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ABSTRACT

Genesis of the large-volume alkaline crust
at active continental margin is still enigmatic
for geologists worldwide. The point at issue is
whether or not subducted oceanic crusts get
involved and how they interact with the man-
tle source of the alkaline crust. Late Mesozoic
juvenile alkaline crusts with high ey4(t)-e4(t)
values are widely distributed in the Great
Xing’an Range of NE China, as parts of an
arc magmatic belt related to the Mongol-Ok-
hotsk Ocean closure. We carried out multi-
isotope analyses and 2-D high-resolution nu-
merical modeling to trace the mantle source
nature of the alkaline crust. The alkaline
rocks show similar trace elements with the
I-type enriched mantle and are originated
from an upwelling oceanic-island basalt-like
mantle. Their high field strength element de-
pleted arc features indicate the crustal mate-
rial addition in the source region. Low 830,
mantle-like Sr-Nd-Hf and light Mg isotope
compositions, limited §’Li variations, no
Nd-Hf decoupling, and our mixing calcula-
tion preclude continental crustal assimila-
tion, marine-sediment melt and/or altered
oceanic crust (AOC)-fluid metasomatism,
and bulk marine sediment involvement, and
provide evidence of the bulk AOC addition in
the mantle source. Lower $'%0 values than
the mantle and relatively low &’Li values
further confirmed the involved AOC to be a
high-temperature (high-T) AOC. Our multi-
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isotope tracing successfully fingerprints the
recycled high-T AOC into the source region
of the alkaline juvenile crust. Then, our 2-D
high-resolution numerical modeling recon-
structs the high-T AOC recycling processes
driven by mélange melting.

1. INTRODUCTION

Crustal growth is a complicated magmatic
process, which extracts material from the upper
mantle to Earth’s surface (Cawood et al., 2013;
Hawkesworth and Kemp, 2006; Rudnick, 1995),
and juvenile crust can be divided into subalkaline
and alkaline types based on their alkaline ele-
ment contents. Subalkaline crust is common in
all tectonic settings and has been studied exten-
sively (Petford et al., 2000; Rapp et al., 2003).
Alkaline crust is characterized by high alkaline
element contents, and may occur at continental
rift, active continental margin, and mantle plume
settings. Alkaline crust is closely associated with
some important geological processes, such as
mantle plume, crust-mantle interaction, mineral-
ization of rare earth and gold, and carbon cycling
(Buono et al., 2020; Pilet et al., 2008), for which
probing its genesis is important for global geolo-
gists. The point at issue is whether or not crust
materials including continental and oceanic crust
have been involved and how they interact with
the mantle source of the alkaline crust (Cruz-
Uribe et al., 2018; Zhu et al., 2017). At an active
continental margin setting, the role of subducted
oceanic crust in the genesis of alkaline crust is
still a pending problem.

Subducted oceanic crust (i.e., subducted
mélange) contains marine sediments, altered
oceanic crust (AOC), and mantle peridotite
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(Codillo et al., 2018; Nielsen and Marschall,
2017). Two different processes have been pro-
posed for the interaction of subducted oceanic
crust with the sub-arc mantle: marine sediment
melt and/or AOC fluid metasomatism on sub-
arc mantle, and physical mixing of subducted
mélange with sub-arc mantle (Nielsen and
Marschall, 2017). The metasomatized mantle
model with sediment melting and AOC and/or
serpentinite dehydration has long dominated
our understanding of the arc formation pro-
cesses. However, melting of marine sediment
only occurs at temperatures >1050 °C under
the pressure of a subduction zone (2.7-5 GPa)
(Behn et al., 2011). Such high temperatures can-
not be reached at similar pressures along the
slab interface with the sub-arc mantle. Thus,
geologists worldwide are paying more attention
to the mélange mixing models (Codillo et al.,
2018; Cruz-Uribe et al., 2018; Little et al., 2011;
Nielsen and Marschall, 2017). Mélange mixing
models invoke physical mixing of bulk marine
sediment and AOC with the sub-arc mantle first,
followed by melting and dehydration processes
(Ho, 2019; Nielsen and Marschall, 2017; Wu
et al., 2020). Recently, combined radiogenic
and stable isotopes are widely used to trace the
addition of different oceanic components (Hao
et al., 2022; Nielsen and Marschall, 2017). For
example, due to isotopic fractionation caused by
the continental derived particles, sea water reac-
tion, and low oxygen fugacity, marine sediments
have high radiogenic Sr-Nd-Hf-Pb isotopes and
heavy and variable Mg-Li-O isotopes (Basak
et al., 2011; Chan et al., 2006; Hu et al., 2017;
Vervoort et al., 2011). AOC can be subdivided
into two types: low-temperature (<150 °C) and
high-temperature (>150 °C) AOC. Because of
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their different water/rock ratios, low-T AOC has et al., 1985; Donoghue et al., 2008; Troch et al.,  be used to trace marine sediment, low-T AOC,

