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ABSTRACT
Subduction of oceanic lithosphere is a diagnostic characteristic of plate tectonics. However, 

the geodynamic processes from initiation to termination of subduction zones remain enigmatic 
mainly due to the scarcity of appropriate rock records. We report the first discovery of early 
Paleozoic boninitic blueschists and associated greenschists from the eastern Proto-Tethyan 
North Qilian orogenic belt, northeastern Tibet, which have geochemical affinities that are 
typical of forearc boninites and island arc basalts, respectively. The boninitic protoliths of 
the blueschists record intra-oceanic subduction initiation at ca. 492–488 Ma in the eastern 
North Qilian arc/forearc–backarc system, whereas peak blueschist facies metamorphism 
reflects subsequent subduction of the arc/forearc complex to high pressure at ca. 455 Ma. 
These relations therefore record the life circle of an intra-oceanic subduction zone within 
the northeastern Proto-Tethys Ocean. The geodynamic evolution provides an early Paleozoic 
analogue of the early development of the Izu–Bonin–Mariana arc and its later subduction 
beneath the extant Japanese arc margin. This finding highlights the important role of sub-
duction of former upper plate island arc/forearcs in reducing the likelihood of preservation 
of initial subduction-related rock records in ancient orogenic belts.

INTRODUCTION
Our understanding of the processes involved 

in subduction initiation and termination is lim-
ited largely due to the scarcity of relevant ex-
amples (e.g., Stern, 2004; Marques et al., 2014; 
Arculus et al., 2015; Crameri et al., 2020). How-
ever, it is possible to use arc–forearc complexes 
to unravel the processes involved in the tran-
sition from subduction initiation to island arc 
magmatism in intra-oceanic arc systems (Rea-
gan et al., 2010; Whattam and Stern, 2011). Gen-
erally, the upper plate (e.g., island arc/forearc) 
may be thrust/obducted onto a continental mar-
gin or arc during the termination of subduction 
(Wakabayashi and Dilek, 2003; Dewey and 
Casey, 2011). By contrast, some modern sub-
duction systems are characterized by subduction 

of a supra-subduction zone (SSZ)–type oceanic 
plate during the closure of backarc basins such 
as the Philippine backarc and the Izu–Bonin–
Mariana (IBM) intra-oceanic arc, which are 
subducting obliquely beneath the Japanese arc. 
In this tectonic scenario, a former upper plate 
may be subducted and incorporated into an ac-
cretionary wedge by offscraping/underthrusting 
to form a structurally dismembered mélange that 
records low-temperature/pressure (T/P) meta-
morphism. Alternatively, it may collide with an 
arc or continental margin when subduction is 
jammed by buoyant arc crust (e.g., Stern, 2004). 
These processes, together with post-obduction/
accretion erosion, may erase any record of sub-
duction initiation during accretionary or colli-
sional orogenesis. However, a scenario in which 
upper plate rocks have been underthrust beneath 
an arc/continent margin has rarely been docu-
mented in ancient orogenic belts.

Here, we present direct evidence of subduc-
tion of intra-oceanic arc/forearc rocks in a suite 
of early Paleozoic blueschists and greenschists 
from the eastern Proto-Tethyan North Qilian 
orogenic belt, northeastern Tibet, which record 
subduction initiation and island arc magmatism 
within an intra-oceanic arc/forearc–backarc sys-
tem and subsequent deep subduction and ac-
cretion of the arc-forearc crust during closure 
of the backarc.

GEOLOGICAL FRAMEWORK AND 
SAMPLING

The Paleozoic North Qilian orogenic belt 
in northeastern Tibet (Fig. 1A) formed by ac-
cretion-to-collision orogenesis during closure 
of the northeastern branch of the Proto-Tethys 
Ocean (e.g., Xiao et al., 2009; Song et al., 2013; 
Wu et al., 2021). The orogen consists of two 
subparallel belts of ophiolites and associated 
accretionary complexes that are separated by a 
belt of volcanic and plutonic rocks (Fig. 1B; Xia 
et al., 2003; Song et al., 2013). Early Paleozoic 
eclogites, blueschists, and ophiolitic mélang-
es constitute key components of accretionary 
complexes (e.g., Zhang et al., 2007; Xiao et al., 
2009; Yan et al., 2021).

