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ABSTRACT

Much controversy has occurred in the
past few decades regarding the nature of
the sources, the petrogenetic processes, and
the tectonic regime(s) of the Jurassic mag-
matism within the Southeast China mag-
matic belt. This study aims to contribute to
the discussion with mineral chemistry, and
whole-rock element and Sr-Nd-Hf-Pb isoto-
pic geochemical data from granitic rocks and
microgranular mafic enclaves from Macao,
where two discrete groups of I-type biotite
granites have been identified (referred to as
Macao Group I [MGI] and Macao Group
II [MGII]). It is proposed that the granitic
magmas were generated by partial melting of
infracrustal medium- to high-K, basaltic Pa-
leoproterozoic to Mesoproterozoic protoliths
(Nd depleted mantle model age [Tyl =1.7-
1.6 Ga and Hf T, =1.8-1.6 Ga), triggered
by underplating of hot mantle-derived mag-
mas in an extensional setting related to the
foundering of a previously flat slab (paleo—
Pacific plate) beneath the SE China conti-
nent. The main differences between the two
groups of Macao granites are attributed to
assimilation and fractional crystallization
processes, during which upper-crustal Paleo-
zoic metasediments were variably assimilated
by MGI magmas. This is evidenced by an in-
crease in initial 3Sr/36Sr ratios with degree
of evolution, presence of metasedimentary
enclaves, and high percentage of zircon xeno-
crysts with Paleozoic ages. In addition, other
processes like late-stage fluid/melt interaction
and magma mixing also left some imprints
on granite compositions (rare earth element
tetrad effect plus non-charge-and-radius-
controlled behavior of trace elements and
decoupling between different isotope systems,
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respectively). The distribution of isotopically
distinct granites in SE China reflects the na-
ture of the two Cathaysia crustal blocks jux-
taposed along the Zhenghe-Dapu fault.

INTRODUCTION

The formation and growth of continental crust
are directly linked to the genesis of granitic rocks
(e.g., Arndt, 2013; Moyen and Laurent, 2018),
which has changed throughout Earth’s history
as a consequence of the secular cooling of the
planet (Martin et al., 2005; Moyen and Martin,
2012). The genesis of granites in post-Archean
times is thought to have mainly resulted from
melting of continental crust, with consequent
intracrustal vertical transfer of granitic magmas
playing a major role in their chemical differenti-
ation, while the presence of melt on grain bound-
aries strongly influenced the overall rheological
characteristics (Sawyer et al., 2011). Thus, the
study of granitic rocks is of utmost importance
to unveiling the evolution of distinct crustal
domains (e.g., Kemp and Hawkesworth, 2003;
Brown, 2013, and references therein).

It has been suggested that most of the chemi-
cal variation within granitic bodies is a primary
or near-source feature, reflecting the constraints
imposed onto magmas by source composition,
incongruent melting, and peritectic minerals
(e.g., Clemens et al., 2011). However, the extent
to which the compositional features of granitic
rocks reflect those of the source rocks remains a
matter of intense debate. Magma evolution pro-
cesses such as magma mingling/mixing, crustal
assimilation, and late-stage fluid/melt interaction
can significantly alter the elemental and isotopic
composition of granitic magmas. In addition,
highly evolved granitic magmas tend to converge
toward near-minimum-temperature melt compo-
sitions (e.g., Tuttle and Bowen, 1958), no longer
reflecting the mineralogical and chemical fea-
tures of their primary magmas. Because of these
factors, the assignment of granites to one of the
S-I-A-M genetic groups (Chappell and White,
1992) and, as such, to a specific type of source,
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can be ambiguous. Moreover, mantle-to-crust
heat and mass transfer can play an important
role as trigger mechanisms for granite genesis
(e.g., Annen et al., 2008; Couzinié et al., 2014).

Macao is located along the coast of southeast
(SE) China, being part of the Cathaysia block
(Fig. 1). Most of the rocks outcropping in Macao
are granites of Jurassic age formed during the
Yanshanian orogeny (Quelhas et al., 2020).
Despite being generally agreed that the Yansha-
nian orogeny took place in response to the north-
westward subduction of the paleo—Pacific plate
under the Eurasian plate (e.g., Zhou et al., 2006),
the details are still intensely debated, leading to
the proposition of different tectonic models (cf.
Jiang et al., 2009; Lapierre et al., 1997; Li and Li,
2007; Zhou and Li, 2000). Moreover, the wide-
spread occurrence of different types of granites
(I-, S-, and A-type granites) and associated inter-
mediate to mafic rocks and their spatial-temporal
distribution across SE China have aroused con-
troversy regarding the nature and variability of
the source rocks. Some studies have proposed
a contribution from mantle-derived magmas for
the genesis of Yanshanian granites (e.g., Lietal.,
2009b; Liu et al., 2013; Zhang et al., 2015),
though the extent to which they contributed to
the geochemical variability of these rocks is not
always clear. The same yields true for the role
of other magmatic evolution processes such as
crustal assimilation and late-stage fluid/melt
and/or fluid/rock interactions.

A significant amount of granitic bodies was
emplaced in SE China from 180 to 150 Ma,
during the Yanshanian orogeny (e.g., He et al.,
2010; Wang et al., 2013). However, most stud-
ies of Yanshanian granites have been carried out
on large batholith areas, often lacking detailed
small-scale variation of the plutonic bodies. As
a result, the peak of Jurassic magmatic activity
in SE China, between 165 and 150 Ma (e.g., Li
et al., 2007; Wang et al., 2013), has often been
interpreted as a single uniform magmatic event.
A recent study (Quelhas et al., 2020) demon-
strated the existence in Macao (~30 km?2) of two
Jurassic granitic pulses, dated at 164.5 + 0.6—
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Figure 1. (A) Simplified tectonic sketch showing the main crustal blocks of China. (B) Geo-
logical map of SE China showing the distribution of Mesozoic granitic rocks and the main
tectonic features (modified after Yang et al., 2018; Zhou et al., 2006). SJPF—Shaoxing-
Jiangshan-Pingxiang fault zone; CNF—Changle-Nan’ao fault zone; ZDF—Zhenghe-Dapu
fault zone; GXF—Guangchang-Xunwu fault zone; GF—Ganjiang fault zone; SWF—Sihui-
Wuchuan fault zone; NJF—Ningyuan-Jianghua fault zone.

162.9+0.7 Maand 156.6 + 0.2-155.5 £ 0.8 Ma,
characterized by distinct mineralogical and geo-
chemical characteristics. Additionally, the same
authors reported the occurrence of younger
dacite dikes with ages up to Early Cretaceous,
pointing to the occurrence of less significant
late Yanshanian magmatic activity in the terri-
tory. The existence of such variability confers to
the study of Macao magmatism the potential to
contribute to the understanding of the causes of
magmatic chemical variability in SE China dur-
ing the Yanshanian orogeny.

The main objective of this study was to assess
the crustal and mantle contributions to the Juras-
sic granites from Macao (SE China), as well
as the processes responsible for their chemi-
cal characteristics. In addition, this study also
aimed to: (1) geochemically characterize the
Macao granites, contributing to a better knowl-
edge of the distribution of the different granite
types in the Cathaysia block; (2) assess whether
the two pulses of granitic magmatism had dis-
tinct sources; (3) characterize magma evolution
processes operating in each pulse; and (4) infer

information about the prevailing tectonic setting
at the time of granitoid generation and emplace-
ment, based on the current data and existing
tectonic models. To achieve these objectives, we
studied the mineral chemistry, and whole-rock
element and Sr-Nd-Hf-Pb isotopic geochemistry
of the Jurassic granites from Macao.

GEOLOGICAL BACKGROUND

The South China block (SCB in Fig. 1A),
where Macao is located, was formed by amal-
gamation of the Yangtze and Cathaysia blocks
along a Neoproterozoic (ca. 900 Ma) ophiolitic
suture (e.g., Li et al., 2009a), currently material-
ized by the Shaoxing-Jiangshan-Pingxiang fault
zone (SJPF in Fig. 1B). The Cathaysia block is
further divided into the western Cathaysia (inland
areas) and eastern Cathaysia (coastal areas)
blocks, along the Zhenghe-Dapu fault (ZDF in
Fig. 1B), which have been regarded as having
different crustal evolution histories (e.g., Chen
and Jahn, 1998; Xu et al., 2007). Overall, the
Cathaysia block is commonly assumed to consist
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of Paleoproterozoic to Mesoproterozoic meta-
morphic basement, with minor Archean rocks,
overlain by Proterozoic metasediments and an
Ediacaran to Mesozoic sedimentary and volcanic
cover (e.g., Chen and Jahn, 1998; Sewell et al.,
2000; Xu et al., 2007; Zheng et al., 2011).

The Mesozoic geology of the Cathaysia
block is characterized by widespread Triassic
to Cretaceous granitic magmatism associated
with rhyolites and minor mafic intrusive and
volcanic rocks, occupying a total outcrop area
of more than 200,000 km?> (Fig. 1; Li et al.,
2007; Zhou et al., 2006; Zhou and Li, 2000).
The Triassic granites were formed during the
Indosinian orogeny as a result of the continental
collision between the Indochina block and the
South China block. The extensive late Meso-
zoic magmatic activity during the Yanshanian
orogeny resulted in a NE-trending belt of vol-
canic-intrusive complexes (~3500 km long and
~800 km wide) that runs almost parallel to the
present coastline. They fall into two main age
groups, Jurassic (early Yanshanian) and Cre-
taceous (late Yanshanian; Zhou et al., 2006).
Even though the majority of Jurassic magmatic
rocks occur in inland areas, and the Cretaceous
magmatic rocks occur along coastal areas, some
studies have also reported the existence of Juras-
sic magmatic rocks at coastal areas (e.g., Huang
et al., 2013; Sewell et al., 2012, 1992; Zhang
et al., 2015). The Macao granitic suite is one of
these examples of Middle to Late Jurassic gra-
nitic rocks outcropping in the coastal area of SE
China (Quelhas et al., 2020).

In Macao, biotite granites are the dominant
lithology and were emplaced as two discrete
magmatic pulses, dated at 164.5% 0.6—
162.9+£0.7 Maand 156.6 + 0.2-155.5 £ 0.8 Ma,
characterized by distinct petrographic, min-
eralogical, and geochemical features (Fig. 2;
Quelhas et al., 2020). These two pulses are part
of a pluton belonging to a batholith extending
~50 km to the north of Macao. The geometry
of the intrusive bodies and their field relation-
ships are difficult to observe, mainly due to the
large seawater area separating outcrops and the
increasing urbanization in the territory.

