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Abstract: The Bangong-Nujiang Suture Zone (BNSZ) in central Tibet hosts a series of dismembered
Jurassic ophiolites that are widely considered as remnants of the vanished Meso-Tethys Ocean. In this
study we present new compositional, isotopic, and geochronological data from anorthosites and
gabbros of the Dongco and Lanong ophiolites in order to test several hypotheses about the nature of
subduction in the Bangong-Nujiang Tethys Ocean (BNTO) during the Mesozoic era. Uranium–Pb
dating of magmatic zircons separated from the Dongco anorthosites yielded an (average) age of
169.0 ± 3.7 Ma. Zircons separated from the Lanong anorthosites and gabbros yielded U–Pb ages of
166.8 ± 0.9 Ma and 167.3 ± 1.1 Ma, respectively. Zircons separated from the Dongco and Lanong
anorthosites have positive εHf(t) values (5.62–15.94 and 10.37–14.95, respectively). The Dongco
anorthosites have moderate initial 87Sr/86Sr (0.703477–0.704144) and high εNd(t) (+6.50 to +7.91).
The Lanong anorthosites have high (87Sr/86Sr)i (0.706058–0.712952) and εNd(t) in the range of −1.56 to
+2.02. Furthermore, the Lanong gabbros have high (87Sr/86Sr)i (0.705826–0.706613) and εNd(t) in the
range of −0.79 to +4.20. Most gabbros from Dongco and a few gabbros from Lanong show normal
mid-ocean ridge basalt (N-MORB)-like primitive mantle (PM)-normalized multi-element patterns.
In contrast, most gabbros from Lanong show U-shaped chondrite-normalized rare earth element (REE)
profiles. The investigated gabbros are characterized by wide ranges of δEu {(Eu)N/[(Sm)N*(Gd)N]1/2}
values (0.83–2.53), indicating that some of them are cumulative rocks. The trace element contents
of all anorthosite samples imply that their composition was controlled by cumulative processes.
The geochemical and isotopic compositions of the non-cumulative gabbros from Dongco (δEu:
0.95–1.04) and Lanong (δEu: 0.83–1.03) indicate that their parental melts were derived from melting
of heterogeneously depleted, juvenile mantle reservoirs. These rocks have arc-related affinities,
indicating that their mantle sources were influenced by minor inputs of subducted lithospheric
components. Our preferred hypothesis for the origin of the non-cumulative gabbros from Dongco is
that they were formed in a transient back-arc basin (BAB) setting in the middle-western segment
of the BNTO, whereas our preferred scenario about the origin of the non-cumulative gabbros from
Lanong is that they were generated in a forearc setting in the middle part of the BNTO. We conclude
that both geotectonic settings were developed in response to the northward subduction of the BNTO
during the Middle Jurassic.
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1. Introduction and Rationale of the Study

The interpretation of the on-land ophiolitic rock units as remnants of ancient oceanic crust
and mantle has brought considerable interest to the investigation of ophiolitic assemblages in
orogenic belts [1–4]. These “fossil” sections of oceanic lithosphere are indisputable recorders
of first-order geological phenomena such as seafloor spreading, slab subduction, and oceanic
lithosphere emplacement onto the continental margins [4–7]. These geological processes are generally
considered as primary with respect to the mechanisms that are responsible for the igneous accretion,
(ductile and brittle) deformation, and post-solidification alteration of the oceanic lithosphere [8].
In addition, the internal architecture and compositional signatures of ophiolites may provide key
elements in deciphering the petrotectonic history of the ancient oceanic lithosphere from its birth to
its demise [4,9–12].

Today, a significant part of our knowledge about the oceanic lithosphere comes from the
study of the ophiolitic assemblages cropping out along the Alpine-Himalayan orogenic belt [13].
The Alpine-Himalayan mountain belt is a world-class orogenic system that was formed due to the
northward drifting of some Gondwana-derived plates and their collision with the southern margin of
the Eurasian plate. This process led to the terminal closure of the Tethys Ocean in the interval between
the Late Triassic and the Late Cenozoic [14,15]. The investigation of the Alpine-Himalayan ophiolites
has provided the geological community with numerous details about the dynamic break-up of the
northern Gondwana and the accretion of the southern Eurasia [14,16].

The Tibetan Plateau, in the eastern segment of the Alpine-Himalayan orogenic belt, is a result of
the collisional orogeny along the convergent boundary between the Indo-Australian and Eurasian
lithospheric plates. From north to south, the Tibetan Plateau is composed of the Songpan-Ganzi,
Qiangtang, Lhasa, and Himalayan terranes all separated from one another by extensive suture
zones [17–19]. The Bangong-Nujiang Suture Zone (BNSZ) separates the Qiangtang terrane to the
north from the Lhasa terrane to the south [20], hosting a number of supra-subduction-zone (SSZ)-type
ophiolites that are considered as remnants of the vanished Meso-Tethys Ocean [21,22].

Although some detailed studies about the origin of the BNSZ ophiolites have been carried
out during the last decades, ophiolites from the western and middle parts of the BNSZ are still
under-documented. This limits our knowledge of the evolution history of the Bangong-Nujiang
Tethys Ocean (BNTO; [23–26]). Several key issues such as configuration, opening, subduction, and
closure of the BNTO have yet to be understood [18,19,27,28]. In particular, the geotectonic setting
of the BNSZ ophiolites has been the subject of many frontline studies and remains a hotly debated
issue among geoscientists, many of whom passionately defend hypotheses about the origin of these
ophiolites [19,29].

In this paper, field and petrographic observations as well as geochemical and Sr–Nd isotopic data
are used to provide constraints on the origin of the Dongco and Lanong ophiolites. We also report new
U–Pb geochronological and Lu–Hf isotopic data for zircons separated from some mafic rocks of these
ophiolites. Integration of our compositional and geochronological data may help in the resolution of
the puzzling petrogenetic evolution of the BNSZ ophiolites during the Mesozoic.

2. Geological Background

The Tibetan Plateau was formed due to tectonic amalgamation of continental blocks that rifted from
the northern passive margin of the Gondwana supercontinent in the Paleozoic and Mesozoic, moved
northward, and accreted to southern active continental margin of Eurasia (Figure 1a; [19,26,27,30]).
In the Tibetan area, these continental blocks are separated by four suture zones; namely (from north to
south), the A’nemaqin Kunlun Suture Zone (AKSZ), the Jinsha Suture Zone (JSSZ), the Bangong-Nujiang
Suture Zone (BNSZ), and the Yarlung Zangbo Suture Zone (YZSZ; Figure 1b; [17]).
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Figure 1. (a) Topography map of the Tibetan Plateau (digital elevation model data), showing major sutures by white dashed lines [17]. The Bangong-Nujiang 
Suture Zone (BNSZ) is shown by the red dashed line. (b) Tectonic outline of the Tibetan Plateau showing the location of the BNSZ (red line) [19]. (c) Generalized 
geological map of the BNSZ showing the occurrence of ophiolites [19,27,30]. The ages of the ophiolites, seamounts, and arc-related rocks are also shown. 
Compilation of data is from Table S1 in Supplementary Materials and references therein.

