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High-Pressure Granulite Facies Overprinting During
the Exhumation of Eclogites in the Bangong-
Nujiang Suture Zone, Central Tibet:

Link to Flat-Slab Subduction

Xiu-Zheng Zhang' (”, Qiang Wang™*3
Xiao-Ping Xia' (2, and Wang Xu*

, Yong-Sheng Dong*, Chunfu Zhang® (2, Qing-Yun Li¢,

'State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,
Guangzhou, China, 2CAS Center for Excellence in Tibetan Plateau Earth Science, Beijing, China, 3College of Earth Sciences,
University of Chinese Academy of Sciences, Beijing, China, 4Co||ege of Earth Science, Jilin University, Changchun, China,
®Department of Geosciences, Fort Hays State University, Hays, KS, USA, ®MOE Key Laboratory of Orogenic Belts and Crustal
Evolution, School of Earth and Space Sciences, Peking University, Beijing, China

Abstract The geometric transformation of a descending plate, such as from steep to flat subduction in
response to a change from normal to overthickened oceanic crust during subduction, is a common and
important geological process at modern or fossil convergent margins. However, the links between this
process and the metamorphic evolution of the exhumation of oceanic (ultra)high-pressure eclogites are
poorly understood. Here we report detailed petrological, mineralogical, phase equilibria, and secondary ion
mass spectrometry zircon and rutile U-Pb age data for the Dong Co eclogites at the western segment of the
Bangong-Nujiang suture zone, central Tibet. Our data reveal that the Dong Co eclogites experienced peak
eclogite-facies metamorphism (T = 610-630°C, P = 2.4-2.6 GPa) and underwent multiple stages of retrograde
metamorphism. P-T pseudosections and compositional isopleths of garnet define a complex clockwise P-T-t
path (including two stages of decompression-dominated P-T path and one of isobaric heating), suggesting
varying exhumation velocities. Combining previous studies with our new results, we suggest that the
transformation from rapid to slow exhumation is dominated by the transition from steep to flat subduction.
The flat-slab segment, caused by subduction of buoyant oceanic plateau, led to an extremely slow
exhumation and a strong overprinting of HP granulite facies at a depth of ~50 km at ~177 Ma. The slab
rollback that followed in response to a substantial density increase of the eclogitized oceanic plateau resulted
in another rapid exhumation process at ~168 Ma and triggered the formation of abundant near-simultaneous
or later magmatic rocks.

1. Introduction

High-ultrahigh pressure (HP-UHP) rocks (e.g. eclogites) from worldwide metamorphic terranes provide
robust evidence that the continental/oceanic crust can be dragged to more than 100 km depths and later
be brought back to the Earth surface during the collision and/or convergent process (e.g., Agard et al,,
2009; Chopin, 2003; Liou et al., 2004). Studies on the mechanisms, velocities, and dynamic processes for
the exhumations of HP-UHP rocks can bring invaluable insights into plate tectonics and deep Earth processes
(Agard et al., 2009; Cooper et al., 2011; Guillot et al., 2009; Hacker & Gerya, 2013; Kylander-Clark et al., 2009;
Warren, 2013). Over the past 30 years, many studies focused on continental HP-UHP rocks (e.g., Burov et al.,
2001; Ellis et al., 1999; Ernst, 2001), whereas oceanic eclogites received little attention. Different from the
more buoyant continental crust, denser oceanic UHP eclogites are irreversibly buried, with only a few occa-
sionally exhumed during specific time windows with the help of low-viscosity materials (e.g., serpentinite and
sediment) after their decoupling from the subducting slab (e.g., Agard et al., 2009; Gerya et al., 2002).

Numerical modeling and geophysical studies suggest that the subduction of overthickened oceanic crust
(aseismic ridges, oceanic plateaus, or seamount chains) could make the slab dip shallowly or even horizon-
tally, resulting in a flat subduction (e.g., Gutscher, Spakman, et al.,, 2000; van Hunen et al., 2002). In fact, flat
subduction occurs at about 10% of the world’s convergent margins (Gutscher, Spakman, et al., 2000) and
the alternation from steep to flat subduction should be a common geological process at modern or fossil con-
vergent margins. Previous research reveals that flat subduction has broad implications for subduction zone
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evolution, magmatism flare-up, continental crust growth, and intracontinental deformation (e.g., Bourdon
et al,, 2003; Gutscher, Spakman, et al., 2000; Gutscher, Maury, et al., 2000; Li & Li, 2007). To date, however,
we know little about the relationship between flat-slab subduction and metamorphic evolution during the
exhumation of oceanic eclogites.

The Dong Co eclogites were recently discovered in the Southern Qiangtang Block, Central Tibet (Dong et al.,
2016), which made it possible to significantly improve our understanding of the Tethys Oceanic evolution
during the Mesozoic Era. Previous studies revealed the existence of residual omphacites within the strongly
retrogressed Dong Co eclogites (Dong et al., 2016) and suggested that their protolith could be a fragment of
the Late Permian Bangong-Nujiang Tethys oceanic crust (Wang, Wang, Xu, et al,, 2015; Zhang et al., 2015).
However, so far, their refined P-T paths, metamorphic ages, exhumation mechanisms, and tectonic
significance are still enigmatic. Here we report in detail the petrological features, mineralogical data, multi-
stage retrograde metamorphism, phase equilibria, and secondary ion mass spectrometry (SIMS) zircon and
rutile U-Pb ages for the Dong Co eclogites, which are then used to constrain the refined P-T-t paths and
the metamorphic evolution history. Furthermore, our new results reveal a clear link between the HP
granulite-facies overprinting during the exhumation of eclogites and flat-slab subduction.

2. Geological Setting and Field Occurrence

Tibet, located in Southwest China, is composed of several continental blocks (e.g., North Qiangtang, South
Qiangtang, Lhasa, and Himalaya) (Figure 1a) that were progressively accreted to Asia as a result of the closure
of the intervening Paleo-Tethyan and Neo-Tethyan oceans (Yin & Harrison, 2000; X. Z. Zhang et al., 2014).
These continental blocks are separated by several significant suture zones, namely, the Jinsha (JSSZ),
Longmu Co-Shuanghu (LSSZ), Bangong-Nujiang (BNSZ), and Yarlung Zangbo suture zones (IYZSZ) from north
to south (Figure 1a). The BNSZ, extending east-west for >2,000 km in central Tibet, separates the South
Qiangtang Block to the north and the Lhasa Block to the south (Figure 1b) (Yin & Harrison, 2000; Zhu et al.,
2013). It is mainly composed of extensive dismembered ophiolitic fragments, Jurassic turbidites, minor retro-
graded eclogites, and high-pressure granulites (Figure 1b) (Dong et al., 2016; Wang, Wang, Chung, et al., 2015;
Wang, Wang, Xu, et al,, 2015; Zhang et al,, 2010; Zhu et al., 2013, 2016). The ophiolites from the BNSZ,
regarded as a crucial geological archive of the Bangong-Nujiang Tethyan oceanic lithosphere, were formed
mainly during the Early to Middle Jurassic (190-164 Ma) according to U-Pb zircon dating (review from
Wang, Wang, Chung, et al,, 2015).

