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Abstract Subduction erosion is confirmed as a crucial geodynamic process of crustal recycling based on
geological, geochemical, and geophysical observations at modern convergent plate margins. So far, not a
single metamorphic record has been used for constraining a general tectonic evolution for subduction ero-
sion. Here we first revealed metamorphic records for a subduction erosion process based on our study of
the Late Paleozoic garnet-staurolite-muscovite schists in the central Qiangtang block, Tibet. Provenance
analyses suggest that the protoliths of garnet-staurolite-muscovite schists have the Northern Qiangtang-
affinity and were deposited in an active continental margin setting. Mineral inclusion data show that the
early metamorphic stage (M1) recorded blueschist facies pressure-temperature (P-T) conditions of 0.8–1.1
GPa and 402–4418C, indicating that a part of the material from the overriding plate had been abraded into
the subduction channel and undergone high-pressure/low-temperature metamorphism. The peak meta-
morphic stage (M2) recorded amphibolite facies P-T conditions of 0.3–0.5 GPa and 470–5208C. The 40Ar/39Ar
cooling ages (263–259 Ma) yielded from muscovite suggest the amphibolite facies metamorphism (>263
Ma) occurred at oceanic subduction stage. The distinctly staged metamorphism defines a clockwise and
warming decompression P-T-t path which reveals an underplating process following the early subduction
erosion. During the tectonic process, the eroded low-density material escaped from the cold subduction
channel and rise upward into the warm middle-lower crust of the upper plate, undergoing amphibolite
facies metamorphism. Our new results revealed a complete evolutional process from the early subduction
erosion to the subsequent underplating during the northward subduction of the Paleo-Tethys Ocean.

1. Introduction

Subduction erosion, by frontal and basal removal of crustal material from the overriding plate, is widely
accepted as a fundamental process of crustal recycling at nearly all current convergent plate margins [von
Huene and Scholl, 1991; Ranero and von Huene, 2000; von Huene et al., 2004; Scholl and von Huene, 2009].
Globally, it accounts for nearly one-third of the �5.25 km3 of continental crust recycled back into the mantle
annually among a series of crustal consumption processes (e.g., continental delamination, continental colli-
sion, and loss of chemical solute) [Clift et al., 2009; Stern, 2011]. Previous researches focused on the identifi-
cation of subduction erosion in active continental margins, the mechanisms causing the subduction
erosion, and the implications for supercontinent cycle and arc magmas [von Huene and Scholl, 1991; Ranero
and von Huene, 2000; von Huene et al., 2004; Goss and Kay, 2006; Vannucchi et al., 2013; Tonarini et al., 2011;
Scholl and von Huene, 2009; Clift et al., 2009; Stern, 2011; Holm et al., 2014; Zhang et al., 2012; Liu et al., 2014].
However, the general tectonic evolution and recycling process of materials abraded by subduction erosion
remain enigmatic. This is partially due to a lack of crucial metamorphic records (P-T-t paths) which can
reveal a complete tectonic evolutionary history for a general subduction erosion process.

The Qiangtang block in central Tibet exposes a >500 km long, east-west trending tectonic m�elange belt
(QTMB) (Figure 1), which recorded the long-time subduction and final closure history of Paleo-Tethys Ocean
[Kapp et al., 2000; Zhang et al., 2006a, 2006b, 2014b, 2014c, 2016; Zhai et al., 2011a, 2011b, 2013a, 2016;
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Jiang et al., 2015; Metcalfe, 2013]. It seems to be an ideal natural laboratory for investigating crustal recy-
cling associated with the subduction factory. The QTMB is dominated by low-temperature/high-pressure
(LT/HP) (e.g., eclogites and blueschists) and low-temperature/low-pressure (LT/LP) (greenschist facies)
metamorphic rocks [Li and Zheng, 1993; Li et al., 2006; Kapp et al., 2000, 2003; Pullen et al., 2008; Zhang
et al., 2006a, 2006b; Tang and Zhang, 2014; Zhai et al., 2011a]. Here we report a set of amphibolite facies
metamorphic rocks (garnet-staurolite-muscovite schists) related to the evolution of Paleo-Tethys Ocean
from the Xiangtao Lake area, in central Qiangtang, Northern Tibet. This paper is to give a detailed account
of the petrological features, mineralogical data, detrital zircon ages, and 40Ar/39Ar dating for these meta-
morphic rocks. The results were used to constrain a distinct metamorphic record which revealed a com-
plete evolutional history of a process from the early subduction erosion to the subsequent underplating
process during the northward subduction of the Paleo-Tethys Ocean.

