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The stratigraphic succession of a forearc basin provides crucial information on the history of a convergent 
plate margin. In particular, it helps to establish the origin of the underlying ophiolites and to unravel the 
earliest evolutionary stage of arc-trench systems, which remain poorly understood. The Xigaze forearc 
basin in southern Tibet is one of the best examples of a fossil forearc basin. This study illustrates detailed 
stratigraphic and high-precision SIMS U–Pb zircon geochronological and Hf isotopic data from the 
Chongdui Formation, representing the very base of the Xigaze forearc-basin succession, and reconstructs 
when and how the basin was formed. The Chongdui Formation includes tuffaceous chert and siliceous 
mudrocks deposited directly on top of pillow basalts of the Xigaze ophiolite and conformably overlain 
by volcaniclastic turbidites. Tuff layers are interbedded throughout the unit, and their U–Pb zircon ages 
range from 119 to 113 Ma in the lower member and from 113 to 110 Ma in the upper member, broadly 
consistent with the established radiolarian biostratigraphy. U–Pb ages and Hf isotope signatures of zircons 
contained in both tuff layers and turbiditic sandstones indicate clear affinity with magmatic rocks of 
the Lhasa terrane. Direct depositional and chronostratigraphic relationship with the underlying oceanic 
crust, dated between 131 and 124 Ma, proves that the Xigaze ophiolite is the basement of the Xigaze 
forearc basin. After an initial prolonged stage of starved siliceous sedimentation, influx of terrigenous 
detritus began at 113–110 Ma, reflecting the onset of topographic growth and erosion of the Lhasa 
terrane in response to intense magmatic activity. Formation of the ophiolitic basement during the early 
stage of subduction and the subsequent topographic growth of the arc source induced by subduction-
related magmatism are thus two critical factors for the birth of the Xigaze forearc basin. Similar 
stratigraphies were identified in the Great Valley and Luzon Central Valley forearc basins, suggesting 
that the initial geodynamic evolution of the Xigaze forearc basin may be common to many other forearc 
basins worldwide.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Forearc basins develop at convergent plate margins, and are 
filled principally by volcano-plutonic detritus derived from the ad-
jacent magmatic arc (Marsaglia and Ingersoll, 1992). Forearc-basin 
successions generally undergo limited metamorphism, thereby pre-
serving full information on the evolution of the arc-trench sys-
tem (Dickinson, 1995). Over the past decades, numerous studies 
have contributed to our understanding of the sedimentary evo-
lution of forearc basins in close relationship with subduction-
related tectono-magmatic events (e.g., Ingersoll, 1979; Dürr, 1996;
Wu et al., 2010; An et al., 2014; Orme et al., 2015; Orme and 
Laskowski, 2016). However, the origin and early development of 
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forearc basins, the reconstruction of which is essential to unravel 
the dynamics of subduction initiation, the supra-subduction ori-
gin of ophiolites and the counterintuitive role of overriding plate 
extension, are still poorly understood (e.g., Hopson et al., 2008). 
This is chiefly because the forearc basement is generally concealed 
beneath a several-kilometer-thick basin fill or is deformed and 
detached tectonically from the overlying stratigraphic sequence, 
and/or exposed discontinuously after incorporation in the orogenic 
belt.

The Xigaze forearc basin (XFB) in southern Tibet formed dur-
ing northward subduction of the Neotethyan oceanic slab and 
was filled by a thick sedimentary succession passing upward 
from upper Aptian to Santonian deep-marine turbidites (Chong-
dui and Ngamring formations) to Campanian-Maastrichtian shelfal 
and fluvio-deltaic sediments (Padana and Qubeiya formations) 
(Wang et al., 2012; An et al., 2014). In the western part of 
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Fig. 1. Geological map of the Xigaze area (south Tibet) (modified after Dai et al., 2015) with location of the studied sections (1 – Qunrang-1; 2 – Qunrang-2; 3 – Naxia; 4 – 
Polio) and the field photos shown in Fig. 3. Inset shows tectonic domains of the Tibetan Plateau (SG – Songpan-Ganze; QT – Qiangtang; LS – Lhasa; HL – Himalaya) and the 
two magmatic belts of the Lhasa terrane.
the XFB, sedimentation was continuous until the early Eocene, 
as documented by Paleocene–Eocene carbonates and clastic flu-
vial sediments (Quxia and Jialazi formation) (Orme et al., 2015;
Hu et al., 2016). Owing to its complete and well-exposed stratig-
raphy, the XFB is one of the best examples of a fossil forearc 
basin, and particularly well suited to study the tectonic, erosional 
and sedimentary evolution of the Transhimalayan arc-trench sys-
tem (e.g., Wang et al., 2012; An et al., 2014; Orme et al., 2015;
Orme and Laskowski, 2016).

The aim of the present article is to clarify the origin of the 
XFB and to reconstruct in detail its earliest evolutionary stage, 
by focusing on the stratigraphic base of the XFB represented by 
the Chongdui Formation. Several studies have suggested that the 
XFB was built above the Xigaze ophiolites (Nicolas et al., 1981;
An et al., 2014; Orme and Laskowski, 2016). However, a controver-
sial alternative scenario was postulated by Aitchison et al. (2000), 
who suggested that the ophiolite as well as the underlying Chong-
dui Formation were formed in an intra-oceanic-arc setting far off 
the southern margin of Asia, and recorded an independent fore-
arc system unrelated to the XFB. Based on accurate stratigraphic, 
geochronological and isotopic data, this article provides firm con-
straints on the depositional timing and tectonic setting of the 
Chongdui Formation, and discusses briefly the implications for the 
origin of forearc basins worldwide.