Figure 1. (a) Topography map of the Tibetan Plateau (digital elevation model data), showing major sutures by white dashed lines [17]. The Bangong-Nujiang Suture
Zone (BNSZ) is shown by the red dashed line. (b) Tectonic outline of the Tibetan Plateau showing the location of the BNSZ (red line) [19]. (c) Generalized geological
map of the BNSZ showing the occurrence of ophiolites [19,27,30]. The ages of the ophiolites, seamounts, and arc-related rocks are also shown. Compilation of data is
from Table S1 in Supplementary Materials and references therein.
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Among these, the Jurassic–Cretaceous BNSZ is a more than 2000-km-long and 10–50-km-wide,
E–W trending tectonic zone separating the Lhasa block to the south from the southern Qiangtang
block to the north (Figure 1a–c; [19]). The northern part of the BNSZ is characterized by NE striking,
sinistral strike-slip faults, whereas the southern part of the BNSZ is characterized by the dominance
of NW trending, right lateral strike-slip faults. An important feature of the middle segment of the
BNSZ is that it hosts a ~100-km-long and ~50-km-wide, pre-Mesozoic crystalline formation known
as the Amdo basement (Figure 1c). This Paleozoic formation is generally composed of orthogneisses
and metasediments.

Scattered along the BNSZ is a discontinuous belt of ophiolites that are tectonically juxtaposed
against a series of accretionary prism complexes in the northern margin of the Lhasa terrane. Ophiolites
within the BNSZ occur as discontinuous lensoidal bodies within a mélange-type lithological matrix.
These ophiolites represent remnants of the Meso-Tethys Ocean that was subducted under the Qiangtang
terrane during the Jurassic–Cretaceous. The oceanic outcrops of the BNSZ include the western
ophiolites (e.g., Bangong Lake, Rutog, Rebang Tso), the middle-western ophiolites (e.g., Gerze, Dongco,
Kangqiong), the middle ophiolites (e.g., Dongqiao, Amdo, Lanong, and Naqu), and the eastern
ophiolites (e.g., Dingqing, Figure 1c) [31,32]. Here, we focus on the Dongco and Lanong ophiolites,
cropping out in the middle-western and middle segments of the BNSZ, respectively (Figure 1c).

2.1. The Dongco Ophiolite

The intensively dismembered Dongco ophiolite is located in the eastern Gerze County
(Figure 2a; [33,34]). The approximate thickness of the reconstructed ophiolitic section is ~18 km.
The Dongco ophiolite crops out as a series of imbricate thrust nappes emplaced onto the northern
margin of the Lhasa terrane. It includes serpentinized mantle peridotites, massive and layered gabbros,
pillow basalts, and minor radiolarian cherts [35,36]. Amphibolite blocks occur within a serpentinite
matrix mélange covering the central part of the Dongco ophiolite area. Cretaceous volcaniclastic rocks
overlap both sides of the ophiolitic unit [37]. The Dongco ophiolite is unconformably overlain by
Cretaceous limestones and is in tectonic contact with Jurassic strata [25,27,33,35].
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The Lanong ophiolite crops out to the southeast of Peng Tso Lake in the Baingoin County. It is 
20 km long and has a width of up to 7 km (Figure 2b). It occurs as a series of tectonic slices of oceanic 
rocks in a nearly W–E direction [28,38]. It represents an incomplete ophiolitic section that appears 
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Figure 2. Geological maps of the Dongco (a; modified after [27]) and Lanong ophiolites (b; modified
after [28]). The black asterisks indicate the sample locations. Note: K2j—Jingzhushan Formation,
K1l—Langshan Formation, K1q—Qushenla Formation, J3K1s—Shamuluo formation, J2–3l—Lagongtang
Formation; J2jb—Jiebuqu Formation, J1–2m—Magagangri Group.

Whole-rock K–Ar age and bulk-rock Rb–Sr age data from the basaltic tuffs of the Qushenla
Formation suggest that the igneous accretion of the Dongco oceanic crust started before the Early
Cretaceous [38]. However, geochronological data indicate that oceanic spreading in the Dongco
marginal basin most likely occurred in the Early Jurassic (191 ± 22 Ma) and was followed by subduction
that lasted from the Late Jurassic (152.3 ± 3.60 Ma) to the Early Cretaceous (140 ± 4.07 Ma) [39].
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Moreover, the Meso-Tethys Ocean in the Dongco area most likely continued existing until the final
stages of subduction in the Early Cretaceous [33].

Based on the compositional signatures and 39Ar/40Ar geochronological data of amphibolite blocks
from the ophiolitic mélange, it was suggested that the Dongco ophiolite was formed in a transient
back-arc basin (BAB) in the Middle Jurassic [34]. In addition, zircons from the Dongco gabbros yielded
an average U–Pb age of 167 ± 2 Ma, indicating that the gabbros were derived from a BAB setting
linked to an Early-Middle Jurassic intra-oceanic subduction zone [27]. Furthermore, zircons separated
from the Dongco gabbros yielded an average U–Pb age of 222.5 ± 4.8 Ma, suggesting a Late Triassic
intra-oceanic subduction zone as the geotectonic setting of the Dongco ophiolite [40].

2.2. The Lanong Ophiolite

The Lanong ophiolite crops out to the southeast of Peng Tso Lake in the Baingoin County. It is 20
km long and has a width of up to 7 km (Figure 2b). It occurs as a series of tectonic slices of oceanic rocks
in a nearly W–E direction [28,38]. It represents an incomplete ophiolitic section that appears tectonically
dismembered and variably altered. It includes tectonically separate lenses of mantle peridotites, mafic
rocks, and radiolarian cherts [41]. The Jurassic–Early Cretaceous Qixinong flyschoidal sedimentary
formation and the Upper Cretaceous Jingzhushan Formation exhibit fault contacts with the Lanong
ophiolitic fragments [28]. In addition, an angular unconformity occasionally observed between the
Lanong ophiolite and the Late Cretaceous Jingzhushan Formation testifies that ophiolite formation
most likely happened before the Late Cretaceous [28].

Previous investigations have suggested that the Lanong ophiolite was probably formed in a BAB
geotectonic setting during the Jurassic [38,41]. However, the geochemical signatures of mafic lavas and
dykes show that the Lanong ophiolitic rocks most likely represent lithospheric vestiges with island
arc-type signatures [22]. In contrast, an investigation by the Xizang Geological Survey Institute (2003)
showed that the Lanong ophiolite might have been generated at a mid-ocean ridge (MOR) geotectonic
environment [41]. Furthermore, it has been proposed that the Lanong ophiolite was formed in a forearc
regime linked to the southward subduction of the BNTO beneath the Lhasa terrane during the Middle
Triassic–Early Cretaceous [28].

