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ABSTRACT

Subduction erosion is important for crustal material recycling and is widespread in modern
active convergent margins. However, such a process is rarely identified in fossil convergent
systems, which casts doubt on the importance of subduction erosion through the geological re-
cord. We report on ca. 155 Ma Kangqiong (pluton) intrusive rocks of a Mesozoic magmatic arc
in the southern Qiangtang terrane, central Tibet. These rocks mainly consist of trondhjemites
and tonalites and are similar to slab-derived adakites with mantle-like zircon oxygen isotope
compositions (80 = 5.2%c—5.6%c), they display more evolved Sr-Nd isotopes and higher Th/
La relative to mid-oceanic ridge basalts from the Bangong-Nujiang suture, and they contain
abundant amphibole and biotite. These characteristics indicate magma generation via H,O-
fluxed melting of eroded forearc crust debris with subducted oceanic crust at 1.5-2.5 GPa and
700-800 °C. In addition, the intrusions are exposed <20 km north of the Bangong-Nujiang
suture. Given the formation of adakites, narrow arc-suture distance, migration of the Juras-
sic frontal arc toward the continent interior, and other independent geological archives, we
suggest that the hydrated forearc crust materials were removed from the overlying plate and
carried into the mantle by subduction erosion. Our study provides the first direct magmatic
evidence for a subduction erosion process in pre-Cenozoic convergent systems, which confirms
an important role for such processes in subduction-zone material recycling.

INTRODUCTION involved in melting, and ultimately reincorpo-

Continental crust may be recycled primar-
ily in active subduction zones by subduction
erosion (Scholl et al., 1980; von Huene et al.,
2004; Clift et al., 2009; Vannucchi et al., 2013),
a process involving large positive topographic
relief on the descending slab (von Huene et al.,
2004), identified by geophysical (seismic) imag-
ing, distinctive arc rocks, and the characteris-
tics of certain sedimentary rocks (Ranero and
von Huene, 2000; Vannucchi et al., 2013). Dur-
ing subduction erosion, at least part of the arc
crust removed from the overlying plate may be
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rated into the crust via arc magmatism (Stern
and Kilian, 1996; Kay et al., 2005; Goss et al.,
2013; Straub et al., 2020). Subduction erosion
also results in the truncation and slope deforma-
tion of forearc crust (Ranero and von Huene,
2000), rapid forearc basin subsidence (Vannuc-
chi et al., 2013), secular renewal of sediment
provenance (Grove et al., 2008), and frontal arc
migration (Kay et al., 2005; Goss et al., 2013).
Consequently, subduction erosion is critical for
crust recycling (von Huene et al., 2004; Clift
et al., 2009).

However, subduction erosion is not easily
identified in fossil convergent systems, largely
due to the lack of evidence of the topographic

characteristics of the underthrust slab. No Paleo-
zoic to Mesozoic magmatic rocks related to sub-
duction erosion have yet been verified convinc-
ingly, although some Cenozoic adakites in arc
settings are considered to have a genetic rela-
tionship with this process (Kay et al., 2005; Goss
etal., 2013). We report the first direct magmatic
evidence for a similar process in pre-Cenozoic
convergent systems in central Tibet. This sug-
gests that subduction erosion was significant for
arc crust recycling in the Phanerozoic.

GEOLOGICAL SETTING AND ROCKS

The Bangong-Nujiang suture (BNS; Figs. 1A
and 1B) in central Tibet separates the southern
Qiangtang terrane (SQT) from the Lhasa ter-
rane (LT) (Zhu et al., 2016). Oceanic slab sub-
duction beneath the SQT along the BNS likely
initiated at ca. 170 Ma (Zhu et al., 2016). Ter-
rane assembly probably occurred at ca. 140 Ma
(Zhu et al., 2016) or later (Kapp et al., 2007;
Hao et al., 2019).