2. Geological background

The XFB in southern Tibet is part of the arc-trench system 
associated with the northward subduction of Neotethyan litho-
sphere, which ended in the middle Paleocene when the Indian and 
Asian continental margins started to collide (Hu et al., 2015). Tec-
tonically, the XFB lies between the subduction-related magmatic 
arc on the Lhasa terrane to the north and the Yarlung-Zangbo 
ophiolitic suture zone to the south (Fig. 1). Magmatic rocks in 
the Lhasa terrane comprise dominantly upper Mesozoic to Pale-
ogene granitic intrusions and related volcanic products, which de-
lineate two belts with distinct magma sources (Chu et al., 2006;
Zhu et al., 2011). The Gangdese magmatic belt yields predom-
inantly zircons with positive εHf(t), indicating a juvenile source 
(e.g., Ji et al., 2009), whereas the central Lhasa magmatic belt is 
characterized by zircons with negative εHf(t), indicating re-melting 
of older crust (e.g., Chiu et al., 2009). The sedimentary cover in the 
Gangdese belt is limited and mainly Jurassic–Cretaceous in age. 
By contrast, it is widespread in the central Lhasa belt, including 
Permian–Carboniferous metasediments and Upper Jurassic–Lower 
Cretaceous carbonates and volcaniclastics (e.g., Leier et al., 2007a, 
2007b). The Yarlung-Zangbo suture zone south of the XFB, rep-
resenting the tectonic boundary between India and Asia, includes 
the Yarlung-Zangbo ophiolites (termed as the Xigaze ophiolite 
in the Xigaze region), the subduction-related mélange, and post-
collisional conglomerates (e.g., Hébert et al., 2012; An et al., 2017;
Wang et al., 2013). Further to the south lies the Tethys Hi-
malayan sedimentary succession, originally deposited along the 
northern passive margin of India (e.g., Sciunnach and Garzanti, 
2012) (Fig. 1).

3. Stratigraphy and sedimentology

The strata of the XFB form an asymmetric synclinorium striking 
W–E (Einsele et al., 1994). The Chongdui Formation, representing 
the stratigraphic base of the XFB, is well exposed along the south-
ern edge of the basin. Four continuous sections of the Chongdui 
Formation distributed for ∼110 km along strike were measured 
(Fig. 1). The stratigraphy and sedimentary facies of the measured 
sections are illustrated below.

3.1. The Qunrang-1 section

Description. The Qunrang-1 section (29◦09′17.7N′′ ,
89◦02′40.2′′E), which is the type section of the Chongdui Forma-
tion, crops out on the hillside above Qunrang village. It consists 
of ∼95 m thick, steeply north-dipping strata resting stratigraphi-
cally on top of pillow basalts of the Xigaze ophiolite (Fig. 3A). Two 
lithostratigraphic units are identified: a lower member compris-
ing purplish red chert (6.4 m thick) overlain by siliceous mudrocks 
(12.6 m thick), and a conformably overlying upper member domi-
nated by sandstones and shales (76 m thick) (Fig. 2). The top of the 
succession is faulted against a different sliver of ophiolitic basalt 
to the north.

Chert beds in the lower member are commonly 5–10 cm 
thick and rich in radiolarian fossils (Figs. 3B and 4A), whereas 
siliceous mudrocks are massive. Tuffaceous laminaes and thin 
tuff layers (0.5–3 cm) are common throughout the lower mem-
ber (Figs. 2 and 4B), increasing in frequency and thickness (up 
to 10 cm) up-section (Figs. 3B and C). The upper member com-
prises thin-bedded, fine-grained sandstones, greenish gray shales, 
minor purplish radiolarian mudrocks, and medium to thick-bedded 
(10–60 cm) white tuffs (Fig. 3E). Sandstone beds, commonly 
5–20 cm thick, laterally continuous (Figs. 3C and E) and ar-
ranged in thickening-upward cycles (Fig. 2), include massive, 
plane-parallel-laminated and rippled sandstones (Fig. 3D). Four 
lenticular conglomerate beds with siliceous matrix are interca-
lated in the siliceous mudrocks of the lower member (Fig. 3C), 
and two conglomerate beds with sandy-mud matrix occur in the 
upper member. Conglomerate clasts are mostly subangular to an-
gular basalt and minor diabase, gabbro and serpentinite.
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Fig. 2. Lithostratigraphy of the studied sections. Stratigraphic position of samples and SIMS age of dated tuffs are shown. Ages are given with 2σ error.
Facies interpretation. Radiolarian chert and interbedded tuffs 
represent abyssal sediments deposited onto oceanic crust with in-
tercalated fallout tephra. Tuffaceous material increased during de-
position of the overlying siliceous mudrocks. Sandstones of the 
upper member were deposited by low-density turbiditic flows 
on a lower fan (Mutti, 1992; Einsele et al., 1994; Dürr, 1996), 
whereas the conglomerates with mafic and ultramafic gravel were 
deposited by submarine debris flows sourced from nearby ophi-
olitic highs.