3. Petrographic Delineation

3.1. Ophiolitic Rocks from Dongco

Our macroscopic observations show that the Dongco ophiolite is composed of mantle peridotites,
mafic cumulates (mainly gabbros), mafic sills and (anorthosite) dykes, and basalts (Figure 3a–f).
All these lithologies were found in the form of deformed exotic blocks within a highly sheared
serpentinite-rich matrix (Figure 3c).

Mantle peridotite blocks have a dark green to brownish color (Figure 3a). They range in
petrographic terms from lherzolite to harzburgite with minor dunite and are moderately serpentinized
(Figure 3b). Peridotites may be pervasively mylonitized, showing schistosity due to ductile shearing.
They are in tectonic contact with the Jurassic Mugagangri Group flysch (J1–2m) and are unconformably
overlain by the limestones of the Cretaceous Langshan Formation (K1l; Figure 3a). Cumulate gabbro
boulders commonly have a grey color and are slightly altered (Figure 3d). When observed in hand
specimens, they show a typical holocrystalline texture made up of plagioclase crystals filling the
gaps between clinopyroxene grains. We note that gabbro in the blocks is occasionally intruded by
whitish anorthosite veins with a thickness of less than 10–15 cm (Figure 3e). Basalt blocks have a light
brown to dim gray color, showing a pervasive isotropic, fine granular to aphanitic fabric, and a typical
pillow-like structure (Figure 3f). Pillow basalts occasionally show boudins and “crack out” structures.

In this study, we focused on a number of anorthosite samples (N = 7) taken from the southeastern
part of the Dongco ophiolite. We also focused on 10 gabbro samples previously studied by [27].



Minerals 2019, 9, 466 6 of 24

Anorthosites are mainly composed of plagioclase (>90 modal%) and a much smaller amount
of clinopyroxene (<10 modal%), showing typical granular textures (Figure 3g,h). Plagioclase form
subhedral to euhedral grains that are generally shorter than 3 mm. They have perfect cleavages and
display polysynthetic twinning (Figure 3g,h). Pyroxenes form subhedral grains (<0.6 mm), filling
the space between plagioclase crystals (Figure 3h). Plagioclase in anorthosites has been affected by
saussuritization. Clinopyroxene has undergone uralitization. Occasionally, tiny (<0.1 mm) opaque
metallic phases were observed as minor accessory minerals in the investigated anorthosite samples.
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clinopyroxene may be pseudomorphically replaced by tremolite (Figure 3j).  

Figure 3. Field photographs (a–f) and micrographs (g–j) of the Dongco ophiolites. (a) Mantle
peridotites unconformably overlain by the K1l limestones and in tectonic contact with the J1–2m
formation; (b) serpentinized peridotite; (c) a block of cumulate rocks within a foliated mélange
matrix; (d) cumulate gabbro; (e) massive gabbro intruded by anorthosite; (f) pillow basalt; (g,h)
photomicrographs of anorthosite; (i,j) photomicrographs of gabbro. Note: (a) The mantle peridotite is
about 500 m long, the red solid line corresponds to tectonic contact, and the red dashed line represents
an angular unconformity; (c) the white solid line represents boundary of cumulate and foliated matrix;
(d–f) diameter of the camera lens cap is 67 mm; (e) the yellow dashed marks the contacts between
gabbro and anorthosite. Abbreviations: Pl, plagioclase; Px, pyroxene; Amp, amphibole.

Gabbros are mainly composed of plagioclase (45–50 modal%), clinopyroxene (45–50 modal%),
and accessory amounts of metallic minerals (i.e., Fe–Ti oxides; Figure 3i,j). Gabbros show granular and
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occasionally equigranular texture. These rocks contain anhedral to subhedral crystals of plagioclase
(≤0.4 mm) and clinopyroxene (≤0.3 mm). Plagioclase and clinopyroxene show weak undulatory
extinction and are often cut by a network of randomly oriented intragranular brittle fractures.
Plagioclase in gabbros has undergone saussuritization (Figure 3i,j), whereas gabbroic clinopyroxene
may be pseudomorphically replaced by tremolite (Figure 3j).

3.2. Ophiolitic Rocks from Lanong

Our field work has documented the occurrence of mantle peridotites, anorthosites, dolerites,
gabbros, basalts, and radiolarian chert blocks (Figure 4a–g) within a serpentinite-rich matrix.
This appears analogous to that cropping out in the Dongco area.
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A fault tectonic contact separates mantle peridotite from the purplish-red sandstones of the 
Late Cretaceous Jingzhushan Formation (K2j; Figure 4a). Mantle peridotites exhibit a dark green 
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Figure 4. Field photos (a–g) and photomicrographs (h–k) of the Lanong ophiolites. (a) Dolerite and
peridotite are in tectonic contact with the Late Cretaceous Jingzhushan Formation (K2j); (b) serpentinized
peridotite; (c) dolerite; (d) pillow basalt; (e,f) anorthosite and gabbro; (g) anorthosite and peridotite;
(h,i) photomicrographs of anorthosite; (j,k) photomicrographs of gabbro. Note: (a) The red dashed
line corresponds to tectonic contact between peridotite and sandstone; (c) geological hammer appears
about 2 cm in this figure; (d–g) the marker pens are about 142 mm, and the yellow dashed line in (e–g)
marks the contacts between anorthosite–gabbro (e,f) and anorthosite–peridotite (g). Abbreviations:
Pl—plagioclase; Px—pyroxene; Srp—serpentine; Ser—sericite; Tlc—talcum.
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A fault tectonic contact separates mantle peridotite from the purplish-red sandstones of the Late
Cretaceous Jingzhushan Formation (K2j; Figure 4a). Mantle peridotites exhibit a dark green color and
are intensely sheared and almost completely altered (Figure 4b). Intrusive contacts between gabbro
and anorthosite (Figure 4e,f) as well as between anorthosite and peridotite (Figure 4g) were observed.
The contact between gabbro and anorthosite may occasionally be marked by deposits of carbonate
minerals. Furthermore, crevices in pillow basalts are occasionally filled with carbonate minerals
(mainly calcite; Figure 4d).

Herein, we focused on a number of specimens collected from various anorthosite intrusions and
their gabbro hosts (N = 2 and 15, respectively) from the northeastern part of the Lanong ophiolite.