The eastern section of the North Qilian 
orogenic belt (termed the Laohushan Com-
plex, Fu et al., 2020) consists, from north to 
south, of three units: a SSZ ophiolite–forearc 
basin; an accretionary complex; and an island 
arc (Fig. 1C). The blueschists occur as vari-
ably-sized blocks and lenses enclosed within 
a greenschist– blueschist facies matrix domi-
nated by mafic schists and metasedimentary 
 quartz-mica schists, which together comprise 
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a greenschist- to blueschist-facies mélange (Fu 
et al., 2020; Fig. 1D; Fig. S1A in the Supplemen-
tal Material1). Greenschists that are structurally 
juxtaposed against the mélange mainly consist 
of (chlorite)–epidote schist and minor epidote-
hornblende schist. Representative samples of the 
blueschist blocks and their mafic schist matrix in 
the mélange and the greenschists were collected 
for detailed analysis (Fig. 1D; see the Supple-
mental Material and Tables S1–S5 therein for 
detailed methods and results).

PETROGRAPHY AND METAMORPHIC 
P–T CONDITIONS

The blueschist sample (17QL27–1) con-
sists of sodic amphibole, phengite, quartz, and 
chlorite with accessory titanite, apatite, and 
magnetite (Figs. S1B–S1C; Table S1). The 
sodic amphibole is glaucophane containing 
high NaM4 (1.52–1.92 cations per formula unit 
[c.p.f.u.], based on 23 oxygens) and moderate 
XMg [ = atomic Mg/(Mg + Fe2+) = 0.58–0.73] 
(Fig. 2A). Phengite has relatively high Si values 
(3.33–3.49 c.p.f.u. based on 11 O; Fig. 2B). The 
mafic schist matrix sample (18QL03) contains 
amphibole, chlorite, and albite with minor phen-
gite, quartz, and titanite (Fig. S1D). Amphibole 
includes sodic, sodic–calcic, and calcic variet-
ies. Sodic amphibole is glaucophane with 8.0 
c.p.f.u. Si, 1.63–1.64 c.p.f.u. NaM4, and an XMg of 

0.67–0.7 (Fig. 1A; Table S1), and is interpreted 
as a peak metamorphic mineral.

Metamorphic P-T conditions were con-
strained by phase equilibrium modeling (see 
the Supplemental Material text and Figs. S2 
and S3 for details) using the bulk-rock compo-
sitions listed in Table S2. For blueschist sample 
17QL27–1c, the calculated stability field for the 
interpreted peak assemblage of glaucophane–
phengite–chlorite–titanite–quartz, combined 
with isopleths of Si (up to 3.49 c.p.f.u.) in phen-
gite, indicates peak P-T conditions of ∼7.5–14.5 
kbar/410–490 °C (Fig. S2). For the mafic schist 
matrix sample (17QL25–1) the inferred peak 
assemblage of albite–chlorite–epidote–glauco-
phane–phengite–titanite is stable in the field at 
∼6.8–8.5 kbar/∼350–475 °C (Fig. S3). These 
P-T conditions correspond to thermal gradients 

1Supplemental Material. Supplemental text, Fig-
ures S1–S8, and Tables S1–S5. Please visit https://doi.
org/10.1130/GEOL.S.15152529 to access the supple-
mental material, and contact editing@geosociety.org 
with any questions.
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Figure 1. (A) Tectonic sketch map showing the major cratons and orogenic belts in China. (B) Tectonic units of the Qilian orogenic belt (modi-
fied after Fu et al., 2018, 2020). (C) Simplified geological map of the Laohushan Complex in the eastern North Qilian orogenic belt. (D) Sampling 
locations (modified from Fu et al., 2020).
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of ∼9.7–16.5 °C/km and ∼16.5–18 °C/km and 
coincide with the average and warm slab-top 
geotherms of global Neoproterozoic–Phanero-
zoic subduction zones, respectively (Fig. 2C) 
(Penniston-Dorland et al., 2015; Brown and 
Johnson, 2019).

