodacite)
12–1 269 308 0.87 0.0476 0.0018 0.135 0.005 0.0205 0.0003 80 89 128 5 131 2
12–2 237 280 0.85 0.0496 0.0016 0.139 0.004 0.0204 0.0003 177 72 133 4 130 2
12–5 329 323 1.02 0.0479 0.0015 0.136 0.004 0.0206 0.0003 92 74 129 4 131 2
12–6 196 227 0.86 0.0487 0.0016 0.138 0.004 0.0205 0.0003 132 74 131 4 131 2
12–7 187 229 0.82 0.0496 0.0016 0.138 0.005 0.0203 0.0003 176 75 132 4 129 2
12–8 173 189 0.91 0.0494 0.0018 0.138 0.005 0.0203 0.0003 169 81 132 4 130 2
12–9 324 339 0.96 0.0500 0.0014 0.141 0.004 0.0204 0.0003 195 65 134 4 130 2
12–10 292 341 0.85 0.0506 0.0014 0.143 0.004 0.0205 0.0003 220 62 135 4 131 2
12–12 114 147 0.77 0.0507 0.0019 0.142 0.005 0.0202 0.0003 229 84 134 5 129 2
12–13 83 119 0.70 0.0488 0.0026 0.137 0.007 0.0204 0.0003 138 120 131 6 130 2
12–15 212 234 0.91 0.0494 0.0015 0.139 0.004 0.0204 0.0003 166 69 132 4 130 2
12–16 239 299 0.80 0.0499 0.0014 0.138 0.004 0.0200 0.0003 190 66 131 4 128 2
12–17 102 146 0.70 0.0540 0.0019 0.151 0.005 0.0203 0.0003 370 76 143 5 129 2
12–20 180 127 1.42 0.0486 0.0022 0.137 0.006 0.0205 0.0004 129 103 131 5 131 2
12–21 169 227 0.74 0.0467 0.0017 0.131 0.005 0.0204 0.0003 35 87 125 4 130 2
12–22 92 132 0.70 0.0487 0.0020 0.138 0.006 0.0205 0.0003 132 93 131 5 131 2
12–23 386 489 0.79 0.0486 0.0013 0.138 0.004 0.0205 0.0003 129 60 131 3 131 2
12–24 235 286 0.82 0.0501 0.0016 0.141 0.005 0.0204 0.0003 201 73 134 4 130 2
12–26 76 108 0.71 0.0492 0.0029 0.139 0.008 0.0205 0.0003 155 132 132 7 131 2
Sample 17TL-17 (Rhyolite)
17–1 122 134 0.91 0.0491 0.0027 0.138 0.007 0.0204 0.0004 153 122 131 7 130 2
17–2 199 210 0.95 0.0485 0.0024 0.137 0.007 0.0204 0.0004 125 113 130 6 130 2
17–7 146 163 0.90 0.0467 0.0025 0.132 0.007 0.0206 0.0004 35 124 126 6 131 2
17–9 272 203 1.34 0.0476 0.0027 0.135 0.008 0.0205 0.0004 80 132 128 7 131 2
17–13 96 117 0.82 0.0490 0.0036 0.139 0.010 0.0205 0.0004 147 163 132 9 131 3
17–14 134 128 1.04 0.0488 0.0031 0.138 0.009 0.0205 0.0004 139 142 131 8 131 2
17–21 242 188 1.29 0.0491 0.0022 0.138 0.006 0.0204 0.0003 151 103 131 5 130 2
17–24 134 117 1.15 0.0496 0.0038 0.139 0.010 0.0204 0.0004 176 170 132 9 130 3
17–29 84 121 0.69 0.0492 0.0029 0.138 0.008 0.0204 0.0004 157 133 132 7 130 3
17–31 160 195 0.82 0.0483 0.0022 0.137 0.006 0.0206 0.0004 113 104 130 5 131 2
17–32 85 112 0.76 0.0471 0.0030 0.133 0.008 0.0205 0.0004 54 147 127 8 131 3
17–34 64 74 0.87 0.0494 0.0040 0.138 0.011 0.0203 0.0005 168 180 132 10 130 3
17–35 73 84 0.88 0.0495 0.0036 0.141 0.010 0.0206 0.0005 172 163 134 9 132 3
17–41 115 125 0.92 0.0495 0.0030 0.140 0.008 0.0205 0.0004 170 137 133 7 131 3
17–45 76 122 0.62 0.0494 0.0034 0.139 0.009 0.0204 0.0005 168 154 132 8 130 3
17–46 190 165 1.15 0.0487 0.0028 0.136 0.008 0.0203 0.0004 132 131 130 7 130 3
17–48 60 75 0.80 0.0488 0.0040 0.137 0.011 0.0203 0.0005 136 183 130 10 130 3
17–50 97 78 1.24 0.0474 0.0036 0.133 0.010 0.0204 0.0005 67 172 127 9 130 3
17–53 82 92 0.90 0.0487 0.0031 0.136 0.008 0.0203 0.0004 134 144 130 8 130 3

