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ABSTRACT

Widespread Mesozoic granitic plutons in the North China Craton (NCC) are products of remelting of the crust
associated with large-scale Mesozoic destruction of the NCC. Mafic microgranular enclaves (MMEs) are com-
mon in these plutons and are attributed to magma mixing. However, the involved magmatic processes of the
mixing are poorly known. In this paper, we reported complex zoning patterns, in situ U-Pb ages, and elemen-
tal and Nd isotopic compositions of titanite grains in the MMEs and host monzogranite of the Sanguliu pluton
in the NCC. Titanite grains in the MMEs and monzogranite have similar U-Pb ages of ca.130 Ma, and display
different internal textures and compositions. They can thus be divided into four types, i.e., types 1 and 2 from
the host monzogranite, and types 3 and 4 from the MMEs. Type 1 is euhedral in shape, whereas type 2 has a
euhedral inner domain and a thin deuteric rim with a sharp contact between them. Types 3 and 4 are angular
grains. Type 3 shows a typical core-mantle-rim texture with a resorbed core, a mantle and an irregular rim,
whereas type 4 contains a homogeneous inner domain and a discontinuous rim. Most titanite grains of the
four types display oscillatory, fir-tree and sector zoning and have crystallization temperatures ranging from
680 to 750 °C based on the Zr-in-titanite thermometry, indicating a magmatic origin. The core of type 3
titanite has the highest enq(t) of —11.3 to —12.5 among others, close to that of the mafic dykes (enqg(t) =
—7.8 to —11.6) that intrude the Sanguliu pluton. The core can be interpreted as crystallized from the
mixed magmas with more mafic components that were derived from metasomatized subcontinental litho-
spheric mantle (SCLM) beneath the NCC. The mantle of type 3 and the inner domain of type 4 titanite have
end(t) (—13.0 to —15.3) nearly identical to that of the MMEs (—14.3 to —15.4), but distinctly higher than
that of types 1 and 2 titanite (—15.9 to —18.3). The rims of types 3 and 4 titanite have gnq(t) (—16.1 to
—18.3), identical to that of type 1 and the inner domain of type 2 titanite, however, they have REE concentra-
tions and Th/U and Nb/Ta similar to the rim of type 2 titanite, clearly indicative of crystallization from evolved,
hydrated, granitic magmas. A three-stage growth model is thus proposed to explain the core-mantle-rim tex-
ture of the titanite in the MMEs by a magma mixing process. The core likely crystallized from the mixed
magma with more mafic components. It was then partially or totally resorbed by mixed, dioritic magma
due to chemical disequilibrium, which was followed by the re-precipitation from the dioritic magma, forming
the mantle. The rim is an overgrowth from the evolved, hydrated, granitic magma. This study demonstrates
that the complex zoning patterns and compositions of titanite in the MMEs can be used to investigate mag-
matic processes including magma mixing.

© 2021 Elsevier B.V. All rights reserved.

* Corresponding author at: CAS Key Laboratory of Mineralogy and Metallogeny,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou

510640, China.
E-mail address: wang_yan@gig.ac.cn (C.Y. Wang).

https://doi.org/10.1016/j.lithos.2021.106138
0024-4937/© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Mafic microgranular enclaves (MMEs) are common in granitic plu-
tons and are ideal to constrain the petrogenesis of granitic magmas, as
well as the crust-mantle interaction (e.g., Barbarin, 2005; Vernon,
1984). The origin of the MMEs is commonly thought to be related to
the mixing of mafic and felsic magmas (e.g., Barbarin, 2005; Farner


http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2021.106138&domain=pdf
https://doi.org/10.1016/j.lithos.2021.106138
mailto:wang_yan@gig.ac.cn
https://doi.org/10.1016/j.lithos.2021.106138
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/lithos

Z. Zhao, C.Y. Wang, B. Wei et al.

et al.,, 2014; Plail et al., 2018; Ventura et al., 2006; Yang et al., 2007).
However, the extent and consequence of magma mixing remain poorly
constrained. Whole-rock chemical compositions of both the MMEs and
host granitic rocks may not have information about the end-members of
magmas before the mixing occurred (Flinders and Clemens, 1996;
Lesher, 1990). Instead minerals, such as zircon, feldspar, apatite and
titanite, in the MMEs and host granitic rocks may be used to decipher
the magma mixing processes (e.g., Bruand et al., 2014; Davidson et al.,
2007; Griffin et al., 2002).