The eclogite samples from the Dong Co area are distributed in a ~1,500 m by ~400 m metamorphic belt
(Figure 1c), occurring as blocks or lens-shaped bodies of sizes varying from a few meters to tens of meters
in diameter, and are in contact with the surrounding metamorphic greywackes, ultramafic rocks, and schists
(Figures 2a and 2b). The Dong Co eclogites were first reported as “HP granulite” (Wang, Wang, Xu, et al., 2015;
Zhang et al,, 2015) due to their strong overprinting at HP granulite facies to amphibolite-facies conditions.
They were later identified as retrograded eclogites based on the discovery of minor residual omphacites
(Dong et al., 2016). Here two omphacite-bearing samples (TC01-1 and TC01-4) were selected (Table 1) for
detailed petrological, mineralogical, and phase equilibria studies. In addition, the sample TC01-1 was also
selected for SIMS zircon and rutile U-Pb analyses. All analytical results are presented in the supporting
information and Tables 2-4. A more detailed discussion of the methodology can be found in the supporting
information (Bach et al., 1994, 1996; Bézos & Humler, 2005; Byerly, 1980; Coggon & Holland, 2002; Diener &
Powell, 2012; Holland & Powell, 1998, 2003; Huang et al., 2007; Li et al.,, 2011, 2013, 2009; Liu et al., 2008;
Ludwig, 2003; Powell et al., 1998; Puchelt & Emmermann, 1983; Sldma et al.,, 2008; White et al., 2000, 2002,
2007; Whitehouse et al.,, 1997; Zhao et al., 2011).

3. Results
3.1. Petrography

The eclogite samples (TCO1-1 and TCO1-4) in this study are mainly composed of garnet (20-30 vol %), clino-
pyroxene (15-25 vol %), plagioclase (20-30 vol %), amphibole (20-40 vol %), quartz (<5 vol %), and minor or
accessory minerals (e.g., rutile, titanite, ilmenite, and apatite) (Figure 2c). The residual omphacites occur as
rare minerals with sizes of 2-20 um and were found within the clinopyroxene + sodic plagioclase symplectic
intergrowths (Figures 2d and 2e). Two basic types of garnets have also been identified in the Dong Co
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Figure 1. (a) Sketch map of Tibet (modified after X. Z. Zhang et al,, 2014), showing the distribution of the main suture zones. JSSZ = Jinsha Suture Zone;
LSSZ = Longmu Co-Shuanghu Suture Zone; BNSZ = Bangong-Nujiang suture zone; IYZSZ = Indus-Yarlung Zangbo Suture Zone. (b) Geologic map of the
Bangong-Nujiang Suture Zone (modified after Wang, Wang, Chung, et al,, 2015), showing the distribution of the ophiolites, arc-related magmatic rocks, and HP
metamorphic rocks; (c) geologic map of the Dong Co area (modified after Zhang et al,, 2015), showing the outcrops of eclogites and sample locations; 1—Quaternary
deposits; 2—Upper Jurassic marine rocks; 3—Jurassic turbidites (Muggargangri Group); 4—Lower Cretaceous shallow marine clastic rocks; 5-ultramafic rocks

of Jurassic ophiolites from BNSZ; 6—gabbros of Jurassic ophiolites from BNSZ; 7—metamorphic greywackes and schists; 8—eclogites; 9—thrust faults; 10—sample

locations.

eclogites (TCO1-1 and TCO1-4): the small (<0.6 mm) Ca-rich irregular garnet (Grta, Type-A garnet) and large
(1-3 mm) Mg-rich garnet porphyroblasts (Grtg, Type-B garnet) (Figures 2c-2h), which is similar to many
other granulitized eclogites in the world (e.g., granulitized eclogites from North Dabie Complex, Groppo
et al, 2015). In addition, some clinopyroxenes (along with plagioclase and small Grta grains) occur as small
inclusions in Grtg porphyroblasts (Figures 2g and 2h), and amphibole + plagioclase + ilmenite symplectites
and coronas occur around these Grtg grains (Figure 2h). The transitional reactions from rutile to ilmenite
and titanite have also been observed in some thin sections (Figure 2i). Based on these reaction textures, the
mineral assemblages in five different metamorphic stages (denoted with subscripts 1-5) are summarized in
Table 1, including (1) a relic of eclogite facies assemblage (M;); (2) clinopyroxene (augite) + sodic
plagioclase (An < 30) symplectites (M,, early decompression during posteclogite facies); (3) high-pressure
granulite facies assemblage (Ms); (4) amphibole + plagioclase * ilmenite symplectites (Mg, late
decompression during post-HP granulite facies); and (5) amphibolite facies metamorphic assemblage (Ms).
3.1.1. Relic of Eclogite Facies Assemblage (M,)

Due to the strong overprinting at subsequent granulite-facies conditions, much of the mineral and textural
information concerning the early eclogite facies metamorphic history has been lost. The preserved eclogite
facies assemblage has been recognized in only two samples (TCO1-1 and TCO1-4). They are represented by
micron-sized omphacite (Omp;) + core and mantle of Grta grains (Grt;) within the symplectites of clinopyr-
oxene (Cpx,) + sodic plagioclase (Pl,).

3.1.2. Clinopyroxene + Sodic Plagioclase Symplectites (M;)

The postpeak eclogite facies assemblage in most retrograded eclogite samples investigated here mainly
consists of Cpx, (augite) + sodic Pl, symplectites and coronas which developed around the eclogite facies
minerals (Omp; + Grt,). In the symplectic texture, Cpx, and Pl, occur as fine-grained, worm-like mineral
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Figure 2. Field photographs, photomicrographs (plane polarized light), and backscattered electron (BSE) images of the Dong o eclogites from the Bangong-Nujiang
Suture Zone, Tibet. (a and b) The Dong Co eclogites occur as blocks or lens-shaped bodies in contact with the surrounding metamorphic greywackes, ultramafic
rocks, and schists; (c) most of the Dong Co eclogite samples are dominated by coarse-grained clinopyroxene, plagioclase, quartz, rutile, and large-sized garnet
porphyroblasts in the matrix, indicating a strong overprinting at HP granulite facies conditions; (d) minor micron-sized omphacites within the Cpx, + sodic Pl,
(An < 30) symplectic intergrowths; (e and f) irregular Grta (Ca-rich irregular Type-A garnet) occur as small-sized (<0.6 mm) remnants of early metamorphic minerals
and are surrounded by Cpx, + Pl, symplectites or sodic Pl coronas; (g) the mantle domains of large Grtg (Mg-rich Type-B garnet porphyroblasts) generally contain
small inclusions of clinopyroxene, plagioclase, sodic plagioclase (An < 30), and even early irregular garnets. (h) Amphibole + plagioclase * ilmenite symplectites
and coronas are present around Grtg; and (i) the transformation from rutile, via ilmenite, to titanite in some thin sections.

intergrowths which are widely accepted as the breakdown products of jadeite-rich clinopyroxenes through
the following solid-solid reaction (R;) during the rapid decompression process after peak eclogite facies
metamorphism (e.g., Moller, 1998; Zhao et al., 2001):