The Jurassic Kanggiong pluton (Fig. 1C),
part of a Mesozoic magmatic arc in the SQT, is
located <20 km from the BNS (Li et al., 2016).
It comprises mainly equigranular to porphyritic
trondhjemites and tonalites consisting of pla-
gioclase, quartz, pyroxene, amphibole, and bio-
tite (Fig. S1 in the Supplemental Material') and
small fine-grained granite bodies.

RESULTS

The Kangqgiong pluton was generated in the
Late Jurassic. Secondary ion mass spectrometry
zircon U-Pb isotopic results (Fig. S2) gave mean
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Figure 1. (A) Tectonic map of the Tibetan Plateau. (B) Simplified map showing Jurassic mag-
matic arc rocks in the southern Qiangtang terrane (modified after Zhu et al., 2016). Dashed gray
lines represent the arc front. (C) Geology of the Kanggiong pluton (KQ) area. Blue area is the
Jurassic sequence, and white area is the Cenozoic deposit. BNS—Bangong-Nujiang suture.

ages of 154.6 + 1.6 Ma and 153.1 £ 2.6 Ma for
the Kangqgiong trondhjemites-tonalites and gran-
ites, respectively.

The trondhjemites and tonalites have a
narrow range of SiO, (64.2-68.2 wt%) and

K,O (1.58-2.89 wt%; Fig. S3A), are sodium
rich (Fig. 2A), and have variable MgO (1.48—
3.23 wt%) and Mg# (41-69; Fig. S3B). They
have arc-like trace element features (Figs.
S3C and S3D) with fractionated rare earth ele-

Figure 2. (A) CIPW (Cross,
Iddings, Pirsson, and
Washington) normative
albite-anorthite-orthoclase
(Ab-An-Or) plot. Filled cir-
cles (this study) and open
circles (Li et al., 2016) are
Kangqiong (KQ; Tibet)
adakites, and inverted tri-
angles are KQ granites.
The average of Mount
Pinatubo (Philippines)
adakites (diamond) and
phase equilibria experi-
mental melts (cross and
dashed gray field) are from
Prouteau et al. (1999); star
denotes average of Ceno-
\% zoic adakites (Drummond
et al., 1996); trondhjemitic

Ab

pegmatites (square) are
from the Catalina Schist

100

(Southern California, USA;
Sorensen, 1988). Dashed
gray field is defined by
the phase equilibria melts
(cross) of Prouteau et al.
(1999). (B) Sr/Y versus Y
plot (modified after Drum-
mond et al., 1996). Curves
1 and 2 refer to partial melt
trends of mid-oceanic
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ment (REE) patterns (La/Yb = 8.12-24.7),
high Sr contents (>460 ppm), low heavy REE
(HREE) and Y contents (<13.3 ppm), negli-
gible Eu anomalies (Eu/Eu* [chondrite-nor-
malized Eu//(SmXxGd) ] = 0.85-1.11) (Fig.
S3C), and elevated St/Y ratios (>40; Fig. 2B)
relative to common arc rocks. These features
resemble those of typical adakites (Drummond
et al., 1996); hence, these rocks are referred to
here as Kangqiong adakites (KQAs). Granite
samples have higher SiO, (>72.0 wt%), lower
St/Y (<40), and slightly negative Eu anomalies
(Fig. S30).

The KQAs have variable initial ¥Sr/*¢Sr
ratios (0.7050-0.7072) and Nd isotope compo-
sitions (eyqq = —0.79 to +1.95) (Fig. S4). The
granites have more evolved Sr-Nd isotope com-
positions than KQAs. The KQAs and granites
have mantle-like zircon oxygen isotope com-
positions of 5.6%o 4 0.5%0 and 5.4%0 £ 0.6%0
(2 standard deviations [SD]), respectively
(Fig. 20).

DISCUSSION
Genesis of Kangqiong Adakites

Models for adakite genesis include (1) par-
tial melting of oceanic slab (Drummond et al.,
1996); (2) partial melting of thickened, delam-
inated, or subducted continental crust (Wang
et al., 2008); and (3) fractional crystallization
of mafic magmas (Castillo et al., 1999). The
KQAs could have been generated by model 1,
as explained below.