Titanite (CaTiSiOs) is a common accessory mineral of intermediate
to felsic igneous rocks and contains a large number of elements, includ-
ing Al, Fe>*, Fe**, Nb, Ta, Zr, Cr, V, Mo, Mg and Sn in the Ti site, and rare
earth elements (REEs), Y, Na, Mn, Pb, U, Th, Sr and Ba in the Ca site. In
addition, there are OH, F and Cl in the unbonded O site (O;) (Higgins
and Ribbe, 1976; Paterson and Stephens, 1992; Frost et al., 2000;
Piccoli et al., 2000). REEs and high field strength elements (HFSE,
i.e., Nb, Ta, Zr, Th and U) in titanite are sensitive to the changes of tem-
perature, pressure, oxygen fugacity (fO,), water fugacity and melt com-
position (Cao et al., 2015; Mcleod et al., 2011; Nakada et al., 2016;
Wones, 1989). Trace elements with low diffusion rates in titanite may
record magmatic processes of the MMEs and host granitic rocks
(Cherniak, 2015; Mcleod et al., 2011). Titanite can be used for U-Pb dat-
ing due to the high U (10 to 100 ppm) and high closure temperature (up
to 650 to 700 °C) (Frost et al., 2000; Sun et al., 2012). Additionally,
titanite has high Nd concentration and low Sm/Nd and is suitable for
in situ Nd isotope analyses (Yang et al., 2008).

Voluminous Mesozoic granitic plutons in the North China Craton
(NCC) were emplaced coincidently with the peak of large-scale cra-
tonic destruction and formation of giant lode gold deposits. The
Sanguliu pluton is one of these plutons and is composed of
monzogranite with abundant MMEs. In this study, we identified
zoned titanite grains in the MMEs and host monzogranite of the
Sanguliu pluton, and presented U-Pb ages and elemental and Nd iso-
topic compositions of these zoned titanite grains in this paper. The
new dataset enables us to investigate the magmatic processes re-
corded in the titanite in the MMEs. Our study may have important im-
plications for the magma mixing processes in the generation of large-
scale Mesozoic magmatism in the NCC.

2. Geological setting

The North China Craton is bounded by the central Asian orogenic
belt (CAOB) to the north and the Dabie-Sulu orogenic belt to the
south (Fig. 1a). The basement of the NCC is mainly composed of
Paleoarchean (>3.4 Ga) metamorphic rocks (Liu et al., 1992) and
supracrustal rocks and Neoarchean (2.6 to 2.5 Ga) tonalite-
trondhjemite-granodiorite (TTG) suite, with minor amounts of
supra-crustal rocks (2.7 to 2.5 Ga) (Wan et al,, 2010; Wan et al,,
2011). The basement is overlain by a thick sequence of Meso- to
Neo-proterozoic and Paleozoic sedimentary rocks (Lu et al., 2008).
The NCC experienced large-scale cratonic destruction in Mesozoic,
which was manifested by intensive magmatism (Wu et al., 2019), for-
mation of metamorphic core complexes (Liu et al., 2005) and pull-
apart basins related to crustal extension (Davis et al., 2002), and
metallogenic events (Yang and Zhou, 2002).

Voluminous Mesozoic granitic plutons occur in the northeastern
part of the NCC and cover an area of over 20,000 km? in the Liaodong
Peninsula (Lin et al., 1992). They were mainly emplaced in three pe-
riods, i.e., Triassic (233 to 210 Ma), Late Jurassic (180 to 150 Ma),
and Early Cretaceous (135 to 117 Ma) (Wu et al.,, 2005a, 2005b;
Yang et al., 2006). Triassic intrusive bodies include alkaline granite
plutons in the Kuandian area and calc-alkaline granite plutons in
the Xiuyan area. The late Jurassic intrusive rocks in the southern
and eastern Liaodong Peninsula mainly consist of moyite,
monzogranite and granodiorite, with minor plagioclase granite and
quartz diorite. The Early Cretaceous igneous rocks occur extensively
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in the Liaodong Peninsula and comprise granite, diorite and syenite
with minor gabbroic rocks.

The Sanguliu granitic pluton covers an area of about 50 km? in the
Liaodong Peninsula. It intrudes the Jurassic gneissic granite and Protero-
zoic biotite granulite, sericite quartz schist, and dolomitic marble of the
Liaohe Group along a NE-trending ductile shear zone (Fig. 1b). It con-
sists of medium- to coarse-grained porphyritic moyite to monzogranite
in the inner zone (Fig. 2a) and fine- to medium-grained monzogranite
in the outer zone (Fig. 2b). The MMEs in the inner zone show sharp con-
tact with the host monzogranite and most of them range in size from 10
to 20 cm (Fig. 2¢, d). The MMEs in the outer zone are elliptic to irregular
in shape and have transitional contact with host monzogranite. They are
smaller than those in the inner zone and range in size from several cen-
timeters to more than 10 cm (Fig. 2e, f).

3. Petrography of the Sanguliu pluton

The monzogranite of the inner zone is composed of 30-35 vol%
plagioclase, 25-30 vol% K-feldspar, 20-30 vol% quartz and 10-15 vol
% biotite, with minor amounts of amphibole, titanite, zircon, apatite,
and allanite (Fig. 3a). The rocks show porphyritic texture; the pheno-
crysts are mainly composed of plagioclase and K-feldspar laths that
are commonly subhedral to anhedral and range in length from 1 to
5 mm, with some being up to 15 mm, the matrix is composed of
medium-grained quartz, plagioclase and biotite. The MMEs hosted in
the monzogranite are composed of plagioclase (30-40 vol%), amphi-
bole (20-30 vol%), K-feldspar (10-15 vol%), quartz (<10 vol%) and bi-
otite (<10 vol%), minor titanite, apatite and zircon (Fig. 3b).
Plagioclase and K-feldspar are subhedral to anhedral, they are fine-
grained and range in length from 0.2 to 2 mm, with some being phe-
nocrysts up to 4 mm.