(RT) Omp; + Qtz;—Sodic Pl + Cpx,

3.1.3. High-Pressure Granulite Facies Assemblage (M3)

High-pressure granulites are generally accepted as containing distinct mineral assemblages of garnet + clino-
pyroxene + plagioclase + quartz, which are distinguished from eclogites by the existence of plagioclase and
from medium pressure granulites by the lack of orthopyroxene (O'Brien & Rétzler, 2003; Zhao et al., 2001). The
retrograded eclogite samples investigated in this study are dominated by coarse-grained clinopyroxene
(diopside, Cpxs), plagioclase (Pl3), quartz (Qtzs), and core and mantle of Grtg porphyroblasts (Grts) in the
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Table 1

Mineral Assemblages and Whole-Rock Compositions of the Dong Co Eclogites

Sample TCO1-1 TCO1-4

Mineral assemblage Grt, Omp, Cpx, P, Rt, Qtz, Amp, Ep, Czo, Zo, Ttn, llm, Zr Grt, Omp, Cpx, Pl, Rt, Qtz, Amp, Ep, Zo, Ttn, lim, Zr, Mag
Metamorphic Stages

M;: ECL Omp; + Grtq Omp; + Grtq

M,: ECL-HG Cpxy + Pl Cpxy + Ply

Ms: HG Grt3 + Cpxz + Pl3 + Rtz + Qtz Grt3 + Cpxs + Pl3 + Rtz + Qtz

Mg4: HG-AM Cpxg4 + Plg + Ampy £ lIm Cpxg4 + Ply + Ampy4 + lIm + Mag

i3 640 Amps + Pls + Ttns + Z0s + Qtz Amps + Pls + Zos + Ttns

Whole-rock composition (mol %) SiO; = 50.67, Al,03 = 9.08, CaO = 14.23, MgO = 13.93, SiO5 = 49.58, Al;,03 = 9.76, CaO = 14.27, MgO = 13.91,

FeO = 8.53, K,0 = 0.05, Na,0 = 2.29, TiO, = 0.62,0 =058  FeO = 8.72, K,0 = 0.16, Na,0 = 2.10, TiO, = 0.91, O = 0.60

Note. Grt: garnet, Omp: omphacite, Cpx: clinopyroxene, Amp: amphibole, Pl: plagioclase, Qtz: quartz, Ep: epidote, Czo: clinozoisite, Zo: zoisite, Ttn: titanite, [Im: ilme-
nite, Zr: zircon, Mag: magnetite. All mineral abbreviations are from Whitney and Evans (2010). Subscript numbers denote the metamorphic stages (M-Ms); ECL:
eclogite facies; ECL-HG: early decompression during post-eclogite facies; HG: high-pressure granulite facies; HG-AM: late decompression during post-HP granulite

facies; AM: amphibolite facies.

matrix, which are consistent with the observations of previous works (Wang, Wang, Xu, et al,, 2015; Zhang
et al,, 2015). In addition, rutile is generally coexisting with the mineral assemblage of HP granulite facies in
the matrix (Figure 2c) rather than that of eclogite facies as a residual symplectic mineral, thus indicating
their formation at the HP granulite metamorphic stage (Cpxs + Plz + Grtz + Rt3 = Qtz). In some samples,
characteristic HP granulite mineral assemblages are found as small inclusions (e.g., clinopyroxene and
plagioclase, Cpxs + Pl3,) in the mantle of Grts, which is similar to the Silurian high-pressure granulites
from Central Qiangtang (X. Z. Zhang et al., 2014). In summary, the retrograded eclogites are dominated by
characteristic HP granulite mineral assemblages, which indicates a strong overprinting at HP granulite
facies conditions following the early eclogite facies.

3.1.4. Amphibole + Plagioclase + limenite + Magnetite Symplectites (M,)

Symplectic textures, consisting of intergrowths of a well-developed radial texture of amphibole (pargasite-
edenite, Amp,) + Ca-rich plagioclase (Pl4) = ilmenite = magnetite around Grtg porphyroblasts, are widespread
in the retrograded eclogite samples investigated here. These symplectic textures have been observed in
many granulite terranes and are generally regarded as an indicator of near-isothermal decompression experi-
enced by the rocks after high-pressure granulite facies metamorphism (Harley, 1989; O'Brien & Rétzler, 2003;
Zhao et al,, 2001). The typical metamorphic reactions between the mineral phases at the M, stage are as
follows (Harley, 1989; Zhao et al., 2001):

Table 2
In Situ Zircon SIMS U-Pb Dating Results for the Dong Co Eclogites (TCO1-1)
U Th Th f206a 207py, +lo 207py, +lo 205py, +lo t207/235 t206/238

Spot#  (ppm)  (ppm) U (%) 206py, (%) 35y (%) 238 (%) (Ma) +16 (Ma) +1o
1 55 44 0.79 0.11 0.0529 2.59 0.280 3.06 0.0383 1.62 250.5 6.8 242.6 3.9
2 23 18 0.76 0.23 0.0554 4.72 0.306 5.01 0.0401 1.69 2709 12.0 253.2 4.2
3 248 227 0.92 0.16 0.0512 1.18 0.275 1.97 0.0390 1.57 246.8 43 246.4 3.8
4 381 642 1.69 0.13 0.0509 1.1 0.280 1.87 0.0398 1.50 2504 4.2 251.7 3.7
5 25 16 0.63 0.63 0.0505 5.30 0.285 5.52 0.0410 1.53 254.8 12.5 259.0 39
6 40 25 0.64 0.11 0.0536 2.59 0.298 3.21 0.0403 1.89 264.6 75 2544 4.7
7 63 51 0.81 0.19 0.0499 2.21 0.269 2.67 0.0391 1.50 241.7 58 246.9 3.6
8 484 464 0.96 0.09 0.0512 1.02 0.274 2.05 0.0388 1.78 2459 45 245.6 43
9 265 258 0.97 55 0.0650 101 0.344 101 0.0383 2.67 299.9 2341 2424 6.4
10 664 760 1.14 0.05 0.0509 0.62 0.285 1.68 0.0407 1.56 2549 38 257.0 3.9
1 479 479 1.00 0.08 0.0502 0.76 0.263 1.86 0.0380 1.70 2373 39 240.5 4.0
12 450 405 0.90 0.24 0.0503 2.03 0.271 5.70 0.0392 532 2439 124 247.6 129
13 41 30 0.73 0.13 0.0522 2.65 0.293 3.04 0.0407 1.50 260.8 7.0 2574 3.8
14 399 410 1.03 0.02 0.0509 0.79 0.283 1.72 0.0403 1.53 253.0 39 254.7 3.8
15 1156 941 0.81 0.11 0.0500 0.89 0.188 1.84 0.0278 1.57 1753 3.0 176.9 2.7

af206 is the proportion of common

206

Pb in total measured 2°6pb.
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Figure 3. Element X-ray maps of (a - ¢) Grta and (d—f) Grtg showing the five-stage growths or modifications.