Anorthosites are mainly composed of plagioclase (>95 modal%), containing a small percentage
of clinopyroxene (<5 modal%; Figure 4h,i). Gabbros are mainly composed of plagioclase (~45–50
modal%), clinopyroxene (~45–50 modal%), and accessory amounts of metallic minerals (Figure 4j,k).
Both lithologies show typical unequigranular textures. Pyroxene and plagioclase grains in gabbros and
anorthosites exhibit unhedral shapes with crystal sizes ranging between 0.1 and 3 mm. Small (≤50 µm)
anidiomorphic to idiomorphic crystals of accessory ilmenite and magnetite occasionally occupy any
spaces between much larger plagioclase and clinopyroxene grains in gabbros. The serpentinization
and talc-alteration of clinopyroxene and the saussurization of plagioclase (Figure 4j) indicate that
gabbros underwent low-mid temperature post-solidification alteration.

4. Analytical Methods

Whole-rock analyses of major element oxides were carried out using a PANalytical Axios-Advanced
(Axios PW4400, PANalytical B.V., Almelo, the Netherlands) X-ray fluorescence (XRF) spectrometer at
the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences (CAS), Guiyang. Bulk-rock trace elements, including the lanthanides, were measured at the
Nanjing Focus Technology Co. Ltd. (Nanjing, China) using an Agilent Technologies 7700x quadrupole
inductively coupled plasma-mass spectrometer (ICP–MS; Hachioji, Tokyo, Japan).

Zircons were separated by conventional heavy-liquid and isodynamic magnetic methods at the
Langfang Regional Geological Survey, Hebei Province, China. Zircons separated from the Dongco
anorthosite (XDC08) were dated by secondary ion mass spectrometry (SIMS) (IMS1280-HR system,
CAMECA, Gennevilliers, France) at the State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry (CAS). Zircons separated from the Lanong ophiolitic anorthosite (16XLN03-1)
and gabbro (16XLN07-1) were dated by laser ablation (LA)–ICP–MS technique at the Nanjing Focus
Technology Co. Ltd. using an Analyte Excite Excimer laser-ablation system (193 nm Excimer Laser
Ablation System, Photon Machines, Bozeman, MT, USA) and an Agilent Technologies 7700x quadrupole
ICP–MS (Hachioji, Tokyo, Japan).

High precision Sr–Nd isotopic measurements were carried out at the Nanjing Focus Technology
Co. Ltd. using a using Agilent Technologies 7700x quadrupole ICP–MS (Hachioji, Tokyo, Japan).

All tables are presented in the Supplementary Materials File 1 (Tables S1–S6). Ages of ophiolitic
fragments from Bangong-Nujiang Suture Zone (BNSZ), central Tibetan Plateau are given in Table
S1. Bulk-rock and standards geochemical data are given in Table S2. Zircon U–Pb geochronological
data are presented in Table S3. The Hf isotopic compositions of zircons are provided in Table S4.
Whole-rock Sr–Nd isotopic data are presented in Table S5. Ages of arc-related rocks from the Northern
Lhase terrane and Southern Qiangtang terrane, Tibetan Plateau are given in Table S6. A more detailed
description of all the analytical procedures is provided in the Supplementary Materials File 2.

5. Analytical Results

5.1. Geochemistry

Anorthosites and gabbros from the Dongco and Lanong ophiolites and standards were analyzed
for their major-element oxide and trace element contents (Table S2).
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The Dongco anorthosites have varying concentrations of SiO2 (47.05–47.79 wt %), Al2O3

(30.01–31.32 wt %), Na2O (2.23–2.37 wt %), and K2O (0.08–0.14 wt %). The Lanong anorthosites
have slightly lower concentrations of SiO2 (40.40–42.20 wt %), Al2O3 (23.74–24.40 wt %), Na2O
(0.01–0.07 wt %), and K2O (0.01–0.16 wt %) than the Dongco anorthosites. The Mg# [100 ×Mg/(Mg +

Fe2+)] values of the Dongco anorthosites range between 45.17 to 67.21. In addition, the Mg# values of
the Lanong anorthosites vary from 76.61 and 83.48. The loss on ignition (LOI) values of the Dongco
anorthosites range from 1.64 wt % to 2.06 wt %. The LOI values of the Lanong anorthosites vary
between 5.05 wt % and 6.39 wt %.

The Dongco gabbros have similar SiO2 (46.14–50.99 wt %), Al2O3 (15.43–26.71 wt %),
MgO (5.30–11.71 wt %), Na2O (0.64–2.31 wt %) and K2O (0.02–0.30 wt %) contents to those of
the Lanong gabbros (SiO2 = 42.69–51.46 wt %, Al2O3 = 13.96–20.23 wt %, MgO = 5.72–11.20 wt %,
Na2O = 0.11–3.38 wt %, K2O = 0.02–1.46 wt %). The Mg# values of the Dongco gabbros vary between
64.50 and 89.87, whereas the Mg# values of the Lanong gabbros range from 58.54 to 79.19. The Dongco
gabbros have LOI values ranging from 0.94 wt % and 2.87 wt %, whereas the Lanong gabbros have
LOI values varying between 2.17 wt % and 5.01 wt %.

The majority of the Dongco gabbros and a number of gabbros from the Lanong area show
PM-normalized multi-element patterns characterized by strong enrichments in large-ion lithophile
element (LILE; i.e., Ba, U, Pb, and Sr) and depletions in high-field-strength element (HFSE; i.e.,
Nb, Ta, Ti, Zr, and Hf; Figure 5a,b). In addition, gabbros from the Dongco area show light rare
earth element (LREE)-depleted chondrite-normalized rare earth element (REE) patterns (Figure 5c).
In contrast, most gabbros from the Lanong area show flat to U-shaped chondrite-normalized REE
profiles (Figure 5d). We note that the Dongco and Lanong gabbros are characterized by wide ranges of
δEu {(Eu)N/[(Sm)N*(Gd)N]1/2} values (0.95–2.53 and 0.83–1.65, respectively). Such wide ranges of δEu
values imply the involvement of plagioclase fractionation (<1) or accumulation (>1) processes in the
genesis of the investigated gabbros.

Anorthosites from both study areas show varying PM-normalized trace element patterns
(Figure 5a,b). The Dongco anorthosites show obviously right-sloping chondrite-normalized REE
patterns (Figure 5c) and the Lanong anorthosites show light right-sloping chondrite-normalized REE
patterns (Figure 5d). The Dongco anorthosites display strong positive Eu anomalies (δEu = 3.66–6.60;
Table S2, Figure 5c) similar to the Lanong anorthosites (δEu = 3.29–4.65; Table S2, Figure 5d). Both
Dongco and Lanong anorthosites are generally characterized by an enrichment in the LREE (Figure 5c,d).

5.2. Uranium–Pb Dating of Zircons

Zircon crystals were separated from two anorthosite samples (XDC08, 16XLN03-1) and a single
gabbro sample (16XLN07-1). The morphological characteristics and internal microtextures of zircons
(Figure 6) were studied using optical and scanning electron microscopy prior to geochronological
dating and isotopic analyses.
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Figure 5. (a,b) Primitive mantle (PM)-normalized trace element patterns of gabbros and anorthosites
from the Dongco and Lanon ophiolites. (c,d) Chondrite-normalized rare earth element (REE) patterns
of gabbros and anorthosites from the Dongco and Lanon ophiolites. Twelve of the Dongco gabbro
samples are from [27]. Primitive mantle- and chondrite-normalizing values are from [42].