Note: 7/6, 207Pb/206Pb; 7/5, 207Pb/235U, 6/8, 206Pb/238U.
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Fig. 11. Comparison of modeled zircon/apatite saturation and liquid lines of

descent starting from an evolved basaltic composition with the observed

geochemical trends from Tonglu volcanic–plutonic complex. (a) Zr (μg/g) is

plotted against SiO2 (wt%, on anhydrous basis). The compositions of residual

liquids are modeled by equilibrium crystallization of 2 wt% and 4 wt% H2Oi

parental basalts using Rhyolite-MELTS (Gualda et al., 2012). We calculated the

Zr concentration in the evolving melt by assuming that it was perfectly incom-

patible in crystallizing phases before zircon saturation. We then calculated the

Zr concentration required for saturation in the evolving melt using the zircon

saturation model (Boehnke et al., 2013). (b) P2O5 (wt%) is plotted against SiO2

(wt%, on anhydrous basis). The P2O5 is also assigned to be incompatible

before apatite saturation, and the P2O5 concentration needed for saturation

is calculated using the apatite saturation model (Harrison & Watson, 1984).

The intersections between Zr and P2O5 concentrations required for saturation

(dashed lines) and in the evolving melt (solid lines) are the saturation points.

The stars represent the first saturation points of zircon and apatite in the

residual melts.

monzonite) and evolving melt (volcanic rocks) with further crystal-
lization (Fig. 4f, i and j). By contrast, Zr and Ba do not partition
into the early-stage solid phases (apatite + plagioclase + magnetite +
amphibole; Fig. 13d and g), and thus their concentrations are low in
the monzodiorite but can increase in the evolving melt. Explanations
for increasing trends of Zr and Ba in the volcanic rocks are not clear
because they only offer snapshots of the evolving magmas rather
than a continuous liquid line of descent. After saturation of zircon
and K-feldspar/biotite, Zr and Ba significantly partition into the solid
phases (zircon + biotite/K-feldspar; Fig. 13d and g), leading to abrupt
increases in Zr and Ba concentrations in monzonite and decreases in
the evolving melt (rhyodacite and rhyolite).

The connection between plutonic and volcanic rocks is also
supported by whole-rock Zr/Hf ratios. Hafnium is more compatible

Fig. 12. (a) Schematic interpretation of the elemental array used to determine

the initial silicic melt. Residual melts formed by crystallization of this initial

silicic melt generate evolving melt, which will be depleted in compatible

elements. (b) SiO2 (wt % on anhydrous basis) in the residual melt vs. melt

fraction. The liquid lines of descent from a dacitic composition determined in

(a) were calculated by Rhyolite-MELTS (Gualda et al., 2012). See text for more

details.

than Zr in amphibole, while Zr is more compatible than Hf in zircon
(e.g. Bea et al., 2006; Deering & Bachmann, 2010; Samperton et al.,
2015). Before zircon saturation, the mineral assemblage is dominated
by plagioclase and amphibole, and thus the cumulate (i.e. monzodi-
orite) was driven to a lower Zr/Hf ratio (Fig. 14). Following zircon
saturation, the cumulate phases (monzonite and quartz monzonite)
tend to have higher Zr/Hf than the residual melts (Fig. 14).