Figure 1. (a) Sketch map of Tibet (modified after Zhai et al. [2011a]), showing the distribution of the main suture zones. (b) Simplified geological map of the Qiangtang area, central Tibet
(adapted from Zhang et al. [2014a, 2016]). (c and d) Stereographic plots (equal-area, lower hemisphere projection) showing the schistosity orientations of the Grt-St-Ms schists (c) and
the LT/HP (LP) metamorphic rocks (d) from the central Qiangtang Block. JSSZ 5 Jinsha Suture Zone; LSSZ 5 Longmu Co-Shuanghu Suture Zone; BNSZ 5 Bangong-Nujiang Suture Zone;
IYZSZ 5 Indus-Yarlung Zangbo Suture Zone. The metamorphic and magmatic ages are from: Zhai et al. [2011a, 2013a], Deng et al. [2000], Pullen et al. [2008], Tang and Zhang [2014], Jiang
et al. [2014], and Zhang et al. [2014a, 2016].
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2. Geological Setting and Field Occurrence

Tibet is composed of several continental blocks (Figure 1) that progressively accreted to Asia as a result of the
closure of the intervening Tethyan oceans (Paleo-Tethys to Ceno-Tethys) throughout the Paleozoic to Mesozoic
Eras [Yin and Harrison, 2000; Metcalfe, 2013; Zhu et al., 2013]. The Qiangtang block is situated in the central part
of the Tibetan Plateau, which is bounded by the Bangong-Nujiang suture zone to the south and the Jinsha
suture zone to the north (Figures 1a and 1b) [Yin and Harrison, 2000]. The Qiangtang block is subdivided into
the Northern and Southern Qiangtang blocks (NQB and SQB) with different affinities by Longmu Co-Shuanghu
Suture zone (LSSZ) [Li, 1987; Li and Zheng, 1993; Metcalfe, 2013]. To the north side of the LSSZ, the NQB consists
mainly of Late Devonian to Triassic sedimentary sequences, most of which have been overlain by Jurassic to
Cenozoic sedimentary rocks [Li, 1987; Li and Zheng, 1993]. Some Late Paleozoic sedimentary rocks contain abun-
dant warm-water fossils of a Cathaysian affinity [Li and Zheng, 1993; Zhang et al., 2009; Peng et al., 2014]. In con-
trast, the SQB is characterized by Carboniferous to Permian glaciomarine deposits with cold-water biota, which
are typical indicators of a Gondwanan affinity [Li and Zheng, 1993; Metcalfe, 2013; Fan et al., 2015]. The LSSZ, first
proposed by Li [1987] as an in situ Triassic suture zone (Figures 1a and 1b), is composed of blueschists, eclogites,
ophiolites, OIB-type basalts, metasedimentary rocks, and minor chert [Kapp et al., 2000, 2003; Li et al., 2006;
Zhang et al., 2006a, 2006b; Zhai et al., 2011a, 2013a, 2016; Zhang et al., 2014b, 2016], and it continues to be
regarded as the relic of the main Paleo-Tethys Ocean [Zhai et al., 2011a, 2011b, 2013a; Metcalfe, 2013; Zhu et al.,
2013; Zhang et al., 2016]. The timing of closure of the Paleo-Tethys Ocean and continental collision has been
constrained as Middle to Late Triassic based on paleolatitude [Song et al., 2015], ages of LT/HP rocks [Zhai et al.,
2011a; Pullen et al., 2008], and postcollision magma [Zhang et al., 2014c].

The Xiangtao Lake area, located in the western segment of the LSSZ (Figures 1b and 2), is a complex consist-
ing of Carboniferous-Permian ophiolites, blueschists, Ordovician metasedimentary rocks, and Early Paleozoic
basic amphibolites-high-pressure granulites (middle-lower crust of Northern Qiangtang) [Zhang et al., 2014a,
2016] overlain by Triassic to Cenozoic unmetamorphosed sedimentary rocks (Figures 2a and 2b). The garnet-
staurolite-muscovite (Grt-St-Ms) schists newly discovered in the Xiangtao Lake area are distributed in a
8–10 km long by �1 km wide, NE-SW trending belt, and is in fault contact with the Ordovician metasedimen-
tary rocks to the northwest, and with Early Paleozoic high-pressure granulites and amphibolites to the
southeast [Zhang et al., 2014a, 2016] (Figures 2a and 2b). The Grt-St-Ms schists are characterized by the occur-
rence of amphibolite facies diagnostic minerals (e.g., staurolite) with NE-SW trending penetrative schistosity
(S2). These features (Figure 1c) are inconsistent with the vast majority of rocks in the QTMB which have gener-
ally experienced LT/HP and LT/LP metamorphism with the main W-E trending schistosity (Figure 1d).