(R2) Grtsz + Cpx; + Qtzz + H,0+0,—Ply + Amp,£Mty
(R3) Grtz + Rts—llmy + Ply + Qtzy

(R4) Grt3 + Cpxz + H,0—Amp, + Ply

(R5) Grtz + Cpx; + Qtzz + H,0—Amp, + Ply

3.1.5. Amphibolite Facies Metamorphic Assemblage (Ms)

The late amphibolite-facies retrogression stage is represented by the amphibole (Amps) + plagioclase (Pls)
assemblage. In most cases, matrix amphiboles (Amps) are developed at the expense of matrix clinopyroxene
(Cpxs) from the M3 stage, thus confirming their status as the youngest metamorphic indicator minerals.
The formation of amphibolite-facies metamorphic assemblage may be related to the following reaction
(Harley, 1989):

(R6) Cpx; + Pl; + H,O0—Amp;

3.2. Mineral Major Elements

3.2.1. Garnet

Using elemental X-ray maps (Figure 3) and compositional profiles (Figure 4), the two basic types of garnets
(Grta and Grtg) can be subdivided into at least five stages, including core of Grta (Grt;c), mantle of Grtp
(Grtq_m), outermost rim of Grt, (diffusional re-equilibration of Grt; during early decompression process, M,
to M,), core and mantle of Grtg (Grts), and outermost rim of Grtg (diffusional re-equilibration of Grt; during
late decompression process, M3 to My). These five stages of garnets have varying compositions and were
probably formed and/or modified at different metamorphic stages (Figures 4 and 5a).

A representative Grt, from the sample TCO1-1, which has a complete core-mantle-rim structure, is shown in
Figures 3a-3c. The Grt;_c is characterized by the highest contents of grossular (30-34 mol %) and spessartine
(3-5 mol %), and by the lowest pyrope content (19-24 mol %) and Mg* value [=100 x Mg/(Fe>* + Mg)]
(30-36). The Grt;_y is characterized by moderate pyrope (24-30 mol %) and grossular (24-30 mol %) con-
tents, higher Mg (35-40), and lower spessartine (2-3 mol %) (Figure 4a). The X-ray maps and a compositional
profile reveal an increase in both pyrope content and Mg* and a decrease in grossular and spessartine from
Grty_c to Grty_y (Figures 3a-3c and 4a). The outermost rims of Grt, are in contact with Cpx; + Pl symplectite
(M5) and have probably been modified by diffusion and/or later metamorphic reactions. From mantle to
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Figure 4. Compositional profiles of Grta and Grtg from samples TCO1-1 and TCO1-4, showing the five-stage growths or
modifications.

outermost rim of Grta, the pyrope content decreases while grossular content increases distinctly (Figures 4a
and 4b). However, an irregular relict garnet with a complete core-mantle-rim structure is very rare and is only
found in the sample TCO1-1. In most cases (e.g., sample TC01-4), these irregular relict garnets only retain one
or two generational fragments of mineral information during its growth (most of them have compositions
similar to mantle and rim of Grt,) (Figure 4b).

The Grt; grains consist mainly of pyrope (35-38 mol %), almandine (39-43 mol %), and grossular (20-23 mol %),
with minor spessartine (~1 mol %) (Figures 4c, 4d, and 5a). They are distinguished from Grts by their
homogeneous composition (Figures 3d-3f), lower spessartine content, and higher pyrope content and
Mg" value (45-49). By comparison, the outermost rims of Grtg are in contact with symplectites or coronas
of Ampy + Pl + llm, = Mag4 (M4) and have lower pyrope (29-35 mol %) content and Mg* (38-45) value
(Figures 4c and 4d).

3.2.2. Clinopyroxene

The representative clinopyroxenes (Omp, Cpx,, and Cpxs/Cpxs.) of different stages from the Dong Co eclo-
gites have been analyzed and the results are listed in Table S2. The residual Omp; grains contain 3.26-5.29 wt
% Na,O and significant amounts of the jadeite (Jd, 23-36 mol %) component and are plotted in the typical
omphacite field (Figure 5b). Meanwhile, it is worth noting that they are also distinguished by the appearance
of Ca-Eskola (Cags[]o5AISi,O0g, where []is a vacancy at the M, site) (1-23 mol %) (Table S2), which is very
similar to the typical supersilicic omphacites from the eclogite xenoliths in kimberlites (Smyth, 1980) and
the diamond-bearing UHP rocks in the Kokchetav massif (Katayama et al., 2000), suggesting the possibility
of UHP metamorphism. Compared to the residual Omps, Cpx, (augite) grains from symplectites contain
lower jadeite (Jd = 2-17 mol %) and have negligible Ca-Eskola component (0-2 mol %) (Figure 5c¢). In
contrast, the Cpxz and Cpxs (diopside) grains contain the highest CaO (20.06-23.58 wt %) but the lowest
Al;0O3 (4.71-8.13 wt %) contents, with minor jadeite (3—-7 mol %) (Figure 5c and Table S2).
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Figure 5. Chemical compositions of garnets, omphacites, and amphiboles in the Dong Co eclogites. (a) Composition

of garnets from the Dong Co eclogites. Alm = almandine, Spe = spessartine, Gro = grossular, Pyr = pyrope.

(b and c) Ternary classification diagram for sodic and Ca-Mg-Fe clinopyroxenes (after Morimoto et al., 1988),

WEF = wollastonite + enstatite + ferrosilite, Jd = jadeite, Ae = aegirine, Wo = wollastonite, En = enstatite, Fs = ferrosilite.
(d and e) Chemical classification diagram for amphiboles (after Leake et al., 1997).

3.2.3. Plagioclase

Representative plagioclase analyses, which are given in Table S3, include symplectic Pl, and Pl4, matrix-type
Pl5 and Pls, and inclusion plagioclases (Pls.). One remarkable feature of symplectic plagioclase is that the Pl,
has the highest Ab (mol %) content (77-93), while the Pl4 exhibits the highest An (mol %) content (68-85)
(Table S3). Such differences suggest that the compositions of Pl, and Pl, are largely dependent on the break-
downs of omphacite (jadeite component, Na-rich) and garnet (grossular component, Ca-rich), respectively.
Moreover, the Pl3 and Pls | plagioclases from the HP granulite facies have moderate An component (45-52),
which are slightly lower than those formed in the amphibolite facies (Pls) metamorphic stage (An = 57-64).
3.2.4. Amphibole

All the amphiboles in the Dong Co eclogites were formed during late retrograde metamorphism, including
symplectic amphibole (Amp,) and matrix-type Amps. Based on the nomenclature of Leake et al. (1997),
the Amp, are pargasite to edenite (Figure 5d), with Ts; = 6.30-6.55, (Na + K)x > 0.5, Ti < 0.5, Al"' > Fe3*,
and Mg* = 51-64. In contrast, all the Amps are magnesiohornblende (Figure 5e) and are distinguished by
Tsi = 6.90-7.25, (Na + K)p < 0.5, and Mg# =70-77 (Table S4).

