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ABSTRACT
We report on a ca. 239 Ma mafic dike swarm intruded in the Southern Qiangtang terrane, 

central Tibet, that was generated on the passive continental margin of a subducting lower 
plate. The dikes are tholeiitic basalts and exhibit light rare earth element enrichment, mod-
est negative anomalies in Nb and Ta, and enriched isotopic signatures. The dikes are coeval 
with a back-arc basin formed in the upper plate as a result of the rollback of the Paleo-Tethys 
oceanic slab. Thus, after ocean-ridge subduction, enhanced slab-pull forces related to slab 
rollback on one side of the ocean induced extension and magmatism in the passive margin 
on the opposite side. We argue that enhanced slab-pull forces are a previously unrecognized 
mechanism for the generation of lower-plate passive-margin magmatism.

INTRODUCTION
Most magmatism on Earth is directly related 

to plate tectonics, occurring either at divergent 
plate boundaries or on the overriding plate in 
subduction zones. Intraplate magmatism is, by 
comparison, less common, and is most com-
monly produced by mantle plumes (Ernst, 
2014). Other examples of intraplate magmatism 
are more enigmatic, especially along passive 
margins—which are generally tectonically inac-
tive and non-magmatic—on the opposite side 
of an oceanic margin undergoing subduction 
(Murphy et al., 2006). Slab-pull forces result-
ing from oceanic slab subduction are important 
driving forces of plate motion (Conrad and Lith-
gow-Bertelloni, 2002). Geodynamic modeling 
indicates that a large fraction (∼75%–80%) of 
these forces propagates through the bend in the 
subducting slab (Capitanio et al., 2009). Such 
forces can cause pronounced extension in the 
lower plate, especially during or after subduc-
tion of the mid-ocean ridge (Gutiérrez-Alonso 
et al., 2008; Capitanio et al., 2011; Belguith 
et al., 2013) when the subducting slab becomes 

geodynamically coupled to a passive margin on 
the opposite side of the ocean. However, lower-
plate passive-margin magmatism has been rarely 
documented, which hinders the understanding 
of how slab pull may induce it. Here we report 
on a Middle Triassic mafic dike swarm that 
intruded into the passive margin of central Tibet 
as a result of enhanced slab pull associated with 
slab rollback.

TECTONIC SETTING
The central Tibetan Plateau consists of the 

Songpan-Garze and Qiangtang terranes with 
intervening sutures (Fig. 1A) (Liu et al., 2016). 
There are two competing models for the tectonic 
evolution of this region. One model proposes 
that the central Qiangtang metamorphic belt rep-
resents an underplated mélange from the West 
Jinsha suture to north that underwent high-pres-
sure metamorphism and subsequent exhumation 
(Kapp et al., 2000; Pullen et al., 2011), implying 
that the vestiges of the Paleo-Tethys Ocean are 
located in the West Jinsha suture zone. In this 
model, the Qiangtang is a unified terrane and the 
Songpan-Garze terrane represents a relict ocean 
basin (Pullen et al., 2008). However, contrasting 
detrital-zircon age spectra for Carboniferous and 

Permian strata in the northern and southern parts 
of the Qiangtang terrane are inconsistent with 
this model (Zhang et al., 2017). Most research-
ers favor a second model in which a suture zone 
(the Longmu Co–Shuanghu suture) divides the 
Qiangtang terrane into the Southern Qiangtang 
terrane (SQT) and Northern Qiangtang terrane 
(NQT), based on contrasting biotas and restric-
tion of glaciomarine diamictites to the south of 
the suture (Li et al., 1995). The latter model is 
supported by the discovery of Paleozoic ophio-
lites, late Paleozoic arc magmatism, and Late 
Triassic eclogites (Dan et al., 2020; Xu et al., 
2020) along the Longmu Co–Shuanghu suture, 
implying the suture preserves a segment of the 
Paleo-Tethys Ocean. Consequently, the western 
and southwestern parts of the Songpan-Garze 
terrane, represented by the West Jinsha and 
Garze-Litang sutures, probably formed in a Late 
Permian–Middle Triassic back-arc basin related 
to the rollback of the Paleo-Tethys oceanic slab 
to the south (Liu et al., 2016; Wang et al., 2018).