significant heavier

O and Li isotopes than the = 2020; Zack et al., 2003; Zhao and Zheng, 2003).  and high-T AOC participations in the source

high-T AOC (Bindeman et al., 2008; Cerling  Thus, rational analyses of multiple isotopes can  regions of the arc rocks.
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Figure 1. (A) Tectonic outline of NE China. (B) Spatiotemporal distribution of the middle Mesozoic volcanics in the Erguna and Xing’an
massifs of NE China (after IMBGMR, 1991). (C) Geological map showing the stratigraphic and igneous components of the Aobaowula area
(modified from Liu et al., 2019). (D) Cross section of the Manitu Formation at the Aobaowula area. F—Formation; MOS—Mongol-Okhotsk
suture; 1—Quaternary; 2—Damoguaihe Formation; 3—Meiletu Formation; 4—Baiyingaolao Formation; 5—Manitu Formation; 6—Man-
ketouebo Formation; 7—Tamulangou Formation; 8—Wanbao Formation; 9—Erguna Formation; 10—Jiageda Formation; 11—Late Ju-
rassic granite; 12—Permian granite; 13—stratigraphic boundary; 14—stratigraphic unconformity; 15—strike-slip fault; 16—inferred
fault; 17—normal fault; 18—sample location; 19—volcanic vent.
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The Central Asian Orogenic Belt (CAOB),
occupying ~8,745,000 km? in central and
northern Asia, is believed to be the largest area
of Phanerozoic crustal growth on Earth (Fig. 1A)
(Sengor et al., 2018). The most outstanding fea-
ture of the CAOB is the vast expanse of Pha-
nerozoic granitic intrusions and their volcanic
equivalents with high ey,(t)-e4(t) values, which
have led to the widely cited conclusion that more
than 50% (even up to 80%) of the crust within
the CAOB is juvenile (Jahn et al., 2000; Sengor
et al., 2018; Zhang et al., 2017; Zhang et al.,
2018). Late Mesozoic alkaline igneous rocks are
widely distributed in the Great Xing’an Range of
the southeastern CAOB and believed to be part
of arc rocks related to the southward subduc-
tion of the Mongol-Okhotsk Ocean (Figs. 1A
and 1B). These widespread alkaline igneous
rocks are characterized by high ey (t)-ey(t) iso-
tope compositions and represent late Mesozoic
juvenile crust (Liu et al., 2019; Zhang, 2014). In
this study, we report Sr-Nd-Pb-Hf-O-Mg-Li iso-
tope analyses on Late Jurassic alkaline volcanic
rocks in the Great Xing’an Range (Fig. 1C) and
two-dimensional (2-D) high-resolution numeri-
cal modeling to fingerprint the recycled oceanic
materials (marine sediment, low-T AOC, or
high-T AOC) in the mantle source and unveil
their possible recycling mechanism in a paleo-
subduction zone.

2. REGIONAL GEOLOGICAL
BACKGROUND AND SAMPLE
DESCRIPTIONS

The amalgamation of Siberian, Tarim, and
North China cratons during late Paleozoic to
early Mesozoic built up the world famous CAOB
through a gigantic accretionary orogeny associ-
ated with the Paleo-Asian Ocean closure (Xiao
et al., 2015). NE China is located in the south-
eastern section of the CAOB, and consists of a
collage of microcontinental massifs, including
the Khanka, Jiamusi, Songnen-Zhangguangcai
Range, Xing’an, and Erguna massifs (Fritzell
et al., 2016). This area has been jointly influ-
enced by the Paleo-Asian Ocean closure and the
Paleo-Pacific and Mongol-Okhotsk subductions.
The Mongol-Okhotsk suture crops out mainly
in Russia and Mongolia based on the studies
of the Adaatsag ophiolite in central Mongolia