Trapped melts in crystal cumulates

Mass balance calculation
As mentioned previously, the phases (K-feldspar + quartz + zircon) in
the monzodiorite may crystallize from the interstitial melts trapped
in the crystal framework. To further test this possibility, we recon-
structed the SiO2-Sr evolution of the Tonglu volcanic–plutonic com-
plex based on mass-balance calculations. Predictably, the observed
cumulates (plutonic rocks) tend to be more felsic (e.g. high SiO2
and low Sr) than the calculated pure crystal cumulate if they contain
substantial interstitial melts. Strontium was chosen for the modeling
because it is incompatible in most minerals except feldspars which
could reduce the uncertainty in choosing partition coefficients (e.g.
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Fig. 13. Crystallization sequence of Tonglu volcanic–plutonic complex constrained by Rhyolite-MELTS. Modeled melt fraction and modal abundance of crystals

vs. temperature are shown in (a), (d) and (g) under 2 kbar for the estimated dacitic parental compositions with initial H2O contents from 2 to 4 wt%. Zircon

and apatite saturation are determined based on the intersections between Zr and P2O5 concentrations in residual melt and their concentrations required for

saturation (see text for details). The predicted temperatures of zircon saturation at different initial H2O contents are shown in (b), (e) and (h). The modeled

temperatures of apatite saturation at different initial H2O contents are shown in (c), (f) and (i).

Fig. 14. Zr/Hf vs. SiO2 of Tonglu volcanic and plutonic rocks.

Gelman et al., 2014), and Rhyolite-MELTS can accurately predict
the crystallization of feldspars. In this section, FC was approached
in a stepwise manner. The modeling started with the previously
estimated initial composition containing H2Oi contents of 3 wt%
and 4 wt%, and the crystallization increment was set at 5 wt%.
Thereafter, the liquid composition (e.g. SiO2) and coexisting mineral
phases can be obtained, and for any subsequent step, the resultant

liquid composition was used as the new starting material. With the
coexisting mineral assemblage at each step, we calculated the bulk Sr
partition coefficients throughout the crystallization interval based on
the definition of a bulk partition coefficient (Fig. 15a–b):

D = x1Kd1 + x2Kd2 + x3Kd3 . . . (1)

where Kd is the mineral/melt partition coefficient and xi refers to
the mass fraction of a particular mineral out of the total crystallized
assemblage. The partition coefficients used during modeling are given
in Table 5. It is obvious that the bulk Sr partition coefficient is largely
controlled by feldspar stability. As shown in Fig. 15a–b, the bulk
DSr varies throughout the crystallization interval. The first interval
is characterized by rapid increase in proportion of plagioclase and
thus bulk DSr at lower crystallinity (< 10 wt%), and then followed
by the highest plateau in bulk DSr (∼5) at crystallinities from 10 to
∼45 wt% which correspond to the highest relative abundance of
plagioclase. After these intervals, the saturation of quartz abruptly
decreased the relative abundance of feldspars and therefore bulk
DSr (∼3.5).

Using the varying bulk DSr, we calculated the evolution of Sr in
the evolving melt and crystal cumulate based on the differential forms
of the Rayleigh fractionation model (modified from Gelman et al.,
2014), with Sr in evolving melt (Cm) given as:

dCm

dF
= (D − 1) Cm

F
(2)
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Fig. 15. Results of Rhyolite-MELTS modeling and mass-balance calculation for the Tonglu volcanic–plutonic complex. (a) and (b) show the modal proportions

(wt%) of solid phases (Column) and the calculated bulk partition coefficient of Sr (Red star) at 3 wt% and 4 wt% H2Oi as a function of melt fraction (wt%). We

replaced orthopyroxene mass fractions with amphibole when calculating the bulk partition coefficient for Sr. This had a negligible effect on the bulk partition

coefficient calculation because Sr is incompatible in both orthopyroxene and amphibole. (c) and (d) show the SiO2-Sr compositions (on anhydrous basis) of

Tonglu volcanic–plutonic complex and the calculated compositional evolution for the crystal cumulate and the residual melt at 3 wt% and 4 H2Oi, respectively.