The zircon grains separated from the Dongco anorthosite (XDC08) have ovoid shapes and vary
from 50 µm to 150 µm in size (Figure 6a). In cathodoluminescence (CL) images, they display oscillatory
to sector zoning (Figure 6a). They have high Th/U (0.41–1.38; Table S3) indicating a magmatic origin [43].
Twenty-five analyses of zircons from this sample form a relatively tight cluster in the U–Pb concordia
diagram, yielding a weighted mean 206Pb/238U age of 169.0 ± 3.7 Ma (mean square of weighted deviates,
MSWD = 0.28; Figure 7a,b).

The zircon grains that were recovered from the Lanong anorthosite (16XLN03-1) are short prismatic,
ranging between 30 µm and 150 µm in size (Figure 6b). In CL images, they display narrow-spaced
oscillatory zoning parallel to their external crystal faces. A few zircons with bright domains along
crystal boundaries were also observed (Figure 6b). These domains are most likely due to interaction
of zircons with post-magmatic fluids. All zircons from the Lanong anorthosite have Th/U ranging
from 0.33 to 1.38 (Table S3). Fifteen spot analyses of zircons yielded a mean average 206Pb/238U age of
166.8 ± 0.9 Ma (MSWD = 0.76; Figure 7c,d).

The zircon crystals separated from a gabbro sample from Lanong (16XLN07-1) are unhedral
to subhedral, commonly short prismatic to ovoid. They range between 60 µm and 200 µm in size.
In addition, they display broad-spaced oscillatory zoning (Figure 6c) and have Th/U ranging from
0.52 to 4.43 (Table S3). Fifteen spot analyses of zircons yielded a weighted mean 206Pb/238U age of
167.3 ± 1.1 Ma (MSWD = 1.40; Figure 7e,f).

We note that all the investigated zircon grains are free of visible mineral inclusions and overgrowths.
In addition, they show no sign of magmatic resorption and have no inherited cores. Moreover, our data
indicate that there is no correlation between U–Pb age and crystal morphology or internal texture of the
examined zircons. In addition, the existence of a single zircon age population in each rock specimen
indicates that the investigated zircons were crystallized from the rock-forming melts and are unlikely
of xenocrystic origin [13,44].
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Figure 6. Cathodoluminescence images showing the internal micro-textures of the zircon grains we
separated from the investigated rocks from the Dongco and Lanong ophiolites. Solid red circles indicate
the sites of U–Pb geochronological dating and yellow dotted circles indicate the sites of in situ Lu–Hf
isotopic analysis. (a) Sample XDC08: Anorthosite from the Dongco ophiolite; (b) sample 16XLN03-1:
Anorthosite from the Lanong ophiolite; (c) sample 16XLN07-1: Gabbro from the Lanong ophiolite.
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Figure 7. Zircon U–Pb concordia curves and average plots of the analyzed zircon grains separated
from the investigated rocks of the Dongco and Lanong ophiolites. (a,b) Sample XDC08: Anorthosite,
Dongco ophiolite; (c,d) sample 16XLN03-1: Anorthosite, Lanong ophiolite; (e,f) sample 16XLN07-1:
Gabbro, Lanong ophiolite.

5.3. Hafnium Isotopic Composition of Zircons

Lutetium–Hf isotope analyses of zircons were carried out on the same spots previously analyzed
for U–Pb isotopes. Sixteen zircon grains separated from the Dongco anorthosite sample XDC08 and
four zircon grains separated from the Lanong anorthosite sample 16XLN03-1 were selected for Hf
isotope analysis (Table S4).

Zircons recovered from the Dongco anorthosite have initial 176Hf/177Hf ratios ranging from
0.282840 to 0.283127, and εHf(t) values varying between +5.62 and +15.94 (Table S4). Their single-stage
Hf model ages (TDM1) are in the range of 180.3–637.0 Ma and their two-stage Hf model ages (TDM2) are
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in the range of 189.7–853.5 Ma. Zircons separated from the Lanong anorthosite (16XLN03-1) have initial
176Hf/177Hf ratios varying from 0.282868 to 0.283105, 176Yb/177Hf ratios ranging between 0.134067 and
0.184966, and εHf(t) values in the range of +10.37 to +14.95. Their TDM1 vary from 231.8 Ma to 449.2 Ma
and their TDM2 range between 258.5 Ma and 552.1 Ma.

The range of the εHf(t) values of the zircons separated from the Dongco anorthosite differs
from that of the εHf(t) values of the zircons separated from the Lanong anorthosite (Table S4). This
could be interpreted as an indication of isotopic heterogeneity of the anorthosite-forming melts [13].
When plotted against the U–Pb ages of zircons, their εHf(t) values do not spread at all, but they fall
between the DM- and chondrite uniform reservoir (CHUR)-control lines (Figure 8a).
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The fields of LM (lithospheric mantle) are represented by peridotite xenoliths from Cenozoic basalts in
Shanwang [45] and Beiyan [46]. Data for EHTB (Emeishan high-Ti basalts) are from [47,48].

5.4. Strontium–Nd Isotopic Systematics

The Lanong anorthosites have initial 87Sr/86Sr varying between 0.706058 and 0.712952, and initial
143Nd/144Nd ranging from 0.512343 to 0.512527. They also have εNd(t) values in the range of −1.56 to
+2.02 (Table S5). The Lanong gabbros have analogous ranges of (87Sr/86Sr)i and (143Nd/144Nd)i
(0.705826–0.706613 and 0.512382–0.512638, respectively) with those of the Lanong anorthosites.
However, the εNd(t) values of the Lanong gabbros vary more (−0.79 to +4.20) compared to those of the
Lanong anorthosites (Table S5).

The Dongco anorthosites have moderate (87Sr/86Sr)i and high (143Nd/144Nd)i(0.703477–0.704144
and 0.512753–0.512826, respectively; Table S5). Furthermore, they have high εNd(t) values (+6.50 to
+7.91), consistent with those of the Dongco gabbros (+6.62 to +8.09) [27].

In the εNd(t)–(87Sr/86Sr)i binary plot, the ophiolitic rocks from Dongco straddle the boundaries
between the compositional fields of the lithospheric mantle (LM) and the Emeishan high-Ti basalts
(EHTB; Figure 8b). With one exception, all ophiolitic rocks from Lanong plot within the field
corresponding to the isotopic composition of the EHTB (Figure 8b). The exception (16XLN03-4) plots
away from the rest mafic rock samples most likely owing to post-magmatic alteration.