3.2. The Qunrang-2 section

Description. The Qunrang-2 section (29◦08′46.9N′′ ,
89◦01′42.6′′E) lies ∼2 km SW of the Qunrang-1 section and has 
similar lithofacies. Strata rest stratigraphically on pillow basalts 
of the Xigaze ophiolite. Interlayered purplish red chert in mainly 
10–15 cm thick beds and massive basaltic breccia at the base 
(∼20 m thick, Fig. 3F) are overlain by purplish red siliceous 
mudrocks (∼30 m thick), followed in turn by interlayered sand-
stones and greenish gray or purplish red mudrocks (>100 m thick) 
(Fig. 2). Strata in the upper part of the section are intensely de-
formed and folded under a north-directed thrust with ultramafic 
rocks in the hanging wall.

Sandstones increase upward in frequency, bed thickness and 
grain size. In the lower part they are mainly fine-grained, 2–5 cm 
thick, and may display plane-parallel lamination, whereas in the 
upper part they are commonly medium- to coarse-grained and 
mainly 5–20 cm but even 50 cm thick. Three lenticular, clast-
supported conglomerate beds with rounded to subrounded vol-
canic pebbles occur in the uppermost part of the section. Very thin 
(<5 mm) tuffaceous layers are frequently observed throughout the 
section; a 1.2 m thick tuff layer occurs at the top.

Facies interpretation. Chert and siliceous mudrocks document 
deposition in an abyssal plain periodically interrupted by fallout 
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Fig. 3. Field photographs. A–E are from the Qunrang-1 section. A: Depositional contact between chert at the base of the Chongdui Formation and underlying basalts of the 
Xigaze ophiolite. B: Thin-layered white tuffs in the chert unit. C: Conformable contact between the siliceous mudrocks and the turbidites, and lenticular ophioliticlastic 
conglomerate in the siliceous mudrock unit. D: Ophioliticlastic conglomerate (B – Basalt; D – Diabase; G – Gabbro; S – Serpentinite). E: Thick tuff layer interbedded within 
turbidites of the upper member. F: Interbedded purplish red chert and basaltic breccia at the base of Qunrang-2 section. G–J are from the Naxia section. G: Depositional 
contact between the Chongdui Formation and underlying pillow basalts. H: Thin tuff layers interbedded with greenish siliceous mudrocks at the base of the Chongdui 
Formation. I: Interbedded tuffaceous chert and siliceous mudrocks of the lower member. J: Submarine gravity flow with sandstone boulders in the upper member. K–L are 
from the Polio section. K: Depositional contact between the chert and the basalts of the Xigaze ophiolite. L: Conformably transition from the lower chert member to the 
upper turbiditic member. Arrows indicate the direction of up-section. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
tephra. Thin bedded, fine-grained sandstones were deposited by 
low-density turbiditic flows in a distal submarine-fan environment 
(Orme and Laskowski, 2016). Thicker and coarser sandstones and 
conglomerates suggest deposition by high-density turbiditic flows 
in a channelized middle fan (Talling et al., 2012).

3.3. The Naxia section

Description. The Naxia section (29◦08′14.0N′′ , 89◦26′30.3′′E), 
exposed ∼60 km west of the Qunrang-1 section, crops out on 
a hill slope south of Naxia village (Fig. 1). The ∼135 m succes-
sion stratigraphically overlies pillow basalts (Figs. 2 and 3G). The 
lower part (∼70 m thick) consists of greenish-gray to purplish-red 
siliceous mudrocks with thin (1–5 cm) tuffaceous chert and fel-
sic tuffs (Figs. 3H and I). Tuff layers thicken upward to 10–20 cm 
at the top. The upper part (∼65 m thick) is characterized by up 
to thick (50–100 cm) beds of medium- to very-coarse grained and 
poorly sorted sandstones or massive matrix-supported conglomer-
ates (Fig. 3J). Sandstone beds may show plane-parallel-lamination 
and commonly have erosional base. Conglomerate beds are 1–4 m
thick, laterally continuous for tens of meters only, and contain 
pebbles to boulders of sandstone, shale, chert, limestone and vol-
canic rocks. Thin-bedded, fine- to medium-grained sandstones and 
greenish shales are intercalated with thick bedded sandstone and 
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Fig. 4. Microphotographs from the Chongdui Formation. A: radiolarian chert (Qunrang-1); B: felsic tuff (Qunrang-1); C–F: volcaniclastic sandstones from Qunrang-1, Qunrang-2, 
Naxia, and Polio sections. Bt – Biotite; Lu – Serpentinite fragment; Lv – Volcanic rock fragment; Pl – Plagioclase; Q – Quartz.
conglomerates, which commonly display plane-parallel-lamination 
and climbing ripples. The top of the Chongdui Formation is cov-
ered at the foot of a hill.

Facies interpretation. Abyssal deposition of siliceous mudrocks 
and tuffaceous chert pass upward to sedimentation of coarser and 
thick bedded sandstones by high-density turbiditic flows, inter-
preted as channel deposits in a middle to inner fan (Einsele et 
al., 1994). Thin bedded sandstones with parallel lamination and 
climbing ripples represent channel-levee deposits (Talling et al., 
2012). Massive conglomerates containing both allochthonous lime-
stone blocks and intraformational sandstone and chert clasts are 
interpreted as submarine debris flows or slump deposits (Orme 
and Laskowski, 2016).