3. Sample Description and Petrography

The Grt-St-Ms schists investigated here are mainly composed of muscovite (Ms) (30–35 vol %), quartz (Qtz)
(25–30 vol %), garnet (Grt) (10–15 vol %), staurolite (St) (10–15 vol %), biotite (Bt) (�7 vol %), plagioclase (Pl)
(�5 vol %), phengite (Phen) (<5 vol %), K-feldspar (Kfs) (<5 vol %), and minor accessory mineral (e.g., mona-
zite, zircon) (Figures 3a–3d). In samples L1217 and TL21, minor fine-grained phengite (PhenI) and oriented
quartz (QtzI) occurs as small inclusions in the mantle of garnet porphyroblasts which define the early schis-
tosity (S1) (Figure 3b). Inclusion trails (S1) are oriented at a high angle to the matrix schistosity (S2) that is
defined by muscovite, staurolite porphyroblast, quartz, and biotite in the matrix. In samples L1205 and
L1218, the relic early schistosity (S1) are defined by minor relic phengite in the matrix which are also orient-
ed at a high angle to the main schistosity (S2) (Figure 3d).

4. Results

Analytical methods are described in the supporting information Text S1. The representative mineral compo-
sitions, zircon U-Pb data, 40Ar/39Ar dating data, and the calculation results of P-T conditions for the Grt-St-
Ms schists are listed in the supporting information Tables S1–S4, respectively.

4.1. Mineral Compositions
4.1.1. Garnet
Garnet porphyroblasts from the Grt-St-Ms schists are euhedral to subhedral and have been rotated by
shearing along the main schistosity (S2) (Figure 3c), suggesting that they were mainly formed in the early
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metamorphic stage. They are characterized by high FeO, low MgO, and varying CaO and MnO contents
(supporting information Table S1), and show irregular compositional zoning (Alm79–83Prp9–11Grs4–12Sps0.1–4).
Compositional map of a garnet porphyroblast from a representative sample (TL21) reveal a decrease spessar-
tine from core (3–4 mol %) to rim (0.1–0.6 mol %), and nearly homogeneous pyrope (9–11 mol %) and

Figure 2. (a) Geologic maps of the Xiangtao Lake areas, showing outcrops of the garnet-staurolite-muscovite schists and the sample locations for zircon U-Pb and 40Ar/39Ar dating (mod-
ified from Zhang et al. [2014a]). The dashed lines (AB, CD, and EF) are cross sections; (b) structural cross-sections for Xiangtaohu area from central Qiangtang, Tibet (modified from Zhang
et al. [2016]).
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almandine content (79–83 mol %) (Figure 4a). Furthermore, the garnets have varying grossular contents (4–
12 mol %) and their mantle close to the inclusions (PhenI 1 QtzI) generally have the highest Ca contents
(Xgrs 5 10–12).
4.1.2. White Micas
The white micas from the Grt-St-Ms schists include phengites and muscovites. The phengites occur as small
inclusions in garnet porphyroblasts or minor relic minerals in the matrix, and they formed the early schistos-
ity (S1). They are characterized by low Al2O3 (26.14–29.13 wt %) and high Si values (3.45–3.56 p.f.u. [per for-
mula units]) (supporting information Table S1). Their compositions are similar to those in the LT/HP rocks
resulted from oceanic subduction from the QTMB (e.g., eclogites, blueschists, and garnet-phengite schists)
(Figure 4b). In contrast, the white micas in the matrix are dominated by muscovite in intergrowths with
staurolite and biotite, suggesting a mineral assemblage of medium temperature and pressure condition.
Meanwhile, they have relatively high Al2O3 (35.56–36.72 wt %) and lower Si values (3.12–3.17 p.f.u.), which
are similar to those in rocks formed in amphibolite facies (Figure 4b).
4.1.3. Staurolite
Staurolite porphyroblasts are euhedral to subhedral prismatic in shape, which defines an axial planar matrix
schistosity (S2). They have varying SiO2 (25.92–28.83 wt %), and R21 (Mg 1 Fe 1 Zn 1 Mn 1 Co 1 Ni) con-
tents (Figure 4c), and A12O3 (49.76–57.42 wt %), TiO2 (0.25–0.50 wt %), and XMg (0.12–0.16). The cores of
staurolites are characterized by the relatively high Al (17.67–18.26 p.f.u.) and low Si values (7.41–7.71 p.f.u.),