6. Discussion

6.1. Potential Effects of Post-Solidification Alteration, Melt Fractionation, and Crustal Contamination

Our petrographic observations indicate that the investigated ophiolitic rocks from both study
areas were affected to some extent by post-solidification alteration. This is consistent with the wide
variations in their LOI values (0.94–6.39 wt % collectively). Therefore, only those elements that
were not significantly affected by post-magmatic processes were used to infer conclusions about
the petrogenesis of the Dongco and Lanong ophiolites. These include major-element oxides such
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as P2O5, MnO, and TiO2, and some incompatible trace elements such as Hf, Th, Y, Ta, Nb, and the
REE. The good correlations between these elements and the relatively immobile Zr imply that their
concentrations were not disturbed by metamorphic or hydrothermal alteration processes (Figure S1 in
Supplementary Materials) [49,50].

All anorthosite samples from the Dongco ophiolite and Lanong ophiolite display
chondrite-normalized REE patterns that are characterized by marked positive Eu anomalies (Figure 5c,d).
This implies massive accumulation of plagioclase consistent with our petrographic observations.
Furthermore, all anorthosites show strong enrichments in the HREE indicating that their compositions
were significantly controlled by cumulus processes (i.e., early removal of plagioclase). Similarly,
a number of gabbros from the Dongco (11DC-1, 11DC-3, 11DC-4, 11DC-7, 11DC-8, 11DC-39) and
Lanong (16XLN02-4, 16XLN02-5, 16XLN07-1, 16XLN07-4, 16XLN07-5, 16XLN09-3) ophiolites have
probably been affected by cumulus processes given their positive Eu anomalies (1.30–2.53 and 1.23–1.95,
respectively). By the reasoning in the foregoing discussion, it is inferred that the compositions of
anorthosites and several gabbros do not represent original liquid compositions and, thus, they will be
omitted from the following interpretations.

In contrast, the compositions of the rest gabbro samples from the Dongco (11DC-6, 11DC-16,
11DC-37, and 11DC-38) and Lanong (16XLN02-1, 16XLN02-2, 16XLN02-3, 16XLN09-4, 16XLN09-5,
16XBLN02-1, 16XBLN02-2, 16XBLN02-3, and 16XBLN02-4) areas with δEu ranging between 0.95–1.04
and 0.83–1.03, respectively, may be analogous to liquid compositions. These non-cumulative gabbros
have relatively high Mg# values (Dongco: 64.50–70.25; Lanong: 65.15–79.19), implying that they were
formed by melts that were not significantly affected by fractional crystallization during their ascent
to shallow lithospheric levels. Therefore, it can be assumed that the non-cumulative gabbros were
derived from melts that were sufficiently primitive to reflect the geochemical and isotopic signatures
of their mantle sources.

We note that the Sr–Nd isotopic compositions of the Dongco gabbros are analogous to that of
the LM. In addition, the Sr–Nd isotopic compositions of the Lanong gabbros are analogous to that
of the EHTB. These observations rule out the possibility that the parental melts of the investigated
gabbros were influenced by crustal contamination. This is also corroborated by the absence of a
positive correlation between the K2O and SiO2 contents of the investigated gabbros [51]. In addition,
crustal contamination would lead to high Th/Nd [52]. However, the investigated mafic samples are
characterized by low Th/Nd (Dongco: 0.03–0.40, Lanong: 0.02–0.25).

Our assessment of the geochemical and isotopic compositions of the non-cumulative gabbros
from the Dongco and Lanong areas is that they reflect the compositions of their parental magmas.
Therefore, the largest part of the following discussion will be based on the geochemical and isotopic
signatures of the investigated non-cumulative gabbros.

6.2. Insights into the Origin of Anorthosites

Anorthosites are important constituents of Archean mafic-ultramafic layered intrusions [53].
In contrast, anorthosites are only rarely reported from the crustal section of ophiolites [54]. Anorthosites
in ophiolites typically occur as thin layers and small lensoidal bodies within the cumulate gabbro
unit [55]. In general, they have been interpreted as plagioclase-rich cumulates produced by fractionating
mafic magmas [54]. Nevertheless, the investigated anorthosites occur as intrusions within gabbros
and peridotites. They do not display “topographic” intrusional boundaries, gradations in grain size,
or internal modal layering as is typical for various igneous intrusions. In addition, they do not show
any evidence of plagioclase growth on the walls of magma chambers or accumulation of plagioclase
crystals due to gravitational sinking. Our field observations indicate that the Dongco and Lanong
anorthosite veins represent fracture-filling structures within gabbros and peridotites. Furthermore,
petrographic observations show that plagioclase grains in the investigated anorthosites display strain
fabrics such as undulatory extinction and granulation around crystal boundaries (Figures 3g and 4h).
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We, therefore, interpret the Dongco and Lanong anorthosite veins as late syn-kinematic intrusions that
were emplaced into the oceanic lithosphere at semi-ductile to brittle conditions.

Even though the knowledge-base of the deformational history of the Dongco and Lanong ophiolites
is not well established yet, the anorthosite intrusions they host may provide significant insights into
a deformation stage that is inferred to be almost concurrent to the initiation of nappe formation.
We conclude that the investigated anorthosite dykes represent subtle products of an intriguing phase of
deformation-mineralization, which became active while oceanic magmatism was taking its “last gasps”.
We emphasize the lack of information about the post-ductile phase of deformation within a cooling
lithospheric slab. Consequently, the thorough study of anorthosite intrusions may have significant
implications for the post-ductile evolution of lithospheric slabs created in ridgecrest spreading [56].

6.3. Petrogenesis of the Dongco Gabbros

Several conflicting scenarios have been proposed to explain the enigmatic origin of the Dongco
ophiolite. It has been interpreted as part of: (i) An Early Jurassic oceanic basin [35,36,39], (ii) an Early
Cretaceous oceanic island [33], or (iii) a Mesozoic oceanic plateau [25,57]. It has also been viewed
as formed in a Middle–Early Jurassic transient BAB [34] or a BAB in an intra-oceanic subduction
system [27,40].

In the Th–Nb/16–Hf/3 tectonic discrimination diagram, the compositions of the non-cumulative
gabbros from Dongco plot in the field of rocks with island arc tholeiitic (IAT) affinities (Figure 9a).
In addition, on the MnO× 10–TiO2–P2O5 × 10 ternary diagram, the compositions of the non-cumulative
gabbros from the Dongco area fall into the field of rocks with IAT and boninitic compositions (Figure 9a).
Collectively, these gabbros show geochemical characteristics analogous to those of mafic rocks formed
in an SSZ setting.
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Figure 9. Ternary tectonic discrimination plots for the investigated non-cumulative gabbros from the
Dongco and Lanong ophiolites. (a) Th–Nb–Hf diagram [50]; A: N-MORB, B: E-MORB, C: Within-plate
alkali basalt (WPA), D: Island arc tholeiite basalt (IAT). (b) MnO–TiO2–P2O5 [58]; OIT: Ocean island
tholeiite or seamount tholeiite; OIA: Ocean island alkali basalt or seamount alkali basalt; CAB: Island
arc calc-alkaline basalt; IAT: Island arc tholeiite; Bon: boninite.