The monzogranite of the outer zone contains 30-40 vol% plagio-
clase, 25-30 vol% K-feldspar, 25-30 vol% quartz and 10-15 vol% bio-
tite, and minor amphibole, apatite, titanite, zircon, and allanite.
Plagioclase and K-feldspar phenocrysts are subhedral to anhedral
and commonly range in length from 1 to 2 mm, with some being
up to 5 mm. The MMEs hosted in the monzogranite consist of
50-55 vol% plagioclase, 20-25 vol% biotite, 10-15 vol% K-feldspar,
<10 vol% amphibole, <10 vol% quartz, with minor apatite, titanite
and zircon. Plagioclase and K-feldspar in the MMEs range in length
from 0.2 to 4 mm.

Biotite microcrystals in the MMEs of the inner zone are enclosed
within amphibole (Fig. 3c), and plagioclase laths often contain dissolved
cores (Fig. 3d). Acicular apatite is commonly enclosed within plagio-
clase (Fig. 3e). The assemblage of quartz 4 plagioclase 4+ K-feldspar oc-
curs in the mantle of titanite crystal and displays titanite-plagioclase
ocelli texture (Fig. 3f).

4. Classification of the titanite in the MMEs and host monzogranite

As most samples in this study are collected from the inner zone of
the pluton, we mainly focus on the titanite of the MMEs and host
monzogranite in the inner zone. Yellowish brown titanite grains in the
monzogranite are interstitial to K-feldspar, plagioclase and quartz, and
rarely contain mineral inclusions (Fig. 3a). They show envelope- or
diamond-like shape and range in size from 300 to 2000 pm. Oscillatory,
sector and fir-tree zoning patterns are commonly observed in the BSE
images of euhedral grains (Fig. 4a-d).

Titanite grains in the MMEs are interstitial to amphibole, plagioclase
and quartz (Fig. 3b). They are commonly angular in shape and range in
size from 200 to 1200 pum, much smaller than those in host
monzogranite (Fig. 4e-i). Sector, and fir-tree zoning patterns are also
observed in the cores of some grains in the MMEs (Fig. 4e, f).

The titanite in the MMEs and host monzogranite can be divided into
four types on the basis of zoning patterns in the BSE images (Fig. 4).
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Fig. 1. (a) Simplified geological map of the North China Craton showing the location of the Sanguliu granitic pluton (modified after Wu et al., 2005a); (b) geological map of the Sanguliu

granitic pluton showing the sample location and adjacent Wulong lode gold deposit.

Types 1 and 2 are mainly observed in monzogranite, whereas types 3
and 4 are mainly in the MMEs.

Type 1 titanite is typically euhedral in shape and shows distinct os-
cillatory, sector, and fir-tree zoning patterns (Fig. 4a—-c). Type 2 titanite
contains a euhedral inner domain with a thin deuteric rim, and fine-
grained quartz and zircon inclusions are occasionally enclosed within
the deuteric rim (Fig. 4d). The deuteric veinlets penetrate the inner

domain in local places (close-up in Fig. 4d). Overall, type 1 is more com-
mon than type 2 in the monzogranite.

Type 3 titanite is anhedral with typical core-mantle-rim texture
(Fig. 4e, f). The core develops sector and fir-tree zoning; however, it is
irregular in shape and shows embayment outline, the mantle is charac-
terized by the presence of abundant quartz, amphibole and plagioclase
inclusions, and the rim is typically corroded. Type 4 titanite is angular,
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Fig. 2. Field photos of monzogranite and mafic microgranular enclaves (MMEs) of the Sanguliu granitic pluton. (a) and (b) Monzogranite in the inner zone and outer zone of the pluton;
(c) and (d) the MMEs in the inner zone of the pluton; (e) and (f) the MMEs in the outer zone of the pluton.

containing an inner domain similar to the mantle of type 3 titanite, and
a rim similar to the rim of type 3 titanite (Fig. 4g-i). Overall, type 4 is
more common than type 3 in the MMEs.

5. Analytical methods
5.1. Major element analyses of minerals

Major elements of titanite and amphibole were analyzed using a
JEOL JXA-8230 electron probe microanalyzer (EPMA) at the CAS Key
Laboratory of Mineralogy and Metallogeny. The operating conditions
were at 15 kV and 20 nA with a beam spot size of ~1 um. The peak
and background counting times were 40s and 20s for Ti, Mn and Mg,
20s and 10s for Si, Fe, Ca and Al, and 10s and 5 s for F, Cl, K and Na, re-
spectively. American SPI standard materials: rutile (Ti), olivine (Si),
olivine (Mg), Cr-diopside (Ca), magnetite (Fe), almandine (Al), rhodo-
nite (Mn), orthoclase (K), albite (Na), BaF, (F) and tugtupite (Cl) were
used as standards. All data were processed with ZAF correction and ele-
ment detection limit is 0.01%.