Figure 3. (a) Field photographs showing the occurrences of the Grt-St-Ms schists from the Xiangtao Lake area. (b) In the early blueschist facies, the index mineral assemblage (M1) of
phengite (PhenI) and oriented quartz (QtzI) occur as small inclusions in garnet porphyroblasts and define the early schistosity (S1). S1 Inclusion trails are oriented at a high angle to the
matrix schistosity (S2) (plane polarized light photomicrograph). (c) The peak mineral assemblage of muscovite 1 staurolite 1 biotite 1 quartz 1 plagioclase 6 potassium feldspar
identified in the matrix of the Grt-St-Ms schists which define the main schistosity (S2) (crossed polarized light photomicrograph). (d) The relic early schistosity (S1) is defined by minor relic
phengite in the matrix which are also oriented at a high angle to the main schistosity (S2) (back-scattered electron images).
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which are consistent with the charac-
teristics of ordinary amphibolite facies
staurolites [Hiroi et al. 1994]. By com-
parison, the rims of staurolites have
relatively low Al (16.68–17.74 p.f.u.)
and high Si values (7.89–8.30 p.f.u.)
which may be modified by retrograde
metamorphism during late cooling
stage.
4.1.4. Other Minerals
Biotite occurs in the matrix as fine-
grained scales, and is characterized by
XMg values ranging from 0.31 to 0.36 and
TiO2 contents varying from 1.22 to 1.44
wt %. Plagioclase and K-feldspar occur as
fine-grained crystals in the quartz-rich
layers of the matrix. Plagioclase’s
composition is An46–48Ab50–51Or2–3, and
K-feldspar has a composition of
An0Ab4–8Or96–98.

4.2. Detrital Zircon Age Distribution
Most zircon grains from Grt-St-Ms
schist samples (TL21 and L1205) are of
magmatic origin, exhibiting variable
grain sizes of �80 to 200 lm and clear
oscillatory zoning in cathodolumines-
cence (CL) images (Figures 5b and 5d).
Some magmatic zircons are sur-
rounded by metamorphic rims (2–5
lm) with moderate-luminescence to
high-luminescence (Figure 5d) but the
rims are too narrow to be analyzed. All
the detrital zircon age data yield from
magmatic zircon grains are presented
in supporting information Table S2
and exhibited in Figure 5. The
207Pb/206Pb ages were used for those
older than 1000 Ma, and 206Pb/238U
ages were used for younger zircons.
Meanwhile, all the results cited in this
study exclude analyses with >10% dis-
cordance [Gehrels et al., 2011]. The
sample L1205 yielded ages ranging
from 346 to 2389 Ma which have a
main peak at ca. 360 Ma and a sub-
peak at 452 Ma (Figures 5a and 5b).
The sample TL21 have the similar detri-
tal zircon spectra (2272–349 Ma), main
peak (ca. 357 Ma), and subpeak (ca.

422 Ma) (Figures 5c and 5d). These age distribution patterns are almost exactly the same as those from the
Early Carboniferous strata in the Northern Qiangtang Block [Peng et al., 2014].
4.3. 40Ar/39Ar Dating Results
The results of 40Ar/39Ar dating are shown in supporting information Table S3. The muscovite samples from
Grt-St-Ms schists yielded well-defined plateau ages of 258.9 6 1.6 Ma (L1217) and 263.3 6 1.8 Ma (L1218)

Figure 4. (a) Core-rim compositional profile for the garnet porphyroblasts from the
Grt-St-Ms schists. (b) Relationship between FeO and Al2O3 of white mica, showing
variations of white mica formed under different metamorphic conditions. (c) Plot of
Al 1 Ti versus Si 1 R21 (Fe, Mg, Zn, Mn, Co, Ni) of staurolites. The data of granulite-
facies and amphibolite-facies staurolites are from Hiroi et al. [1994].
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(Figure 6). The initial 40Ar/36Ar values for these two samples (L1217 and L1218) are consistent with the
atmospheric value (295.5) within analytical error (supporting information Figure S1). This and the agreement
between the plateau and isochron ages (Figure 6 and supporting information Figure S1) indicate the
absence of an excess argon component in the muscovite.