The SQT is interpreted as a peri-Gondwanan 
terrane that became attached to the Gondwana 
continent during early Paleozoic subduction (Dan 
et al., 2020). Late Paleozoic rocks consist mainly 
of quartzite, sandstone, and limestone interbed-
ded with glaciomarine deposits; the clastic rocks 
are characterized by Archean–early Paleozoic 
detrital zircon ages (Gehrels et al., 2011; Fan 
et al., 2015), indicative of passive-margin depo-
sition. Widely distributed, east-west–oriented, 
ca. 283 Ma Qiangtang mafic dikes, part of the 
Early Permian large igneous province in northern 
Gondwana, intruded into Permian–Carbonifer-
ous strata as the SQT migrated away from Gond-
wana (Zhai et al., 2013). The northern margin 
of the SQT then remained a passive margin as it *E-mail: danwei@gig.ac.cn
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drifted northward until it collided with the NQT 
in the Late Triassic, probably at ca. 233 Ma (Dan 
et al., 2018).

SAMPLING AND METHODS
In expeditions in 2013 and 2015, we sampled 

mafic dikes (which were thought to be part of 
the Early Permian (ca. 283 Ma) magmatic event 
in the SQT) that intrude Permian–Carboniferous 
low-grade metasedimentary rocks (Zhai et al., 
2013). The dikes we observed in the field are 
typically no more than a few meters in width 
(Fig. S1 in the Supplemental Material1). We car-
ried out secondary ion mass spectroscopy zircon 
U-Pb geochronology, oxygen isotope, and 31 
whole-rock geochemical analyses on the dike 
samples collected from the Gemu Co–Tashishan 
area (Fig. 1B). Details of the analytical proce-
dures and results are presented in the Supple-
mental Material. These analyses revealed the 
existence of a younger mafic dike swarm crop-
ping out over >4000 km2, named the Duguer 
dikes, to the north of the ca. 283 Ma Qiangtang 
dikes. The Permian–Carboniferous strata in this 
area have detrital-zircon age patterns (Gehrels 
et al., 2011) similar to those of the SQT but dis-
tinct from the characteristics of the NQT (Zhang 
et al., 2017).

ZIRCON U-PB GEOCHRONOLOGY 
AND O ISOTOPES

Seven dike samples were selected for zir-
con U-Pb dating (Fig. S2). Zircon grains are 
mostly euhedral to subhedral, with banded 
zoning apparent in cathodoluminescence 
images. These zones exhibit high Th and U 
contents and high Th/U ratios (mostly >1). A 
total of 81 analyses were obtained from 81 
grains, and all are concordant within error. 
The zircon grains yield 206Pb/238U ages rang-
ing from ca. 265 Ma to ca. 232 Ma, except 
for two xenocrysts with older ages. Some 
of those yielding the oldest ages within this 
range exhibit U-rich metamict textures and 
were excluded from further consideration. The 
remaining 47 ages, ranging from ca. 247 to ca. 
232 Ma, are identical within individual analyt-
ical uncertainty (typically ±8 m.y., 2σ), yield-
ing a pooled weighted (by the precision of 
the individual ages) mean age of 239 ± 1 Ma 
(Fig. 2), which we interpret as the crystalli-
zation age of these dikes. This age is consis-
tent with the range in ages from 243 ± 3 Ma 
to 237 ± 2 Ma for the seven individual dikes 
(Fig. S2).

Measured zircon δ18O values for three 
samples show a limited range of 5.0‰–
6.1‰ (Table S2), with average values 
of 5.38‰ ± 0.43‰ (two standard devia-
tions [2 SD]), 5.59‰ ± 0.42‰ (2 SD), and 
5.54‰ ± 0.28‰ (2 SD), respectively. These 
values are within the depleted mantle range for 
zircon of 5.3‰ ± 0.6‰ (Valley et al., 1998).

GEOCHEMISTRY
The mafic dikes experienced variable altera-

tion (relatively high loss-on-ignition values of 
2.0–4.2 wt%). However, high-field-strength 
elements, rare earth elements (REEs), and Th 
were essentially immobile during alteration, evi-
denced by the dikes’ similar and coherent trace-
element patterns (Fig. 3). The dikes are tholei-
itic, exhibit enrichment in light REEs (LREEs) 
relative to the heavy REEs with (La/Yb)N 
(N—normalized to chondrites) of 3.9–6.7, weak 
negative Nb and Ta anomalies, and negligible Eu 
and Ti anomalies. They differ in these respects 
from typical ocean island basalts but are similar 
to the ca. 283 Ma Qiangtang dikes (Fig. 3C). 
Their weak Nb and Ta anomalies (La/Nb ratios 
average 1.3) also distinguish them from subduc-
tion-related basalts (La/Nb >1.5).