3.2.5. Other Minerals

Epidote-group minerals in the Dong Co eclogites include epidote, clinozoisite, and zoisite. Epidote and
clinozoisite occur as small inclusions in mantle or rim of Grt, and contain high FeO" (5.26-8.72 wt %) but
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Table 3

In Situ Rutile SIMS U-Pb Dating Results for the Dong Co Eclogites (TCO1-1)

Spot Ulppm)  fa06® (%)  238U%%Pb 6 (%) 2°7Pb/2°°Pb 46 (%) Taoe/23s” (Ma)  +6 (%) (Ma)
TCO1-01 1.6 6 357 59 0.099 16 167 10
TCO01-02 1.6 2 333 50 0.075 8.5 185 9
TC01-03 25 3 36.5 4.1 0.070 8.2 170 7
TCO1-04 33 2 34.9 9.3 0.061 9.2 180 17
TCO1-05 3.8 2 354 6.5 0.057 8.7 178 12
TCO1-06 2.8 3 37.5 45 0.071 10 165 8
TC01-07 2.2 3 36.8 7.3 0.062 12 170 12
TCO1-08 3.9 1 38.6 73 0.065 9.9 162 12
TCO1-09 53 1 37.6 3.7 0.061 7.2 167 6
TCO1-10 29 2 376 4.0 0.063 4.1 166 7
TCO1-11 29 2 379 53 0.065 11 164 9
TCO1-12 5.2 1 36.4 5.0 0.054 34 174 9
TC01-13 25 2 394 7.2 0.075 5.1 156 11
TCO1-14 1.8 10 31.8 6.1 0.130 1 179 12
TCO1-15 14 3 384 42 0.085 16 158 7
TCO1-16 1.1 5 378 84 0.109 9.3 156 13
TCO1-17 49 1 383 36 0.052 74 165 6
TCO1-18 2.1 24 29.7 6.8 0.237 9.2 163 13
TCO1-19 43 1 39.6 50 0.063 2.0 158 8

®The percentage of common 2968p}, in total 2°%pb, calculated by 207pp pased. PThe 2°%pb/238y age calculated by
Pb-based common-lead correction.

low Al,O3 (26.55-28.30 wt %). Zoisite, by contrast, occurs as small grains in the matrix (usually in equilibrium
with Amps) and is characterized by very high Al,O3 (31.71-31.84 wt %).

In addition, representative rutile, ilmenite, and titanite have also been analyzed and the data are given in
Table S5.

3.3. SIMS Zircon and Rutile U-Pb Dating

A representative eclogite sample (TCO1-1) was selected for SIMS zircon and rutile U-Pb analyses (Tables 2
and 3). Averaging 120-200 pm in length, the zircon grains are euhedral to subhedral, short prismatic to irre-
gular in crystal shape, colorless, and mostly of magmatic origin with a broadly spaced zoning texture in
cathodoluminescence (CL) images (Figure 6a). Some magmatic zircons, however, are surrounded by narrow
(5-20 um) moderate- to high-luminescence metamorphic rims (Figure 6a). The magmatic zircon grains yield
a similar weighted mean age of 250.7 + 3.7 Ma (MSWD = 2.3). One analysis from the metamorphic rim of a
zircon grain yields a 2°°Pb/?*®U age of 176.9 + 2.7 Ma (Figure 6b).

The rutile grains analyzed in this study range from 120 to 420 pum in length (Figure 6¢) and exhibit uranium
contents varying from 1.1 to 5.3 ppm (Table 3). Regression of the data points on the Tera-Wasserburg plot
gives a lower intercept age of 167.6 + 4.7 Ma (MSWD = 0.75, n = 19), which is consistent with the weighted
mean 2%Pb"/28U" age (2°’Pb-based common-lead correction age, Williams, 1998) of 166.7 + 3.9 Ma
(MSWD = 0.67, n = 19) within errors (Table 3 and Figure 6d).

4, Discussion

4.1. P-T Estimates for Dong Co Eclogites

4.1.1. Eclogite Facies (M,)

To estimate the P-T conditions of the Dong Co eclogites at different metamorphic stages, P-T pseudosections
were calculated for the omphacite-bearing samples TCO1-1 and TC01-4 using the software THERMOLCALC
3.33 (Figure 7) and the whole-rock composition of TC01-1 and TCO1-4 are given in Table 1 and supporting
information. In addition, modeled compositional isopleths of garnet (Xprp, Xgrs, and Xyg) have been used
to constrain the P-T conditions (Figures S1 and S2). The measured compositions of the Grt;_c and Grt;_; from
sample TCO1-1 in equilibrium with omphacites yield conditions of P = ~1.9 GPa, T = ~620°C, and
P =24-26 GPa, T = ~630°C (Figures S1a and S1b), respectively. The growth zone (core to mantle) of Grt;
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Figure 6. (a) CL images showing the internal structures of the analyzed zircon grains from sample T*COH;*(b) U-Pb concor-
dia diagrams of zircons for sample TCO1-1; (c) transmission light images and representative 206p," /238y ages of the
analyzed rutile grains; (d) U-Pb age concordia diagram for rutiles from sample TCO1-1.

defines a near-isothermal compression path from prograde to peak metamorphism which suggests a rapid
subduction process. The peak conditions (2.4-2.6 GPa, 610-630°C) estimated from the composition of Grt;_y
of samples TCO1-1 and TCO1-4 are in the stability field of garnet + omphacite + phengite + rutile + Na-
amphibole + lawsonite + quartz (Figures 7, S1b, and S2b). The HP/LT hydrous minerals, lawsonite, Na-
amphibole (e.g., glaucophane), and phengite, are highly unstable at high-temperature conditions, and the
preservation of these minerals require a rapid exhumation with substantial cooling (e.g., Clarke et al., 2006;
Tsujimori et al., 2006; Wei & Clarke, 2011). Hence, the overprinting at HP granulite facies conditions (M3) may
have erased the former HP/LT hydrous mineral relics and only minor micron-sized omphacite + irregular
garnet grains have been preserved in some retrograded eclogite samples (TCO1-1 and TCO1-4).

4.1.2. Early Decompression during Posteclogite Facies (M,)

The P-T conditions of Cpx; + Pl, symplectites after omphacite are difficult to quantitatively constrain because
they reflect the attainment of local/domainal equilibrium rather than that of sample-scale equilibrium.
Instead, a rough evaluation of reasonable P-T range could be inferred by some mineral information and pet-
rographic textures. The compositions of outermost rim of Grt,, which could be the result of the Grt;_ being
modified by early decompression, define a decompression-dominated trend (i.e., variation of pressure is
more significant than that of temperature) (Figures S1c and S2c), suggesting a rapid exhumation process.
Based on the textures related to the breakdown of omphacite, this stage of rapid decompression would have
lasted until the complete breakdown of omphacite (Omp-out line) (red field in Figures S1a and S2a,
P =1.3-1.5 GPa, T = 720-780°C).
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Figure 7. P-T pseudosections for the omphacite-bearing samples (a) TCO1-1and (b) TCO1-4 using the software THERMOLCALC 3.33. Note: The red dashed lines
denote the isomodes of garnet (mol %); the orange lines of the P-T path are based on the estimates of P-T conditions using compositional isopleths of garnet
and plagioclase (Figures S1 and S2), while the dashed lines of the P-T path indicate conjecture; the red fields denote the conditions at which the Cpx, + Pl,
symplectites were formed in response to the breakdown of the earlier omphacites.