A previously hypothesized Middle Jurassic
SQT-LT collision was based mainly on an angu-
lar unconformity in the northeastern Nyima area
of Tibet (Fig. 1B; Ma et al., 2017). However,
its significance is ambiguous (Ma et al., 2017):
Jurassic sediments in the SQT show no distinc-
tive LT sedimentary provenance, indicating that
no exotic component entered the trench, and no
fossil or absolute age constraints exist for this
unconformity. In fact, recent tectonic, sedimen-
tary, magmatic, and paleomagnetic data suggest
the Bangong-Nujiang Ocean was still open dur-
ing the Middle to Late Jurassic and closed dur-
ing the Early Cretaceous (Hao et al., 2019; Kapp
and DeCelles, 2019; Lai et al., 2019; Cao et al.,
2020), indicating the ca. 155 Ma KQAs were
generated in an arc setting.

Because model 2 commonly occurs in post-
collisional, or within-plate, settings, it may be
safely excluded. Moreover, the KQAs have
lower K,O, higher Mg# (Fig. S3A and S3B),
and higher ey, values than continental crust—
derived adakitic rocks (Fig. S4). A slightly
positive correlation between initial ¥’Sr/%Sr
and MgO (Fig. S6C) is also inconsistent with
delaminated lower crustal melting.

Fractional crystallization (model 3) seems
unlikely, as evidenced by small KQA major
element variations (Fig. S3A and S3B), neg-
ligible Eu negative anomalies (Fig. S3C), and
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no remarkable positive correlation between
St/Y, (Dy/Yb)y (N—chondrite normalized),
and SiO, (Fig. S5). An absence of substantial
coeval mafic magma (Zhu et al., 2016; Hao
et al., 2019) also does not support extensive
fractional crystallization.

Lines of evidence indicate the KQAs have a
subducted slab origin. The KQAs are similar to
typical adakites (e.g., Drummond et al., 1996) in
terms of their high SiO,, Na,O, Mg#, St/Y, and
La/YDb (Castillo et al., 1999), and their mantle-
like zircon 830 values (~5.5%o; Fig. 2C) are
similar to those of oceanic slab—derived ada-
kites (Bindeman et al., 2005). The high MgO
and Mg# could have resulted from assimilation
of mantle peridotite by slab melts (Rapp and
Watson, 1995).

Nevertheless, variable amounts of continen-
tal crust must have been present in the source
region of the KQAs. Their Sr-Nd isotope compo-
sitions and high Th/Ce and Th/La ratios (>0.3)
(Figs. S6A and S6B) may have been inherited
from continental crust instead of magma mix-
ing, crustal assimilation, or sediment melting.
An absence of mafic enclaves, hybrid schlie-
ren (irregular streaks), and quenching textures
(Fig. S1) excludes a magma mixing scenario. A
slightly positive correlation between KQA Sr
isotopes and MgO and no obvious correlation
between ey, and SiO, contents (Figs. S6C and
S6D), combined with mantle-like zircon oxygen
isotope compositions (Fig. 2C), argue against
significant crustal contamination. Sediment
melts have higher K,O contents and K,0/Na,O
ratios (Johnson and Plank, 2000) than the KQAs
(Figs. S6E and S6F). In addition, the depleted
Nd isotopic compositions of the KQAs contrast
with those of subducted sediment—derived, ca.
162 Ma, high-Mg andesites (Fig. S4). Con-
versely, the KQAs have Pb isotope composi-
tions marginally similar to those of the lower
crust of the SQT (Li et al., 2016), which implies
at least part of the continental crust signal could
have been inherited from the overlying plate.