(325 Ma) and Late Carboniferous oceanic-
island basalt with pelagic radiolarian chert in
the Gorkhi Formation (Ruppen et al., 2014;
Tomurtogoo et al., 2005). Four phases of Late
Permian to Early Jurassic magmatic activities
(ca. 246 Ma, ca. 225 Ma, ca. 205 Ma, and ca.
185 Ma) and the late Mesozoic Great Xing’an
Range large igneous province were identified
in the Erguna and Xing’an massifs and related
to the Mongol-Okhotsk Ocean southward sub-
duction (Liu et al., 2018; Zhang, 2014). These
magmatic records delineated a late Paleozoic
to Mesozoic arc-trench system in NE China,
which, in combination with previous meta-
morphic and palacomagnetic age data, suggest
that the Mongol-Okhotsk ocean finally closed
during latest Early Cretaceous (Fritzell et al.,
2016). Multiple late Mesozoic volcanic rocks
and clastic sedimentary rocks are widespread
in the Erguna and Xing’an massifs, including
the Tamulangou (J,tm), Manketouebo (J;mk),
Manitu (Jymn), Baiyingaolao (K,b), and Meiletu
(K,m) formations (Fig. 1C).

The Manitu Formation rests conformably
on the Manketouebo Formation and is uncon-
formably overlain by the Baiyingaolao Forma-
tion (Fig. 1D). It preserves the most typical late
Mesozoic volcanic rocks in NE China, and is
composed of andesite, trachyandesite, trachyte,
dacite, andesitic breccia, and detritus crystal tuff
(Fig. 1D). In this study, we carried out detailed
investigations on the Manitu Formation in the
Erguna massif (Figs. 1C and 1D), collected all
types of the volcanic rocks of the Manitu Forma-
tion (Fig. S1'), and presented their U-Pb ages
and element and isotope data.

3. GEOCHRONOLOGICAL AND
GEOCHEMICAL CHARACTERISTICS

Zircon U-Pb dating, whole rock element, in
situ zircon Lu-Hf-O isotope, and whole rock Sr-
Nd-Hf-Mg-Li isotope analyses were carried out

!Supplemental Material.

Supplemental Texts
S1-S9: Analytical methods. Supplemental Tables
S1-S7: Analytical results. Supplemental Figures S1—
S5: Supporting figures. Please visit https://doi.org/10
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any questions.
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on the 17 samples from the Manitu Formation.
Analytical methods are described in Supplemen-
tal Texts S1-S8 and results are listed in Supple-
mental Tables S1-S4.

3.1. Zircon U-Pb Dating and In Situ
Lu-Hf-O Isotopes

Sample TW3933 was collected for laser
ablation—inductively coupled plasma-mass
spectrometry zircon U-Pb dating (Table S1;
Fig. 2). Thirty-one analyses were performed on
31 zircons. Zircon grains were mostly euhedral,
transparent to colorless, and stubby to elongate
in shape with lengths of 100-150 pm and widths
of 60-90 um (Fig. 2A). Backscattered electron
and cathodoluminescence images of all grains
display well-preserved euhedral growth zones,
with unperturbed oscillatory zoning, typical of
igneous zircon (Hanchar and Miller, 1993). All
the analyses document much higher Th/U ratios
than 0.1 (Fig. 2B), also reflective of an igne-
ous origin. One analysis (TW3933.23) yields
a 205Pb/?38U age of 2164 Ma, interpreted as the
result of inheritance. Seven spots are obviously
discordant and give much older 2°7Pb/?*U ages.
Excluding these eight analyses, the remain-
ing 23 analyses form a homogenous cluster
and yield a weighted mean 2°Pb/?38U age of
160.8 + 1.4 Ma (mean square of weighted
deviates = 2.4, n = 23; Fig. 2C). This age
(161 Ma) is interpreted as the crystalline age
of the Manitu volcanics. We then carried out
20 in situ Lu-Hf-O isotope analyses. The §'30
values range from +3.56%o to +5.12%o, and the
eng(t) values range from +3.9 to +-10.8 (Fig. 3;
Table S2).