The granites intrude metasedimentary rocks
that are thought to be of Devonian age, as esti-
mated through correlation with similar units in
neighboring areas (Ribeiro et al., 1992). Rem-
nants of wall rock are found as sparse metasedi-
mentary enclaves within the granites (Fig. 3F).
In addition, microgranular mafic enclaves with
variable shapes, sizes, and compositions are
common within the granites (Fig. 3D). The gran-
ites are intruded by a swarm of quasi-coeval gra-
nitic dikes (microgranite, aplite, and pegmatite)
and by Late Jurassic to Early Cretaceous dacite
dikes (150-120 Ma; Quelhas et al., 2020).
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SAMPLING AND ANALYTICAL
PROCEDURES

Representative samples of granitic facies
defined by Quelhas et al. (2020) and micro-
granular mafic enclaves were collected from
fresh surface exposures and drill cores of the
corresponding outcropping facies. Details about
the sample locations are given in Appendix 1.!
After careful thin section examinations under
an optic microscope, the least-altered samples
were selected for whole-rock element (49 sam-
ples plus 4 duplicates) and isotopic (20 samples
plus 3 duplicates) analyses; these samples were
ground to 200 mesh using a jaw crusher and an
agate mill. Thirty-two thin sections were also
selected for mineral chemistry analysis.

Mineral Chemistry

Mineral chemistry analyses were performed
on carbon-coated polished thin sections using a
JEOL SUPERPROBE™, model JXA-8200, in
wavelength dispersive mode at the Departamento
de Geologia da Faculdade de Ciéncias da Univer-
sidade de Lisboa (Portugal). Minerals were ana-
lyzed with an acceleration voltage of 15 kV and a
current of 25 nA, using a 5-um-wide beam. The
analyses were calibrated using the composition of
in-house standard materials, with reproducibility
errors being lower than 2% and ordinarily around
1%. Matrix effects were corrected using the ZAF
software provided by JEOL. Information about
standards and detection limits is given in Appen-
dix 2A (see footnote 1 for all Appendix items).

Whole-Rock Element Geochemistry

Whole-rock major- and trace-element
concentrations were obtained at Activation

IGSA Data Repository item 2020193, Appendix 1:
Location of analyzed samples; Appendix 2: (A)
Electron microprobe standards and detection limits;
(B) Detection limits of whole-rock elemental
analyses; Appendix 3: Color version of Fig. 3—hand
specimens and thin-sections representative of the
different lithofacies observed in Macao; Appendix 4:
(A) Representative chemical analyses of feldspars
from Macao granites and microgranular mafic
enclaves, (B) Chemical composition of zoned
plagioclase crystals from Macao granites and
microgranular mafic enclaves, (C) Representative
chemical analyses of biotites from Macao granites and
microgranular mafic enclaves; Appendix 5: Whole-
rock major and trace element compositions from
Macao granites and microgranular mafic enclaves;
Appendix 6: Whole-rock isochron diagrams for
Macao granites and microgranular mafic enclaves;
Appendix 7: Mineral/melt partition coefficients
used to calculate fractionation vectors, is available
at http://www.geosociety.org/datarepository/2020 or
by request to editing @ geosociety.org.
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Figure 2. Simplified geological map of Macao (modified after Quelhas et al., 2020) showing
the distribution of the two groups of granites in the territory and the locations of samples

chosen for geochemical analysis.

Laboratories, Ltd. (Ancaster, Ontario, Canada),
using the geochemical analytical package 4E—
Research. Major-oxide content was analyzed by
inductively coupled plasma—optical emission
spectrometry (ICP-OES) using a Thermo Jarrell-
Ash ENVIRO II ICP and/or Spectro Cirros ICP.
Trace elements, including rare earth elements
(REE), were obtained by inductively coupled
plasma—mass spectrometry (ICP-MS) on a Per-
kin Elmer SCIEX ELAN 6000, 6100, or 9000
ICP-MS and by instrumental neutron activation
analysis (INAA). In-house standards and sev-
eral certified reference materials of granitic to
dioritic compositions (GBW 07113, JR-1 and
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SY-4) from the U.S. Geological Survey (USGS),
Geological Survey of Japan (GSJ), and Canadian
Certificate Reference Material Project (CCRMP)
were used. Errors associated with the accuracy
were <4% for major elements and better than 9%
for the REEs and the most widely used incom-
patible elements. Duplicate measurements of
samples indicated that errors associated with
reproducibility were generally lower than 5%
for both major and trace elements. Information
about detection limits is given in Appendix 2B.
For detailed information regarding analytical
and control procedures, consult the Actlabs Web
site (www.actlabs.com).


www.actlabs.com
http://www.geosociety.org/datarepository/2020
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Figure 3. Hand specimens and thin sections representative of the different lithofacies observed in Macao: (A) Macao Group I (MGI)
coarse-grained porphyritic biotite-microcline (Mc) granite; (B) plagioclase with oscillatory zoning in MGI coarse-grained, porphyritic,
biotite-microcline granite; (C) garnet crystal growing at the expense of biotite in a MGI coarse-grained, nonporphyritic, garnet-bearing
biotite-microcline granite; (D) granodiorite microgranular mafic enclave (MME) enclosed in MGI granite; (E) microtexture of granodiorite
microgranular mafic enclaves enclosed in MGI, mainly composed of biotite, plagioclase, and minor quartz; (F) metasedimentary enclave
enclosed and intruded by the MGI non-porphyritic garnet-bearing biotite-microcline granite; (G) Macao Group II (MGII) coarse-grained,
porphyritic, biotite-orthoclase (Or) granite; (H) biotite aggregation with concentration of accessory minerals in MGII granite; (I) microtex-
ture of the quartz monzodiorite microgranular mafic enclaves enclosed in MGII granites, characterized by accessory hornblende. MME—
mafic microgranular enclave; Qz—quartz; Pl—plagioclase; Kfs—K-feldspar; Ttn—titanite; Bt—biotite; Grt—garnet; Hbl—hornblende;
Zrn—zircon; Aln—allanite; Ap—apatite. The color version of this figure is provided in Appendix 3.

Whole-Rock Sr-Nd-Hf-Pb Isotope
Geochemistry

Isotopic analyses of Pb, Nd, Sr, and Hf were
performed at the Laboratoire G-Time of the Uni-
versité Libre de Bruxelles (ULB, Belgium) on a
Nu Plasma I multicollector (MC) ICP-MS.

Sr analyses were performed in wet mode. In
the routine, the raw data were normalized to
86S1/%8Sr = 0.1194 and corrected for mass bias by
standard-sample bracketing using the laborato-
ry’s in-house Sr standard solution. The in-house
shelf Sr standard was calibrated and normalized
to the certified value of NBS 987 Sr standard
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(0.710248) reported by Weis et al. (2006). Dur-
ing our analytical sessions, the in-house standard
solution was run every two samples and gave an
average value of 0.710287 £ 50 (20) for raw
87Sr/%6Sr data (21 runs).

Nd and Hf were run in dry mode with an Ari-
dus II desolvating nebulizer system. To monitor
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the instrumental mass bias during the analysis
sessions, the standard-sample bracketing method
was also applied. Standards were systemati-
cally run between every two samples, giving
an average '*Nd/'Nd value of 0.511921 £ 41
(20, 8 runs) for the Rennes Nd standard, and
V76Hf/17THf = 0.282172 + 30 (20, 10 runs) for
the JMC 475 Hf standard. The Nd and Hf isoto-
pic measurements were internally normalized to
146N d/'*Nd = 0.7219 and ""Hf/'"7Hf = 0.7325,
respectively. All Hf and Nd isotopic data were
normalized to the reference values of 0.511961
and 0.282160 as published by Chauvel and Bli-
chert-Toft (2001) and Chauvel et al. (2011).

For the Pb isotope analyses, a Tl dopant solu-
tion was added for every sample and standard,
within a Pb-TI concentration ratio of £5:1 (for
a minimum signal of 100 mV in the axial col-
lector for 2%4Pb). The 2°*Hg concentration was
routinely monitored to correct for the potential
isobaric interference of 2**Hg on 2%4Pb. Mass
discrimination was monitored using In-In plots
and corrected by the external normalization
and the standard-sample bracketing technique
using the recommended values of Galer and
Abouchami (1998), i.e., 2%°Pb/2%Pb = 16.9405
* 15; 297Pb/2%4Pb = 15.4963 £ 16; 28Pb/2%Pb
=36.7219 * 44. Repeated measurements of the
NBS981 gave the following values: 2°°Pb/2%Pb
= 16.9403 + 8, 207Pb/2%Pb = 15.4961 + 10,
208pp/204Ph = 36.7217 £ 31 (20) for the NBS
981 Pb standard (5 runs).

RESULTS
Petrography and Mineralogy

Macao granites consist of two main groups
with distinct crystallization ages as well as dif-

ferent petrographic and mineralogical character-
istics. They will be referred to here as Macao
Group I (MGI) and Macao Group II (MGII),
for which ages of 164.5 +0.6-162.9 £ 0.7 Ma
(MGI; Fig. 3A) and 156.6 £ 0.2-155.5 + 0.8 Ma
(MGII, Fig. 3G) were assigned based on isotope
dilution—thermal ionization mass spectrometry
(ID-TIMS) and laser ablation (LA) MC-ICP-MS
zircon U-Pb dating (Quelhas et al., 2020).

The major mineral components of these gran-
ites are quartz (30-35 vol%), K-feldspar (35—
40 vol%), plagioclase (20-25 vol%), and biotite
(5-10 vol%). In both groups, textures vary from
medium- to coarse-grained porphyritic to fine-
grained nonporphyritic, moderately equigranular
textures (Fig. 2). The K-feldspar crystallizes as
microcline in MGI (Fig. 3A) and orthoclase in
MGII granites (Fig. 3G), occurring as euhedral
to subhedral megacrysts (up to 7 cm long) or
heterogranular subhedral to anhedral crystals
of perthite in the groundmass, often containing
small inclusions of plagioclase, quartz, and bio-
tite. Plagioclase is present as subhedral tabular
crystals (<1 cm) with polysynthetic albite twin-
ning, showing normal and oscillatory zoning
(Fig. 3B). They usually range from andesine
to oligoclase (An < 37%, Fig. 4A; Appendices
4A and 4B). However, some plagioclases reach
sodium-rich albite compositions, indicating
that their host magmas were highly evolved to
the late stage. Quartz is anhedral and hetero-
granular (<0.7 cm), often present as graphic and
myrmekitic intergrowths with K-feldspar and
plagioclase, respectively. Pervasive undulatory
extinction, sutured grain boundaries, and devel-
opment of individual subgrains with well-defined
boundaries are common deformation features in
quartz grains from MGI (Quelhas et al., 2020).
Biotite is present as anhedral to subhedral inter-
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stitial isolated slab-flake crystals or in mineral
clusters (Figs. 3C and 3H), often containing a
wide variety of accessory minerals (described
below). Electron microprobe analyses showed
that biotites from MGI are Fe-enriched (ferri-
biotite and siderophyllite), while the biotites
from MGII, though Fe-enriched, have higher Mg
and Ti and lower Al" contents than biotites from
MGI, plotting closer to the annite end member
(Fig. 4B; Appendix 4C).