5.2. U-Pb dating, trace element and Sm-Nd isotope analyses for titanite

The U-Pb age and trace elements of titanite were analyzed in situ by
an Agilent 7500a Q-ICPMS equipped with a GeoLas Pro-type 193 nm
excimer laser ablation system at Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS). A beam spot size of 32 pm
was employed to analyze under 6 Hz ablation repetition rate. Detailed
analytical technique is given in Sun et al. (2012). The measured

composition of titanite was plotted on the Tera-Wasserburg diagram
(Tera and Wasserburg, 1972) and defined a line intersecting the y-axis
at common 2°7Pb/2%Pb composition. The lower intercepts approxi-
mately represent of formation ages of the samples. The measured
297ph composition was used for common Pb correction. The
Tera-Wasserburg diagram and weighted mean 2°°Pb/238U age were cal-
culated using Isoplot (v4.15) (Ludwig, 2012). BLR-1(1047.1 + 0.4 Ma,
Ma et al., 2019) and Ontario (1053.3 £+ 3.1 Ma, Ma et al., 2019) are
used as the external and monitor standard of the U-Pb dating. The ob-
tained 2°°Pb/?3U age of BLR-1 and Ontario in our analyses is 1044.9 +
14 Ma and 1049.0 4 12 Ma, respectively, which are consistent with
aforementioned reference values within uncertainty (Supplementary
Table S1).

Trace element contents of titanite are calibrated against “*Ca as the
internal standard and NIST 610 as the external standard (CaO content
in titanite refers to the average composition measured by EPMA). The
recommended trace element contents of NIST 610 are compared with
the obtained values of this study (Supplementary Table S2). The raw
data were processed by GLITTER 4.0 software (GEMOC, Macquarie Uni-
versity) (Griffin, 2008).

The Sm-Nd isotopic composition of titanite was measured in situ for
the grains that have U-Pb ages, using a Neptune multi-collector (MC)-
ICPMS equipped with a GeoLas-type 193 nm excimer laser ablation sys-
tem at IGGCAS. A single-point analysis mode was used with a beam spot
diameter of 44 um under ablation frequency of 6 Hz and laser fluence of
~6 J/cm?. BLR-1 and Ontario are used as the standards during analyses.
The '7Sm/"*Nd and '**Nd/'**Nd were calibrated using exponential
law after correcting for the isobaric interference of '#4Sm on #*Nd.
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Fig. 3. Microphotographs of monzogranite and mafic microgranular enclaves (MMEs) of the Sanguliu granitic pluton. (a) Medium- to coarse-grained biotite monzogranite shows
porphyritic texture with plagioclase (Pl) phenocrysts, biotite (Bt), amphibole (Amp), K-feldspar (Kfs), and titanite (Ttn) is interstitial to plagioclase and quartz (Qtz). Under cross-
polarized and transmitted light, sample WL17-34; (b) the MME is mainly composed of plagioclase and amphibole, and titanite is interstitial to biotite, K-feldspar and quartz. Under
cross-polarized and transmitted light, sample WL17-60; (c) biotite microcrystal in the MME is enclosed within amphibole, showing a disequilibrium texture. Under cross-polarized
and transmitted light, sample WL17-60; (d) the core of plagioclase lath in the MME is dissolved due to chemical disequilibrium. Under cross-polarized and transmitted light, sample
WL17-60; (e) acicular apatite (Ap) within the plagioclase of the MME, showing a quenched texture. Under plane-polarized and transmitted light, sample WL17-60; (f) titanite-
plagioclase ocelli developed in the mantle of the titanite in the MME with a zone of quartz + plagioclase + K-feldspar. Under plane-polarized and transmitted light, sample WL17-60.

Detailed instrument and measurement conditions are given in Yang
etal. (2008), Wu et al. (2010), and Ma et al. (2019). BLR-1 was reported
to have '¥7Sm/'*4Nd of ~0.1939 (45) and '**Nd/"**Nd of ~0.512829
(47), and Ontario was reported to have '4’Sm/!'*Nd of ~0.1916 (32)
and 3Nd/"**Nd of ~0.512815 (41) (Ma et al., 2019). In this study,
BLR-1 was measured to have '¥7Sm/!**Nd of 0.1937 (2) and
143Nd/"4Nd of 0.512832 (70), and Ontario to have '¥’Sm/'*Nd of
0.1938 (2) and 3Nd/'*“Nd of 0.512837 (80), which are consistent
with aforementioned reference values within uncertainties (Supple-
mentary Table S3).

5.3. Trace element mapping for titanite

Trace element mapping of titanite was performed in the Mineral Mi-
croanalysis Laboratory of the Ore Deposit and exploration Centre
(ODEC) of the School of Resources and Environmental Engineering,
Hefei University of Technology. A laser ablation system is made up of
Agilent 7900 ICP-MS equipped with a 193-nm ArF excimer laser
(PhotonMachines Analyte HE). The sample was measured with a
beam size of 15-40 um while sample was moving with a speed of

15-40 pm/s under 10 Hz repetition rate and laser ablation energy of
2-3 J/cm?. About 20s of background signal was collected during pre-
and post-analyzing. GSD-1G was adopted as the external standard.
The final trace element mapping images were calibrated based on the
probability density distribution function. Data analyses and mapping
were performed using Geochemistry-SoftWareV4. More details refer
to Wang et al. (2017).