The initial melt is estimated to have a Sr concentration of 302 μg/g. Abbreviations: Pl = plagioclase, Mt = magnetite, Opx = orthopyroxene, Qtz = quartz, Kfs = K-

feldspar, Bt = biotite, Ilm = ilmenite.

Table 5: Mineral/melt partition coefficients used in the Tonglu

complex modeling

Mineral Sr Kd Reference

Plagioclase 5.83 Ewart & Griffin, 1994
K-Feldspar 6 Stix & Gorton, 1990
Biotite 0.31 Ewart & Griffin, 1994
Amphibole 0.49 Sisson,1994
Magnetite 0.077 Ewart & Griffin, 1994
Ilmenite 0.17 Ewart & Griffin, 1994
Quartz 0 -

Note: We assumed that Sr partition coefficient between quartz and melt
is 0.

where F is the mass fraction of residual melt, and the Sr concentration
in crystal cumulate (Cc) can be calculated as:

dCc

d(1 − F)
= DCm − Cc

1 − F
(3)

We solved these equations numerically using the ode45 function
in MATLAB for every 5 wt% fractionation step.

We modeled the evolution of SiO2 and Sr in the Tonglu volcanic–
plutonic rocks, which can then be compared with the geochemical
data. The modeled composition of evolving melts can perfectly cover

the range of volcanic rocks when crystallinity attains ∼50 wt%
(Fig. 15c–d), indicating that the most silicic rhyolites define terminal
residual melt fractionation (F) of ∼50 wt% relative to the initial melt.
This places important constrains on the thermal state of the Tonglu
magma reservoir before eruption at high temperatures (∼720◦C)
and moderate crystallinities. However, the modeled compositions
of the pure cumulates are generally more mafic than the Tonglu
plutonic rocks, e.g. the most evolved cumulate, corresponding to the
∼50 wt% crystallinity, has a dioritic composition (∼57 wt% SiO2).
This further indicates that the plutonic rocks from the Tonglu area
actually are a mixture of crystals and trapped high-silica melt due
to less efficient crystal-melt separation in felsic magmatic systems.
The similar situations were also found elsewhere, for example, more
than 20–30 wt% of the high-silica melt is trapped in cumulate mush
in Northern Peninsular Ranges Batholith based on trace element
modeling (Lee & Morton, 2015), and the amount of trapped melt
shows a large variation in the Adamello Batholith (from ∼10 to
∼50 wt%) due to different degrees of melt extraction based on
mineralogical textures (Fiedrich et al., 2017).