Zircon occurs as anhedral to euhedral prismatic
crystals (<100 um) included in biotite and, more
rarely, as isolated grains in the groundmass, inter-
stitial to K-feldspar and plagioclase. The zircon
population of the MGI granites is characterized
by a larger percentage of inherited grains (xeno-
crysts) than MGII granites (Quelhas et al., 2020).
Apatite is found as prismatic crystals (<50 um),
often concentrated in mineral clusters together
with Fe-Ti oxides and biotite. Monazite and
xenotime are present as colorless to pale-yellow
anhedral to euhedral prismatic and square-shaped
crystals (<40 um) included in and/or associated
with biotite. Allanite consists of yellowish orange
to brown, strongly pleochroic, anhedral (rounded
inclusions in biotite) to euhedral prismatic crys-
tals (<200 wm; isolated grains interstitial to feld-
spars), often with concentric zoning and in rare
cases showing simple twinning. Fluorite occurs
as colorless to slightly purple, anhedral, skeletal
to euhedral square-shaped crystals (<70 wm)
mostly associated with biotite and Fe-Ti oxides.
Titanite is distinctly more abundant in the MGII
granites, occurring as well-developed subhedral
to euhedral wedge-shape crystals (<300 pum),
often associated with Fe-Ti oxides or isolated
and interstitial to feldspars. Fe-Ti oxides were
found to be abundant in all facies, mostly as anhe-
dral (rounded) to subhedral crystals (<200 pm)

Figure 4. Mineral chemistry
of the major mineral phases
of Macao granites and micro-
granular mafic enclaves (see also
Quelhas et al., 2020): (A) clas-
sification diagram for feldspars
(Or—orthoclase; Ab—Albite;
An—Anorthite); (B) compo-
sition of biotite plotted in the
Fe?*-Fe*-Mg ternary diagram
(Wones and Eugster, 1965), along
with the three common oxygen
fugacity buffers: quartz-fayalite-
magnetite (QFM), nickel-nickel
oxide (NNO), and hematite-
magnetite (HM). MGI—Macao
Group I; MGII—Macao Group

Ab

An Fe*
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Mg II granites; MME—mafic micro-
granular enclave.
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Figure 5. Classification diagrams for Macao
granites and microgranular mafic enclaves:
(A) Q-ANOR normative composition dia-
gram (Streckeisen and Le Maitre, 1979),
where Q' = Q/(Q + Or + Ab + An) X 100, and
ANOR = An/(Or + An) x 100; (B) K,O vs.
Si0,; and (C) A/NK [molar ratio Al,0,/(Na,O
+ K,0)] vs. A/CNK [molar ratio Al,0,/(CaO
+ Na,O + K,0)]. Q—quartz; Or—orthoclase;
Ab—albite; An—anorthite; MGI—Macao
Group I; MGII—Macao Group II granites;
MME—mafic microgranular enclave.
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isolated and included and/or associated with
biotite. Garnet (spessartine-rich) only occurs in
MGI granites as light-brown anhedral to subhe-
dral dodecahedron-shaped, often desegregated,
crystals (<0.5 cm), either isolated or growing
at the expense of biotite (Fig. 3C). Other lesser
common phases included tantalo-niobates (abun-
dant in MGI granites), thorite, magmatic epidote,
and sulfides.

The microgranular mafic enclaves were com-
monly found in the porphyritic coarse-grained
granitic facies of both groups, ranging from a
few millimeters up to <1 m in size (Fig. 3D).
They mainly consisted of irregular to oval blobs,
showing sharp contacts with their host, and vary-
ing from monzogranite to granodiorite in MGI
(Figs. 3D-3E and 5A) to quartz monzodiorite in
MGII (Fig. 31 and 5A). The microgranular mafic
enclaves have slightly porphyritic to equigranu-
lar fine-grained textures and are characterized by
a similar mineral assemblage to that of the host
granite, though with higher contents of biotite
and plagioclase (Figs. 3E and 3I), and lower
contents of quartz and K-feldspar. The most
common accessory minerals included allanite,
amphibole, titanite, zircon, and apatite.

Whole-Rock Major- and Trace-Element
Geochemistry

Macao granites range from monzogranite to
alkali feldspar granite (Fig. 5A), are metalu-
minous to weakly peraluminous [Al,O5/(CaO
+ Na,O + K,0) = 0.96-1.13, denoted A/CNK;
Fig. 5B], and plot in the field of high-K calc-
alkaline rocks (K,O up to 5.36 wt%; K,0/Na,O
up to 1.85; see Fig. 5C). The MGII granites are
characterized by a wider range in silica (SiO,
= 66.77-76.51 wt%), iron oxide (Fe,O5' =
0.97%-5.11%), and CaO (0.53-2.56 wt%) than
the ones reported for MGI (SiO, = 71.2-76.9
wt%; Fe,0;' = 1.20-2.83 wt%; CaO = 0.32—
1.41 wt%; see Fig. 6). However, both groups
are characterized by similar variations in Al,O4
(MGI: 12.58-14.80 wt%; MGII: 11.82-13.88
wt%) and K,O (MGI: 4.52-5.36 wt%; MGII:
3.92-5.09 wt%).

Overall, there is a wide range of Zr/Hf ratios
(12.24-37.60). Since Zr/Hf tends to decrease
with increasing evolution of high-silica melts
(e.g., Irber, 1999), in this study, we used this
ratio as a granite fractionation index (e.g., Bea
et al., 2006; Zaraisky et al., 2009). We consider
weakly to moderately fractionated granites as
those having Zr/Hf > 25 (chondritic ratios),
while highly fractionated granites are marked
by comparatively lower Zr/Hf ratios (<25; non-
chondritic ratios).

As a common characteristic, all the Macao
granites show enrichment in large ion lithophile
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elements (LILEs; e.g., Rb, K, Pb) relative to
high field strength elements (HFSEs; e.g., Nb,
Ta, and REEs), but depict very pronounced nega-
tive anomalies of elements in both groups (Ba,
Sr, P, and Ti; Fig. 7), which are enhanced with
increasing SiO, and decreasing Zr/Hf.

While the weakly to moderately fractionated
granites of both groups are similar, showing light
REE (LREES) enrichment relative to heavy REEs
[HREEs; (La/Yb)y =2.41-10.76] and negative
Eu anomalies (Ew/Eu* = 0.16-0.54; Fig. 8), the
REE patterns of the highly fractionated granites
of the two groups differ. Those pertaining to MGI
(Fig. 8A) commonly have flat to slightly upward
fractionated patterns [(La/Yb)y =0.12-1.2] and
well-pronounced Eu anomalies (Eu/Eu* = 0.02—
0.19), and they show evidence for the tetrad effect
(TE, 5 = 1-1.13; see footnotes of Table 1). With
increasing SiO, contents, the HREE contents
increase, and the Eu anomalies become more
negative. The MGII highly fractionated granites
(Fig. 8B) are characterized by concave-upward
REE patterns, the absence of the tetrad effect,
and comparatively smaller negative Eu anomalies
(Eu/Eu* = 0.23-0.54).

The microgranular mafic enclaves of both
groups have similar, though less-evolved, major-
and trace-element compositions when compared
with their host granites. The MGI microgranular
mafic enclaves are intermediate to acidic in com-
position and plot in the monzogranite and grano-
diorite fields, whereas the MGII microgranular
mafic enclaves consist of quartz-monzodiorite
(Fig. 5A; Appendix 5). All microgranular mafic
enclaves have high HFSE/LILE ratios and nega-
tive anomalies of Ba, Nb, Ta, and Ti, which are
similar to those of the host rocks (Fig. 7), but
they do not display pronounced negative Sr and
P anomalies. REE patterns for the microgranular
mafic enclaves are similar and subparallel to those
of the less-evolved granites, but with smaller neg-
ative Eu anomalies (Ew/Eu* = 0.33-0.48; Fig. 8).

Whole-Rock Sr-Nd-Hf-Pb Isotopes

The isotopic compositions of 20 samples
(17 granite samples and 3 microgranular mafic
enclaves), plus three duplicates, are listed in
Tables 2 and 3. These rocks were analyzed for
four different isotope systems: Sr (Figs. 9A and
9B), Nd (Figs. 9B, 9C, and 10A), Hf (Fig. 9C),
and Pb (Fig. 11). Despite their age range
(165 £ 1-156 £+ 1 Ma; Quelhas et al., 2020), for
purposes of comparison with published results
from Jurassic magmatic rocks from surround-
ing areas in SE China, the Sr-Nd-Hf-Pb isotopic
ratios were calculated back to 160 Ma.

The MGI granites showed a wide range of iso-
topic values (Figs. 9-11), with initial 87Sr/36Sr
ratios of 0.7109-0.7201, gy,(f) =-10.0 to 6.1,
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Figure 6. Chemical variation diagrams for Macao granites and microgranular mafic enclaves. Symbols are as in Figure 5.

ey(t) =—12.6 to —6.1, and two-stage depleted
mantle model ages of 1.76—1.44 Ga (Nd Tpyy)
and 2.00-1.60 Ga (Hf Tpyy,). The initial Pb isoto-
pic ratios were found to be 2%Pb/?Pb = 18.7552—
19.3800, 297Pb/?04Pb = 15.7641-15.8001, and
208Pp/204Pb = 39.0281-39.1518.

The MGII granites, on the other hand, showed
amuch more limited range of values, with initial
87Sr/36Sr ratios of 0.7099-0.7116, ey,() =-8.8
to —8.4, g,(¢) =—10.0 to —6.8, Nd Ty, of 1.66—
1.59 Ga and Hf Tpy, of 1.83-1.60 Ga. The initial
Pb isotopic ratios were: 20Pb/?Pb = 18.4575—
18.7964, 207Pb/?%Pb = 15.7446-15.7662, and

208pp/204Ph = 38.9839-39.1022. These are
slightly less radiogenic than those reported for
MGI (Fig. 11).