Furthermore, on the Th/Yb–Nb/Yb proxy diagram, the compositions of the Dongco gabbros
plot above the MORB-OIB array, following a trend characterized by an apparent enrichment in
Th (Figure 10a). This most likely indicates that the mantle source of their parental melts was affected,
to some extent, by the input of crustal materials. Our geochemical data show that a small addition
of subduction-related components in the mantle source of the non-cumulative gabbros from Dongco
could sufficiently explain their enrichment in Th (Figure 10a). The majority of the non-cumulative
gabbros from the Dongco area have SSZ-like affinities except for one gabbro sample that plots in the
continental arc field (Figure 10a). We note that most of the non-cumulative gabbros from the Dongco
ophiolite plot out of the compositional field of forarc basaltic (FAB) rocks from the Izu Bonin Mariana
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(IBM) arc system (Figure 10a). Collectively, these geochemical signatures could be interpreted as a
result of gabbro formation in a developing arc basin. This is also supported by the PM-normalized
multi-element patterns of the non-cumulative gabbros from Dongco showing negative anomalies in Nb,
just like those of tholeiitic magmas produced in arc-related settings [10]. Consequently, the question
arises as to what was the exact geotectonic environment that was responsible for the formation of the
investigated gabbros?
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Dongco and Lanong ophiolites. (a) Plots of Nb/Yb–Th/Yb [59]. Supra-subduction-zone types are
from references [1,60–62]. (b) Plots of Nb/Yb–TiO2/Yb [59]. Abbreviations: IBM—Izu Bonin Mariana,
FAB—Fore arc basalt, MORB—Mid-ocean ridge basalt, OIB—Ocean island basalt.

The majority of the non-cumulative gabbros from the Dongco area have chondrite-normalized
REE patterns analogous to those of typical MORB-type rocks. However, a couple of non-cumulative
gabbros from Dongco have chondrite-normalized REE patterns that resemble those of E-MORB- and
OIB-type rocks. Therefore, it can be postulated that the Dongco gabbros have a polygenetic origin.
Moreover, the coexistence of mafic rocks with a wide range of geochemical affinities within the same
ophiolite is quite unusual. Nevertheless, extensive compositional variation has been reported from
oceanic rocks generated in small marginal basins, such as those from the atypical BAB of Okinawa [63].
The wide range of compositions of the non-cumulative gabbros from the Dongco area most likely
suggests that their genesis happened in an intra-ocean arc-BAB environment [27]. We note that Jurassic
radiolarian cherts are generally missing in the Dongco area. This is against a possible formation of the
investigated gabbros in a mature oceanic basin along the middle-western part of the BNSZ. It rather
implies that the non-cumulative gabbros from Dongco represent vestiges of an oceanic lithosphere that
was formed in a small transient BAB over a short period of time [34].

In the TiO2/Yb–Nb/Yb discrimination diagram, the Dongco gabbros plot in the shallow melting
array, showing comparable compositions to those of typical MORB-type tholeiites (Figure 10b).
This implies derivation of the parental magmas of the investigated gabbros from melting of a
spinel-bearing mantle source [64,65]. Furthermore, the chondrite-normalized REE patterns of the
non-cumulative gabbros from Dongco are generally more depleted in HREE compared to those
of typical N-MOR basalts (Figure 5c). This most likely indicates that the parental magmas of the
investigated gabbros were derived from heterogeneous melting of a depleted mantle source region.
This is consistent with the positive εNd(t) values of the non-cumulative gabbros from the Dongco area
(Figure 8b) [66,67]. Furthermore, in the εHf(t) versus U–Pb age diagram analyses of zircons separated
from the Dongco, gabbros fall between the DM- and CHUR-control lines, indicating crystallization
from magmas derived from melting of a heterogeneously depleted juvenile mantle source [68].

Previous studies reported radiometric ages for the Dongco ophiolite ranging from 222.5 ± 4.8 Ma
to 104.0 ± 4.07 Ma based on the Sm–Nd, K–Ar, Ar–Ar, and U–Pb dating methods [25,27,33,36,39,40].
In this study, we dated zircons separated from a relative fresh anorthosite sample (XDC08; Figure 6a).
The resultant weighted mean 206Pb/238U age of 169.0 ± 3.7 Ma age is generally consistent with
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the reported U–Pb ages of zircons separated from a cumulate hornblende-gabbro and a cumulate
gabbro from Dongco (166.0 ± 3.7 Ma) [36] and (167.0 ± 2 Ma) [27], respectively. Furthermore,
the Dongco ophiolite experienced amphibolite-facies metamorphism during the Early to Middle
Jurassic (167.0 ± 7.2 Ma–177.6 ± 3.3 Ma) [34]. This metamorphic episode was probably a result of the
northward subduction of the BNTO beneath the southern margin of the Qiangtang terrane [21,22] and
was almost contemporaneous with the igneous accretion of the Dongco ophiolite.

Our preferred hypothesis for the genesis of the non-cumulative gabbros of the Dongco ophiolite is
that their parental magmas were derived from variable degrees of melting of a heterogeneously depleted,
juvenile spinel-bearing mantle reservoir beneath a transient BAB setting in the Middle Jurassic.

6.4. Petrogenesis of the Lanong Gabbros

Previous studies have proposed diverse origins for the Lanong ophiolite, including a back-arc
setting [41] and a forearc setting [28].

In the Th–Nb/16–Hf/3 and MnO × 10–P2O5 × 10–TiO2 ternary diagrams, the compositions of
the non-cumulative gabbros from the Lanong area straddle the boundaries of the fields of rocks
with IAT and boninitic affinities (Figure 9a,b). In the Th/Yb–Nb/Yb proxy diagram, the plots of the
investigated gabbros show a general enrichment in Th (Figure 10a) consistent with a minor input of
subducted crustal materials in the source region of their parental magmas. This is also supported
by the PM-normalized trace element patterns of the investigated gabbros showing negative Nb (±Ti)
anomalies (Figure 5b,d) [13,69]. Therefore, it can be inferred that the genesis of the non-cumulative
gabbros from Lanong happened in an arc-related geotectonic environment.

In the TiO2/Yb–Nb/Yb discrimination diagram, the non-cumulative gabbros from the Lanong area
plot in the shallow melting array (Figure 10b), indicating derivation of their parental magmas from
melting of a spinel-bearing mantle reservoir [64,65]. The chondrite-normalized REE patterns of the
non-cumulative gabbros of Lanong do not show great variations in the HREE contents. In addition,
the investigated gabbros contain magmatic zircons with positive εHf(t) values (Figure 8a). Therefore,
the parental magmas of the non-cumulative gabbros from Lanong were probably derived from near
homogeneous melting of a juvenile mantle source.