3.2. Whole-Rock Elements

Seventeen volcanic samples show large varia-
tions of major and trace element contents (Table
S3); e.g., SiO, = 54.9-70.8 wt%. Most samples
fall in the alkaline series in the discriminant dia-
grams (Fig. S2). Samples have high total rare
earth element (REE) contents and similar light
REE-enriched chondrite-normalized REE pat-
terns and primitive mantle—normalized spider-
grams with the oceanic-island basalt (OIB),
except the moderately negligible Nb-Ta anoma-
lies (Fig. S3).
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Figure 2. (A) Cathodoluminescence images of the representative zircon grains. (B) Th/U ratios versus 20Pbh/238U apparent ages plots. (C)
Laser ablation-inductively coupled plasma—-mass spectrometry zircon U-Pb concordia diagrams for the volcanic samples from the Manitu
volcanic rocks in NE China. White circles on cathodoluminescence images mark analytical site on each grain. MSWD—mean square of

weighted deviates.

3.3. Whole-Rock Sr-Nd-Hf-Pb-Mg-Li
Isotopes

Initial Sr, Nd, and Hf isotopic ratios are recal-
culated to the crystallization age of 161 Ma
(Table S4). Manitu samples have (¥7Sr/%¢Sr),
ratios of 0.70477-0.70518, ey4(t) values of
+1.1 to +1.5, and eyt) values of +5.0 to
+6.0 (Figs. 4A and 4B). Their (*Pb/?%Pb),,
(®"Pb/?Pb);, and (*%8Pb/?%*Pb); ratios range
from 18.36 to 18.45, 15.55 to 15.56, and 38.51 to
38.57, respectively (Table S4). On (**Pb/2*Pb),

versus (2%Pb/2MPb), and (*7Pb/?*Pb), geochem-
ical diagrams, all samples plot slightly above the
North Hemisphere Reference Line (Figs. 4C and
4D). The Manitu samples have §°°Mg values of
—0.168%0 to 0.009%o, and §7Li values of 4.94%o
to 5.49%o (Table S4; Fig. 5).

4. NUMERICAL MODELING
In order to better explicate the dynamics of

mélange diapir and AOC recycling, 2-D high-
resolution numerical modeling was conducted
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Figure 3. Zircon in situ Hf-O isotope compositions of the Manitu volcanic rocks in NE China.
(A) Relative probability plots of zircon in situ $'80 values, and (B) plots of zircon in situ ey(t)
versus §80 and mixing modeling results. The mixing end members and associated references
are listed in Table S5 (see text footnote 1). T—temperature; High-T AOC—high-temperature
altered oceanic crust; Low-T AOC—low-temperature altered oceanic crust; EMI—I-type
enriched mantle; DMM—depleted mid-oceanic-ridge basalt (MORB)-type mantle.
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to reproduce the ascending processes of sub-
ducted mélange. With the thermo-mechanical
code “I2VIS” (Gerya and Yuen, 2003, 2007), a
numerical model (4000 km x 670 km; Fig. 6)
representing the ocean-continent subduction
system was built. The model consists of non-uni-
form 699 X 134 rectangular grids with a resolu-
tion varying from 2 km x 2 km in the collision
zone to 30 km x 30 km close to the boundary. A
2000-km-long oceanic domain and a 2000-km-
long continental domain comprise the model,
which are separated by a weak zone aiming to
initiate oceanic subduction. The oceanic and
continental lithospheres in this study are sepa-
rately set to be 76 km thick and 120 km thick,
with the initial thickness of oceanic crust, con-
tinental upper crust, and continental lower crust
being 8 km, 20 km, and 15 km, respectively. The
flow law of wet quartzite is applied to sediments
and continental upper crust, and the flow law
of plagioclase to oceanic crust and continental
lower crust. Both the lithospheric mantle and the
subjacent asthenosphere are represented by dry
olivine. The details of the numerical methodol-
ogy and model configurations can be found in
Supplemental Text S9.

The model results show that at a convergence
velocity of 3 cm/yr, the rigid oceanic plate steadily
subducts along the weak zone and sinks into the
asthenosphere (Fig. 7). Continued subduction of
the oceanic plate triggers three-phase mélange
upwelling into the mantle wedge: (1) marine sedi-
ment diapir, (2) mélange diapir (including both
marine sediment and AOC), and (3) AOC diapir.
Owing to the large positive buoyancy, a substan-
tial portion of the subducted marine sediments is
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Figure 4. (A) Nd-Sr isotope correlation and mixing modeling results. (B) Plot of Nd isotopes versus Hf isotopes and mixing modeling results.
(C and D) Plots of 2°6Pb/2%Ph versus 207Pb/?**Pb and 28Pb/?*Pb for the Manitu volcanic rocks in NE China. The mixing end members
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depleted MORB-type mantle; MORB—mid-oceanic-ridge basalt; N-MORB—normal MORB; MS—marine sediment; PM—primitive
mantle; NHRL—Northern Hemisphere Reference Line.