The studied samples define an array above the
Northern Hemisphere reference line (NHRL;
Hart, 1984) in the 207Pb/2*Pb versus 205Pb/2%4Pb
(Fig. 11A) and 298Pb/2%4Pb versus 2°°Pb/?**Pb
(Fig. 11B) diagrams, but they are closer to the
NHRL in the latter. In general, Pb isotopic sig-
natures plot progressively away from the NHRL,
toward more radiogenic compositions (Fig. 11).
Macao granites plot close to the upper continen-
tal crust composition (Asmerom and Jacobsen,
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1993), but above the upper continental crust evo-
Iution curve of Zartman and Doe (1981).
Overall, the isotopic compositions of the
microgranular mafic enclaves are identical to
those of the granites, plotting above the NHRL
and presenting negative €y,(#) and gy(f) values
as well as Sr isotopic signatures more radio-
genic than bulk silicate earth (BSE). Most of
the microgranular mafic enclaves and host
rocks plot above the evolutionary trend of the
Cathaysia block Proterozoic basement (Fig. 10).
However, it should be noticed that the isotopic
similarity between microgranular mafic enclaves



Quelhas et al.

_ and host granites is variable, being more evident
E MGI granites A for Sr isotopic ratios than for other systems (see
Table 2; Appendix 6).

While the Sr isotope data from granitic
rocks and microgranular mafic enclaves define
a well-correlated isochron (r=0.998; n=23;
p <0.001), with r = 161.8 Ma close to the zircon
U-Pb ages of the samples (Quelhas et al., 2020),
the Sm-Nd (r=0.714; n=23; p <0.001) and
Lu-Hf (r=0.332; n=23; p <0.122) diagrams
show a scattered set of data (Appendix 6). This
aspect is discussed in the “Magma Mixing” sub-
section of the Discussion section. Some Nd-Hf
isotopic decoupling is suggested by the disper-
sion in the €y4(?) versus gy(t) diagram (Fig. 9C),
where some samples deviate significantly from
the mantle and terrestrial arrays as defined by
Vervoort et al. (1999).
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Figure 7. Primitive mantle
(PM)-normalized trace-element
spidergrams for: (A) Macao
Group I (MGI) granites and
microgranular mafic enclaves
and (B) Macao Group II (MGII)
granites and microgranular
mafic enclaves. The primitive
mantle values are from Sun and
McDonough (1989). Symbols
are as in Figure 5.

1000 10000 0.01
L

100
!

DISCUSSION

Petrogenetic Type

Rock/Primitive Mantle

Most granitic rocks in Macao are strongly
evolved (SiO, up to 76.92 wt%), which can
i make the determination of their genetic type

. . ! ! . w ! . . . ! a challenging task. The best approach in these

Rb Th Nb La Pb St Nd Sm Ti Y Lu cases is through the study of the chemical and
mineralogical composition of the least-evolved
members (Chappell and White, 1992).

The mineralogy of the Macao granites is
characterized by the absence of primary Al-
rich minerals such as muscovite, cordierite, and
andalusite, which is typical of S-type granites.

) Although the MGI highly fractionated granites
Highly A . . .
fractionated granites ~ , _a— contain garnet as an Al-rich accessory phase, this
e mineral does not occur in the less-evolved mem-
bers of the magmatic sequence (MGI weakly to
moderately fractionated granites), indicating a
late-stage crystallization. Additionally, Macao
granites also do not contain symptomatic min-
erals of peralkalinity (e.g., alkali amphibole),
characteristic of A-types. They have relatively
low Zr+Nb+Ce+Y contents (<350 ppm),
and, except for the MGI highly fractionated
granites, 10* x Ga/Al values are lower than 2.6,
and Y is <80 ppm (Figs. 12A and 12B), distinct
from typical A-type granites (Whalen et al.,
1987). In addition, the samples that plot in the
A-type field have very low zircon saturation
temperatures (7, = 679-750 °C; for the defini-
tion of 7, see footnotes of Table 1) compared
with the relatively high temperatures commonly
reported for A-type granites (7, > 830 °C; Cle-
mens et al., 1986).

The weakly to moderately fractionated gran-

ites from Macao are metaluminous to weakly
Highly fractionated granites peraluminous (A/CNK < 1.09; Fig. 5B) and
La Pr Sm Gd Dy Er Yb have high Na,O (2.89-3.72 wt%), in contrast

Ce Nd Eu Tb Ho Tm Lu with S-type granites, which are strongly per-
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Figure 8. Chondrite-normal-
ized rare earth element (REE)
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granites and microgranular
mafic enclaves (see also Quel-
has et al., 2020). The chondrite
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TABLE 1. REPRESENTATIVE WHOLE-ROCK MAJOR- AND TRACE-ELEMENT COMPOSITIONS
OF MACAO GRANITES (MG) AND MICROGRANULAR MAFIC ENCLAVES (MME)

Sample: C51 C33R C70 T37 T36 MO06 M20 M31 C72 C61A T52
Group: MGIWMF  MGIWMF MGIHF MGIHF MGIWMF MGIITWMF MGIIHF  MGIIHF  MGIMG MME MGIGD MME  MGIl QMD MME
Major elements (wt%)

SiO, 72.23 74.25 74.98 76.18 66.77 73.88 74.78 76.51 65.96 68.39 59.82
AlLO4 13.44 13.28 12.86 12.52 14.19 12.58 12.85 12.82 16.00 14.66 15.89
Fe,O5" 2.39 2.44 1.20 2.08 511 2.75 0.97 1.35 4.17 4.99 6.68
MnO 0.062 0.064 0.037 0.069 0.128 0.068 0.019 0.028 0.122 0.173 0.216
MgO 0.28 0.27 0.04 0.08 0.94 0.25 0.05 0.08 0.85 0.83 1.91
CaO 1.38 1.35 0.99 0.73 2.56 1.27 0.95 0.63 2.54 3.15 3.34
Na,O 3.09 3.40 3.73 3.90 3.28 3.1 3.15 3.40 3.80 3.71 4.21
K,O 5.01 4.85 3.92 4.66 4.65 4.80 5.05 4.91 4.23 1.81 3.57
TiO, 0.19 0.19 0.03 0.06 0.63 0.21 0.06 0.08 0.44 0.53 1.21
P,Os 0.060 0.050 0.000 0.000 0.200 0.070 0.000 0.020 0.170 0.150 0.470
LOI 0.69 0.51 0.82 0.45 0.74 0.49 0.62 0.67 1.54 1.09 217
Total 98.81 100.70 98.62 100.70 99.21 99.48 98.52 100.50 99.82 99.49 99.51
FeOT 215 2.20 1.08 1.87 4.60 2.47 0.87 1.21 3.75 4.49 6.01
K,0/Na,O 1.62 143 1.05 1.19 142 154 1.60 144 11 0.49 0.85
A/CNK 1.04 1.00 1.06 0.98 0.96 1.00 1.04 1.07 1.05 1.08 0.97
Trace elements (ppm

Ba 264 219 18 47 526 278 37 23 692 313 435
Be 8 7 6 7 6 7 8 7 5 5 14

Bi 0.40 0.20 0.40 1.40 2.00 0.60 0.00 0.30 0.20 0.40 0.40
Co 4.3 3.1 14 0.0 74 2.9 0.0 0.8 67.1 71 52.0
Cr 88.2 100.0 110.0 75.0 45.2 679 58.8 751 0.0 571 0.0
Cs 18.7 173 3.4 9.7 10.7 73 5.8 78 13.2 1.4 6.1
Cu 8 5 12 5 10 19 13 22 4 10 3
Ga 18 18 17 18 20 17 16 16 18 21 23
Ge 17 2.2 2.0 2.4 2.2 19 19 2.0 1.6 17 25
Hf 3.8 4.0 2.7 3.7 6.8 4.2 2.6 35 5.9 4.7 5.8
Mo 0 3 0 4 2 2 0 4 0 0 0
Nb 14.9 16.2 16.9 28.5 18.7 13.3 8.9 14.6 14.8 24.8 22.6
Ni 54 34 78 28 19 29 33 37 6 21 5
Pb 44 41 36 41 38 27 41 51 21 17 14
Rb 396 376 247 410 312 342 386 455 281 232 291
Sb 0.6 0.3 0.2 0.3 0.0 0.2 0.3 0.3 0.6 0.3 0.3
Sc 4.3 4.9 1.8 4.2 11.6 4.9 2.3 2.9 5.9 76 175
Sn 33 10 15 8 13 5 5 86 4 19 26
Sr 98 88 46 33 222 97 4 25 261 202 226
Ta 4 5 4 6 3 3 2 2 2 2 2
Th 38.80 38.40 33.40 30.00 38.10 41.40 22.30 33.70 22.80 22.70 19.00
U 12.40 14.80 13.70 16.30 9.79 9.29 13.40 18.90 8.76 14.10 9.76
\ 16 17 0 7 55 14 0 0 27 44 111