Calculating the amount of trapped melt is straightforward. To
reconcile the SiO2 and Sr concentrations for bulk cumulate (crystal
+ trapped melt) defined by the Tonglu plutonic rocks, we added
the most silicic evolving melt (at 50 wt% crystallinity) into the
pure crystal cumulate. The modeled composition of bulk cumulate
can cover the range of Tonglu plutonic rocks when the addition of
melt is up to ∼40 wt% (Fig. 15c–d). Thus, we obtained a trapped
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melt fraction in Tonglu cumulate of ∼40 wt%, corresponding to a
porosity of ∼42 vol% (volume fraction; using the method of Lee
& Morton [2015]) filled with interstitial high-silica melt (∼76 wt%
SiO2). In addition, mineral phase maps are also used to quantify
the amount of trapped melt. In the Tonglu monzodiorite, plagio-
clase, amphibole and other mineral phases (including apatite and
magnetite) crystallized at high temperatures and formed the crystal
skeleton (Fig. 6a and Fig. 13d and g). In contrast, interstitial quartz,
K-feldspar and biotite crystallizing at low temperatures formed from
the trapped melt. Thus, the amount of trapped melt in monzodiorite
is ∼36 wt%, which is slightly lower than the value determined
by mass-balance calculation (∼40 wt%). The simple calculation
may slightly underestimate the amount of trapped melt since some
evolved rims of plagioclase and amphibole may crystallize from
the trapped melt. We do not use the phase maps of monzonite
to estimate the amount of trapped melt because it is difficult to
distinguish early crystallized K-feldspar from the late overgrowths
formed from trapped melt. These calculations indicate that Tonglu
cumulate has reached rheological lock-up (∼50 vol%,Vigneresse
et al., 1996; Petford, 2003; Dufek & Bachmann, 2010), in which
the crystals form a continuous framework through which melt is
distributed. Theoretically, the maximum amount of interstitial melt
trapped in crystal mush should be ∼50 vol% when the system has
reached the rheological lock-up (Vigneresse et al., 1996; Petford,
2003; Dufek & Bachmann, 2010). The terminal ∼40 vol% porosity
in Tonglu crystal cumulates, which is lower than the crystallinity
of solid–liquid threshold, implies a limited extraction of interstitial
melt from the crystal cumulates (∼10 vol%). In addition, the AF
could be used as an index of melt extraction since magmatic foliation
in cumulates can develop as a consequence of compaction (Meurer
& Boudreau, 1998; Boorman et al., 2004; Fiedrich et al., 2017;
Bachmann & Huber, 2019). The low AFs of the Tonglu plutonic rocks
also indicate a low/subtle extent of compaction and associated melt
extraction (Fig. 6). Thus, the bulk cumulates are not eruptible due to
extremely high viscosity (e.g. Costa et al., 2009; Gelman et al., 2013)
and are preserved as a pluton, while the crystal-rich/poor dacitic and
rhyolitic melts accumulate in the upper part of the magma chamber
that ultimately erupted (e.g. Bachmann & Bergantz, 2004).

Differentiation of trapped melt and Remelting of bottom cumulate
recorded by zircon
As we discussed above, zircon grains from the monzodiorite mainly
crystallized from trapped melt, and thus compositional and condi-
tional fluctuations in the trapped melts have been recorded by these
co-crystallizing zircons, which allows us to utilize zircon trace ele-
ments as proxies for interstitial melt compositions. In the monzonite
and quartz monzonite, zircon grains have been found not only in
early-saturated phases (e.g. plagioclase, amphibole, biotite) but also
in late-crystallizing interstitial phases, indicating a long crystallizing
history and a potential to investigate heterogeneous crystallization
processes. As shown in Fig. 9, zircon grains from the monzonite and
quartz monzonite have compositions that plot on the trends defined
by those from volcanic rocks, and the similarities may reflect that
the early crystallized zircon grains are not sufficiently separated from
the evolving melt due to their small sizes and the high viscosities
of the silicic magmas (e.g. Claiborne et al., 2010). Previous studies
indicate that zircon grains with high U concentrations likely crys-
tallized from highly fractionated residual melt and thus U in zircon
can be used as an indicator of magmatic differentiation (Bindeman
et al., 2008; Claiborne et al., 2010; Wang et al., 2013; Wang et al.,
2017). For the zircon grains from the monzonite, quartz monzonite

and volcanic rocks, high U concentrations are associated with low
Gd/Yb, Zr/Hf and Eu/Eu∗ ratios, and low Ti concentrations (thus
low temperatures), reflecting the magma cooling and associating
crystallization of amphibole, zircon and plagioclase (Claiborne et al.,
2006; Wotzlaw et al., 2013; Yan et al., 2020), which are parallel to
those observed in the petrography and whole-rock geochemistry.