5. Discussion

5.1. Thermobarometric Evaluation
Based on inclusions, mineral textures, and mineral chemistry, two metamorphic stages for Grt-St-Ms schists have
been recognized: the early LT/HP metamorphic assemblage (M1), and the peak amphibolite facies assemblage (M2).

The early metamorphic stage (M1) is represented by inclusion assemblages of fine-grained phengite and ori-
ented quartz within the Ca-rich mantle of garnet porphyroblasts (Figures 3b and 3d). The P-T conditions are
calculated from thermometers for garnet 1 phengite [Krogh and Råheim, 1978] and phengite geobarometry
[Velde et al., 1967; Massonne and Schreyer, 1987], utilizing the compositions of phengite and the adjacent Ca-
rich garnet mantle. The Grt-St-Ms schist samples yielded a P-T range of 0.8–1.1 GPa and 402–4418C (support-
ing information Table S4), which is representative of the metamorphic conditions during the blueschist facies
prograde metamorphism stage (M1).

The characteristic peak mineral assemblage is staurolite 1 muscovite 1 garnet (rim) 1 biotite 1 quartz 1

plagioclase 6 potassium feldspar. The P-T conditions have been calculated using thermometers for

Figure 5. Zircon U-Pb concordia diagrams and cathodoluminescence (CL) images for Grt-St-Ms schists (L1205 and TL21) from the central Qiangtang Block, central Tibet.
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garnet 1 muscovite [Krogh et al., 1978],
Ti-in-muscovite thermometers [Wu and
Chen, 2015], and geobarometers for
the garnet 1 muscovite 1 plagioclase 1

quartz assemblage [Wu and Zhao, 2006].
The samples investigated in this study
yielded a P-T range of 0.3–0.5 GPa and
470–5208C (supporting information Table
S4), representing the peak P-T conditions
of the amphibolite facies stage (M2).

5.2. Provenance Analysis: Fossil
Active Continental Margin
Compilations of crystallization ages for
detrital zircons from the Grt-St-Ms
schist samples (TL21 and L1205) and
the Early Carboniferous strata (Riwan-
chaka formation, C1r) of the Northern
Qiangtang Block [Peng et al., 2014]
show extremely similar patterns of
peaks (�360 Ma) and troughs,
although with slight variations in the
relative amplitudes of the subpeaks
(Figure 7). This similarity of detrital zir-
con age patterns suggests that the zir-
cons have a similar clastic source. It is
noteworthy that a large proportion of
detrital zircons with ages of ca. 360 Ma
from both the Grt-St-Ms schists and
the Early Carboniferous strata of the
Northern Qiangtang Block [Peng et al.,
2014] are euhedral to subhedral in
shape and exhibit good oscillatory
zoning, which is a typical feature of
magmatic zircons from intermediate-
acidic magmas (Figure 5) [Hoskin and

Black, 2000]. Based on the available data, the early Carboniferous magmas are only distributed in the North-
ern Qiangtang Block (arc volcanic lava, �350 Ma), which is regarded as the result of northward subduction
of the Paleo-Tethys Ocean [Jiang et al., 2015]. So far, the Early Carboniferous magmas and even the individu-
al detrital zircon grains with Carboniferous ages are absent from the Southern Qiangtang Block (Figure 7).
Hence, the protoliths of the Grt-St-Ms schists should have the Northern Qiangtang-affinity.

Detrital zircon spectra are also regarded as indicators of tectonic settings of the basin in which the zircons
are deposited [Cawood et al., 2012]. Generally, samples from the Early Carboniferous strata of the Northern
Qiangtang Block [Peng et al., 2014] are characterized by a majority of zircon ages approaching the time of
sediment accumulation (measured crystallization age [CA]—depositional age [DA]< 100 Ma at 30% of the
zircon population, Figure 8), which is consistent with an active continental margin setting (Figure 8)
[Cawood et al., 2012]. Synsedimentary arc magmatic activity [Jiang et al., 2015] is likely the source of the
youngest detrital zircon grains. In contrast, samples from the Carboniferous-Permian strata of the Southern
Qiangtang Block [Fan et al., 2015; Gehrels et al., 2011] contain more zircons with older ages (CA–DA> 150
Ma at 5% of the zircon population, Figure 8) that mainly derived from the underlying basement and is indic-
ative of a passive continental margin setting [Cawood et al., 2012]. The Grt-St-Ms schist samples with
unknown origins (TL21 and L1205) in this study contain a large proportion of zircon grains (>30%) with
ages within 100 Ma (CA–DAmax) and 150 Ma (CA–DAmin) of the host sediment, if the youngest detrital zircon
grains (mean 5�350 Ma, n 5 3) and 40Ar/39Ar cooling ages (ca. 261 Ma) were used as maximum and