3.4. The Polio section

Description. The Polio section (29◦17′31.8N′′ , 89◦26′27.7′′E), 
∼50 km NE of the Qunrang-1 section, crops out on a hill slope 
east of Polio village (Fig. 1). The lower 28 m consist of medium 
bedded (15–30 cm thick), dark gray tuffaceous chert overlying pil-
low basalt (Fig. 3K), passing upward to thinner (5–10 cm) pale gray 
beds intercalated with yellowish siliceous mudrocks up-section. 
A ∼2 m-thick basalt layer also occurs (Fig. 2). This lower chert 
member is conformably overlain by an upper member consist-
ing of dark shales and sandstones (Fig. 3L). Sandstones occur 
in mostly thin (2–5 cm), very fine-grained tabular beds locally 
showing plane-parallel-lamination to climbing ripples or in thicker 
(15–25 cm), fine- to medium grained lenticular beds. Very thin 
(<5 mm thick) tuffaceous layers are common. The contact with 
overlying strata is not exposed.

Facies interpretation. Abyssal chert sedimentation shows in-
creasing influence of tuffaceous fallout. Lenticular sandstones were 
deposited in shallow, unstable channels within the lower fan, 
whereas thin bedded, tabular sandstones document sedimentation 
in channel levee to interchannel regions (Mutti, 1992; Einsele et 
al., 1994).

Stratigraphic observations in all four sections prove that the 
Chongdui Formation was deposited stratigraphically onto pillow 
basalts of the Xigaze ophiolite. The succession comprises a lower 
member of tuffaceous chert and siliceous mudrocks and an up-
per member of turbiditic sandstones (Fig. 2). Tuffaceous layers are 
common throughout the succession, and generally become thicker 
up-section (Fig. 3B). Lenticular conglomerates with clasts derived 
from the ophiolitic basement and its cover strata were occasionally 
deposited by submarine debris flows sourced from adjacent topo-
graphic highs. Turbiditic sandstones consist of andesitic to felsitic 
volcanic rock fragments and plagioclase, with minor monocrys-
talline quartz and serpentinite grains (Figs. 4C–F). Accessory min-
erals include biotite, pyroxene, epidote, spinel, and zircon.

4. Analytical methods

In order to constrain precisely the depositional age of strata 
and to trace their volcanic sources, thirteen tuffs and six sand-
stones were collected (sample positions shown in Fig. 2) for in situ
zircon U–Pb dating and Hf isotope analyses. Zircon grains were 
handpicked randomly, mounted in epoxy resin and polished to 
produce a smooth, flat surface. Cathodoluminescence (CL) images 
were obtained to reveal the internal structure of zircon crystals. All 
analyses were conducted at the State Key Laboratory of Lithosphere 
Evolution, Institute of Geology of Geophysics, Chinese Academy of 
Sciences. The analytical results are given in appendix Tables DR1, 
DR2 and DR3.
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Zircon crystals from tuffs were dated using a Cameca IMS-
1280HR Secondary Ion Mass Spectrometry (SIMS). The instrument 
characteristics and analytical procedure are described in Li et al.
(2009). The primary O2− ion beam spot is about 20 × 30 μm in 
size. Positive secondary ions were extracted with a 10 kV poten-
tial. In the secondary ion beam optics, a 60 eV energy window 
was used, together with a mass resolution of ca. 5400 at 10% 
peak height, to separate Pb+ peaks from isobaric interferences. 
Analyses of the standard Plešovice zircon were interspersed with 
unknown grains. Pb/U calibration was performed relative to the 
standard Plešovice zircon (206Pb/238U age 337 Ma); U and Th con-
centrations were calibrated against zircon standard 91500. A long-
term uncertainty of 1.5% (1s RSD) for 206Pb/238U measurements of 
the standard zircons was propagated to the unknowns. Measured 
compositions were corrected for common Pb using non-radiogenic 
204Pb. To monitor the external uncertainties of SIMS U–Pb zircon 
dating calibrated against the Plešovice standard, an in-house zir-
con standard Qinghu was alternately analyzed as an unknown to-
gether with other unknown zircons. Twenty-two measurements on 
Qinghu zircon yield a Concordia age of 160 ± 1 Ma, which is iden-
tical within error with the recommended value of 159.5 ± 0.2 Ma
(Li et al., 2013).

Detrital zircons were dated by Laser Ablation–Inductively Cou-
pled Plasma–Mass Spectrometry (LA–ICP–MS). Details of instru-
mental conditions and data acquisition are illustrated in Xie et al.
(2008). A spot diameter of 44 μm was used during the analysis. 
The raw count rates for 206Pb, 207Pb, 208Pb, 232Th and 238U were 
collected for age determination. The 207Pb/206Pb and 206Pb/238U 
ratios were calculated using the GLITTER program (GEMOC, Mac-
quarie University).

Hf isotope measurements were performed using a Neptune 
Multi-Collector ICP–MS equipped with the Geolas 193 laser-
ablation system. Details on instrumental conditions and data ac-
quisition are illustrated in Wu et al. (2006). Hf isotope analyses 
were performed with a spot diameter of 60 μm, overlapping on 
the dated spots within the zircon crystals. During analysis, the 
obtained average 176Hf/177Hf ratio of standard zircons GJ-1 and 
Mud Tank was 0.282019 ± 28 (2SD) and 0.282505 ± 24 (2SD), 
consistently with previously reported values (Morel et al., 2008;
Woodhead and Hergt, 2005).