Constraints on Melting Conditions

Melting of a hydrated source is suggested for
the formation of the KQAs based on the follow-
ing evidence (Drummond et al., 1996; Prouteau
et al., 1999). First, abundances of amphibole
and biotite indicate high magma H,O contents.
Second, the Na,O-rich character of the KQAs
(Fig. 2A) is similar to that of trondhjemitic
pegmatites, which originate as melts of garnet
amphibolite under high aH,O (activity of H,0)
(Sorensen, 1988). Their Fe,O;' (t—total) con-
tents and CaO/Na,O (Fig. S7) overlap those of
melts of water-saturated basaltic rocks (Beard
and Lofgren, 1991). Furthermore, the low zircon
saturation temperatures (694—742 °C; Table S2)
also reflect hydrated melting (Rapp and Wat-
son, 1995). In addition, the high Sr/Y and Sr
contents and weak Eu anomalies indicate the
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breakdown of plagioclase, consistent with the
inferred high water content (Richards et al.,
2012). Melting of hydrated source agrees with
numerous experimental studies (Rapp and Wat-
son, 1995; Prouteau et al., 1999) and a basalt
(aH,0O > 0.6) solidus located between 650 and
800 °C at 1.0-3.5 GPa pressure range (Fig. 3A;
Schmidt and Poli, 1998).

The KQAs were likely generated by partial
melting of garnet amphibolite. Their St/Y arrays
coincide with partial melts of mid-oceanic ridge
basalt (MORB) with garnet amphibolite restite
(Fig. 2B; Drummond et al., 1996). Their highest
St/Y (up to 85) implies hydrous basalt melting
pressures <2.5 GPa (Laurie and Stevens, 2012).
Low HREE andY contents and depletions in Nb
and Ta (Fig. S3D) require garnet and rutile in the
residue, which indicates a melting pressure of
at least 1.5 GPa (e.g., Rapp and Watson, 1995;
Xiong et al., 2011). Therefore, the applicable
pressure-temperature conditions for slab melting
are suggested to be at 1.5-2.5 GPa and 700-800
°C (Fig. 3A; Drummond et al., 1996).

Constraints on Subduction Erosion

The continental crust fingerprints and high
H,O content required for the generation of the
KQAs could have been provided by hydrated
forearc crust material. Descending slab devola-
tilizes efficiently in the shallow forearc region
(Schmidt and Poli, 1998). This results in an
increase of deep fluid overpressuring that may
accentuate hydrofracturing, thus weakening the
underside of the overriding plate and leading
to locally enhanced subduction erosion (e.g.,
Bourgois et al., 1996). These hydrated and frag-
mented forearc crustal materials are carried by
the descending slab into the deep mantle.

The KQAs are exposed <20 km north of
the BNS (Fig. 1). Three potential factors may
be responsible for their location relative to the
BNS: (1) steep slab subduction, (2) crust short-
ening related to continental collision, or (3)
forearc crust truncation associated with sub-
duction erosion.

Hypothesis 1 seems implausible. Given the
~20 km arc-trench distance and the inferred
1.5-2.5 GPa melting pressure, the required slab
dip angle would span >63° to 76°. Steep sub-
duction does commonly occur where the sub-
ducted plate is old and cold enough. The age
difference (~25 m.y.) between the KQAs (ca.
155 Ma) and MORBSs of the BNS (ca. 180 Ma;
Zhu et al., 2016), however, does not support
such a hypothesis (Drummond et al., 1996). In
fact, arc-trench distances >150 km commonly
occur in active convergent margins even where
the downgoing slab has a high dip angle (~80°;
Dzierma et al., 2011).

Scenario 2 also appears to be implausible.
First, no continent collision-related (ultra)high-
pressure metamorphic rocks (e.g., eclogite)
occur in the BNS, which indicates a soft colli-
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Figure 3. (A) Pressure-temperature (P-T)
conditions for genesis of adakitic melts.
Bold solid curve SP98 denotes solidus of
water-saturated mid-oceanic ridge basalt;
that curve and the garnet-in phase boundary
are after Schmidt and Poli (1998); wet basalt
solidus and others are after Drummond et al.
(1996); dashed pink field is potential melt-
ing P-T space of Kangqiong adakites (KQAs;
Tibet). (B) Perpendicular distance between
Jurassic-Cretaceous arc rocks in the south-
ern Qiangtang terrane and Bangong-Nujiang
suture. Star shows KQAs. All cited age data
are listed in Table S5 (see footnote 1).