w 0 0 0 0 12 0 0 1 403 0 145

Y 34 54 31 95 49 47 1" 24 47 48 49
Zn 4 36 17 23 84 39 6 18 72 98 141

Zr 122 121 49 76 245 153 47 79 311 182 247
La 38.00 32.90 7.02 11.90 61.60 40.60 10.60 13.50 68.30 53.60 38.90
Ce 80.40 69.50 18.50 28.80 129.00 86.60 21.70 28.30 117.00 64.20 91.60
Pr 8.99 8.38 2.53 3.99 15.00 10.20 2.25 3.03 12.90 10.80 12.20
Nd 31.80 30.90 10.10 18.40 55.00 38.20 7.05 9.81 44.50 38.20 48.10
Sm 725 8.01 4.04 7.98 11.80 8.88 137 2.26 8.91 8.38 10.40
Eu 0.694 0.656 0.280 0.244 1.520 0.856 0.226 0.179 1.250 0.939 1.520
Gd 6.49 7.56 4.82 10.90 9.60 7.74 117 2.60 7.86 8.92 9.13
Tb 1.04 1.39 0.90 2.32 1.52 1.28 0.21 0.48 1.18 1.45 1.40
Dy 6.45 8.79 6.21 15.80 8.68 8.05 1.32 3.13 714 8.83 8.24
Ho 1.29 175 1.30 3.24 1.71 1.58 0.29 0.74 1.39 1.73 1.60
Er 3.71 5.35 3.93 9.88 5.06 4.88 1.14 2.78 4.13 5.31 4.80
Tm 0.563 0.855 0.621 1.550 0.792 0.801 0.230 0.499 0.594 0.768 0.720
Yb 3.78 6.13 4.38 10.80 5.47 5.48 2.36 4.48 3.93 4.97 5.23
Lu 0.57 0.93 0.66 1.64 0.85 0.81 0.45 0.86 0.61 0.76 0.92
Tl 1.76 2.04 1.03 2.08 1.74 1.63 1.71 1.79 1.06 1.21 1.24
Zr/Hf 32 30 18 21 36 36 18 23 53 39 43
Y/Ho 26.4 30.9 23.8 29.3 28.7 29.7 379 32.4 33.8 277 30.6
(La/Yb)y 6.83 3.65 1.09 0.75 765 5.03 3.05 2.05 11.81 7.33 5.05
Th/La 1.02 117 4.76 2.52 0.62 1.02 2.10 2.50 0.33 0.42 0.49
Sm/La 0.19 0.24 0.58 0.67 0.19 0.22 0.13 0.17 0.13 0.16 0.27
Sm/Nd 0.23 0.26 0.40 0.43 0.21 0.23 0.19 0.23 0.20 0.22 0.22
Lu/Gd 0.09 0.12 0.14 0.15 0.09 0.10 0.38 0.33 0.08 0.08 0.10
Eu/Eu* 0.31 0.26 0.19 0.08 0.44 0.31 0.54 0.23 0.46 0.33 0.48
TE 5 1.05 1.08 1.11 1.09 1.04 1.05 1.08 1.07 1.00 0.92 1.05
M 140 144 1.32 143 1.66 143 1.34 1.31 1.54 143 1.85
T, (°C) 762.7 759.4 697.0 7225 803.6 780.0 692.4 733.9 835.3 794.6 790.4

Note: LOl—loss on ignition. Eu/Eu* is a measure of the Eu anomaly when compared to Sm and Gd: Eu/Eu* = Euy/[(Smy) % (Gdy)]%5. AACNK—molar Al,O4/
(CaO + Na,O + K;0). Degree of the tetrad effect (Irber, 1999) = TE, 5 = (f; x t3)°5, where t, = (Ce/Ce'x Pr/Pr')%5 and t;= (Tb/Tb! x Dy/Dy!)°5, with Pr/Prt= Pr\/
(Lay™® x Ndy?3), Tb/Tbt = Thy/(Gd\?® x Hoy'"3), and Dy/Dy!= Dy,/(Gdy"®x Hoy??). T,, is zircon saturation temperature calculated using an equation proposed by
Watson and Harrison (1983): T, (°C) = 12.900/(2.95 + 0.85 x M + In DZ" ziccon/melt) "where DZ~ zircon/melt g the ratio of Zr concentration (ppm) in zircon to that in the
saturated melt, and M is the cation ratio (Na + K + 2 x Ca)/(Al x Si). Abbreviations: MGl WMF—Macao Group | weakly to moderately fractionated granites (Zr/
Hf > 25); MGl HF—Macao Group | highly fractionated granites (Zr/Hf < 25); MGIl WMF—Macao Group Il weakly to moderately fractionated granites (Zr/Hf > 25);
MGII HF—Macao Group Il highly fractionated granites (Zr/Hf < 25); MGl GD MME—Macao Group | granodioritic microgranular mafic enclave; MGl MG MME—
Macao Group | monzogranitic microgranular mafic enclave; MGl QMD MME—Macao Group Il quartz-monzodioritic microgranular mafic enclave.

aluminous (A/CNK >>1.1) and have lower
Na,O contents (~2.51 wt%; Bea et al., 1992;
Chappell and White, 1992). They also have
decreasing P,05 with increasing SiO, (down to

less than 0.01 wt%; Fig. 6F), contrasting with
the observed contents for S-types (Chappell and
White, 1992). Indeed, apatite usually reaches
saturation in metaluminous and mildly peralu-
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minous melts (A/CNK < 1.1), but it is highly
soluble in strongly peraluminous melts (Wolf
and London, 1994). Thus, based on the miner-
alogical and geochemical features of the least-
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evolved facies, it is possible to conclude that the

Macao granitic rocks belong to the I-type.

Causes of the Compositional Variability

MGI and MGII granites are mainly bio-
tite granites (see Petrography and Mineralogy

subsection), each having a wide range of tex-

tures, mineral assemblages, and geochemical
compositions. The coarse-grained porphyritic

varieties of each group have lower SiO, and
higher FeQt, TiO,, MgO, Sr, Ba, and Eu concen-

trations as well as higher Zr/Hf ratios than the

nonporphyritic, medium- to fine-grained variet-

ies, suggesting that magma evolution processes
explain at least part of the chemical variability.

The MGII granites have relatively constant
initial isotopic compositions with a range (A)

of initial 8’Sr/®6Sr ratios of 0.017, indicating that
elemental variation reflects fractional crystalliza-

tion. On the other hand, the MGI granites show
a wider variation of initial isotopic ratios (e.g.,
A of initial 87Sr/%Sr = 0.075) and 87Sr/%Sr up to
0.7201, suggesting open-system behavior during

magmatic evolution.

Fractional crystallization. Considering the
isotope characteristics described above, the dis-

Closed-System Magmatic Evolution Processes

cussion of the fractional crystallization is mainly
focused on MGII and on the less-evolved rocks

(weakly to moderately fractionated granites)

chemical signatures portrayed by the MGI

highly fractionated granites are discussed in the

of MGI. The causes for the somewhat distinct
following section.

Overall, the two groups show similar frac-
tionation trends for major and trace elements.
The role of plagioclase fractionation is well evi-

denced by the Al,O; (Fig. 6A), CaO (Fig. 6B),
and Sr (Figs. 7, 13A, and 13B) contents, which
decrease with increasing SiO, contents, and
by more marked Eu negative anomalies in the

Eu anomalies are in line with the estimated oxy-

more-evolved rocks (Figs. 8 and 13C). These
gen fugacity conditions, using biotite composi-

tions, which are below those characterizing the
nickel-nickel oxide (NNO) buffer (Fig. 4B). In

fact, under such conditions, a significant amount

of Eu is present in the divalent state, which is
highly compatible with plagioclase (e.g., Binde-

man and Davis, 2000).

The role of K-feldspar in the magma evolu-
tion is best seen on the Sr versus Ba diagram

(Fig. 13B) by the steep decrease of Ba contents
with decreasing Sr. Fractionation of biotite

contributed to decreasing MgO and FeO* con-
tents with increasing SiO, (Figs. 6D and 6E)

and is also evidenced by the clear decrease of
V (55-0 ppm) and Sc (11.6-1.4 ppm) contents,
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Genesis of Jurassic I-type granites from Macao, SE China

TABLE 3. WHOLE-ROCK PB ISOTOPIC COMPOSITIONS OF MACAO MAGMATIC GRANITES AND MICROGRANULAR MAFIC ENCLAVES

Sample Group Th U Po  26Pb2%Pb 26 27PbP%Pb 20 2%PbR%Pb 20 (2%Pb%Pb), (27Pbi2%Pb), (*%Pb/2Pb),
(ppm)  (ppm)  (ppm)
T22 MGIWMF  30.00 10.80 3500 19.8587 0.0010 158237  0.0009 39.5482  0.0023  19.3800 15.8001 39.1137
T33 MGI WMF 3760 1130 4200 19.2266 0.0013 157923 00012 395499 00027  18.8092 15.7718 39.0961
T43 MGIWMF 2840 892 2800 19.2494 00011 157885  0.0010 39.5422 00028  18.7552 15.7641 39.0281
C33 MGIWMF 3670 13.80 43.00 195060 0.0012 158126  0.0009 395324  0.0023  19.0081 15.7880 39.0997
C58 MGIWMF 2920 754 29.00 19.2017 0.0010 157874  0.0010 39.5491 0.0023  18.7984 15.7676 39.0387
C66 MGIWMF 3680 2130 4200 195447 00009 158175 0.0008 395415 00022  18.7580 15.7787 39.0974
C63 MGIWMF 4330 885 33.00 19.4320 00010 158052  0.0008 39.7071  0.0021  19.0160 15.7847 39.0420
Cc68 MGIWMF 3410 6.80 29.00 19.1664 00010 157852  0.0009 39.6534  0.0023  18.8027 15.7673 39.0574
M18 MGI HF 2480 16.80 44.00 19.3972 00013 157988  0.0010 39.3412  0.0026  18.8049 15.7696 39.0555
T17 MGI HF 3140 1640 4100 19.4705 0.0011 158021  0.0010 39.4276 0.0028  18.8500 15.7715 39.0394
T37 MGI HF 3000 16.30 4100 195206 0.0010 15.8071  0.0008 39.4783  0.0022  18.9039 15.7767 39.1074
c71 MGI HF 36.00 9.97 7700 19.2243 00011 157944 00009 39.3888  0.0025  19.0235 15.7845 39.1518
M35 MGI'WMF 3370 1370 28.00 19.2165 0.0006 157820  0.0006 39.5951  0.0017  18.4575 15.7446 38.9850
T36 MGIIWMF 3810 979 3800 19.1064 0.0009 157794  0.0006 39.6105 0.0017  18.7068 15.7597 39.1022
T36bis MGIWMF 3810 979 3800 19.1961 00010 157858  0.0008 39.5681 0.0022  18.7964 15.7662 39.0599
M19 MGI'WMF 3010 1210 3100 19.2000 0.0013 157819 00011 395389  0.0030  18.5946 15.7521 39.0467
M34 MGIIWMF 3080 15.00 32.00 19.2787 0.0011 157852  0.0009 39.4871 0.0024 185515 15.7494 38.9992
M34bis MGIIWMF 3080 15.00 32.00 19.3856 0.0007 157906  0.0008 39.4718  0.0021  18.6585 15.7548 38.9839
M31 MGII HF 3370 1890 5100 19.4022 00010 157936  0.0009 39.3808  0.0024  18.8273 15.7653 39.0458
C61A MGIGDMME 2270 1410 1700 19.1451 0.0009 157770  0.0008 39.5439 0.0022 178585 15.7137 38.8670
C61Abis MGIGDMME 2270 1410 1700 191111 00010 157767  0.0009 39.5060  0.0024  17.8245 15.7134 38.8292
cr2 MGIMG MME  22.80 876 2100 19.0236 0.0011 157904  0.0009 39.4693 0.0024  18.3765 15.7585 38.9190
T52 MGIIQMD MME  19.00  9.76 14.00 19.3392 0.0010 157907  0.0009 39.4282  0.0024  18.2578 15.7374 38.7403

Note: The initial Pb isotopic ratios were calculated at t = 160 Ma based on U-Pb dating and whole-rock U, Th, and Pb contents. Decay constants: £(28U) = 1.551 x
10-10yr1, £(?%5U) = 9.849 x 107° yr-', and £(2%2Th) = 4.948 x 10" yr-'. Abbreviations: MGl WMF—Macao Group | weakly to moderately fractionated granites (Zr/Hf > 25);
MGI HF—Macao Group | highly fractionated granites (Zr/Hf < 25); MGl WMF—Macao Group |l weakly to moderately fractionated granites (Zr/Hf > 25); MGIl HF—
Macao Group Il highly fractionated granites (Zr/Hf < 25); MGl GD MME—Macao Group | granodioritic microgranular mafic enclave; MGI MG MME—Macao Group |
monzogranitic microgranular mafic enclave; MGIl QMD MME—Macao Group Il quartz-monzodioritic microgranular mafic enclave.

given the very high compatibility of these ele-
ments with biotite (e.g., D¥°"/™" =795 and
DBiotite/melt — 4 4 Bea et al., 1994).