Figure 6. 40Ar/39Ar plateau and isochronal ages for the muscovite samples from
the Grt-St-Ms schists (L1217 and L1218).
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Figure 7. Summary of detrital zircon age distributions from standard strata of the (a and b) Southern and (c and d) Northern Qiangtang
Blocks [Gehrels et al., 2011; Fan et al., 2014; Peng et al., 2014] and (e) metamorphic rocks (this study).

Figure 8. Discrimination diagrams of detrital zircon age patterns for determining their tectonic settings (modified from Cawood et al.
[2012]). (a) convergent (red field); (b) collisional (blue field); (c) extensional (yellow field).
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minimum depositional ages (DAmax and DAmin), respectively (supporting information Table S4 and Figure
8). These features are consistent with an active continental margin and/or collisional setting, but apparently
opposite to a passive margin setting [Cawood et al., 2012]. Considering that the Paleo-Tethys Ocean closed
and continental collision occurred during the Late Triassic [Song et al., 2015; Zhai et al., 2011a; Pullen et al.,
2008; Zhang et al., 2014c], the late Permian collisional setting can be ruled out.

In summary, the Grt-St-Ms schist samples (TL21 and L1205) have remarkably similar detrital zircon spectra
to those from the Carboniferous strata of the Northern Qiangtang Block, and contain a large proportion of
zircons with ages close to the time of sediment and synsedimentary arc magmatic activity [Jiang et al.,
2015]. These features suggest that the protoliths of the Grt-St-Ms schists have the Northern Qiangtang-
affinity and were deposited in an active continental margin setting.

5.3. Metamorphic Records (P-T-t Path) of Subduction-Erosion
The petrographic textures, mineral compositions, thermobarometry, and 40Ar/39Ar data of the Grt-St-Ms
schists define a clockwise P-T-t path, including a distinct warming decompression stage which is significant-
ly different from those of LT/HP metamorphic rocks (eclogites and blueschists; summarized in Figure 9a) in
the central Qiangtang Block [Zhai et al., 2011a; Tang and Zhang, 2014]. The early blueschist facies were
determined to have P-T conditions of 0.8–1.1 GPa and 402–4418C (low gradient of �108C/km), which were
estimated from the phengite (inclusion) 1 quartz (inclusion) 1 Ca-rich garnet assemblage (M1), suggesting a
typical subduction zone setting [e.g., Ernst, 1988; Stern, 2005]. Moreover, the protoliths of the Grt-St-Ms
schists have the Northern Qiangtang-affinity and the Northern Qiangtang block continues to be regarded
as an active continental margin setting based on occurrence of the arc magmatic activities [Yang et al.,
2011; Zhai et al., 2013b; Jiang et al., 2015]. These new results suggest that a part of the crustal material from
the overriding plate had been abraded into the subduction channel, subducted to a depth of �40 km, and
undergone LT/HP metamorphism (Figure 9b). This provides robust evidence of subduction erosion during
the northward subduction of the Paleo-Tethys Ocean.