4.1.3. Overprinting of HP Granulite Facies Stage (M3)

The compositions of Grts yield a P-T range of 1.2-1.4 GPa and 910-930°C, which is in the stability field of gar-
net + clinopyroxene + plagioclase + rutile + amphibole + quartz + biotite (Figures 7, S1d, and S2d) and nearly
in accordance with the actual petrological observations. Biotite was not observed in our investigated samples
maybe due to the following reasons: (1) negligible K,0 (0.05-0.16 mol %) in whole-rock composition (Table 1)
lead to very low biotite content and (2) the P-T conditions of HP granulite facies, just reaching dehydration-
melting conditions for biotite (Vielzeuf & Montel, 1994), may have led to the breakdown of the former minor
biotite. Although our result (Figure 7) and previous research (e.g., Tsunogae et al., 2003) suggest that some
amphiboles (e.g., fluorine-bearing pargasite) can remain stable under the granulite facies conditions (or even
higher temperatures), the amphibole grains from M have not yet been identified probably due to their low
amount and strong replacement of retrograde amphibole (Amp4_s).The P-T conditions and mineral assem-
blage coincide with those of characteristic HP granulite worldwide (Harley, 1989; O'Brien & Rotzler, 2003;
X. Z. Zhang et al.,, 2014), suggesting an overprinting of high temperature metamorphism after the early
rapid decompression (M,).

4.1.4. Late Decompression (M;) and the Following Amphibolite Facies (Ms) Stages

The M, assemblage (Ampy, + Ply £ llm4 £ Magy), as a product of garnet breakdown, is widely developed in
symplectites around the Grtg porphyroblasts, suggesting a rapid decompression process after the HP granu-
lite facies stage (Harley, 1989; O'Brien & Rotzler, 2003; X. Z. Zhang et al., 2014; Zhao et al,, 2001). The P-T con-
ditions (Figures S1d and S2d) yielded by the compositions of Grtg rim support a rapid decompression
associated with cooling (Figure 7). According to the reaction textures, this decompression P-T path would
pass through the transition field of rutile-ilmenite-titanite (P = 0.3-0.6 GPa; T = 720-770°C) (Figures S1a
and S2a), which grew during the initial stage of amphibolite facies retrograde metamorphism (Ms). Then
the rocks would have further cooled down to T = ~600°C, P = ~0.3 GPa, according to the compositions of
Pl5 (the minimum An = 57) (Figures S1a and S2a), which represent the P-T conditions of late stage amphibo-
lite facies retrograde metamorphism (Ms).

4.2, Zircon and Rutile U-Pb Age and the Geological Significance

Most zircon grains from the Dong Co eclogites are characterized by broadly spaced zoning texture in CL
images and high Th/U ratios, similar to those from gabbro/diabase in ophiolites (e.g., Wang, Wang, Chung,
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Table 4
LA-ICP-MS Analyses of Trace Elements in Rutile Grains From the Dong Co Eclogites

Sc Vv Cr Ni Sr Zr Nb Hf Ta Pb Th u Nb/Ta Zr/Hf T-| 0 T1 5 Tz'o T2.5 T3'0
TCO01-01 564 1065 676 0.19 1.38 944 774  19.1 317 004 000 067 244 494 751 777 804 831 858
TCO1-02 568 1164 890 0.11 1.07 1053 875 216 353 003 001 057 24.8 489 761 788 815 842 869
TC01-03 478 1371 812 023 081 1487 541 386 289 0.13 0.00 1.20 18.7 385 796 824 852 8380 908
TC01-04 6.41 975 553 029 1.08 1146 852 252 385 005 0.00 1.13 22.1 45.5 770 797 824 851 879
TCO1-05 5.80 1147 597 014 114 1135 812 252 423 003 000 133 19.2 45.1 769 796 823 850 878
TC01-06  5.62 1044 2232 0.10 1.09 1040 587 211 209 0.02 0.00 1.69 28.1 49.2 760 787 814 841 868
TC01-07 5.12 1020 517 034 1.14 1053 1379 224 547 005 0.00 1.80 252 47.0 761 788 815 842 869
TCO1-09 541 1331 811 0.16 078 1837 596 475 294 013 000 1.22 203 386 819 848 876 905 933
TC01-09 5.27 1017 303 0.22 1.01 1102 1158 223 701 0.04 0.00 1.40 16.5 49.5 766 793 820 847 874
TCO1-10 6.65 1158 834 027 127 1032 628 239 263 031 0.00 093 239 431 759 786 813 840 867
TCO1-11  4.68 820 793 201 132 1006 1036 197 334 241 002 163 31.0 51.1 757 784 811 838 864
TCO01-12 5.75 890 491 0.05 1.12 1215 1173 277 545 002 0.00 1.75 215 43.9 776 803 830 858 885
TCO1-13 540 1283 1868 0.22 1.08 959 417 197 132 003 0.00 0.93 315 48.6 752 779 806 833 859
TCO01-14 446 1314 4167 0.13 1.04 984 655 203 223 004 0.00 1.04 294 48.4 755 781 808 835 862
TCO1-15 4.02 1116 671 0.00 1.18 1236 945 285 564 006 0.00 1.48 16.8 434 777 805 832 860 887
TCO1-16 524 1180 462 007 1.07 1055 1029 221 709 008 000 140 14.5 47.8 761 789 816 843 870
TCO1-17 517 1010 364 006 1.11 1067 1067 228 675 0.02 0.00 1.80 15.8 46.9 763 790 817 844 871
TC01-18 574 1070 505 024 1.0 1132 662 244 332 002 0.00 1.44 20.0 46.3 768 796 823 850 877
TCO1-19 559 1040 496 036 1.04 1076 622 229 288 0.03 000 161 21.6 47.0 763 791 818 845 872
TC04-1 523 1022 433 022 110 1052 1226 224 516 010 000 1.03 23.8 46.9 761 788 815 842 869
TC04-2 472 1214 364 034 1.3 1203 960 29.1 534 007 000 208 18.0 41.3 775 802 829 857 884
TC04-3 7.18 970 498 042 1.21 1004 820 203 403 933 0.01 117 204 49.4 757 784 810 837 864
TC04-4 552 1176 484 046 1.08 1162 559 275 399 007 001 034 14.0 423 771 798 826 853 880
TC04-5 5.85 988 544 019 1.69 979 710 206 314 003 044 064 226 47.5 754 781 808 835 862
TC04-6 5.81 989 612 034 173 975 585 224 360 0.07 0.01 0.77 16.2 43.5 754 781 807 834 861
TC04-7 5.50 863 583 035 1.02 912 554 199 227 003 000 077 244 45.8 747 774 801 827 854

Note. T1.0, T1.5, T2.0, T2.5, and T3.0 denote the Zr-in-rutile temperatures (°C) at 1.0, 1.5, 2.0, 2.5, and 3.0 GPa, respectively, calculated using the calibration of
Tomkins et al. (2007).

etal, 2015; Zhang et al., 2016). Hence, the 2°°Pb/>*8U ages (mean age = ~250 Ma) obtained from these grains
probably represent the time of crystallization for the protolith of the Dong Co eclogites, which is consistent
with the results of previous laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) zircon
dating (~252 Ma, Wang, Wang, Xu, et al., 2015; ~260-242 Ma, Zhang et al., 2015). Considering the strong mid-
ocean ridge basalts (MORB) affinities of the Dong Co eclogites (Wang, Wang, Xu, et al., 2015), their protolith
must have been part of the Late Permian to Early Triassic Bangong-Nujiang Tethys oceanic crust. Meanwhile,
the metamorphic rim of one zircon grain yields an Early Jurassic metamorphic age (~177 Ma). Based on
available information, we suggest that the metamorphic rim of the zircon grain probably grew during the
overprinting process of the HP granulite facies stage (Ms) rather than during the eclogite facies stage (M;),
for the following two reasons: (1) the U-Pb age (~177 Ma) of this metamorphic rim is contemporary with
the Early Jurassic HP granulite facies metamorphic event (~179 Ma) in the Amdo area located in the
central BNSZ (Xie et al., 2013) and (2) if the metamorphic zircon rim (~177 Ma) would record the eclogite-
facies peak event (>80-90 km) and the rutile intercept age (~168 Ma, see below) reflect the timing of
amphibolite facies (~15 km), the resulting exhumation rate (>4-5 mm/yr) of Dong Co eclogites would
have been even faster than those of “cold eclogites” (e.g., Qiangtang eclogites, Zhai et al., 2011) which
experienced a rapid exhumation with substantial cooling. This would be contradictory to the metamorphic
evolution (slow exhumation and granulitization) of Dong Co eclogites.