Negative correlations between SiO, and TiO,
(Fig. 6C) suggest fractionation of Ti-bearing
minerals such as titanite and Fe-Ti oxides, with
the latter also influencing the FeO! decrease
(Fig. 6E). Fractionation of titanite was probably
more important in MGII, where this mineral is
particularly abundant. Negative Nb, Ta, and Ti
depletions (Fig. 7) are also related to the frac-
tionation of Ti-bearing phases. The decrease in
Zr contents with increasing SiO, is indicative
of zircon fractionation (Fig. 6I). Despite zir-
con’s relatively high partition coefficients for
HREEs, modeling suggests that its fractionation
did not exert much control on the REE variation
(Figs. 13D-13F).

The fractionation of phosphate minerals such as
apatite and monazite promoted a decrease in P,O5
contents with increasing SiO, (Fig. 6F). Acces-
sory phases like allanite and monazite, which
have extremely high partition coefficients for
LREES(Dﬁlllanildmcl[ — 2594'5;D¥aonzilc/mcll — 3200,
Mahood and Hildreth, 1983; Yurimoto et al.,
1990), seem to have partially controlled the REE
variation in both groups of granites, as can be
seen on the (La/Yb)y versus La (Fig. 13D) and
Th/La versus Sm/La (Fig. 13E) vector diagrams.
During the evolution of MGII, for instance, the
depletion of La was almost 14 times greater than
that of Lu (Fig. 8B).

In agreement with Quelhas et al. (2020), the
most-evolved rocks of both groups underwent
different fractional crystallization paths, pro-
ducing distinct REE patterns (cf. Fig. 8A and
Fig. 8B). The Sm/La versus Th/La diagram

(Fig. 13E) shows that a slight increase of these
ratios in the MGI granites reflects a stronger
influence of allanite fractionation, whereas the
increase of Th/La ratios (with nearly constant
Sm/La ratios) in the MGII granites seems to
be consistent with a stronger effect of monazite
fractionation. The role of allanite fractionation in
MGI, and eventually of monazite and xenotime,
is further supported by progressive depletion of
LREEs and enrichment of HREEs (Fig. 8A).
Given garnet’s high partition coefficients for
HREEs (D&me/melt — 525: Bea et al., 1994), the
fact that it only occurs in MGI highly evolved
granites precludes a significant role as a frac-
tioning phase. The concave-upward shape of the
REE patterns of MGII highly fractionated gran-
ites (Fig. 8B) could be achieved through higher
fractionation of middle REE—compatible miner-
als such as apatite and/or titanite, corroborating
the fractionation vectors in the Sm/Nd versus
Lu/Gd diagram (Fig. 13F). A slight but notice-
able decrease of Th with U in both groups (not
shown) may be explained by fractionation of
xenotime, as this phase has a substantial prefer-
ence of U over Th (e.g., Forster, 1998).

In summary, the weakly to moderately frac-
tionated granites of both groups are character-
ized by similar liquid lines of descent, while
these differ for the highly fractionated facies
mainly due to distinct accessory fractionat-
ing phases. The fact that I-type granites from
Macao do not contain hornblende indicates
that they probably represent evolved stages of
a fractionating magma from which this min-
eral had already been completely removed. In
adjacent areas, less-evolved hornblende-bearing
I-type granodiorites and monzogranites are spa-
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tially and temporally associated with Jurassic
I-type biotite monzogranites similar to those
of Macao, and in the field, a gradual change in
lithotypes is observed (e.g., Huang et al., 2013;
Sewell et al., 1992; Zhang et al., 2015). Thus,
it can be assumed that the Macao biotite gran-
ites represent relatively evolved lithotypes of a
granitic suite having hornblende-bearing I-type
granodiorites and monzogranites as less-frac-
tionated members.

Late-stage fluid/melt interactions in the MGI
granites. Apparently no mineral vector explains
the steep increase in Sm/Nd ratios of the MGI
granites (Fig. 13F), suggesting that other pro-
cesses must have been involved. The MGI highly
fractionated granites show evidence for the REE
tetrad effect (TE, ; = 1-1.13), which can lead to
an increase in Sm/Nd ratios (Irber, 1999). Other
peculiarities of this facies are the enrichment in
Y, HREEs, and HFSEs such as Nb, Ta, U, and
Pb, which were accommodated in accessory
phases such as spessartine-rich garnet, thorite,
and tantalo-niobates. The most extreme case
is sample C57, which shows significant HREE
enrichment relative to LREEs, suggesting late-
stage precipitation of Y and HREE-bearing
phases like garnet and tantalo-niobates. They
also have nonchondritic Zr/Hf (12.24-25.00), K/
Ba(414.14-7935.76), K/Rb (84.53-131.74), La/
Nb (0.16-1.24), and La/Ta (0.69-4.44) ratios,
and their non-—charge-and-radius-controlled
(CHARAC; Bau, 1996) trace-element behav-
ior is shown on the Y/Ho versus Zr/Hf diagram
(Fig. 14).

Although some authors have regarded the
occurrence of the REE tetrad effect in geologi-
cal samples as analytical artifacts (e.g., McLen-
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nan, 1994), this feature has been more frequently
interpreted as resulting from the interaction of
highly volatile-enriched late magmatic fluids
with evolved granitic melts (Irber, 1999; Jahn
et al., 2001; Tao et al., 2013), in many cases

involving fluorine-rich fluids (e.g., Jiang et al.,
2018; Zhang et al., 2017). This model seems
to be applicable to the MGI granites. Indeed,
some of the biotites from the highly fraction-
ated MGI granites that depict the tetrad effect
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have relatively high F (up to 2.13 wt%). Large
crystals of purple fluorite have also been found
in quartz-rich veins associated with these facies,
suggesting circulation of F-rich fluids. Addition-
ally, the MGI highly fractionated granites and
the more-evolved coeval granites from surround-
ing areas, also characterized by nonchondritic
Y/Ho and Zr/Hf ratios and pronounced REE tet-
rad effects (Tao et al., 2013; Huang et al., 2015;
Jiang and Zhu, 2017; Zhang et al., 2017), show
a progressive decrease and increase in Zr/Hf and
Y/Ho ratios, respectively, toward the hydrother-
mal fluorite vein field (Fig. 14). Therefore, we
propose that the stage of evolution represented
by the MGI highly fractionated granites corre-
sponds to the onset of fluid/melt interaction in a
highly evolved granitic system, which may have
led to enhanced hydrothermal activity in more-
evolved stages as compared to those represented
in neighboring areas.

Given that this late-stage fluid is consid-
ered to have been exsolved from the magma, it
should have the same initial isotopic ratios as the
magma, and, as such, the process should not pro-
mote significant isotopic changes. This is sup-
ported by the fact that one of the samples with
the REE tetrad effect (C71, TE,;=1.10; see
Appendix 5) has a similar initial 3Sr/%Sr ratio
as the less-evolved MGI and MGII samples (see
Fig. 9A; Table 2).

Open-System Magmatic Evolution Processes

Assimilation of supracrustal materials.
A significant difference in Sr and Nd isotopic
compositions between MGI and MGII granites
is observed (Fig. 9B). While MGII clusters at
about gy (#) =—8.6 and initial ¥’Sr/3Sr = 0.7108,
the MGI granites are characterized by €y,(?)
ranging from —10.0 to —6.1 and initial 37Sr/%Sr
varying between 0.7109 and 0.7201. Based
on these differences, the MGII granites can be
considered a comagmatic suite having evolved
in closed system, at odds with what can be
inferred for MGI.

It has been shown that, due to high Rb/Sr
achieved through crystal fractionation, individ-
ual members of cogenetic suites tend to acquire
nonconstant initial 8’Sr/%6Sr ratios during pro-
tracted magmatic differentiation in slowly
solidifying granitic intrusions (McCarthy and
Cawthorn, 1980; Sallet et al., 2000). While this
can happen in some cases, it does not seem to
explain why an increase in initial Sr/%Sr is
only observed for MGI samples (Fig. 9A), con-
sidering that MGII samples also have quite high
Rb/Sr (4-53). In the following discussion, based
on field, mineralogical, and chemical evidence,
we show that the 37Sr/%Sr variability can be
explained by assimilation and fractional crystal-
lization (AFC) processes.
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In Macao, metasedimentary enclaves of
Devonian age are enclosed within the MGI gran-
ites (Fig. 3F), suggesting that Jurassic granitic
magmas were emplaced at shallow crustal levels,
a perception reinforced by the fact that in the
neighboring area of Hong Kong, granite plutons
of similar age intrude basement rocks consisting
of deformed Devonian, Carboniferous, Permian,
and Lower Jurassic metasedimentary rocks (see
Sewell et al., 1992). Also, the zircon population
of the MGI granites is characterized by a signifi-
cant percentage of inherited grains (xenocrysts)
with identical ages to the Paleozoic strata (Quel-
has et al., 2020).