PROTOLITH AND METAMORPHIC 
AGES

To constrain the protolith and metamorphic 
ages of the blueschist and the mafic schist ma-
trix, we undertook U–Pb (zircon and titanite) 
and 40Ar/39Ar (phengite and glaucophane) dat-
ing (Figs. S4 and S5; Tables S3 and S4). The 
titanite U-Pb age (492 ± 27 Ma) of blueschist 
sample 17QL27–1 and the zircon U-Pb age 
(488 ± 2 Ma) of mafic schist matrix sample 
18QL03 are interpreted as protolith ages. The 
40Ar/39Ar plateau age (455 ± 0.6 Ma) of phen-
gite from blueschist sample 18QL02 is inter-
preted as marking the timing of peak blueschist-
facies metamorphism, whereas the 40Ar/39Ar 
plateau ages (432 ± 5 Ma and 425 ± 13 Ma) 
of glaucophane from blueschist samples 
17QL27–1 and 18QL02 likely record cooling 
and exhumation.

GEOCHEMICAL CONSTRAINTS ON 
FOREARC-ARC MAGMATISM

Blueschist samples have variable SiO2 
(51.69–70.12 wt%) and MgO (5.69–10.74 wt%), 

and low TiO2 (0.09–0.21 wt%) and CaO  
(1.21–2.01 wt%) contents (Table S5; Fig. S6). 
Variable SiO2 concentrations likely reflect the 
presence of minute quartz veins. On a Nb/Y 
versus Zr/TiO2 diagram, all blueschist samples 
plot in the field of basalt (Fig. S6A). The high-
MgO and SiO2 and low-CaO samples are analo-
gous to low-Ca, high-Si boninites (Fig. S6B; 
Pearce and Reagan, 2019). The blueschists are 
characterized by relative enrichment in large 
ion lithophile elements (LILEs; e.g., Rb, Ba, 
and Pb) and depletion in high field strength ele-
ments (HFSEs; e.g., Nb, Zr, and Hf), and they 
have concave-up, chondrite-normalized rare 
earth element (REE) patterns (Figs. 3A and 3C) 
comparable to those of boninites in the IBM 
forearc (Taylor et al., 1994). These geochemi-
cal features suggest that the boninitic protoliths 
of the blueschists were derived from a hydrous 
mantle source that has been metasomatized by 
subducting slab-derived fluids (Fig. S7A; e.g., 
Hickey and Frey, 1982; Crawford et al., 1989; 
Ishizuka et al., 2011).

Samples of greenschist and the mafic schist 
matrix have low SiO2 (45.93–56.50 wt%) and 
moderate MgO (5.39–11.66 wt%) and TiO2 
(0.51–1.07 wt%) contents. Both lithologies 
show variable light REE patterns (LREEs; 
La/SmN = 0.34–3.59, N—chondrite normal-
ized), enrichment in LILEs, and depletion in 
HFSEs (Figs. 3B–3D; Table S5), all of which 

are  features typical of island arc basalts (IABs; 
Pearce and Robinson, 2010; Ishizuka et al., 
2020).

On the V versus Ti diagram, the blueschist 
and greenschist–mafic schist samples plot in 
the fields of boninite and IAB, respectively 
(Fig. 3E). Incompatible element ratios (e.g., Nb/
Yb, Th/Yb) mostly plot within the intra-ocean-
ic arc field (Fig. 3F). In modern intra-oceanic 
arc–forearcs (e.g., IBM and Tonga) and some 
SSZ-type ophiolites, a diagnostic suite of vol-
canic rocks comprises mid-oceanic ridge basalt 
(MORB)–like proto-arc basalts (or forearc ba-
salts), boninitic rocks, mature arc tholeiites, and 
calc-alkaline lavas (Stern, 2004; Reagan et al., 
2010). Boninite-bearing volcanic rocks are gen-
erally linked to embryonic intra-oceanic arc 
magmatism following the onset of subduction 
(e.g., Stern et al., 2012). Accordingly, we inter-
pret the ca. 492–488 Ma boninitic and IAB pro-
toliths of the blueschist, greenschist, and mafic 
schist matrix samples as products of subduction 
initiation and subsequent arc magmatism in an 
intra-oceanic arc–forearc (Fig. S7B).