However, with the exception of light-CL rims, zircons (or zircon
domains) from monzodiorite with high U concentrations tend to have
higher Gd/Yb, Zr/Hf and Eu/Eu∗ ratios, and higher Ti concentrations
(commonly corresponding to high temperatures; Fig. 9), which are
opposite to the trends produced by crystallization of amphibole,
zircon and plagioclase. Thus, the increases in these elemental concen-
trations and ratios correspond to increasing temperature, indicating
that the bottom cumulates (monzodiorite) experienced recharge of
hot mafic magmas and associated remelting. This is also supported by
textural evidence (sieve texture and resorption zones of plagioclases;
Fig. 6a) and in situ plagioclase chemistry (Yu et al., 2018). The trace-
element compositions of zircon actually depend on the zircon-melt
partition coefficients. Claiborne et al. (2017) indicated that increasing
temperature could decrease the zircon-melt partition coefficients of
U, Th, Y, but the positive correlations between Ti and these elements
reflect the compositional changes of the trapped melt rather than
a temperature dependence. Mafic injections could input not only
energy but also mass. Incorporation of mafic materials has a subtle
effect on the compositions of the trapped melts, as demonstrated
by whole-rock Sr-Nd isotopic compositions (Fig. 5) and zircon Hf
isotopic compositions (monzodiorite with mean εHf(t) =−3.1 vs.
monzonite and quartz monzonite with εHf(t) = −3.8; Yu et al., 2018).
However, reheating processes associated with magma recharges will
lead to partial melting and/or remobilization of pre-existed cumulates
(Bachmann & Bergantz, 2003; Wolff et al., 2015; Forni et al., 2016;
Foley et al., 2020; Wolff et al., 2020). These processes will finally
liberate new liquids of accumulative components into the trapped
melts. Based on the Ti-in-Zircon thermometer, the whole dark-
CL zircon grains (and domains) from the monzodiorite document
∼90◦C temperature increase during mafic magma injections (Fig. 9g),
and this value provides a maximum estimate of the increase in
temperature. However, core to rim increases in temperature within
single zircon grains record a largest value of ∼45◦C, which may
provide a minimum estimate of the temperature increase (Fig. 8a).
Thus, digestion of amphibole, plagioclase, apatite and zircon during
reheating processes following the recharge events would produce
relatively hot melts with elevated trace-element concentrations (e.g.
Th, U, Y; Andersen et al., 2019) and higher Gd/Yb, Eu/Eu∗ and
Zr/Hf ratios (Fig. 9). The addition of the new liquids to the trapped
melts makes them distinct and different from the trapped melts
of quartz monzonite and the evolving melts (volcanic rocks). The
differences between these two types of zircon domains indicate that
only the early-stage (or basal) cumulate, namely monzodiorite, expe-
rienced major partial dissolution. Furthermore, zircon could serve as
a physical tracer during melt extraction since it cannot be sufficiently
separated from the viscous silica-enriched melt (Claiborne et al.,
2006, 2010). The lack of such zircon grains in monzonite, quartz
monzonite and volcanic rocks also indicate that melt extraction
from the monzodiorite mush to the upper part of the chamber
is limited.

The light-CL rims of the zircon domains from the monzodiorite
yield lower temperatures, elemental concentrations and ratios (Fig. 9)
which are broadly similar to those of the quartz monzonite and
volcanic rocks, indicating that they might have crystallized from the
latest trapped melt after reheating and melting.
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Fig. 16. Schematic illustration of the main magmatic processes for the generation of silica-rich volcanic rocks of the Tonglu volcanic–plutonic complex.

(a) First-stage Crystal settling and melt extraction. (b) Second-stage crystal settling, recharges of hot mafic magma and associating basal CR.

A two-stage crystal-melt separation model for

constructing Tonglu volcanic–plutonic complex

Based on the above observations, we envision the following magmatic
scenarios, and our model for the storage and evolution of Tonglu
magma chamber before eruption is schematically depicted in Fig. 16.
Felsic magmas are incrementally injected into an epizonal magma
chamber (∼7–9 km) where they are emplaced at low crystallinity (<
∼20 wt%) and above the zircon saturation temperature (> ∼870–
900◦C), containing crystals of plagioclase, amphibole, magnetite and
apatite. The compositional evolution of the silicic magmas after
their emplacement is divided into two stages. In the first stage,
in a melt-rich environment (crystallinity ≤ ∼20 vol%), some of
the preformed crystals (especially plagioclase) tend to realign and
impinge on each other, forming mineral clusters (e.g. Schwindinger
& Anderson, 1989). At lower crystallinity (<40 vol% crystals), the
solid phases are predominantly separated from the melt by ‘hindered
settling’ because settling rapidly becomes difficult to impossible in
crystal-bearing magmas (Davis & Acrivos, 1985; Bergantz & Ni,
1999). The dense individual crystals and clusters settle downwards to
the floor of the magma chambers and construct the touching crystal
framework of the monzodiorite. In the second stage (crystallinity
> ∼20 wt%), the evolving magmas further saturate in zircon and
biotite/K-feldspar. Similarly, these crystals connect with each other
and settle downwards due to their higher densities, forming the
skeleton of the monzonite and quartz monzonite. In addition, the
weak foliations of plagioclase among plutonic rocks (Fig. 6) and
mass balance calculations indicate that compaction also plays a
role in the formation of large caps of crystal-poor/rich volcanic
rocks. Jerram et al. (2003) suggested that frameworks constructed
by mineral clusters have a more loosely organised arrangement than
those built by individual crystals. In this case, involvement of crystal
clusters in building the frameworks could partly explain the high melt
porosity of the monzodiorite and monzonite (∼40 vol%). However,