immediately delaminated from the oceanic slab
and accumulates at the bottom of the overriding
continental lithosphere, when just sinking into
the asthenosphere (Fig. 7A). The delaminated
sediments experience intensive melting, which is
accompanied by landward advance of the partial
melts and the enclosed oceanic crust. Meanwhile,
such progressive melt flow significantly erodes
and mechanically thins the overriding lithospheric
mantle, favoring further episodes of lithospheric-
scale diapirs. At a greater depth, the increased
density contrast between the subducting oce-
anic crust and the surrounding mantle promotes
upward delamination of the oceanic crust from the
descending slab. During the early term, the resid-
ual marine sediments are separated together with
the oceanic crust, leading to a mélange (including

both marine sediment and AOC) diapir (Fig. 7B).
Subsequently, considerable diapiric flows, due to
crustal Rayleigh-Taylor instabilities at the top of
the cold subducting slab, develop and prevail in
the mantle wedge (Fig. 7C). These upward cold
plumes are lubricated by viscous heating and are
greatly fueled by partial melting of the ascending
oceanic crust during its rise, driven by composi-
tional buoyancy (Fig. 7C).

5. DISCUSSION

5.1. Effects of Fractional Crystallization
and Crustal Assimilation

Lowest SiO, content of the Manitu volcanic
rocks is 54.9 wt%, and thus, they cannot have
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been derived exclusively from continental crust
melting. The Manitu samples show variable
SiO, contents of 54.9-70.8 wt%. Such a large
range of SiO, content could be produced by
fractional crystallization, crustal assimilation,
or various degrees of partial melting. Major and
trace elements of our samples show a strong
correlation with the SiO, contents (Fig. S4),
indicating significant fractional crystallization
in their petrogenesis. One xenolithic zircon
from the dated sample may have been inherited
from minor assimilation of sedimentary rocks,
but the following observations argue against
significant continental material contributions.
(1) Continental materials are generally calc-
alkaline and enriched in K relative to Na. Our
samples are silica-oversaturated alkaline rocks
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(2007), Weaver (1991), and Zhong et al. (2017), and mixing end members and associated references are listed in Table S5 (see text footnote
1). For the detailed data sources of Figure 5B, please refer to Tang et al. (2010). T—temperature; AOC—altered oceanic crust; EMI—I-type
enriched mantle; DM—depleted mantle; MORB—mid-oceanic-ridge basalt; OIB—oceanic-island basalt; LSVEC—international standard
with an absolute °Li/’Li abundance ratio of 0.0832 + 0.0002.

and have high Na,O contents and high Na,O/
K,O ratios (Fig. S5A). (2) Our samples have
lower 6'80 values of +3.56%0 to +5.12%o0 than
the mantle array (+5.3%o £ 0.3%0), in contrast
to the high 830 values (up to 20%o) of conti-
nental materials. (3) Significant crustal assimi-
lation would produce highly radiogenic Sr and
Pb isotope values, which are not observed in
the Manitu volcanics (Fig. 4). (4) Our samples

uptoOkm Oceanic domain

(Mongol-Okhotsk ocean) i — (Xing'an and Erguna massifs & North China Craton)

have high whole-rock ey,(t) (+1.1 to +1.5),
en(t) (5.0 to 4-6.0), and zircon ey(t) (3.9 to
+10.8) values, even higher than primary mantle
(Figs. 3 and 4B). (5) Crustal contamination, if
any, might decrease the Nb/La ratios, result-
ing in a positive correlation between MgO and
Nb/La ratios. No such correlations have been
observed in our samples (Fig. S5B). Therefore,
the variable element compositions of the Manitu

Retro-continental domain

up to 4000 km

volcanics can only result from various degrees
of partial melting of mantle sources.