Due to thermodynamic limitations, it has been
argued that granitic melts have a low capabil-
ity of assimilation (e.g., Glazner, 2007). On the
other hand, several experiments simulating the
assimilation of metasedimentary host rocks by
granitic magma have shown otherwise (e.g.,
Dias-Alvarado et al., 2011; Erdmann et al.,
2007; London et al., 2012). At temperatures
2800 °C, the assimilation of metasedimentary
rocks through partial melting can be an effi-
cient process, whereas for temperatures <700
°C, minor partial melting is likely to cause dis-
integration of country rocks rather than their
assimilation (Erdmann et al., 2007). Given that
most of the MGI granites have T, =700-804
°C (only two samples have T, <700 °C; see
Table 1; Appendix 5), the thermal conditions
were probably sufficiently high to cause some
degree of chemical assimilation. The influence
of this process is seen in the 87Sr/%Sr; versus
Sr diagram (Fig. 9A), where the MGI granites
show a progressive increase of initial Sr signa-
tures with decreasing Sr (used as a proxy for the
degree of evolution), suggesting that the increase
in isotope ratios is likely to reflect an AFC pro-
cess. AFC curves, for different values of r, also
encompass the range of MGI Sr-Nd isotopic data
(Fig. 9B), endorsing this hypothesis.

Furthermore, the Macao granites display a
linear trend on the 2°°Pb/2*Pb versus 29’Pb/?%Pb
diagram (Fig. 11A), which can be interpreted
either as a secondary isochron or, given that they

involve ratios with the same denominator, as
mixing lines. Interestingly, the MGI granites are
generally more radiogenic, plotting to the right
of the geochron, with the more radiogenic sam-
ples being the most fractionated, and contami-
nated (see above), facies. In contrast, the MGII
granites, for which no evident signs of contami-
nation were found, are in general less radiogenic,
plotting to the left of the geochron. Considering
these facts and the similar initial #’Sr/%¢Sr and
143N d/*4Nd ratios of the less-evolved rocks of
both groups, we interpret the linear trend as a
mixing line between a granitic magma and a
more radiogenic crustal component, supporting
a model involving assimilation of upper-crustal
materials by the ascending I-type granitic mag-
mas as a cause for the more radiogenic initial
87Sr/36Sr ratios of the MGI granites.

The fact that MGII granites do not show evi-
dence for AFC processes might have to do with
the distinct emplacement conditions/periods for
both groups. The MGI granites, which are at
least ~6 m.y. older than MGI], intruded the upper
crust, facilitating the assimilation of supracrustal
sedimentary materials. In agreement with the
incremental pluton growth model proposed for
the Macao granitic suite (Quelhas et al., 2020;
see also Coleman et al., 2004; Glazner et al.,
2004; Annen, 2011; Menand et al., 2015), the
second granitic pulse (MGII) most likely took
the ascension route previously followed by MGI
magmas, intruding the MGI granites at shallow
crustal levels. MGI granites thus acted as the
wall rock for MGII granitic magmas rather than
the supracrustal sedimentary strata, precluding
the possibility of significant assimilation of sedi-
mentary materials in MGIL.

Magma mixing. Notwithstanding the clear
influence of AFC processes on the isotopic
composition of the MGI granites, it does not
completely explain the observed eyy(#) and
€.¢(?) variations, which are not dependent on the
degree of evolution of the samples. At odds with
Sr isotope signatures, which define a good cor-
relation with 8’Rb/%Sr ratios when considering
granitic rocks and microgranular mafic enclaves,
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the Nd and Hf isotope data scatter significantly
in the same type of diagram (see Appendix 6).

Macao granites from both groups contain
abundant microgranular mafic enclaves with
magmatic textures and SiO, contents down to
59.8 wt%. They are intermingled and variably
hybridized with the host granites, with some
K-feldspars megacrysts straddling the bound-
aries between enclaves and host rocks. These
observations indicate mixing between granitic
and mafic magmas (e.g., Vernon, 1990; Rodri-
guez and Castro, 2019).

During magma mixing processes, some
elemental and isotopic homogenization is
expected to occur (Sparks and Marshall, 1986;
Didier, 1992; Barbarin, 2005). Even considering
this, overall the studied microgranular mafic
enclaves are not only characterized by somewhat
less-evolved elemental compositions (Figs. 6-8),
but also by less-radiogenic Sr isotope signatures
(initial 37Sr/%0Sr down to 0.7086) and more-
radiogenic Hf and Nd isotopic compositions,
1.e., eg?) up to 3.6 and gy (?) up to —6.7, as
compared to the host granites (Figs. 9 and
10), suggesting distinct sources. Moreover, in
situ zircon isotopic studies of microgranular
mafic enclaves enclosed in coeval I-type biotite
granites from the Lisong pluton (SE China)
revealed identical U-Pb ages (ca. 162 Ma) to the
host granites and high €,(#) (+3.1 to +8.0) and
low 8'80 (5.1%0—6.4%0) values, indicating zircon
crystallization in equilibrium with mantle-
derived magmas (Li et al., 2009b; Zhao et al.,
2010). We thus interpret Macao microgranular
mafic enclaves as preserved blobs of mafic
mantle—derived magmas incorporated into
granitic magmas.

Pankhurst et al. (2011) studied the variation
of trace elements across the boundary between
microgranular mafic enclaves and the host gran-
ite. While Sr shows a sigmoidal pattern of dis-
tribution indicating chemical diffusion, REEs
such as Ce and Nd show concentration peaks at
the microgranular mafic enclave—granite bound-
ary, suggesting accumulation of REE-bearing
phases. It is possible that these accessory phases
acted as barriers that prevented subsequent diffu-
sion processes and Nd isotopic homogenization.
On the other hand, Hf is extremely compatible
with zircon (DZrevme! =3193.5; Mahood and
Hildreth, 1983), and, because zircon is a highly
resistant and refractory mineral, it has the ability
to lock in distinct Hf isotopic ratios from differ-
ent magmas, thus preventing an efficient chemi-
cal homogenization.

Sr is strongly partitioned into plagioclase
(Dgke et =15 63; Nash and Crecraft, 1985).
In the MGI weakly to moderately fractionated
granites, many large plagioclase crystals show
oscillatory zoning with highly variable An%
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contents (Fig. 3B; see Appendix 4B). This can
be attributed to several cycles of magma cham-
ber recharge, promoting magma mixing (e.g.,
Umino and Horio, 1998; Karsli et al., 2004;
Ginibre et al., 2007; Shcherbakov et al., 2011).
The homogenization of Sr isotope signatures
may have been achieved by effective release
and reincorporation of Sr during repeated cycles
of magma mixing, a process facilitated by the
relatively high diffusion coefficient of Sr in pla-
gioclase (1 X 102 to 1 x 10~ m? s~!; Magaritz
and Hofmann, 1978). These values are signifi-
cantly higher in comparison to those of Nd
in titanite (1.10 X 10722 to 2.23 x 10" m2s°!;
Cherniak, 1995), Sm in xenotime (6.01 x 10-22
to 2.78 x 10-'8 m2s~!; Cherniak, 2010), and Hf
in zircon (8.02 x 1023 to 3.77 X 10720 m?s71;
Cherniak et al., 1997). In addition, the rate of
exchange of Nd isotopes is two times lower
than the rate of exchange of Sr isotopes (5.1 X
10-% cm? 572 in mafic material with 50% SiO, to
1.9 x 107 cm?s72 in felsic material with 70%
Si0,, at 1255 °C and 10 kbar; Lesher, 1990).
Interestingly, MGI highly fractionated granites
do not contain microgranular mafic enclaves,
and their plagioclase crystals are character-
ized by fairly constant An% contents (Appen-
dix 4B), suggesting complete homogenization
of the two magmas during late-stage magma
evolution.

Thus, decoupling of the Sr and Nd and Hf
isotope systems in Macao granites might have
resulted from magma mixing. This process was
able to cause the homogenization of Sr isotope
ratios but not of the Nd and Hf isotopes, which
did not participate in this interaction to the degree
of Srisotopes. Given the greater degree of isoto-
pic decoupling and higher abundance and larger
dimensions of microgranular mafic enclaves in
MGI granites, magma mixing probably played
a more important role in the evolution of MGI
magmas than in the evolution of MGII, where
its influence was probably vestigial. This is
also supported by the fact that plagioclase crys-
tals from MGII mostly have normal zoning
(Appendix 4B).

Magma Sources

As shown above, the MGII granites have a
restricted range of isotopic compositions, with
initial 87Sr/%Sr = 0.7099-0.7116, gy4(r) =-8.8 to
-8.4, and gy(r) =-10.0 to —6.8, indicating that
these rocks were derived from a relatively homo-
geneous source and evolved in a closed system.
In contrast, the wider range of isotopic signa-
tures of MGI granites reflects the occurrence
of open-system processes, yet the less-evolved
rocks have isotope characteristics similar to
those of MGII. This suggests that, despite the
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~6 m.y. time lag between the emplacement of
these two groups of granites (see Quelhas et al.,
2020), both originated from a similar source.

Model ages of the MGII granites should thus
provide a more accurate estimate of the age of the
protolith, which, according to the whole-rock Nd
and Hf Tp,;,, might be as old as late Paleoprotero-
zoic (1.7-1.6 Ga and 1.8-1.6 Ga, respectively).
Indeed, the late Paleoproterozoic was an impor-
tant time of crustal growth in SE China (e.g.,
Yu et al., 2007, 2009). However, on the &y,(?)
versus f diagram (Fig. 10), most of the Macao
and SE China granitic rocks plot above the field
defined by the metasedimentary Paleoprotero-
zoic Cathaysia basement, suggesting a distinct
source, which, judging by the I-type characteris-
tics of the Macao granites, is likely to have been
metaigneous basement rocks. Such an origin is
supported by their positioning in the 2°°Pb/2**Pb
versus 2%°Pb/?%Pb diagram (Fig. 11B), overlap-
ping the isotopic signatures of metagabbro and
mafic granulite xenoliths enclosed in Mesozoic
basalts in the neighboring southern Hunan Prov-
ince, SE China (Li et al., 2018).

Inherited zircon grains with Archean ages
have also been identified in Macao (Quelhas
et al., 2020) and Hong Kong (Sewell et al.,
2000) granitic rocks, possibly suggesting the
contribution of an Archean component to Macao
granites. This is endorsed by studies on crustal
xenoliths and zircon xenocrysts entrained in
Mesozoic and Cenozoic volcanic rocks from
neighboring areas, which point to the existence
of a highly evolved Archean to Paleoproterozoic
basement beneath the western Cathaysia block
(Zheng et al., 2011; Li et al., 2018).