crystals cannot be efficiently separated (‘hindered settling’) from the
viscous silica-enriched melt, thus leading to entrainment of suspended
crystals in the melt, forming a crystal-poor cap (rhyolite) underlain
by a crystal-rich zone (rhyodacite). These processes of crystal-melt
separation produce a vertically chemically stratified magma chamber
that is divided into four main units from bottom to top, i.e. monzodi-
orite, monzonite (and quartz monzonite), crystal-rich rhyodacite and
crystal-poor rhyolite (Fig. 16).

In addition, basaltic magmas with high temperatures (about
1000◦C or higher) injected at the base of the magma chamber at least
after formation of the monzodiorite framework. The hot magmas
heated the bottom of the crystal mush, triggering partial melting
of the preexisting minerals (plagioclase + amphibole + magnetite
+ apatite ± zircon) and producing the accumulative melts enriched
in middle REE, Eu and Y, which further mixed with the preexist-
ing interstitial melts. The distinctive signatures of the mixed melts
are recorded by the interstitial zircons of monzodiorite. However,
the preexisting minerals likely underwent limited melting which
was insufficient to remobilize/rejuvenate the crystal framework. The
recharge events of mafic magmas mainly occurred at the base of
the magma chamber and do not propagate much higher because
the crystal-rich layers could act as mechanical barriers to rising of
recharge magmas (e.g. Wark et al., 2007), as supported by the rare
quenched mafic enclaves and monzodiorite-like zircon in the upper
portion of the magma chambers. In addition, the recharge events
could heat the felsic magma chamber and thus extend the duration
of the magma reservoir under relatively hot, low-crystallinity and
eruptible conditions, facilitating crystal settling in the Tonglu magma
chamber.

CONCLUSION

The Tonglu volcanic–plutonic complex shows that a synthesis of
studies on texture, geochemistry, thermodynamic modeling and
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mass-balance calculations can help to track the physical states of
magma storage and understand the geochemical evolution of upper-
crustal magma chambers. This complex embodies an exceptional
example of differentiated residual melts and their complementary
silicic cumulate residues. The Tonglu volcanic rocks represent the
relatively crystal-poor cap of differentiated residual melts formed
by hindered setting and minor compaction, while the Tonglu
plutonic rocks represent the complementary residual cumulates of
fractionation processes with ∼40 vol% trapped interstitial melts. In
detail, the monzodiorite represents early-stage cumulate fractionated
from a melt that was undersaturated in zircon and biotite/K-feldspar,
whereas the monzonite and quartz monzonite represent late-stage
cumulates from an evolving melt that was saturated in zircon and
biotite/K-feldspar. After formation of the monzodiorite framework,
the magma reservoir was recharged by hot mafic magmas, triggering
a limited remelting of its basal cumulate (i.e. monzodiorite), which
may extend the duration of the magma reservoir under hot and
eruptible conditions. Our results imply that felsic magma reservoirs
in the upper crust can generate evolved and commonly explosive
magmas by two-stage crystal setting which could be facilitated by
recharge of hot mafic magmas, connecting plutonic and volcanic
realms in the shallow crust. The detailed deciphering of textural and
geochemical signatures of Tonglu cumulates can help us to identify
cumulates complementary to volcanic rocks within calderas in SE
China and other cases around the world.
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