INTRA-OCEANIC SUBDUCTION IN 
THE NORTHEAST PROTO-TETHYS

Paleogeographic reconstructions (Fig. 4A) 
indicate that the Proto-Tethys Ocean separated 
Gondwana from several microcontinents and 
intra-oceanic arcs along its periphery, which 

Figure 2. Mineral compo-
sitions of (A) amphiboles 
and (B) phengites from 
blueschist and mafic 
schist in the eastern 
North Qilian orogenic belt, 
China. (C) The P-T condi-
tions (blue areas) of the 
studied boninitic blue-
schist and mafic schist 
matrix . Compilation of 
P-T estimates from sub-
ducted rocks exhumed 
from global Neopro-
terozoic to Phanerozoic 
subduction zones (blue 
circles and green shaded 
area) and average slab-
top geotherms (green 
solid line, PD15-average 
[PD15 refers to Pennis-
ton-Dorland et al., 2015], 
modified from Penniston-
Dorland et al., 2015).
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were later accreted to the southern margin of 
the North China–Tarim cratons (e.g., Fu et al., 
2018; Song et al., 2018; Zhao et al., 2018;Yan 
et al., 2021). Our discovery of boninitic blue-
schists in the eastern North Qilian orogenic belt 
provides new constraints on the history of sub-
duction initiation and termination of the North 
Qilian intra-oceanic subduction system along 
the northeastern Proto-Tethys Ocean (Fig. 4).

We suggest that the boninite–IAB protoliths 
of the Laohushan blueschists and greenschists 
(ca. 492‒488 Ma) formed in an intra-oceanic arc 
(North Qilian arc) above a north-dipping subduc-
tion zone (probably initiated at ca. 517–505 Ma 

at Dachadaban; Subduction Zone 1 [SZ-1] in 
Fig. 4B) of the Qilian Ocean, which is a north-
eastern branch of the Proto-Tethys Ocean that 
developed following the break-up of  Rodinia 
(e.g., Xia et al., 2012; Song et al., 2013, 2018; 
Chen et al., 2014; Zuza et al., 2018). The ca. 
492–488 Ma Laohushan boninite–IAB suite and 
the ca. 517–487 Ma Dachadaban tholeiite–bo-
ninite suite (Xia et al., 2012) constitute a later-
ally extensive fossil intra-oceanic arc/forearc 
with a length exceeding 600 km (Figs.  1B 
and 4B). This arc separates the two ophiolite– 
accretionary complex belts that record high- 
pressure (HP) metamorphism (Figs. 4D and 4E; 

e.g., Zhang et al., 2007; Cheng et al., 2018), 
which have been interpreted as remnants of the 
Qilian Ocean (>550 Ma to ca. 445 Ma) and the 
North Qilian backarc basin (ca. 490–430 Ma), 
respectively (e.g., Xia et al., 2003, 2012; Song 
et al., 2013; Fu et al., 2020).

At ca. 455 Ma, a new north-dipping subduc-
tion zone (SZ-2) developed in the North Qil-
ian backarc basin (Figs. 4B and 4E), as indi-
cated by structurally higher SSZ ophiolite (ca. 
454–448 Ma gabbro, basalt, and plagiogran-
ite), forearc basin, and arc magmatism in the 
north (Fu et al., 2020). The North Qilian intra-
oceanic arc–backarc crust in the eastern North 