Dating of magmatic zircons separated from an anorthosite (16XLN03-1; Figure 6b) and a gabbro
sample (16XLN07-1; Figure 6c) from the Lanong ophiolite yielded weighted average 206Pb/238U ages of
166.8 ± 0.9 Ma (Figure 7d) and 167.3 ± 1.1 Ma (Figure 7e), respectively. These Middle Jurassic ages
could be interpreted as the time of the igneous accretion of the Lanong oceanic crust.

The compositional data of the non-cumulative gabbros from the Lanong area indicate that they
were likely formed in a forearc setting. This forearc basin was most likely produced in response
to the northward subduction of the BNTO during the Middle Jurassic. This is consistent with the
Middle Jurassic ages previously reported for the high-Mg andesites from the near Darutso area
(163.3 ± 1.7 Ma) [70] (161.5 ± 0.9 Ma and 164.2 ± 1.4 Ma) [71]. The Darutso andesites were derived from
high-T and low-P melting of a mantle source influenced by the input of subducted components [71].
A forearc setting formed due to subduction initiation has been inferred as the ideal geotectonic
environment for the Darutso andesites [71]. This scenario could also be invoked to explain the genesis
of the non-cumulative gabbros from Lanong.

6.5. Implications for the Geotectonic Evolution of the BNTO

Our data support the idea that the non-cumulative gabbros from the Dongco and Lanong areas
were formed in transient BAB and forearc settings, respectively, during the Middle Jurassic. These
findings urged us to reconsider the existing geodynamic models for the Mesozoic petrotectonic
evolution of the BNTO.

The documentation of melt-rock interaction processes between refractory harzburgites and
MOR-type basaltic magmas in the ophiolite outcrops of the middle-western BNSZ has been viewed as
a result of a tectono-magmatic event linked to the genesis of Meso-Tethys [72]. This interpretation is
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corroborated by the discovery of MORB-type gabbros with an average age of 231.5± 2.6 Ma in the central
parts of the BNSZ [73]. For that reason, it is concluded that the opening of the BNTO began during the
Permian–Triassic. The occurrence of Jurassic intraplate magmatic rocks in the Dongco area [25] implies
that the middle-western BNTO was still spreading during the Jurassic (Figure 11a). However, a strong
line of petrologic evidence indicates that the middle-western BNTO had started subducting under the
southern margin of the Qiangtang terrane since the Late Triassic–Early Jurassic. For instance, Jurassic
arc-type volcanic rocks are widespread along the southern margin of the Qiangtang terrane (Figure 11b;
Table S6). These rocks contain zircons with lower εHf(t) values than those of zircons contained in the
BNSZ ophiolitic rocks, most likely indicating the formation of an active continental margin [28,71,74].
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middle-western (a–c) and middle (d–f) segments of the BNTO during the Mesozoic.

Geochronological dating of SSZ-type ophiolitic rocks from the middle segment of the BNSZ
yielded ages of 251.0 ± 65.0 Ma [75]. These ages were interpreted as marking a period of lithospheric
slab subduction in the middle part of the BNTO. Therefore, it is believed that the middle segment of the
BNSZ corresponds to an Early Jurassic intra-oceanic subduction zone. This was also confirmed
by petrologic-geochronological studies carried out in the Amdo basement (177.0 ± 2.0 Ma to
188.0 ± 2.0 Ma) [27,76], Dongqiao (181.4 ± 1.3 Ma to 188.4 ± 1.2 Ma) [27,77,78], Jiang Tso (188.1 ± 4.1 Ma
to 189.8 ± 3.3 Ma) [79,80], and Nagqu areas (183.7 ± 1.0 Ma) [81]. Since the Middle Jurassic, forearc
oceanic lithosphere had started forming in the Kangqiong (165.0 ± 2.5) [82], Dongqiao (181.4 ± 1.3Ma,
188.4 ± 1.2Ma) [78], and Lanong (166.8 ± 0.9 Ma, 167.3 ± 1.1 Ma) [this study] areas. This is also
supported by the occurrence of arc-related high-Mg andesites of Middle Jurassic age in the Darutso
area, which are interpreted as rocks that were formed in a convergent margin setting rather than in a
continental extensional environment (Figure 11d) [70,71]. Although the Amdo terrane was regarded as
another separate ancient microcontinent [29,71], it had been evolved to be a part of the south Qiangtang
terrane since the Jurassic [20]. Therefore, our preferred hypothesis for the genesis of the ophiolitic
outcrops of the middle segment of the BNSZ is that they were formed in a forearc basin along the
northward subduction of the BNTO in the Middle Jurassic (Figure 11d).

Arc-related mafic rocks are found tectonically emplaced onto the margins of the north
Lhasa [19,29,30,83–88] and south Qiangtang terranes [30,74,89–93]. Zircons separated from these
mafic rocks have εHf(t) values in the range of −20 to +20 [30,94], implying that the geotectonic
status of the BNTO in the Cretaceous could be described by a divergent double subduction system
(Figure 11b,c,e,f; Table S6) [93–97]. The divergent double subduction system aided asthenosphere
upwelling that induced anatexis of the lower mafic crust and melting of the mantle in the wedge along
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the north Lhasa and south Qiangtang terranes. We suggest that the closure of the BNTO occurred no
later than the Late Cretaceous as indicated by the ages of post-extensional volcanic rocks and flysch
deposits along the BNSZ [23–26,30,98]. This interpretation is consistent with our observation that
the Dongco ophiolites are unconformably overlain by the limestones of the Cretaceous Langshan
Formation (K1l; Figure 3a) and the fact that the Lanong ophiolites are overlain by the Late Cretaceous
Jingzhushan Formation (K2j; Figure 4a).

7. Conclusions

The most important findings of the present study are the following:
1. Uranium–Pb dating of magmatic zircons separated from the Dongco anorthosites yielded

an average crystallization age of 169.0 ± 3.7 Ma, whereas U–Pb dating of igneous zircons recovered
from the Lanong anorthosites and gabbros yielded mean crystallization ages of 166.8 ± 0.9 Ma and
167.3 ± 1.1 Ma, respectively.

2. Geochemical and Sr–Nd isotopic compositions show that the non-cumulative gabbros from
Dongco and Lanong have SSZ-like affinities and were formed by melting of heterogeneously depleted
mantle sources influenced by limited inputs of subducted crustal components.

3. The positive εHf(t) values of the zircons recovered from the investigated mafic rocks imply
derivation from juvenile mantle sources.

4. The non-cumulative gabbros from Dongco were formed in a transient BAB environment,
whereas the non-cumulative gabbros from Lanong were formed in a forearc setting. Both geotectonic
settings were related to the northward subduction of the BNTO in the Middle Jurassic.
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