6. Results
6.1. Titanite U-Pb ages

Titanite grains from two monzogranite samples (WL17-18 and
WL17-38) were analyzed for U-Pb ages (Supplementary Table S1).
The upper intercepts of the data for the two samples correspond to
207ph,296ph of 0.84 4 0.04 and 0.84 + 0.02, respectively, in the Tera-
Wasserburg U-Pb plots (Fig. 5a, b). The obtained lower intercept age
is 130.3 £+ 1.8 Ma (MSWD = 1.5) for sample WL17-18 (Fig. 5a) and
130.5 4 2.5 Ma (MSWD = 2.5) for sample WL17-38 (Fig. 5b), consis-
tent with the weighted mean 2°°Pb/?*3U age of 129.9 + 1.7 Ma
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Fig. 4. BSE images of the four types of titanite in the monzogranite and mafic microgranular enclaves (MMEs) of the Sanguliu granitic pluton. (a)-(c) Type 1 titanite in monzogranite
showing oscillatory zoning, sector zoning and fir-tree zoning; (d) type 2 titanite in monzogranite showing fir-tree zoning and a thin deuteric rim, zircon (Zrn) inclusions are enclosed
in the rim; (e)-(f) type 3 titanite in the MMEs showing the core-mantle-rim texture, with sector and fir-tree zoning in the core; (g)-(i) type 4 titanite in the MMEs contains an inner

domain and rim.

(MSWD = 1.0; n = 23) and 130.5 4 1.9 Ma (MSWD = 1.5; n = 29) for
the two samples (inset in Fig. 53, b).

Titanite grains from three MMEs samples (WL17-5, WL17-45, and
WL17-60) were analyzed for U-Pb ages (Supplementary Table S1).
The upper intercepts of the data for the three samples correspond to
207pp,296ph of 0.84 4 0.02, 0.84 4 0.04, and 0.84 -+ 0.01, respectively,
in the Tera-Wasserburg U-Pb plots (Fig. 5c-e). The data yielded the
lower intercept age of 129.6 + 1.3 Ma (MSWD = 0.91) for sample
WL17-5 (Fig. 5¢), 129.9 + 1.9 Ma (MSWD = 2.5) for sample
WL17-45 (Fig. 5d), and 130.5 4 2.2 Ma (MSWD = 0.68) for sample
WL17-60 (Fig. 5e). These ages are identical to the weighted mean
206pp /238 age of 129.4 + 1.4 Ma (MSWD = 0.68; n = 35), 129.7 +
2 Ma (MSWD = 0.58; n = 25), and 129.5 4+ 2.1 Ma (MSWD = 0.54; n
= 31) within analytical error for the three samples (inset in Fig. 5c-e).

The results indicate that the titanite in the MMEs have nearly identi-
cal crystallization age to that of the titanite in host monzogranite. The
obtained U-Pb ages of the titanite in this study are also similar to the zir-
con U-Pb ages reported for the Sanguliu pluton in the literature (Wei
etal, 2003; Wu et al., 2005a).

6.2. Major and trace element compositions of titanite

The titanite grains of the MMEs and host monzogranite overall have
negative correlation of Al + Fe (apfu) and Ti (apfu) except for a few out-
liers that were analyzed for the rims of types 2 and 3 titanite (Fig. 6a and
Supplementary Table S2). They also show negative correlation of F
(apfu) and Ti (apfu) and Ca (apfu) and REE + Y (Fig. 6b, c). The rim
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Fig. 5. Tera-Wasserburg U-Pb plots for the titanite in the monzogranite and mafic microgranular enclaves (MMEs) of the Sanguliu granitic pluton. (a)-(b) Titanite of sample WL17-18 and
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overall has high F and Ca and low REE + Y relative to those for the core,
mantle and inner domain of the titanite (Fig. 6b, c).

Type 1 titanite and the core, mantle and inner domain of types 2, 3
and 4 titanite have similar REE concentrations and patterns with very
negative Eu anomalies on the chondrite-normalized REE patterns

(Fig. 7a-d). The mantle of type 3 titanite has flat HREE pattern, contrast
to right-sloped HREE pattern for the core (Fig. 7c).

The rim of type 2 titanite has REE lower than the inner domain and
shows positive Eu anomaly (8Eu = 0.72 to 1.95) on the REE patterns
(Fig. 7b). The rims of types 3 and 4 titanite have much lower REE
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concentrations than their respective mantle and inner domain, but they
have similar REE patterns (Fig. 7c, d).

Type 1 titanite and the core, mantle and inner domain of types 2, 3
and 4 titanite contain Nb and Ta higher than the rims of types 2, 3 and
4 titanite (Fig. 8a). Type 1 titanite and the core, mantle and inner
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domain of types 2, 3 and 4 titanite have highly variable Th/U and re-
stricted low Nb/Ta and 6Eu, remarkably different from restricted low
Th/U and highly variable Nb/Ta and 6Eu of the rims of types 2, 3 and 4
titanite (Fig. 8b, c). In addition, either rim or core, mantle and inner do-
main of the titanite have similarly highly variable La/Yb, Zr/Hf and &Ce
(Fig. 8d-f).