A B

C D

E F

Figure 3. (A,B) Chondrite-normalized rare earth element patterns in the eastern Proto-Tethyan North Qilian orogenic belt, China. (C,D) Primi-
tive mantle-normalized trace element patterns. (E) V versus Ti diagram and (F) Nb/Yb versus Th/Yb diagram. Data sources of boninites, forearc 
basalts, and high-Mg andesites are from Taylor et al. (1994), Reagan et al. (2010), Murton et al. (1992), Arculus et al. (2015), Li et al. (2019), and 
Ishizuka et al. (2011, 2020). Dachadaban tholeiite and boninite (central North Qilian orogenic belt, NQOB) data are from Xia et al. (2012). (N/E-) 
MORB—(normal/enriched-) mid-oceanic ridge basalt; OIB—oceanic-island basalt; FAB—forearc basalt.
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 Qilian orogenic belt was subducted beneath the 
southern margin of the Alxa block (Fig. 4B) and 
partially incorporated into the subduction chan-
nel, where it was buried to depths sufficient to 
undergo blueschist facies metamorphism at ca. 
455 Ma. Boninitic rocks with blueschist facies 
metamorphism were exhumed along the sub-
duction channel at ca. 432–425 Ma. The North 
Qilian arc/accretionary complexes probably ac-
creted diachronously to the margin of the Alxa 
block in the combined North China–Tarim cra-
tons by the early to middle Silurian, recording 
a transition from accretionary to collisional oro-
genesis in the North Qilian orogenic belt (Fu 
et al., 2019, 2020).

IMPLICATIONS FOR THE FATE OF 
INTRA-OCEANIC ARCS/FOREARCS

The classic Wilson Cycle describes the cycli-
cal opening and closing of an ocean between two 
continents and its termination in a collisional 
orogeny (Wilson, 1966). In contrast, on the mod-
ern Earth there are also many marginal basins/

arcs that formed above subduction zones, the 
geodynamic processes of which are pivotal for 
deciphering the nucleation of new convergent 
plate boundaries, subduction accretion/erosion, 
and lateral and/or vertical crustal growth associ-
ated with accretionary orogenesis (e.g., Cawood 
et al., 2009). The initial stage of intra-oceanic 
subduction can be traced from island arc/forearc 
boninite-bearing complexes (Stern et al., 2012). 
However, these are generally destroyed during 
subduction erosion and post-accretion and/or 
obduction, and therefore little direct evidence 
for subduction of boninitic rocks has been docu-
mented in ancient orogenic belts.

The presence of boninitic blueschists in 
the eastern North Qilian orogenic belt, first 
reported here, demonstrates that boninitic arc/
forearc rocks that originated in the upper plate 
were transported down a subduction channel, 
where they underwent HP metamorphism at ca. 
455 Ma and were then exhumed at ca. 432–
425 Ma. The boninitic blueschists thus record 
a unique example of a full geodynamic circuit 

from the generation of an intra-oceanic arc/
forearc to its subduction beneath an arc mar-
gin via another subduction zone. At around the 
same time, the Dachadaban arc/forearc complex 
(Fig. 4B) was likely obducted into an accretion-
ary wedge with no significant metamorphism 
and deformation. The difference in emplace-
ment processes within the same arc belt can be 
attributed to oblique subduction and diachro-
nous closure of the North Qilian arc–backarc 
(Fig. 4B), which is analogous to subduction of 
the IBM arc beneath the Japanese margin in the 
western Pacific Ocean (Fig. 4C). This finding 
provides direct evidence for subduction and ac-
cretion of an intra-oceanic arc/forearc complex 
and also helps to explain the scarcity of the 
record of subduction initiation in ancient ac-
cretionary and collisional orogens.
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Figure 4. (A) Paleogeographic reconstruction of Gondwana at ca. 450 Ma (modified after Zhao et al., 2018) showing the probable position of 
the northeastern branch of the Proto-Tethys Ocean (PTO). (B) Schematic diagram showing the configuration of arcs, backarcs and two sub-
duction zones in the North Qilian intra-oceanic subduction system. (C) Schematic diagram showing the Izu‒Bonin‒Mariana (IBM) subduction 
system in the western Pacific Ocean. Panels B and C have the same scale. (D) Pseudo-stratigraphic columns of the North Qilian orogenic 
belt. Ages in blue represent ages of metamorphic minerals. (E) Schematic tectonic model for the early Paleozoic evolution of the northeast-
ern PTO with the two stages of subduction and accretion that led to the formation of two high-pressure metamorphic belts and the different 
thermal gradients (right) of the two subduction zones (SZ-1 and SZ-2). SSZ—supra-subduction zone; HP/LT—high-pressure/low-temperature.
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