Figure 9. (a) P-T-t path for Grt-St-Ms schists (orange arrow) from the central Qiangtang Block, central Tibet. The geotherms and the metamorphic facies fields are after Zhai et al. [2011a].
The Grt-St-Ms schists are distinguished by a clockwise and warming decompression P-T-t path which is significantly different from those of eclogites (purple arrow, Zhai et al. [2011a])
and blueschist (blue arrow, Tang and Zhang [2014]). (b) Cartoon illuminating the subduction erosion in response to the subduction of seamounts (or oceanic islands) during the ongoing
northward subduction of the Paleo-Tethys Ocean. (c) The distinct metamorphic evolution (P-T-t path) of Grt-St-Ms schists reveals an underplating process by which the low-density
materials escaped from the cold subduction channel (�108C/km) and intruded into the hot middle-lower crust of the overriding plate (>258C/km) and underwent amphibolite facies
metamorphism. The geothermal gradients (white line) of the subduction channel and the overriding plate are estimated from the LT/HP metamorphic rocks [Kapp et al., 2000; Li et al.,
2006; Zhang et al., 2006; Zhai et al., 2011a; Tang and Zhang, 2014] and the Early Paleozoic basic amphibolites-high-pressure granulites (middle-lower crust of Northern Qiangtang) [Zhang
et al., 2014a], respectively.
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Subduction erosion has been accepted as a fundamental process which thins and reduces the volume of
the wedge above the subducted plate through the frontal erosion and/or basal erosion processes [von
Huene and Scholl, 1991; Ranero and von Huene, 2000; von Huene et al., 2004; Stern, 2011]. Its mechanisms
mainly include: (1) hydrofracturing of the upper plate’s framework rocks due to fluid overpressure
(detached from the subducted oceanic crust) in and above the subduction channel [e.g., Stern, 2011]; (2)
large subduction zone earthquakes [e.g., Wang et al., 2010]; and (3) subduction of buoyant features such as
oceanic ridges, seamounts, and oceanic island arcs [e.g., Kukowski and Oncken, 2006; Stern, 2011]. In particu-
lar, subduction of buoyant features can result in rapid pulses of subduction erosion by the disaggregation
of the framework rocks of the upper plate, enhancing hydrofracturing, and widening the subduction chan-
nel [Stern, 2011; Vannucchi et al., 2013]. It is noteworthy that most blueschists reported in the central Qiang-
tang have been widely accepted as a result of the subduction of seamounts (or oceanic islands) based on
the geochemical and Sr-Nd isotopic characteristics [Kapp et al., 2000; Zhai et al., 2011b; Zhang et al., 2014b].
The ages of these blueschists have been constrained as Permian (282–275 Ma) and Late Triassic (227–215
Ma) based on 40Ar-39Ar and Lu-Hf isochronal dating [Deng et al., 2000; Zhai et al., 2011a; Pullen et al., 2008].
Hence, multiple subduction of seamounts (or oceanic islands) widely occurring in the Paleo-Tethys oceanic
crust could result in the significant subduction erosion process.

The peak metamorphic stage (M2) of the Grt-St-Ms schists, characterized by the mineral assemblage of
staurolite 1 muscovite 1 biotite 1 plagioclase 6 potassium feldspar 6 quartz, recorded amphibolite facies
P-T conditions of 0.3–0.5 GPa and 470–5208C (>258C/km) (Figure 9a). As the peak metamorphic tempera-
ture significantly higher than the 40Ar/39Ar closure temperature of muscovite [�4008C, Harrison et al., 2009],
the muscovite 40Ar/39Ar ages (263–259 Ma) should reflect the timing when the rocks had cooled from 470
to 5208C at peak metamorphic stage down to �4008C during the late exhumation process. The Ar-Ar iso-
chronal dating of muscovite provide a minimum age for amphibolite facies metamorphism (>263 Ma)
which is older than the timing of the closure of the Paleo-Tethys Ocean and the continental collision (Late
Triassic) [Song et al., 2015; Zhai et al., 2011a; Pullen et al., 2008]. Synthesizing the previous studies and our
new results, the amphibolite facies metamorphism (>263 Ma) could occur at oceanic subduction stage and
be a response to the underplating and/or diapir process following the early subduction erosion. The evi-
dence is listed as follows: (1) the peak P-T conditions of the Grt-St-Ms schists are significantly higher than
those of Ordovician to Jurassic sedimentary sequences from NQB which were unmetamorphosed or under-
went only greenschist-facies metamorphism [Li and Zheng, 1993; Li, 1987; Zhang et al., 2009; Peng et al.,
2014], but is consistent with those of rocks formed in middle-lower crust at depths of 20–30 km [Zhang
et al., 2014a]; (2) the near-isothermal decompression paths of eclogites and blueschists (Figure 9a) indicate
a rapid exhumation process along the cold subduction channel [Zhai et al., 2011a; Tang and Zhang, 2014].
In contrast, the distinct warming decompression P-T path (from M1 to M2) of Grt-St-Ms schists suggests the
rocks had been obviously heated during their ascent which is consistent with the tectonic processes of dia-
pir into warm middle-lower crust rather than exhumation along the cold subduction channel. Therefore, the
distinct P-T path of Grt-St-Ms schists reveal that the eroded materials experienced an underplating and/or
diapir process following the early subduction (M1) and underwent a strong overprinting of amphibolite
facies metamorphism (M2) within the warm middle-lower crust. The similar underplating and/or diapir pro-
cess in many other subduction zones have been recognized and accepted as a general geodynamic process
during subduction erosion [e.g., Bassett et al., 2010; Stern, 2011; Contreras-Reyes et al., 2014].