5. Geochronologic and isotopic results

5.1. SIMS U–Pb ages and Hf isotopes of zircon crystals from tuffs

In the Qunrang-1 section, two samples from the chert unit of 
the lower member (1.2 m and 5.2 m above the stratigraphic base) 
were dated as 118.8 ± 1.1 Ma and 116.8 ± 1.7 Ma. Two other sam-
ples from the siliceous mudrock unit (12.4 m and 15.8 m above 
the base) were dated as 113.7 ± 1.4 Ma and 114.3 ± 1.0 Ma. 
Six nearly equidistant samples from the upper member yielded 
upward-younging ages decreasing regularly from 113.2 ± 1.5 Ma 
to 110.8 ± 0.9 Ma. One sample from the top of the Qunrang-2 sec-
tion yielded an age of 112.1 ± 1.0 Ma. Two samples in the lower 
∼46 m of the Naxia section were dated as 112.1 ± 0.9 Ma and 
110.4 ± 0.9 Ma (Figs. 2 and DR1).

Two groups are defined by Hf isotopic data: one is characterized 
by positive εHf(t) values ranging from +5 to +16, and the other by 
negative to slight positive εHf(t) values from −15 to +2 (Fig. 5A). 
Zircons from both groups commonly occur in most samples. Dai et 
al. (2015) reported Hf isotope data on several zircon grains from 
a tuff layer in the Qunrang-1 section that are consistent with our 
results.
Fig. 5. A: Plots of εHf(t) vs. age of zircon crystals from tuffs. B: Hf isotopes of zircon 
crystals from Lower Cretaceous magmatic rocks of the Lhasa terrane are plotted 
for comparison and provenance interpretation. Data was summarized in Hou et al.
(2015).

5.2. LA-ICP-MS U–Pb ages and Hf isotopes of detrital zircons from 
turbiditic sandstones

Detrital zircons from all samples show similar age patterns, 
with mostly Early Cretaceous ages with a notable peak at 112–
110 Ma (Figs. 6 A and C). One zircon in sandstone sample 15NX02 
yielded a Jurassic age (180 ± 4 Ma), and another from sample 
15QR96 yielded 2503 ± 38 Ma. Eight pre-Cretaceous ages were ob-
tained from sample 15PL28, ranging in age range between 175 Ma 
and 1483 Ma (Table DR2).

Most zircon grains with Early Cretaceous ages yielded positive 
εHf(t) values ranging from +10 to +16. A few zircon grains with 
negative to slight positive εHf(t) values (−7 to +4) occur (Figs. 6B 
and D).

6. Discussion

6.1. Stratigraphic age of the Chongdui Formation

The highly precise zircon SIMS U–Pb ages of tuffs, combined 
with radiolarian faunas studied by Ziabrev et al. (2003), allow 
an accurate assessment of the depositional age of the Chong-
dui Formation in different sections. The oldest tuff layer found 
∼1.2 m above the base of the Qunrang-1 section yielded an age 
of 118.8 ± 1.1 Ma, consistent with the radiolarian assemblage as-
signed to the late Barremian (H. asseni Zone, Unitary Association 1 
of O’Dogherty, 1994). The same radiolarian assemblage was docu-
mented at the base of the Polio section (Ziabrev et al., 2003). In 
the Qunrang-2 section, radiolaria from the base of the siliceous-
mudrock unit were assigned to the T. costata Subzone (late Early 
Aptian), comparable to those found in the siliceous mudrocks in 
the Qunrang-1 section (Ziabrev et al., 2003). Age constraints for 
the underlying chert unit are lacking. The base of the Naxia section 
was constrained by the age of the tuff layer to be 112.1 ± 0.9 Ma, 
at least 6 Ma younger than the base of other sections. Overall, the 
base of the Chongdui Formation is diachronous, varying in differ-
ent sections from late Barremian (∼123 Ma; Ziabrev et al., 2003) 
to latest Aptian (∼112 Ma) (Fig. 7).
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Fig. 6. Probability density plot of U–Pb ages (A and C) and εHf(t) vs. age plot of detrital zircons from sandstones (sample position indicated in Fig. 2).
Fig. 7. Chronostratigraphic correlation of measured sections (UA, Unitary Associa-
tion of radiolarian after O’Dogherty, 1994; chronostratigraphic scale after Gradstein 
et al., 1994). Radiolarian results are from Ziabrev et al. (2003). SIMS dates of zir-
con from the Xigaze ophiolite (data summarized in Liu et al., 2016) are plotted for 
comparison.

The onset of turbiditic sedimentation is dated as ∼113 Ma in 
the Qunrang-1 section, as ∼112 Ma in the Qunrang-2 section, 
and as ∼110 Ma in the Naxia section (Fig. 2). Further west in 
the Lazi area (∼50 km west of the Naxia section), the onset of 
clastic forearc deposition was dated by U–Pb zircon age of a tuff 
layer as 110.1 ± 1.3 Ma (Orme and Laskowski, 2016). Overall, data 
indicate slightly diachronous onset of turbiditic deposition along 
the forearc-basin strike, being younger in the west (Orme and 
Laskowski, 2016). Geochronological results are broadly consistent 
with radiolarian biostratigraphic data, which suggested a late Ap-
tian age for the top of the chert and siliceous mudrock member 
(T. costata Subzone, UA8; Ziabrev et al., 2003) (Fig. 7).