6.3. Sm-Nd isotopic compositions of titanite

Type 1 titanite and the inner domain of type 2 titanite overall have
end(t = 130 Ma) values ranging from —15.9 to —18.3 (Supplementary
Table S3). However, it is noted that a single crystal of type 1 and the
inner domain of type 2 titanite usually has similar eyq(t) values in differ-
ent parts (e.g., Fig. 9a).

The core of type 3 titanite has the highest enq(t) (—11.3 to —12.5)
among all four types of the titanite (Fig. 9d and Supplementary
Table S3). The mantle of type 3 and the inner domain of type 4 titanite
have eng(t) ranging from —13.0 to —15.3, slightly lower than that of
the core of type 3 titanite (Fig. 9d and Supplementary Table S3). The
rims of types 3 and 4 titanite have enq(t) ranging from —16.1 to
—18.3, nearly identical to those of type 1 and the inner domain of
type 2 titanite (Fig. 9d and Supplementary Table S3).

Type 1 and the inner domain of type 2 titanite exhibit nearly positive
correlation of "#7Sm/!**Nd and '**Nd/'**Nd (Fig. 9c). The core of type 3
titanite has the highest '**Nd/'**Nd among others, whereas the mantle
of type 3 titanite have similar **Nd/!**Nd to that of the inner domain of
type 4 titanite. They both have **Nd/'**Nd higher than that for the rims
of types 3 and 4, and type 1 and the inner domain of type 2 titanite
(Fig. 9¢). In contrast, the rims of types 3 and 4 titanite have similar
ranges of '*Nd/'*Nd and '*’Sm/'*Nd to that of type 1 and the inner
domain of type 2 titanite (Fig. 9c). On the plot of eng(t) versus Nb/Ta,
the rims of types 3 and 4 titanite have Nb/Ta negatively correlated
with eng(t), whereas others show highly variable gnq4(t) against rela-
tively restricted Nb/Ta (Fig. 9d).

7. Discussion

The sector, fir-tree and oscillatory zoning patterns are commonly ob-
served in type 1 and the inner domain and core of types 2, 3 and 4
titanite (Fig. 4). The crystallization temperatures for the core, mantle
and inner domain of the titanite are estimated to be 683 to 749 °C
using the Zr-in-titanite geothermometer (Hayden et al., 2008), in
which arjp, is assumed to be 0.5 and as;o, is assumed to be 1. The high
crystallization temperature of the titanite indicates a magmatic origin
(c.f., Paterson and Stephens, 1992; Watson and Liang, 1995; Mcleod
etal, 2011; Olierook et al., 2019). On the other hand, the crystallization
temperature of the rim of type 2 titanite is estimated to be 613 to 658 °C
(Fig. 10), lower than the water-saturated solidus of granite (680 °C,
Johannes and Holtz, 1996), indicating that the rim may have developed
under subsolidus condition. The rims of types 3 and 4, however, have
crystallization temperatures (623 to 684 °C) slightly higher than that
of the rim of type 2 (Fig. 10). In contrast to relatively homogeneous,
euhedral types 1 and 2 in host monzogranite, the diverse core-mantle-
rim textures and chemical compositions of types 3 and 4 titanite in
the MMEs of the Sanguliu pluton may have insights for complex growth
processes during magma mixing.

7.1. Origin of the titanite in host monzogranite

Type 1 titanite and the inner domain of type 2 have Nb/Ta ranging
from 4.7 to 16.6, similar to that for the titanite of the Early Cretaceous
Guojialing and Fanshan granitic plutons in the NCC (Fig. 8b), but much
lower than that of metamorphic or hydrothermal titanite (Nb/Ta>20;
Chen et al., 2013; Chen and Zheng, 2015; Fu et al., 2016). They have
end(t) values ranging from —15.9 to —18.3, overlapping with that of
host monzogranite (enq(t) = —18.3 to —20.1) (Fig. 9e), indicating
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Fig. 7. Chondrite-normalized rare earth element patterns for the four types of titanite in the MMEs and host monzogranite of the Sanguliu granitic pluton. Chondrite normalization values

are from Sun and McDonough (1989).

that type 1 and the inner domain of type 2 titanite may have been in Nd
isotope equilibrium with granitic magmas during crystallization.

When titanite crystallizes from granitic magmas, Fe>" tends to sub-
stitute Ti** in the octahedral site of the titanite lattice at high tempera-
tures due to their similar ionic radius (Shannon, 1976), whereas the REE
commonly substitute Ca>* (Green and Pearson, 1986). The substitution
reactions can be shown as Ca®>* + Ti*" < (REE, Y)>* + (Fe, Al)>*
(Green and Pearson, 1986). These reactions can cause the negative cor-
relation of Ti versus Al + Fe and REE + Y versus Ca of the titanite
(Fig. 63, c), respectively. The REE zoning of type 2 titanite (Fig. 11) can
be also attributed to the substitution of Ca®>* by REE** and Y>*
(Olierook et al., 2019). The negative Eu anomaly of type 1 and the
inner domain of type 2 titanite (Fig. 7a, b) likely results from fraction-
ation of plagioclase, indicating that the titanite crystallized later than
plagioclase in the monzogranite. Therefore, type 1 and the inner domain
of type 2 titanite are likely attributed to crystallization from granitic
magmas of the Sanguliu pluton.