Despite the continental setting, the rarity of 
xenocrystic zircon grains and mantle-like zircon 
δ18O values indicate limited crustal contamina-
tion during magmatic evolution. This interpreta-
tion is supported by energy-constrained assimi-
lation and fractional crystallization (EC-AFC) 
modeling (Bohrson and Spera, 2001) implying 
crustal assimilation of <1% (Fig. S3). Thus, the 
LREE enrichment and small negative Nb and Ta 
anomalies of the mafic dikes are likely inher-
ited from their mantle sources. Compared to 
the ca. 283 Ma Qiangtang dikes and ca. 238 Ma 
petit-spot eclogites occurring in the suture zone 
(Fig. 3D; Zhai et al., 2013; Dan et al., 2018), the 
ca. 239 Ma Duguer dikes have distinctly lower 
εNd(t) values, implying that they were derived 
from a less depleted source, most likely from 
subcontinental lithospheric mantle that had 
previously been modestly enriched in incom-
patible elements. The large range of εNd(t) (∼6 
units) and the positive or negative correlations 
between εNd(t) and Nb/La and Th/Nb are consis-
tent with a lithospheric source that was highly 
heterogeneous (Figs. 3E–3F). One end-member 
source is characterized by high Th/Nb and low 
Nb/La and εNd(t), similar to island-arc volcanics 
(Elliott, 2003). These features can be explained 
by variable metasomatism of the lithospheric 

1Supplemental Material. Analytical methods, 
Tables S1–S6 and Figures S1–S5. Please visit 
https://doi .org/10.1130/GEOL.S.12915707 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 1. Simplified geological map of Qiangtang mafic dikes in Tibet (after Dan et al., 2018). 
Mafic dikes and related basalts are distributed in Permian–Carboniferous strata. Locations of 
basalts (ca. 260 Ma) related to the Emeishan large igneous province (LIP) and ophiolites (ca. 
240–232 Ma) are from Wang et al. (2018) and Liu et al. (2016), respectively. Dashed blue line in 
B separates ca. 239 Ma (green) from ca. 283 Ma (purple) mafic dike swarms.

Figure 2. Histogram of selected 47 zircon 
U-Pb dates for Duguer dikes in Tibet. MSWD—
mean squared weighted deviation.
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mantle by melts and/or fluids derived from sub-
ducting oceanic lithosphere in the early Paleo-
zoic (Dan et al., 2020). REE modeling further 
suggests that melting occurred near the garnet-
spinel facies transition but dominantly within the 
spinel stability field (Fig. S4), consistent with 
their relatively low (La/Yb)N and derivation from 
lithospheric mantle.

GEODYNAMIC MODEL
The ca. 239 Ma Duguer dikes were emplaced 

∼44 m.y. after the ca. 283 Ma Qiangtang dikes 
in the SQT but before the ca. 233 Ma SQT 
and NQT collision (Dan et al., 2018). Conse-
quently, we infer that the ca. 239 Ma magmatism 
occurred on a passive margin on the lower plate 
undergoing subduction prior to the closure of the 
Paleo-Tethys Ocean.

One possible explanation for passive-margin 
intraplate magmatism is a mantle plume (Ernst, 
2014). However, the ca. 239 Ma dikes crop out 
over a small area and have normal mantle poten-
tial temperatures (1336 − 1414 °C) (Table S6), 
in contrast to melts of mantle plumes which 
typically have much higher potential tempera-
tures. The Duguer magmatic event also lacks 
evidence of the age-progressive volcanism that 
characterizes plume-tail magmatism under a 
moving plate.

An alternative explanation is that magmatism 
was induced by local mantle dynamics. Mazza 
et al. (2014) suggested lithospheric detachment 
as the cause of Eocene magmatism on the pas-
sive margin of eastern North America. However, 
the Duguer dikes have a subcontinental litho-
spheric geochemical signature, in contrast to the 
asthenospheric one in eastern North America. In 
further contrast, the SQT was a small continental 
fragment, and the Duguer dikes intruded as it 
was approaching a subduction zone. Indeed, the 
SQT lithosphere was probably strongly attenu-
ated in the Permian as it rifted from Gondwana 
(Zhai et al., 2013), as the lithosphere stretched 

and thinned in response to the opening of an 
ocean (White and McKenzie, 1989). Such an 
attenuated lithosphere favors neither delami-
nation nor the edge-driven convection model 
(King and Anderson, 1998), which requires a 
thick lithosphere (such as a craton) in the inner 
part and steps in lithospheric thickness at the 
plate edge.

Previous studies have suggested that mag-
matism in passive margins can occur following 
ocean-ridge subduction, which may allow slab-
pull forces to be transmitted to passive margins 
on the opposite side of ocean basins (Murphy 
et al., 2006; Gutiérrez-Alonso et al., 2008). In 
this context, the Paleo-Tethys ocean ridge is 
thought to have been subducted during the late 
Carboniferous–earliest Permian (Gutiérrez-
Alonso et al., 2008), ∼60 m.y. before the 239 Ma 
magmatism, which only slightly precedes Paleo-
Tethys closure at ca. 233 Ma (Dan et al., 2018).