The significant subduction erosion in response to the subduction of seamounts (or oceanic islands) [Kapp
et al., 2000; Deng et al., 2000; Zhai et al., 2011b; Zhang et al., 2014b] would result in an influx of buoyant
materials eroded into the subduction channel. A sharp increase of buoyant materials in the subduction
channel could trigger a forced return flow of subducted materials to underplate beneath the toe of the
overriding plate [e.g., Cloos and Shreve, 1988; Gerya et al., 2002]. These low-density materials escaped from
the cold subduction channel and rise upward into the warm middle-lower crust of the overriding plate
under the influence of increasing buoyancy (Figure 9c). The disaggregation of the basement rocks of the
upper plate in response to the subduction of seamounts may enhance the subsequent underplating and/or
diapir of buoyant materials. The mechanism of this process is similar to the diapir and plumes in the mantle
wedge which transported buoyant m�elange rocks from the subduction channel to the source region of arc
magmas [Castro et al., 2010; Hasenclever et al., 2011; Marschall and Schumacher, 2012], but it occurred in the
much shallower depth (middle-lower crust rather than mantle wedge). The relatively hot (with higher
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geothermal gradient) middle-lower crust led to the amphibolite facies metamorphic overprint (M2) after the
early blueschist facies (M1) in the subduction channel, which defined the distinct clockwise and warming
decompression P-T-t paths (Figures 9a and 9c). In summary, the P-T-t paths of the Grt-St-Ms schists from the
central Qiangtang Block reveal a complete tectonic process including subduction erosion and the following
underplating process, which is consistent with the observations based on seismic data from the current
subduction erosion type continental margins [e.g., Bassett et al., 2010; Contreras-Reyes et al., 2014].

Based on the new petrological evidence above, significant subduction erosion processes have been recog-
nized during the northward subduction of the Paleo-Tethys Ocean. The new interpretation in this study is
consistent with many geological observations in central Qiangtang, such as the generally large-scale loss of
arc magmatic rocks record, the irregular and sawtoothed suture zones, and the Early Paleozoic metamor-
phic rocks (basement?) which are widely exposed along the southern margin of the Northern Qiangtang
Block (upper plate) (Figure 1b) [Zhang et al., 2014a]. The identification of subduction erosion during the
northward subduction of the Paleo-Tethys Ocean will provide a starting point for more comprehensive
future studies on crustal recycling, reconstruction of tectonic framework, and arc magmatism related to the
evolution of the Paleo-Tethys Ocean.

6. Tectonic Implications and Conclusions

Subduction erosion has been gradually recognized from many modern convergent margins (e.g., NE Japan,
Western USA, Peru, Costa Rica, Java, and Northern Chile) by investigations of marine geology, geophysics,
boron, and lead isotope geochemistry, and numerical experiments [e.g., von Huene and Scholl, 1991; von
Huene et al., 2004; Goss and Kay, 2006; Vannucchi et al., 2013; Tonarini et al., 2011]. Previous researches sug-
gested that the majority of abraded materials would be subducted into the deep mantle to maintain the
supercontinent cycle [Scholl and von Huene, 2009] while the rest could be incorporated into arc magmas
[Clift et al., 2009; Stern, 2011; Holm et al., 2014] or returned and preserved in the orogens through subduc-
tion channels [Zhang et al., 2012; Liu et al., 2014]. Although the key process has been identified for years
[e.g., von Huene and Scholl, 1991; von Huene et al., 2004], the general tectonic evolution process of subduc-
tion erosion is still enigmatic owing to a lack of crucial metamorphic records. In this contribution, we identi-
fy a set of peculiar medium-temperature metamorphic rocks (garnet-staurolite-muscovite schists) from a
large number of LT/LP and LT/HP metamorphic rocks in the QMBT. These rocks were deposited in an active
continental margin setting and metamorphosed in ongoing oceanic subduction stage before the Triassic
collision. Most importantly, their P-T-t paths revealed a complete evolutional history for the general subduc-
tion erosion, including abrasion into the subduction channel, high-pressure metamorphism, and later
underplating process. Moreover, the presence of medium-temperature metasedimentary rocks with a dis-
tinct clockwise and warming decompression P-T-t path could be an important indicator for determining a
subduction erosion process in the other fossil subduction zones.
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