Rutile in the Dong Co eclogites is predicted to be stable from the early HP-UHP eclogite facies (M,) to the
high-pressure granulite facies (M3) stages (Figure 7). Thus, it is essential to determine at which metamorphic
stage the rutile grew. The Zr-in-rutile thermometer (Zack et al., 2004; Watson et al., 2006; Tomkins et al., 2007)
provides a good opportunity to establish a direct link between the metamorphic temperature and the history
of rutile growth (e.g., Gao et al., 2014; Zheng et al., 2011). The studied rutile has high but variable Zr contents
(912-1,800 ppm, Table 4), which are distinctly higher than those of rutile formed at the HP-UHP eclogite
facies (<150 ppm) (Chen et al.,, 2013; Gao et al, 2014; Zheng et al.,, 2011) but similar to those of rutile
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formed at the granulite facies (Pauly et al., 2016) (Figure 8). Due to the
very slow rate of Zr diffusion in rutile (Cherniak et al., 2007), the mea-
sured Zr concentrations in rutile could represent the approximate Zr
concentrations during the growth process of rutile. The Zr-in-rutile
temperatures were calculated using thermometers with pressure-
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listed in Table 4 and Figure 8. Combined with phase equilibrium mod-
eling (Figure 7), the Zr-in-rutile temperatures of 740-850°C calculated
at 1.0-1.5 GPa (Table 4) are consistent with the P-T evolution of the
Dong Co eclogites, suggesting that the rutile was formed during the
overprinting process of the HP granulite facies stage. This interpreta-
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Figure 8. Relationship between Zr isopleths (ppm) and temperature as well as
pressure of rutile based on the experimental calibration of Tomkins et al.,

Interpretation of rutile U-Pb ages is also closely related to the U-Pb clo-
A sure temperature (T¢), which is dependent on grain size and cooling
T(C) rate (e.g., Cherniak, 2000; Gao et al.,, 2014). Experimental studies on lead
diffusion suggested T¢ of ~600°C and >600°C for rutiles (~100 um in
size) under wet and dry conditions, respectively (Cherniak, 2000).
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2007. Literature data are from Chen et al. (2013), Zheng et al. (2011), Pauly etal.  Recently, average T¢ of 569 + 24°C was obtained from rutile grains ran-

(2016), and Gao et al. (2014).

ging from 120 to 270 um (Kooijman et al., 2010). Considering that the

analyzed rutile grains mostly range from 150 to 300 um, the U-Pb T¢
for rutile is likely higher, perhaps at about 600°C. The analyzed rutile grains were formed during the HP gran-
ulite facies stage with high Zr-in-rutile temperatures (740-850°C), significantly higher than their Tc (~600°C).
Therefore, the rutile U-Pb age may reflect the timing when the rocks had cooled from the HP granulite tem-
perature down to ~600°C during the late exhumation process, which should be very close to the timing of the
late stage of amphibolite facies retrograde metamorphism (Ms).

In summary, combining the published age of the HP granulite facies metamorphic event (~179 Ma) with our
new results from zircon and rutile, we propose that the ~177 Ma zircon age could represent the timing of HP
granulite facies overprinting stage, while the rutile lower intercept age of ~168 Ma could reflect the timing of
the later stage of amphibolite facies retrograde metamorphism (Ms).

4.3. P-T-t Path and Metamorphic Evolution History

The petrographic textures, mineral compositions, and P-T pseudosections of the Dong Co eclogites define a
complex clockwise P-T-t path, including two sections of decompression-dominated P-T path (M; to M, and
Ms to M,) and one section of heating-dominated P-T path (isobaric heating, M, to Ms) processes
(Figures 7, S1, and S2). Because temperature variations of rocks need prolonged thermal conduction to
spread, while pressure variations mainly depend on the depths, decompression-dominated P-T paths are
generally interpreted as related to rapid exhumation processes after the peak metamorphic conditions
(e.g., Harley, 1989; O'Brien & Rotzler, 2003; X. Z. Zhang et al., 2014; Zhao et al., 2001). In contrast, isobaric heat-
ing P-T paths should reveal a slow exhumation which often resulted in HP granulitic overprinting, similar to
what was described for the UHP eclogites from North Qaidam (Song et al., 2003). Therefore, the P-T-t path of
the Dong Co eclogites reveal a complex metamorphic evolution history in response to a varying rate of the
exhumation processes.

Previous research and our new results suggest that the Dong Co eclogites were part of the Late Permian
Bangong-Nujiang Tethys oceanic crust which experienced deep subduction (>~80 km) and probably under-
went HP-UHP metamorphism (M;). Because only minor or even trace amounts of early peak metamorphic
minerals remain, the timing of the peak metamorphic stage (M,) is difficult to be determined and it can only
be restricted to the period ~250-177 Ma based on our new zircon and rutile U-Pb ages. After the peak meta-
morphic stage (M,), the Dong Co eclogites experienced a rapid exhumation process from >80 km to ~50 km,
and the symplectites (Cpx, + Pl,) were widely formed in response to the breakdown of omphacite in this
stage. In addition, based on isomodes of garnet (mol %) (Figure 7), the garnets from Dong Co eclogites should
have experienced a significant decomposition process due to the decrease of modal proportions from M,
(~15 mol %) to M, (~8 mol %) (Figure 7), which is consistent with the observed irregular zoning and corroded
appearance of Grta (Figures 7, S1, and S2).
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Then, the Dong Co eclogites experienced a slow exhumation which resulted in the strong overprinting at HP
granulite facies stage (M3). The U-Pb age of ~177 Ma yielded by the metamorphic rim of one zircon grain
should be very close to the timing of the HP granulite facies stage (M3). Furthermore, the modeled garnet iso-
modes are also consistent with the observed growth of Mg-rich garnet porphyroblasts during the granuliti-
zation process (M, to Ms) (Figures 7, S1, and S2). Subsequently, the Dong Co eclogites experienced another
rapid exhumation process from ~50 km to ~15 km and underwent amphibolite facies retrogression (Ms),
which was restricted to ~168 Ma by the rutile lower intercept age.