5.2. An Upwelling OIB-like Mantle Origin
for the Manitu Alkaline Volcanics

For the alkaline basalts from ocean islands
and continents, three different origins have been
proposed by previous studies: recycled oceanic

Figure 6. Initial model configu-
rations. Enlargement (1500 x

100

Depth (km)
N
=1
S

w
o
o

400

500

Initial weak zone

500 km) of the numerical box
(4000 X 670 km) is shown.
White lines are isotherms with
an interval of 300 °C. Two dif-
ferent lithospheres comprise
the model, with oceanic on the
left and continental on the right.
A rightward velocity of 3 cm/yr
is assigned within the oceanic
lithosphere. Different colors
refer to different lithologies,

1500 1800

EiR B B § QiR N - ORI REIRT

2100

2400 2700
Length (km)

3000 with: 1—air; 2/3—sediments;

4—weak zone; 5—continental

upper crust; 6—continental

lower crust; 7—oceanic crust;

8—lithospheric mantle; 9—asthenospheric mantle; 10—partially molten oceanic crust; 11—partially molten marine sediments; 12—sea-
water. The partially molten crustal rocks (10 and 11) will appear during the evolution of the model (Fig. 7). Detailed properties of different
rock types are shown in Tables S6 and S7 (see text footnote 1).
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Figure 7. Evolution of the
numerical model with a con-
vergence velocity of 3 cm/yr.
Composition evolution is over-
lapped by white-line isotherms,
which are plotted every 300 °C
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rock types are the same as in
Figure 6. AOC—altered oce-
anic crust.
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crust with or without sediment (Cruz-Uribe
et al., 2018; Hofmann, 1997), subcontinental
lithospheric mantle (Pilet et al., 2008; Xu et al.,
2017), and upwelling OIB-like asthenosphere
mantle (Ruttor et al., 2021; Xu et al., 2005).
Oceanic crust has low radiogenic Sr and high
radiogenic Pb, Nd, and Hf isotopes, and its par-
tial melt will inherit these isotope compositions,
i.e., low (¥St/%6Sr); ratios, high ex,(t) and gy (t)
values, and high (?°°Pb/?%Pb),, (**’Pb/?*Pb),, and
(?8Pb/?04Pb),. Partial melting of young oceanic
crust will produce adakitic magma with high
Sr contents and high St/Y ratios. Our Manitu
samples have distinctively different Sr, Nd,
and Hf isotopes (Fig. 4) and Sr/Y ratios from
the oceanic crust (Fig. S5C). Stable isotopes in
the mantle will be homogenized after long-term
preservation. Subcontinental lithospheric mantle
will hold similar O and Mg isotopes with nor-
mal mantle (i.e., 8'%0 = +5.3%0 £ 0.3%0 and
8%Mg = +0.26%0 £ 0.02%0), and its partial

2400 2700

Length (km)

melting cannot produce the low §'30 and high
8%°Mg of our samples (Figs. 4 and 5). Upwell-
ing OIB-like mantle derived magma has I-type
enriched mantle (EMI)-like geochemical fea-
tures, such as Hawaiian OIB (Sobolev et al.,
2011) and Emeishan high-Ti basalt (Xu et al.,
2001). The Manitu volcanics show similar trace
element spidergrams and REE patterns with
OIB, except the Nb-Ta negative anomalies, and
plot approaching to the EMI on the Sr-Nd-Hf
isotope correlation diagrams (Figs. 4A and 4B).
Thus, the Manitu volcanics are likely to have
originated from an upwelling OIB-like mantle.
However, in comparison with the typical OIB,
the Manitu volcanics feature significant Nb-Ta
negative anomalies on the trace element spi-
dergrams (Fig. S3A). These features could be
produced by continental crust contamination,
subducted melt and/or fluid metasomatism, and
subducted mélange mixing. Our aforementioned
discussion has precluded significant crustal con-

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36961.1/5941708/b3696 1.pdf

bv China Univ Petroleum (East China) | ibrarv Seriale Dent user

3000

tamination. Sediment melts and AOC fluids
display similar Sr-Nd isotope compositions and
much lower Nd/Sr ratios than their respective
bulk counterparts (marine sediment and AOC).
Mixing curves of these components in Sr-Nd
isotope space have very different curvatures
from those dominated by the mixing of bulk
sediment and bulk AOC (Fig. 4A) (Nielsen and
Marschall, 2017). We performed binary mixing
calculations using bulk marine sediment and
AOC and sediment melts and AOC fluids as end
members, respectively, as shown in Figure 4A.
Our samples plot along the mixing lines between
bulk EMI and bulk AOC, far away from those of
sediment melts and AOC fluids. Aqueous Mg?*
in subduction zones is enriched in lighter Mg
isotope compositions (Wang et al., 2019), and
the AOC fluid and sediment melt typically show
much lower §°Mg values (down to —1.3%0)
than mantle peridotites (Chen et al., 2018).
In contrast, our Manitu samples have heavier