Experimental studies show that ~20%—40%
melting of low-K tholeiitic amphibolites between
1050 °C and 1100 °C can produce silicic to
intermediate-composition liquids (high-Al,O4
trondhjemitic-tonalitic, granodioritic, quartz
dioritic, dioritic liquids), leaving a granulite
(plagioclase + clinopyroxene * orthopyrox-
ene * olivine) residue at 8 kbar and garnet
granulite to eclogite (garnet + clinopyroxene)
residues at 12-32 kbar (Rapp and Watson, 1995).
The resultant melts are usually low in K,O and
have Na,O/K,O >1, in contrast with the com-
positions of Macao granites, which are high in
K,0 (3.92%-5.36%) and have Na,O/K,0 <I1.
Thus, tholeiitic amphibolite sources are unlikely
to have been the source of the Macao granites.
In addition, high-pressure melting, in which gar-
net is present as a residual mineral, can also be
precluded, since REE patterns do not show sig-
nificantY or HREE depletion. Indeed, the weakly
to moderately fractionated Macao granites have
significantly lower Sr/Y (0.94-6.56) and La/Yb
(3.61-11.49) values than those of the experimen-
tal melts obtained by Rapp and Watson (1995)
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from melting of garnet amphibolite and eclogite
(Sr/Y and La/Yb up to 680 and 71, respectively).

Compositions similar to those of the Macao
granites were obtained experimentally by
Sisson et al. (2005). These authors obtained
granitic-thyolitic liquids with Na,O/K,0 < 1
at Si0, > 65% from moderately hydrous (1.7—
2.3 wt% H,0), medium- to high-K basaltic
compositions (plagioclase-rich with no garnet)
at 700 MPa and f,,, ranging from ~1.3 to 4 units
above the Ni-NiO buffer. Thus, the less-evolved
Macao granitic magmas were likely generated
by partial melting of infracrustal medium- to
high-K basaltic protoliths, probably after some
degree of fractionation of the coeval hornblende
I-type granodiorites and monzogranites (high
K,O, Na,O/K,0 < 1, and SiO, =65%-70%)
outcropping in neighboring areas (e.g., Huang
et al., 2013; Zhang et al., 2015).

It has been proposed that Jurassic biotite
granites in SE China, with features transi-

tional between I-type and S-type granites,
were formed in a source region characterized
by physical juxtaposition between infracrustal
metaluminous and supracrustal peralumi-
nous rocks (Huang et al., 2013). However, as
pointed out by Clemens et al. (2011), melting
of biotite + sillimanite assemblages in evolved
metapelitic sources will occur significantly
earlier during a crustal heating cycle than
will hornblende + biotite assemblages char-
acteristic of I-type sources. Consequently,
even where interlayered sources exist, S- and
I-type magmas are most likely produced as
temporally separate batches. Considering this
and the fact that I-S transitional characteristics
are more evident in the MGI highly evolved
facies, such features in the Jurassic biotite
granites from Macao, and possibly other areas
of SE China, most likely resulted from AFC
processes affecting I-type granitic magmas, as
described above.
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Geodynamic Setting

The Macao granites date from the Jurassic
(164.5 £ 0.6-155.5 £ 0.8 Ma; Quelhas et al.,
2020) and were part of a major magmatic event
that took place in SE China between 165 and
150 Ma over an area of ~75,000 km? (e.g.,
Sewell et al., 1992, 2016; Zhou and Li, 2000;
Li et al., 2004, 2007; Huang et al., 2013; Zhang
et al., 2015, 2017). The tectonic regime preva-
lent at this time has long been debated. The main
proposed models vary from subduction in a con-
tinental arc setting (e.g., Lapierre et al., 1997;
Zhou and Li, 2000), to shallow subduction fol-
lowed by slab roll-back (e.g., Jiang et al., 2009;
Jiang et al., 2015), lithospheric extension in an
intraplate setting in response to delamination of
a flat-subducted oceanic slab (Li and Li, 2007),
and postorogenic extension accompanied by
mafic underplating (Chen et al., 2008).

The temporal and spatial association of Macao
and SE China Jurassic I-type granites with basal-
tic/gabbroic rocks displaying typical intraplate
chemical features (Fig. 9B; Chen et al., 2008;
Meng et al., 2012; Wang et al., 2008), as well as
with aluminous A-type granites (e.g., Nankunshan
Pluton; Li et al., 2007) and syenites (Fig. 9B; Li
et al., 2004, 2003), suggests an extensional regime
rather than an active continental margin (Zhou
and Li, 2000). This explains the within-plate char-
acteristics of the Macao I-type granites inferred
from their elemental signatures (Figs. 12C and
12D). It is worth mentioning that seismic profil-
ing (e.g., Zhang et al., 2008; Xia and Zhao, 2014)
confirms the existence of a massive basaltic intru-
sion in the lower parts of the SE China crust in
this region, which probably acted as a major heat
source for the partial melting of the lower crust
and consequent generation of large volumes of
intermediate to felsic magmas. This highlights the
role of mantle to crust magma transfer in the gen-
esis of this granitic province during the Jurassic.

It has also been shown that the arc-like char-
acter of the late Mesozoic basaltic rocks became
more pronounced from the Early Jurassic to
the Middle-Late Jurassic, though diminishing
subsequently in the inland region of SE China
(Meng et al., 2012). On the other hand, Late
Cretaceous basalts show much stronger arc sig-
natures compared with the Jurassic rocks (Chen
et al., 2008; Meng et al., 2012). Such secular
compositional variation seems to be consistent
with a model involving breakup and foundering
of a previously flat slab followed by slab roll-
back (Figs. 15A and 15B), as proposed by Li and
Li (2007). Although slab breakup had already
begun in the Early Jurassic (Li and Li, 2007; Li
etal., 2007), the foundering stage promoted even
stronger asthenospheric upwelling and under-
plating of hot mantle-derived magmas, causing
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a significant increase of the geothermal gradient.
This can account for the voluminous magmatic
activity in SE China during the early Yanshanian
orogeny, produced in a relatively short period of
time (165-150 Ma; see Zhou et al., 2006; Li
etal.,2007; Wang et al., 2013) and leading to the
genesis of the widespread Jurassic I-type gran-
ites in the Cathaysia block. Subsequently, as sug-
gested by the occurrence of younger arc-related
dacite dikes intruding Macao granites, the tec-
tonic setting changed, with the reestablishment
of a normal subduction system in this area of
SE China during the Cretaceous (Fig. 15C; see
Quelhas et al., 2020), as also proposed by some
authors for other coastal areas of SE China (e.g.,
He and Xu, 2012; Meng et al., 2012).

Isotopic Signatures of Yanshanian Granitic
Rocks in the Cathaysia Block

The boundary between east and west Cathay-
sia (Figs. 1B and 15A) is roughly along the
Zhenghe-Dapu fault, which intersects the SE
China coast near the Hong Kong region (Chen
and Jahn,1998). It has been suggested that this
large-scale tectonic feature corresponds to a
basement terrane boundary (e.g., Darbyshire
and Sewell, 1997; Xu et al., 2007). In Hong
Kong, this translates into the existence of a
NE-trending deep crustal discontinuity that
controls the distribution of isotopically distinct
granitic rocks in the territory: The Jurassic gra-
nitic rocks are located to the northwest of the
referred discontinuity, whereas the Early Cre-
taceous granitic rocks outcrop to the southeast
(Darbyshire and Sewell, 1997). The Sr-Nd-Hf
isotope compositions of Macao granites are
akin to those of the Jurassic granites occurring
in Hong Kong (Fig. 9B) and other surround-
ing regions within the western Cathaysia block
(Fig. 9C; Zhang et al., 2015, 2017). Addition-
ally, they have similar Pb isotopic compositions
to those of the western Cathaysia block xeno-
liths (Fig. 11). Even though previous authors
have not traced the Zhenghe-Dapu fault further
to the SW of the Hong Kong region, we propose

0 and-radius-controlled.

that this major structure is likely to pass south
of Macao, in view of the isotopic characteris-
tics of its granitic rocks. It also reinforces the

role of the Zhenghe-Dapu fault zone (Fig. 15A)
as a present-day testimony of the Mesozoic
suture between the western and eastern Cathay-
sia blocks.

The age distribution of granitic rocks in SE
China has often been described as a function
of its location in coastal (Cretaceous granites)
or inland areas (Jurassic granites; e.g., Chen
and Jahn, 1998; Zhou et al., 2006; Zhou and
Li, 2000). While this is only partially true,
as several Jurassic intrusions have also been
reported in coastal areas (see Fig. 1B), the data
discussed herein suggest that isotopic compo-
sitions of Yanshanian granitic rocks, regardless
of their age, strongly reflect the nature of the
crustal blocks in which they occur. This should
be considered in future petrogenetic studies of
SE China granitic magmatism.

Figure 15. Schematic diagram
showing the proposed two-stage
tectono-magmatic evolution of
Macao and SE China during
the Jurassic to Cretaceous pe-
riod (modified after Li and Li,
2007; Meng et al., 2012): (A)
Distribution of granitic rocks
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CONCLUDING REMARKS

The major findings of this study are summa-
rized as follows:

(1) The Jurassic biotite granites from Macao
are high-K calc-alkaline metaluminous to
weakly peraluminous I-type granites, with vari-
able degrees of fractionation (monzogranite to
alkali feldspar granite).

(2) Based on isotope and elemental composi-
tions, considered together with calculated model
ages, it is proposed that these granitic magmas
were generated by partial melting of infracrustal
medium- to high-K basaltic Paleoproterozoic to
Mesoproterozoic protoliths.

(3) Melting was induced by mantle to crust
heat transfer through underplating of hot mantle-
derived magmas in an extensional setting related
to the foundering of a previously flat slab (paleo—
Pacific plate) beneath SE China continent.

(4) Besides the contributions from the mantle
(ultimate heat source) and lower crust (magma
source of Paleoproterozoic to Mesoproterozoic
age), the characteristics of Macao granites also
show evidence for an upper-crust contribution
through assimilation (assimilation and frac-
tional crystallization processes) of metasedi-
mentary rocks during magma ascent and/or
emplacement. This is endorsed by the observed
increase in initial 87Sr/%¢Sr ratios with degree
of evolution, the presence of metasedimentary
enclaves, and the relatively high percentage of
zircon xenocrysts with Paleozoic ages in MGI
granites.

(5) It is proposed that processes such as
late-stage fluid/melt interaction and magma
mixing may also have left some imprints on
granite compositions (REE tetrad effect plus
non-CHARAC behavior of trace elements and
decoupling between different isotope systems,
respectively).

(6) The isotopic signatures of Jurassic and
Cretaceous granites in SE China mainly reflect
the nature of the two Cathaysia crustal blocks
juxtaposed along the Zhenghe-Dapu fault, which
is likely to pass south of Macao.
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