6.2. Provenance and tectonic setting of the Chongdui Formation

Tuff layers yielded two distinct groups of zircons, one with pos-
itive εHf(t) values and the other characterized by negative to slight 
positive εHf(t) (Fig. 5A). These two groups compare well to igneous 
zircons in the Gangdese and central Lhasa magmatic belts (e.g., 
Chu et al., 2006; Chiu et al., 2009; Ji et al., 2009; Zhu et al., 2011;
Hou et al., 2015), respectively (Fig. 5B). Active volcanism during 
the Early Cretaceous in the Lhasa terrane is thus indicated as the 
source of the tuffs. Coexistence in the same sample of zircons from 
both Gangdese and central Lhasa indicates mixing of coeval tuffs 
from the two belts during fluvial to submarine sediment transport, 
and/or reworking of penecontemporaneous volcanic materials.

The dominantly late Aptian–early Albian ages of detrital zir-
cons from turbiditic sandstones (with peak at 112–110 Ma, Fig. 6) 
are approximate to the depositional age of the turbidites estab-
lished by zircon SIMS U–Pb dating of tuffs and radiolarian bios-
tratigraphy (Fig. 7), indicating predominant input from penecon-
temporaneous volcanic products. Detrital zircons yielded mostly 
positive εHf(t) values, indicating dominant Gangdese provenance; 
only a few grains with negative εHf(t) values are interpreted 
to be derived from central Lhasa (Fig. 6). Conversely, zircons in 
tuff layers are derived mainly from central Lhasa, a contrast as-
cribed to the more explosive character of eruptions in the central 
Lhasa belt. This interpretation is supported by the spatial distri-
bution of igneous rocks in the Lhasa terrane which indicates in-
tense magmatic activity in the central-northern Lhasa terrane in 
the Aptian-early Albian time (∼120–110 Ma) (Zhu et al., 2011;
Hou et al., 2015). The pre-Cretaceous zircon grains are interpreted 
as derived from older rocks, or recycled from siliciclastic cover 
strata in the central Lhasa terrane (e.g., Leier et al., 2007b).

Presence of detritus from the central-northern Lhasa terrane in 
the XFB was proposed previously based on heavy minerals (rutile 
and chromite grains) sandstone petrography (e.g., quartz grains) 
and old detrital-zircon ages (Paleozoic–Proterozoic) (Einsele et al., 
1994; Dürr, 1996; An et al., 2014; Orme and Laskowski, 2016). Our 
provenance results are consistent with these studies and indicate 
that a trans-Gangdese drainage system might have existed since 
as early as early Albian time, as proposed by Orme and Laskowski
(2016).

The presence of zircons with pre-Cretaceous ages and nega-
tive εHf(t) values in the Chongdui Formation points conclusively 
to provenance from the Lhasa terrane, ruling out the possibility 
of deposition in an intra-oceanic forearc (Aitchison et al., 2000). 
A trench-slope-basin setting suggested previously (Yin et al., 1988)
is also excluded because the strata are only mildly deformed and 
were deposited behind and north of the accretionary mélange (An 
et al., 2017) rather than on top of it (Fig. 1). The stratigraphic 
relationships and provenance results indicate that the Chongdui 
Formation was deposited in the Gangdese forearc at the base of 
the Xigaze forearc-basin succession.
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6.3. Origin of the ophiolitic basement

The Xigaze ophiolites have been interpreted variously as formed 
at a slow-spreading mid-ocean ridge (Nicolas et al., 1981), in the 
back-arc or forearc of an intra-oceanic arc-trench system (Aitchison 
et al., 2000; Hébert et al., 2012), or in the Gangdese forearc fol-
lowing the onset of subduction (Dai et al., 2013; An et al., 2014;
Maffione et al., 2015; Huang et al., 2015). Our stratigraphic and 
geochronological data demonstrate that the oceanic crust was 
overlain, soon after its magmatic emplacement (∼131–124 Ma, 
data summarized in Liu et al., 2016), by chert and siliceous mu-
drocks of the lower Chongdui Formation, containing volcanic mate-
rial derived from the Lhasa terrane (Fig. 7). The ophiolites, exposed 
north of the mélange zone documenting the Neotethyan subduc-
tion channel (e.g., An et al., 2017) (Fig. 1), were thus formed adja-
cent to the Lhasa terrane, in the Gangdese forearc (e.g., Dai et al., 
2013; An et al., 2014).