§%Mg values than those of OIB (Zhong et al.,
2017), arc rocks (Teng et al., 2016), and mid-
oceanic-ridge basalt (MORB) (Liu et al., 2017)
(Fig. 5A). AOC fluid and sediment melt metaso-
matism is excluded. Experimental studies (Cruz-
Uribe et al., 2018) have confirmed that partial
melting of the mélange diapir with variable con-
tributions from sub-arc mantle, AOC, and sedi-
ments can produce alkaline arc melts. Previous
natural mélange rock investigation and piston-
cylinder experiments (Codillo et al., 2018; Ho,
2019) found that selective retention of high field
strength elements (HFSE) by some accessory
minerals (e.g., rutile, sphene, and perovskite)
stabilized in the sub-arc mantle and/or in the
slab can attributed to the depleted HFSE features
of the arc rocks (Hermann and Rubatto, 2009).
Thus, subducted mélange mixing dominates
the alkaline and arc geochemical compositions
of the Manitu volcanics. Subducted mélange is
composed of marine sediments and AOC, and
the AOC could be subdivided into high-T and
low-T subtypes. Which component has been
assimilated into the source region is still a pend-
ing problem.

5.3. High-T AOC Recycling into Upwelling
OIB-Like Mantle

The isotope features of the Manitu samples
argue against marine sediment involvements. (1)
Marine sediments tend to absorb heavy oxygen
isotopes and have much higher 880 values than
the mantle, which are distinctively different from
the lower §'30 values in our samples (Fig. 3). (2)
Marine sediments commonly preserve radiogenic
Sr-Nd-Pb isotopes, and show higher (¥7Sr/%Sr),,
(2O6Pb/ZO4Pb)i, (207Pb /2O4Pb)i, and (ZOSPb/ZOAPb)i
ratios and lower ey,(t) values than our samples.
The Manitu samples plot far away from the mix-
ing lines between the marine sediments and the
mantle (Fig. 4). (3) Significant marine sediment
addition results in Nd-Hf decoupling (Chauvel
etal., 2008; Zhang et al., 2020), meaning that the
eng(t) and e(t) values plot far from the terrestrial
array (Vervoort et al., 2011). Our samples fall
along the mantle and crustal arrays in Figure 4B.
(4) Marine sediments have a large range of §’Li
values (—5%o to 24%o), and their participation in
a source region will produce variable Li isotope
compositions in the magma, distinct from our
Manitu samples (Fig. 5B). In contrast, on all the
isotope correlation diagrams the Manitu samples
plot along the mixing lines between the AOC and
EMI (Figs. 3-5). Thus, AOC is the main factor
affecting elemental and isotope compositions of
the Manitu volcanics.

One outstanding problem is that the AOC is
low-temperature (<150 °C) or high-tempera-
ture (>150 °C). Due to the large fractionation of
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oxygen isotopes between rock and water at low
temperatures [e.g., A8O(granite-H,0) > 10%o
at 150 °C; Zhao and Zheng, 2003], low-temper-
ature alteration would lead to high §'%0 in the
altered rock, even when meteoric water with
low 830 values is involved (Cerling et al., 1985;
Donoghue et al., 2008). On the other hand, effi-
cient lowering in the §'80 value of the altered
rock requires isotope exchange with isotopically
light water at elevated temperatures, where iso-
tope fractionation is small; e.g., A'¥O(granite-
H,0) < 2%o at 450 °C (Troch et al., 2020; Zhao
and Zheng, 2003). Surface water, i.e., meteoric
and sea water, is the only reservoir on Earth with
130/160 ratios significantly lower than MORB
(Bindeman et al., 2008). The oxygen exchange
must occur during high-temperature altera-
tion, in order for hydrothermally altered rocks
to approach the §'0 value of the altering fluid
(Troch et al., 2020). Therefore, high-T AOC has
lighter (Troch et al., 2020), but low-T AOC has
heavier, oxygen isotopes (Staudigel et al., 1995)
than the mantle (Fig. 3). The Manitu samples
have lower §'%0 values of +3.69%o to +5.22%o
than the mantle, and plot on the mixing lines
between EMI and high-T AOC, far away from
the low-T AOC. Besides, low-T AOC has higher
and more variable ¢’Li values than the high-T
AOC (Zack et al., 2003), and only the mixing of
high-T AOC with OIB-like mantle can account
for the relatively low &7Li values of the Manitu
volcanics (Fig. 5B).