7.2. Origin of the titanite in the MMEs

The titanite in the MMEs and host monzogranite yielded similar U-
Pb ages (Fig. 5), indicating that the MMEs and monzogranite may have
crystallized simultaneously in the magma chamber. The MMEs show
typical igneous texture (Fig. 3b), so they are not either xenolith or
restite. The MMEs have Sr-Nd isotopic compositions distinctly different
from that of host monzogranite of the Sanguliu pluton (Fig. 9e), ruling
out that the MMEs were early crystalline phases of granitic magmas.
The disequilibrium textures in the MMEs (Fig. 3¢, d) are ascribed to

the change of temperature and melt compositions and are direct evi-
dence for magma mixing (c.f., Baxter and Feely, 2002; Jiang et al.,
2016; Hibbard, 1981). The mixed magmas may have been injected
into the granitic magma chamber and crystallized under high degrees
of undercooling, leaving a sharp contact between the MMEs and host
monzogranite. They may have crystallized rapidly at the emplacement
level so that some quenched textures were also developed in the
MMEs. Acicular apatite in plagioclase (Fig. 3e) and fine-grained texture
of the MME:s (Fig. 3b) are consistent with fast cooling of the MMEs (c.f.,
Baxter and Feely, 2002).

The mantle of type 3 titanite has enq(t) (—14.3 to —15.3) similar to
that of the MMEs (—14.3 to —15.9), so it may have crystallized from the
mixed magmas. However, the core of type 3 titanite has enqg(t) (—11.3
to —12.5) close to that of the mafic dyke (enq(t) = —7.8 to —11.6)
that intrudes the Sanguliu pluton (Fig. 9e). It is noted that the maximum
ena(t) value of the mafic dyke is similar to that of the subcontinental
lithospheric mantle (SCLM) beneath the NCC (eng(t) = —6.0 on aver-
age, Yang et al., 2004), whereas the host monzogranite has enq(t)
close to that of ancient lower crust of the NCC (eng(t) = —22.5 on aver-
age, Yang et al., 2004) (Fig. 9e). The degree of magma mixing can be
thus estimated by assuming that the MMEs are mixing products of a
mantle-derived mafic magma and a crustal-derived felsic magma. For
the mafic end-member, we used the SCLM beneath the NCC (Yang
et al., 2004). For the felsic end-member, we used the ancient lower
crust of the NCC (Yang et al., 2004). Using the Sr-Nd isotopic composi-
tions of these two end-members gives a good fit for the data of the
titanite and MMEs in this study (Fig. 9e). The results indicate that the
MMEs may have crystallized from the mixed magmas composed of
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pluton. Data source: Guojialing granodiorite (Jiang et al., 2016); Fangshan granodiorite (Sun et al., 2010).

~30% mafic component and ~ 70% felsic component (Fig. 9e). However,
the mixed magmas were likely heterogeneous spatially and temporally,
so that the core and mantle of type 3 titanite may have crystallized from
different stages during magma mixing. The core of type 3 titanite likely
crystallized earlier from the mixed magmas with a greater fraction of
mafic components (i.e., 45 to 55%) (Fig. 9e). This is consistent with the
observation that the core of type 3 titanite has La/Yb higher than
those of type 1 titanite (Fig. 8d), because the partition coefficient ratios

10

of LREE/HREE for the titanite crystallized from mafic magmas are re-
markably higher than those for the titanite crystallized from granitic
magmas (Prowatke and Klemme, 2005).

7.3. Origin of titanite rims

The rims of types 3 and 4 titanite have gng(t) from —16.6 to —18.3,
nearly identical to that of type 1 titanite and inner domain of type 2
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mafic dykes adjacent to the pluton (our unpublished data).

titanite (Fig. 9d), indicating that they likely crystallized from granitic
magmas, rather than the mixed magmas. However, the rims of types 3
and 4 titanite have relatively high F and low Ta to that of type 1 titanite
(Fig. 6b, 8a), and they show very contrasting Nb/Ta and Th/U compared
to that of type 1 titanite (Fig. 8b). In general, Nb and F are more incom-
patible than Ta and tend to be enriched in fluids and evolved magmas
(Prowatke and Klemme, 2005; Smith et al., 2009; Tiepolo et al., 2002).
The dramatic increase of Nb/Ta in the rims of types 3 and 4 titanite

11

may be attributed to the breakdown of biotite and amphibole in the
late magmatic stage, which released more Nb and less Ta into the
evolved melts (Chen et al., 2013; Chen and Zheng, 2015), and the solu-
bility of Nb would increase in F-rich fluids (Smith et al., 2009). There-
fore, the titanite that crystallizes from more evolved granitic magmas
tend to be enriched in F and have high Nb/Ta. Uranium is also incompat-
ible and enriched in fluid/residual melts (Williams and Gill, 1989), so
low Th/U of the rims of types 3 and 4 titanite is also consistent with
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crystallization from hydrated, evolved, granitic magmas (e.g., Chen
etal, 2013; Li et al., 2010).