Maffione et al. (2015) interpreted the direct contact between 
the XFB sandstones and the serpentinized peridotites in the 
Sangsang and Qunrang (Xigaze region) areas as an uncomformity, 
and suggested that the turbidites overlying the peridotites were 
deposited immediately after the formation of the ophiolites. Pa-
leolatitudes obtained from the sandstones above the serpentinites 
in the Sangsang section are indistinguishable from paleolatitude 
estimates for the Gangdese arc, which were therefore proposed 
as paleomagnetic evidence for the Gangdese forearc origin of the 
Xigaze ophiolites (Huang et al., 2015). Because such interpreta-
tion is crucial for our understanding of the origin of the XFB and 
its ophiolitic basement, we have re-examined the contact relation-
ship during the last field season. We could thus observe that the 
contacts between the serpentinites and the XFB strata in both ar-
eas are everywhere in fault contact. In the Sangsang section, the 
XFB strata overthrust the serpentinized peridotites by a north-
dipping fault (Fig. DR2A). Serpentinites near the fault are intensely 
sheared (Maffione et al., 2015), with fault gouge observed at the 
top (Fig. DR2C). Strata above the serpentinites consist of medium-
to thick-bedded sandstones and dark shales, passing up-section to 
greenish to red mudrocks and thick bedded sandstones (Fig. DR2B). 
Similar strata have been studied in detail in the Padana section 
nearby (∼11 km to the east) and correlated to the Padana For-
mation deposited in pro-delta to delta plain environments during 
the final stage of XFB evolution (An et al., 2014). Detrital zircon 
samples from these strata yielded robust depositional age of ∼80 
Ma, confirming deposition during the late filling stage of the XFB 
(An et al., 2014), and therefore these strata by no means repre-
sent the stratigraphic base of the XFB. In the Qunrang section, the 
forearc basin turbidites lie beneath a steep south-dipping thrust 
with the serpentinized peridotites and sheeted sills in the hang-
ing wall (Fig. DR3A). Slickensides and a brecciated zone were 
observed in the fault, and rodingite dykes in the fault zone are 
strongly fractured (Figs. DR3B and C). These observations preclude 
a depositional contact between the forearc turbidites and the ser-
pentinized peridotites. Exhumation of mantle rocks to the seafloor 
during forearc hyperextension (Maffione et al., 2015) is thus still 
unproven.

6.4. Geodynamic control on turbidite deposition

Zircon chronostratigraphy and radiolarian biostratigraphy in-
dicate that deposition of Chongdui Formation turbidites began 
throughout the basin between 113 and 110 Ma (Fig. 7; section 6.1). 
The slight age diachroneity along strike may reflect intra-basin to-
pography (Orme and Laskowski, 2016) or diachronous uplift and 
erosion in the source region (Wang et al., submitted for publica-
tion). Timing of deposition onset of turbidites in the XFB is coeval 
with initial topographic growth on the Lhasa terrane (e.g., Leier 
et al., 2007a; Orme and Laskowski, 2016). In the Linzhou basin 
of the southern Lhasa terrane, Lower Cretaceous shallow-marine 
carbonates (Penbo Member of the Takena Formation) were re-
placed by fluvial volcaniclastic sediments (Lhunzhub Member of 
the Takena Formation) indicating initial topographic growth of the 
Gangdese arc (Leier et al., 2007a). The timing of this transition 
was constrained by orbitolinid assemblages in the Penbo Mem-
ber (Boudager-Fadel et al., 2017) and youngest detrital-zircon ages 
from the base of the Lhunzhub Member (Leier et al., 2007b) to 
be late Aptian to early Albian. In the Damxung area of the central 
Lhasa terrane, fan-delta conglomerates with limestone beds at the 
base was dated by U–Pb age of zircons from intercalated tuff layers 
as ca. 111 Ma (Wang et al., submitted for publication). Topographic 
growth and erosion of the Lhasa terrane began at the same time 
as clastic deposition in the XFB, and may have thus caused the 
sudden influx of volcanic detritus in the XFB.

Two geodynamic processes may have contributed to late Ap-
tian–early Albian topographic growth of the Lhasa terrane: crustal 
shortening and thickening induced by the Lhasa–Qiangtang col-
lision (Murphy et al., 1997) and/or tectonic and thermal uplift 
induced by Neotethyan subduction and arc magmatism (Kapp et 
al., 2007; Leier et al., 2007a). Our provenance data on turbiditic 
sandstones in the Chongdui Formation indicate that volcanic de-
tritus was derived dominantly from the Gangdese magmatic belt. 
The lack of metamorphic and sedimentary detritus characteristic 
of provenance from a collisional orogen suggests a limited influ-
ence of the Lhasa–Qiangtang collision. Conversely, the occurrence 
of numerous tuffs and overwhelming volcanic detritus (Figs. 4C–F) 
and zircons with ages close to the depositional age (Fig. 6) indi-
cates that contemporaneous magmatism played a fundamental role 
in the morphological evolution of the source region. Therefore, we 
conclude that igneous activity subsequent to the initial subduction 
of Neotethyan lithosphere triggered the topographic growth of the 
Gangdese arc, eventually leading to erosion and massive sediment 
supply to the XFB.

6.5. Model for the birth of the Xigaze forearc basin

Newly obtained stratigraphic and geochronological data allow 
us to reconstruct the earliest history of the XFB in full detail 
(Fig. 8).

After the Xigaze ophiolite was formed in the Gangdese forearc 
during ca. 131–124 Ma (Figs. 7), topographic depressions on the 
newly formed ophiolitic crust were filled by purple chert deposited 
below the carbonate compensation depth, followed by siliceous 
mudrocks deposited around the silica compensation depth dur-
ing late Barremian to late Aptian times (∼123–113 Ma) (Fig. 8A). 
These sediments rest directly on the pillow basalts of the Xigaze 
ophiolite, which thus represents the basement of the XFB (Fig. 2). 
A rough forearc-basin substratum with considerable local subma-
rine relief is indicated by the diachronous deposition of the strati-
graphic base of the Chongdui Formation (Fig. 7), as well as by the 
occurrence of channelized gravity-flow deposits containing clasts 
of various size derived from the entire section of the oceanic litho-
sphere (Figs. 3C–D).