5.4. Numerical Constraints on the
Upwelling Processes of Mélange Diapir

Mantle wedge diapirs have been observed by
a dense seismic array in Northern Taiwan (Lin
et al., 2021). The numerical modeling in this
study reproduced the ascending processes of
subducted mélange and recognized the physi-
cal mechanism for the mélange diapir and AOC
recycling as well as the controlling factor. The
model results suggest three phases of diapiric
flow in the mantle wedge above the subducting
slab, which are manifested by substantial marine
sediment melting and diapir at the base of the
overriding lithospheric mantle, rising of mélange
(comprising both marine sediment and AOC),
and prevailing Rayleigh-Taylor instabilities
of the AOC in the sequence of time and space
(Fig. 7). All the three-phase diapirs are funda-
mentally driven by the compositional buoyancy
and accompany extensive partial melting of the
oceanic sediments and crust during rising.

Previous studies revealed that when the ampli-
tude of the buoyancy-induced instability exceeds
the initial thickness of the sediment layer along
the slab top pressure-temperature-time path, a
mélange diapir develops (Ho, 2019). Any sedi-
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ment layer thicker than ~100 m will become
unstable on time scales shorter than 1 m.y. at
a temperature of 1000 °C (Behn et al., 2011).
Within the hot corner of the mantle wedge, more
extreme temperatures in excess of 1300 °C are
estimated (Currie and Hyndman, 2006; Kelley
et al., 2010). The subducted marine sediments
have the lowest density among the mélange
components that are more buoyant than the over-
lying mantle wedge. For both warm and cold
slab-top geotherms, the density contrast between
the overlying mantle and the average ultra-high
pressure metapelite is as much as —200 kg/m—3
for all pressures up to 6 GPa (Behn et al., 2011).
Hence, with continued subduction of the oceanic
plate, the marine sediments upwell firstly from
the downgoing slab (Fig. 7A). Despite the higher
density of the marine sediments, the mélange
rocks, a mixture of the marine sediments and
AOC, remain buoyant with respect to the sur-
rounding mantle materials, leading to its subse-
quent upwelling into the overlying mantle wedge
(Fig. 7B). Although average density (3.0 g/cm?)
of fresh oceanic crust is lower than the mantle
wedge (~3.2 g/cm?), their viscosity contrast
hinders fresh oceanic crust upwelling along the
interface between the subducting slab and over-
lying mantle. High-T alteration will decrease the
density of oceanic crust. For example, serpen-
tinites produced by serpentinization of olivine
and pyroxene at 200400 °C have much lower
density of 2.57 g/cm? than fresh oceanic crust
and mantle wedge. Such sharp density contrasts
between the high-T AOC and mantle wedge after
long-term (~24.7 m.y.) subduction of the oce-
anic plate make the AOC diapir formation and
rise up possible (Fig. 7C).

In summary, continued subduction promotes
extensive melting of the subducted marine sedi-
ment at the bottom of the overriding continental
lithosphere as well as long-lived upward delami-
nation of the oceanic crust from the sinking slab
(Fig. 7C). This process is accompanied with
substantial recycling of high-T altered oceanic
crust into the overriding mantle wedge, which is
suggested to eventually contribute to consider-
able alkaline continental crust in the southeast-
ern CAOB driven by mélange diapirs.

6. CONCLUSIONS

(1) Low 630, mantle-like Sr-Nd-Hf and light
Mg isotope compositions, no Nd-Hf decoupling,
and our mixing calculation provide evidence of
the bulk AOC addition into OIB-like mantle,
which produced large-scale alkaline continen-
tal crust in the SE Central Asian Orogenic Belt
driven by mélange melting. Lower 6'30 values
than the mantle and relatively low &Li values fur-
ther confirm the involved AOC to be high-T AOC.
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(2) 2-D high-resolution numerical modeling
substantiates the mélange diapir upwelling and
high-T AOC recycling processes into the mantle
wedge in a subduction zone.
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