The deuteric rim of type 2 titanite contains higher F, Nb/Ta and 6Eu
than the rims of types 3 and 4 titanite against similar Th/U (Figs. 6b,
8b, ¢). Unlike the rim of type 3 titanite that has much higher U than
that of the mantle and core (Fig. 12), the rim of type 2 titanite contains
much lower U than that of the inner domain of type 2 (Fig. 11). This is
probably because type 2 titanite crystallized concurrently with zircon,
as zircon inclusions are enclosed within the rim (Fig. 4d) and zircon is
often rich in U. Eu?>* can be released from plagioclase during albitization
associated with low-temperature deuteric fluids (Kontonikas-Charos
et al., 2019), leading to the positive Eu anomaly in the rim of type 2
(c.f, Olierook et al.,, 2019). Therefore, the rim of type 2 titanite is likely
attributed to the overgrowth of deuteric fluid under subsolidus condi-
tions. The deuteric fluids may penetrate the inner domain of type 2
titanite along cracks (Fig. 4d). A similar case has been reported in the
titanite of the Roxby Downs granite, the host of the Olympic Dam
I0CG deposit (Kontonikas-Charos et al., 2019).

7.4. A three-stage growth model for the titanite in the MMES

The core of type 3 titanite shows embayment (Fig. 4e, f), which is
typical of a disequilibrium texture and can be attributed to the resorp-
tion of the core by the mantle. The assemblage of quartz + plagioclase
+ K-feldspar in the mantle of type 3 titanite displays titanite-
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Fig. 11. The BSE image and trace element mapping for a type 2 titanite grain in the monzogranite of the Sanguliu granitic pluton showing that REE, Y, Nb, Ta, Zr, Hf, Th and Th/U gradually
decreased, 5Eu and Nb/Ta gradually increased, and U increased first and then decreased from the inner domain to rim.
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Fig. 12. The BSE image and trace element mapping for a type 3 titanite grain in the MMEs of the Sanguliu granitic pluton showing that REE, Zr, Hf, Th, Th/U gradually decreased, Nb/Ta and U
gradually increased from the core to mantle and then to rim, whereas Nb, Ta and Y suddenly decreased at the dissolved boundary between the core and mantle.
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Fig. 13. A cartoon illustrating a three-stage growth model of the titanite from the MMEs in the Sanguliu granitic pluton.

plagioclase ocelli texture (Fig. 3f), which is attributed to a magma
mixing process (c.f., Hibbard, 1981). The rims of types 3 and 4 titanite
are discontinuous and irregular and show transitional boundaries with
the mantle (Fig. 4e-i). These indicate that the titanite in the MMEs of
the Sanguliu granitic pluton may have experienced complex growth
process. On the basis of eyq(t) and trace element mapping of type 3
titanite, we propose a three-stage growth model to explain the core-
mantle-rim texture of the titanite in the MMEs. The first stage began
with crystallization of titanite from mixed magmas with more mafic
components, and sector and fir-tree zoning developed in the titanite
(Fig. 13a). The second stage was triggered by chemical disequilibrium
so that the first-stage titanite was resorbed by an ambient, dioritic
melt (Fig. 13b). The first-stage titanite may have been partially or totally
dissolved by the ambient melt, and only some remnants were preserved
as the core of type 3. Simultaneously, re-precipitation of titanite from
the ambient, dioritic melt formed the second-stage domain, appearing
as the mantle of type 3 and the inner domain of type 4 titanite
(Fig. 13b). The third-stage involved the overgrowth rim of the titanite
from the evolved granitic magma (Fig. 13c). Therefore, the core-
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mantle-rim texture of the titanite in the MMEs recorded vigorous pro-
cesses of magma mixing. The core and mantle of the titanite crystallized
in different stages of mixed magmas, and the rim of the titanite crystal-
lized from the evolved granitic magma (Fig. 13c). In this scenario, simi-
lar eng(t) values of the mantle of types 3 and 4 titanite and the MMEs
indicate that magma mixing may have taken place in a magma chamber
at the depth, and the molten mixed magma may have been trapped in
granitic magmas prior to the emplacement of the Sanguliu pluton.

8. Conclusions

Titanite grains in the MMEs and host monzogranite of the Sanguliu
granitic pluton have similar U-Pb ages, coincident with the peak of
the destruction of the NCC. The titanite of the MMEs displays the core-
mantle-rim texture which resulted from a three-stage growth process
during magma mixing in a magma chamber at depth. The core and
mantle of the titanite crystallized from mixed magmas with variable
proportions of two end members, whereas the rim crystallized from
an evolved granitic melt. The disequilibrium textures of the titanite
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were likely developed due to the dissolution and re-precipitation pro-
cess when primary titanite was in chemical disequilibrium with ambi-
ent, dioritic magmas after the onset of magma mixing.
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