The lower member of the Chongdui Formation, deposited at 
very low accumulation rate (19 m in a ca. 10 Ma-long interval in 
the Qunrang-1 section), documents the very first stage of starved 
forearc-basin sedimentation, lasting for ∼10–15 My (Fig. 7). Con-
temporaneously to siliceous deposition of the Chongdui Forma-
tion, the Sangzugang and Penbo limestones developed in shallow-
marine environments along the Gangdese belt (An et al., 2014;
Leier et al., 2007a), and the Langshan limestones were deposited 
in the central-northern Lhasa domain (Boudager-Fadel et al., 2017). 
These units document minor volcanic supply from the Gangdese 
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Fig. 8. Paleogeographic reconstruction (not to scale) shows the birth and earliest 
evolution of the Xigaze forearc basin (Modified after the paleogeographic figures in 
Orme et al., 2015; Orme and Laskowski, 2016). A: After the Xigaze ophiolite formed 
in the Gangdese forearc between 131 and 124 Ma, topographic depressions on the 
newly formed ophiolitic crust were filled by chert and siliceous mudrocks docu-
menting the initial starved stage of forearc-basin sedimentation between ca. 123 
and 113 Ma. Occurrence of ophiolite-derived pebbles, cobbles and boulders indi-
cates a very rough, unstable forearc-basin substratum with considerable local sub-
marine relief. Meanwhile, carbonate platform was widely developed on the Lhasa 
terrane, indicating submarine conditions and low relief in most of the Lhasa ter-
rane. B: Deposition of volcaniclastic turbidites initiated in the Xigaze forearc basin 
at ca. 113 to 110 Ma, reflecting initial topographic growth on the Lhasa terrane. 
The paleogeography on the Lhasa terrane was referenced from Leier et al. (2007a), 
Orme and Laskowski (2016), Boudager-Fadel et al. (2017), Wang et al. (submitted 
for publication).

arc, and indicate submarine conditions and low relief in most of 
the Lhasa terrane at that time (Fig. 8A).

The upper member of the Chongdui Formation marks the first 
arrival of Gangdese arc-derived turbidites in the forearc basin, 
which is constrained at 113–110 Ma (Fig. 7). Deposition onset of 
XFB submarine turbidites reflected the initial topographic growth 
on the trans-Himalayan arc (Fig. 8B), induced by ongoing subduc-
tion of Neothetyan lithosphere and related igneous activity (e.g., 
Kapp et al., 2007; Leier et al., 2007a). Arc magmatism led to con-
tinuous topographic growth, erosion and massive sediment supply 
to the XFB, as recorded by the upper member of the Chong-
dui Formation followed stratigraphically by the thick turbidites 
of the Ngamring Formation (Wu et al., 2010; An et al., 2014;
Orme et al., 2015; Orme and Laskowski, 2016).

Our study indicates two stages in the early development of 
the XFB (Fig. 8): a starved earliest stage characterized by very 
slow deposition of siliceous sediments, followed by much faster 
accumulation of turbidites. The earliest stage documents a rough 
depositional surface on top of pillow basalts shortly after the for-
mation of the Xigaze ophiolites, whereas the following stage was 
controlled by the uplift and erosion on the Gangdese arc resulting 
from full-regime subduction and igneous activity.

Our reconstruction of the birth of the XFB may have gen-
eral implications. In the Great Valley forearc basin in California 
(USA), basal strata are represented by volcano-pelagic sediments 
including tuffaceous chert, mudrocks and tuffs deposited above 
the Coast Range ophiolites (161–168 Ma) (e.g., Hopson et al., 
2008). After this starved stage of deposition lasted between ∼11 
and 16 Ma, filling by the Great Valley Group turbidites began 
in the Late Jurassic–the earliest Cretaceous time (∼150–144 Ma) 
(Dickinson, 1995; Hopson et al., 2008; Surpless et al., 2006). In 
the Luzon Central Valley forearc basin of the Philippines, upper 
Eocene pelagic limestones with thin ash layers cap the basalts 
of the newly formed Zambales ophiolite (∼44 Ma; Encarnación 
et al., 1993). The starved stage lasted for about 10–14 Ma until 
deposition of volcaniclastic turbidites began in the middle to late 
Oligocene (Schweller et al., 1984). The similarity of basal sedimen-
tary sequence of forearc basins, comprising a pelagic lower unit 
representing ∼10–15 Ma and deposited on top of the ophiolitic 
basement and a volcaniclastic upper unit derived from the nearby 
magmatic arc, suggests that the geodynamic evolution leading to 
the birth of the XFB may be typical of forearc basins around the 
world.

7. Conclusions

This study illustrates in detail the generation and earliest filling 
stage of the Xigaze forearc basin in south Tibet. Direct stratigraphic 
evidence and high-precision zircon-dating of tuffs and turbidites 
from the very base of the Xigaze forearc basin indicates depo-
sition on top of the Xigaze ophiolite, which thus represents the 
basement of the Gangdese forearc. Shortly after magmatic em-
placement of the ophiolite, starved forearc-basin sedimentation 
began at abyssal depth in the topographic lows of the irregular 
pillow-basalt substrate. Channelized gravity flows containing clasts 
of ophiolite layers from basalt to gabbro and serpentinite sug-
gest rough, fault-bounded relief and submarine erosion triggered 
by tectonic instability. Deposition of volcaniclastic turbidites began 
at 113–110 Ma as a result of subduction-related igneous activity in 
the Lhasa terrane initiating rapid topographic growth of the Asian 
active margin. The origin of the ophiolitic basement and the to-
pographic growth of the arc source are considered as two critical 
factors for the birth of the Xigaze forearc basin.
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