Geodynamic modeling shows that ∼75%–
80% of slab-pull forces associated with sub-
duction are propagated through the bend in 
the subducting slab (Capitanio et al., 2009), 
indicating that significant extension and mag-
matism can be induced along passive margins 
long after ocean-ridge subduction (Bellahsen 
et al., 2003; Capitanio et al., 2011). We pro-
pose that enhanced slab-pull forces explain the 
ca. 239 Ma passive-margin magmatic event 
in the SQT. Liu et al. (2016) and Wang et al. 
(2018) have recently demonstrated that rollback 
of the Paleo-Tethys oceanic slab produced the 
Garze-Litang back-arc basin to the north dur-
ing the Late Permian–Middle Triassic. During 
slab rollback, slab-pull forces are redistributed 
and increased (Wortel and Spakman, 2000) and 
can cause significant lithospheric extension (as 
much as 25% extension) in the margin of the 
lower plate (Bellahsen et al., 2003). Compared 
with oceanic lithosphere, continental lithosphere 
is much weaker and is preferentially rifted dur-
ing extension (Vink et al., 1984). The strain 

of enhanced slab-pull forces could have been 
focused along a preexisting weak zone (Dun-
bar and Sawyer, 1989; Bellahsen et al., 2003) 
formed during an earlier phase (Permian–Early 
Triassic) of lithospheric extension in the SQT 
(Fig. 4), resulting in reactivation of pre-exist-
ing trans-lithospheric faults and renewed exten-
sion. Because of the narrow width of the rem-
nant ocean, likely <200 km (Dan et al., 2018), 
these forces could have been transmitted as 
far-field stresses to the passive margin, result-
ing in the lithospheric extension that produced 
the ca. 239 Ma magmatism. This extension also 
produced small-magnitude coeval “petit-spot” 
volcanism (Hirano et al., 2006) on the adjacent 
stronger, oceanic lithosphere (Dan et al., 2018). 
Although both were produced by extension, the 
ca. 239 Ma mafic dikes have higher Ti/V, Th/Nb, 
and Nb/Yb than coeval magmatism generated in 
the back-arc basin in the upper plate (Fig. S5), 
consistent with a metasomatized lithospheric 
source.

A likely Cenozoic analogue occurs in the 
Sicily channel rift zone, eastern Mediterra-
nean, where intraplate magmatism is attributed 
to enhanced slab pull induced by slab rollback 
that occurred in an ∼400-km-wide ocean (Arg-
nani, 1990; Capitanio et al., 2011; Belguith 
et  al., 2013). These examples indicate that 
although enhanced slab pull may persist for 
tens of millions of years, causing extension in 
a long-evolved passive margin, the associated 
magmatism occurs over a relatively brief inter-
val. They also indicate that the model can be 
applied to remnant narrow oceans, which typi-
cally have a dense and/or old subducted slab 
that persists long after ocean-ridge subduction, 
thereby facilitating rapid slab rollback (Schel-
lart et al., 2007) accompanied by enhanced slab 
pull (Wortel and Spakman, 2000). The rarity 
of examples of such magmatism may be partly 
because such margins are likely to be subducted 
during subsequent orogenesis. If so, evidence 

Figure 3. Geochemistry of 
ca. 239 Ma Duguer dikes 
in Tibet. Normalization 
and oceanic island basalt 
(OIB) values in C are from 
Sun and McDonough 
(1989). Data for ca. 283 Ma 
dikes and ca. 238 Ma 
petit spots (protoliths of 
eclogites) are from Zhai 
et al. (2013) and Dan et al. 
(2018), respectively.
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of associated magmatism may be preserved in 
some eclogitic complexes in subduction chan-
nels. Alternatively, these rocks may have been 
misinterpreted as subduction-related magma-
tism. Future studies may reveal more examples 
of such lower-plate magmatism.

CONCLUSIONS
We document the occurrence of ca. 239 Ma 

Duguer mafic dikes on the passive margin of 
the Southern Qiangtang terrane, Tibet. They 
were produced by partial melting of metaso-
matized lithospheric mantle in the lower plate 
as a result of regional extension. In the aftermath 
of ocean-ridge subduction, enhanced slab-pull 
forces associated with rollback of the subducting 
slab induced the opening of the back-arc basin 
on the upper plate and coeval magmatism in the 
passive margin of the lower plate located on the 
opposite margin of the subducting oceanic plate. 
Our analysis suggests that intraplate magmatism 
can be induced on the passive margins of the 
lower plate by enhanced slab-pull forces associ-
ated with subduction.
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