5. Geodynamic Implications

Different from the eclogites and blueschists from other typical deeply subducted oceanic crust units (e.g.,
Zermatt-Saas, Voltri Massif, and Western Himalaya), which generally experienced a simple rapid exhumation
(e.g., Agard et al., 2009; Groppo et al., 2016), the Dong Co eclogites are distinguished by the appearance of a
slow exhumation period. Although the HP-granulitized eclogites from many other (U)HP terranes have gen-
erally been attributed to slow exhumations (O'Brien & Rotzler, 2003; Song et al., 2003), the mechanism is still
unresolved. Considering that the closure of the Bangong-Nujiang Tethys Ocean and the continental collision
occurred during the Late Jurassic to Early Cretaceous or even later (e.g., Fan et al., 2015; Kapp et al., 2003), the
Dong Co eclogites were demonstrably exhumed during oceanic convergence (such as Ecuador of Northern
Andes, reviewed by Agard et al., 2009), which need three key steps: (1) eclogite slices/blocks were weakened
and detached from the subducting oceanic slab by some mechanism(s) (e.g., Warren, 2013), such as dehydra-
tion embrittlement (e.g., Hacker et al., 2003) and/or localized melting (Andersen & Austrheim, 2006; Kanamori
etal, 1994); (2) the buoyant material (e.g., serpentinite and sediment) within the subduction channel formed
“upward directed channel flow” when their buoyancy exceeded subduction-related traction (Hacker & Gerya,
2013; Warren, 2013); and (3) the detached slices/blocks were carried by the low-viscosity materials flow and
exhumed along the subduction channel due to buoyancy (Agard et al., 2009; Guillot et al., 2009; Hacker &
Gerya, 2013; Warren, 2013). Because the direction of buoyancy (F,) is always vertically up, the effective buoy-
ancy (Fe) which drove the eclogites to exhume along the slab should be dependent largely on the dip angle
(@) (Fe = Fp sina). Therefore, the geometry of the slab (flat or steep subduction) would play a key role in the
exhumation velocities of a buoyancy-driven exhumation process. Combining regional geological observa-
tions with our results, we propose a new flat subduction model in response to the subduction of an overthick-
ened oceanic crust which resulted in the sharp deceleration of exhumation and the overprinting at HP
granulite metamorphic conditions.

According to our model, the Bangong-Nujiang Tethys oceanic crust subducted northward beneath the
Southern Qiangtang Block at a high/ normal dip angle during the early stage (~250-177 Ma) until the
subduction of buoyant overthickened oceanic crust (oceanic plateaus, aseismic ridges, or seamount chains)
(Figure 9a). This is strongly supported by the identification of widespread remnants of the Early Jurassic
oceanic plateau within the Bangong-Nujiang Tethys Ocean (K. J. Zhang et al., 2014). When arriving at the
trench, the overthickened oceanic plateau substantially slowed down the subduction and increased the resis-
tance, triggering the eclogite slices to be detached from the descending eclogitized slab (Figures 9a and 9b).
Significant effective buoyancy resulting from a high dip angle drove the eclogite slices/blocks wrapped in
low-viscosity materials to return rapidly from a depth of >~80 km to that of ~50 km (Figure 9b).
Subsequent subduction of positively buoyant oceanic plateau can lead the slab to dip more shallowly or even
horizontally (Figure 9¢) based on many numerical models and geophysical studies (e.g., Arrial & Billen, 2013;
Gutscher, Spakman, et al., 2000; van Hunen et al,, 2002). The very low dip angle can significantly decrease the
effective buoyancy along the subducting slab. Therefore, the eclogite slices/blocks are exhumed more slowly
or even underplated to the bottom of the overriding plate when they returned into the flat slab segment at a
depth of ~50 km (Figures 9c and 9d). Due to the prolonged permanence at the hot crust-mantle transition
zone or at the base of thickened lower crust, sufficient thermal conduction heated up the Dong Co eclogites
to ~900°C, resulting in their strong overprinting at HP granulite facies conditions at ~177 Ma. Meanwhile, the
hypothesis of flat subduction at ~177 Ma is also supported by the simultaneous arc magmatic gaps at the
western segments of the BNSZ and the Southern Qiangtang Block (reviewed by Zhu et al., 2013, 2016; Li
et al, 2016). As the oceanic plateau was being dragged to depths of ~80-100 km or deeper, negative
buoyancy in response to the transition from the oceanic plateau’s crust to the eclogites led to a new steep
subduction (e.g., Arrial & Billen, 2013). During the process, the Dong Co eclogites experienced another
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Figure 9. New flat subduction model based on the P-T-t path of the Dong Co eclogites for the Bangong-Nujiang Tethys oceanic crust regarding the transition
from rapid to slow exhumation and overprinting at HP granulite-facies conditions. (a) Bangong-Nujiang Tethys oceanic crust subducted northward beneath the
Southern Qiangtang Block at a high/normal dip angle during the early stage (~250-177 Ma) until the subduction of oceanic plateaus; (b) the overthickened oceanic
plateau triggered the eclogite slices to detach from the descending eclogitized slab and the high dip angle led to a rapid exhumation process; (c and d) flat-slab
segment made the eclogite slices/blocks difficult to be exhumed and thus were overprinted by HP granulite facies at ~177 Ma; (e) the following slab rollback in
response to eclogitization of oceanic plateau resulted in another rapid exhumation process at ~168 Ma; and (f) near-simultaneous or later magmatic rocks formed in
response to the slab roll-back (~168 Ma) after the early flat subduction (~177 Ma). The magmatic rocks data are from Li et al. (2016), and references therein. The
~155 Ma granite porphyry data are listed in Figure S3.

rapid exhumation process, returning from ~50 km to ~15 km, and underwent amphibolite facies retrograde
metamorphism during the Middle Jurassic (~168 Ma) (Figure 9e). Meanwhile, the asthenosphere upwelling
caused by the slab rollback process could have triggered the nearly simultaneous formation of a huge
amount of magmatic rocks, which is in agreement with the widespread occurrence of the Middle to Late
Jurassic (~168-153 Ma) arc magmatic rocks, adakites, and asthenosphere-derived OIB-type rocks to the north
of the BNSZ (Figure 9f) (Li et al,, 2016). More importantly, the Middle to Late Jurassic magmatic rocks are not
only distributed along the southern margin of the Southern Qiangtang Block, but they have also been found
at sites approximately 400 km away from the BNSZ (Figure 9f), further supporting the flat subduction
mentioned above.

6. Conclusions

1. The Dong Co eclogites, interpreted as the metamorphic product of the subducted Bangong-Nujiang
Tethys oceanic crust, experienced a peak metamorphism at eclogite-facies conditions (T = 610-630°C
and P = 24-2.6 GPa), strong overprinting at HP granulite facies conditions (T = 910-930°C and
P =1.2-1.4 GPa), and multiple stages of retrograde metamorphism.

2. The Dong Co eclogites experienced a complex clockwise P-T-t path, including two sections of
decompression-dominated P-T path (M, to M, and M3 to M) and one section of heating-dominated
(isobaric heating, M, to M3) processes, which suggests a variation of exhumation velocities.
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3. Zircon and rutile SIMS U-Pb dating results suggest that the age of crystallization for the protolith of the
Dong Co eclogites is about 250 Ma, that the strong overprinting at HP granulite facies conditions occurred
at ~177 Ma, and that the rutile lower intercept age of ~168 Ma could reflect the timing of the late stage of
amphibolite facies retrograde metamorphism.

4. Our new results suggest that the slow exhumation in response to flat subduction may have been an
important mechanism for the granulite facies overprinting during the exhumation of oceanic eclogites.
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