sion (Zhu et al., 2016). Hence, limited crustal
shortening is expected. Second, only ~90 km
crustal shortening related to post-emplacement
collision events in the Nyima area has been dem-
onstrated (Kapp et al., 2007), but this is still
not enough given typical arc-trench distances
of >150 km. Third, the late Early Cretaceous
SQT magma pulse has been explained by slab
rollback (e.g., Hao et al., 2019). If true, then
juxtaposition with the Jurassic arc would require
additional shortening beyond that estimated to
result from collision. Furthermore, the lack of
deformation in the Kangqiong pluton (Fig. S1)
also implies limited crust shortening.
Truncation of forearc crust resulting from
subduction erosion (scenario 3) is supported
by several lines of evidence. The significant ca.
175 Ma and ca. 154 Ma detrital zircon popula-
tions of SQT Jurassic sediments (Fig. S8) sug-
gest intensive arc magmatism (Ma et al., 2017),
yet coeval arc rocks are rare (e.g., Hao et al.,
2019). Such a discrepancy implies arc consump-
tion by subduction erosion. The Jurassic zircon
content was reduced to <5% in the Cretaceous
sediments (Fig. S8A). Similar observations have
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Figure 4. Cartoon of the subduction erosion model (modified after von Huene et al., 2004). (A)
Generation of Middle Jurassic arc; positive topographic relief on the incoming slab could be
a cause of later subduction erosion. (B) Forearc materials removed from the toe of the upper
plate have been involved in arc source melting, which was accompanied by forearc crust trun-
cation and frontal-arc migration toward the hinterland. (C) Observed short arc-suture distance

could be a consequence of subduction erosion. BNS—Bangong-Nujiang suture.

been attributed to consumption of an early arc
due to subduction erosion (Grove et al., 2008).
Secondly, the ca. 174—168 Ma rapid subsidence
in the SQT forearc basin, from shallow-marine
limestone to deep-sea turbidite depositional
environments (Ma et al., 2017), is also com-
patible with crustal thinning associated with
subduction erosion (Kopp et al., 2006; Vannuc-
chi et al., 2013). Finally, subduction erosion is
invoked to explain the ca. 177 Ma high-pressure
granulite metamorphism (Zhang et al., 2017).
Whereas active-spreading-ridge subduction
seems unlikely, given the absence of coeval SQT
high-Mg andesites, A-type granites, and ocean
island basalt-like rocks (Hao et al., 2019), the
spatial and temporal relationships in the Juras-
sic arc (Fig. 3B) are consistent with subduc-
tion erosion (Fig. 4). Migration of the Juras-
sic arc front toward the continental interior
and the following magmatic lull can be recon-
ciled by subduction of buoyant crust and posi-
tive relief on the oceanic slab (e.g., Kay et al.,
2005; Goss et al., 2013); e.g., an oceanic pla-
teau (Hao et al., 2019). Similar events gener-
ated the late Cenozoic adakite-like andesites in
the Chilean-Pampean flat-slab subduction zone
(Goss et al., 2013). Subduction of these major
topographic anomalies not only narrowed the
mantle wedge (it ultimately disappeared), and

ended arc magmatism (Fig. 3B; Kay et al., 2005;
Goss et al., 2013), but also resulted in forearc
retreat as indicated by a narrow arc-trench gap
(Kopp et al., 2006).

IMPLICATIONS

In the fossil BNS, central Tibet, the anoma-
lously short arc-suture distance combined with
arc frontal migration and other independent
geological observations can be explained well
by a subduction erosion model. The present
case has provided the first solid magmatic evi-
dence for crustal mass recycling by subduction
erosion in a fossil subduction zone. Given the
Cenozoic cases from active subduction zones
(Bourgois et al., 1996; von Huene et al., 2004;
Kopp et al., 2006; Goss et al., 2013), we sug-
gest that subduction erosion is commonplace
and has been important for crustal material
recycling since the initiation of slab subduc-
tion beneath continents.
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