
1. Introduction
The India-Asia collision induced rapid uplift of the Tibetan Plateau and affected global atmospheric and 
oceanic circulation through the Cenozoic (Z. An et al., 2001; Ravizza & Zachos, 2014). Geological records 
both in the western (Indus suture zone) and central-eastern Himalaya (Yarlung-Zangbo suture zone; YZSZ) 
indicate an early Paleogene collision event, interpreted as India colliding with either an intra-oceanic arc 
(e.g., Aitchison et al., 2007) or with Asia (e.g., Garzanti, 2008). Because no record of an oceanic basin still 
open after this collision event has ever been documented either in the central Himalaya to the south or in 
Tibet to the north, the latter hypothesis (DeCelles et al., 2014; Hu et al., 2016) is favored here.

Multidisciplinary approaches, including stratigraphy, paleomagnetism, and metamorphic petrology have 
been used to assess the timing of initial collision, a key point from which to start reconstructing the sub-
sequent evolution of the Himalayan-Tibetan orogen and its global consequences (e.g., Beck et al.,  1995; 
Ding et al., 2005; Leech et al., 2005; van Hinsbergen et al., 2012; Yin & Harrison, 2000). Previous studies 
documented that the India to Asia provenance reversal (IAPR) recorded in sandstones deposited on the 
Indian passive margin represents a fundamental clue to constrain the timing of initial collision (Garzanti 
et al., 1987; Hu, Garzanti, Moore, et al., 2015; Najman et al., 2017, 2010). The age of this major geological 
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the IAPR to later than 62.7 Ma (youngest zircon ages from the earliest Asian-derived sandstone) and 
by 61.0 ± 0.3 Ma (SIMS age of a tuffaceous layer ∼30 m above this bed). The onset of intercontinental 
collision along the YZSZ began by 61 Ma.

Plain Language Summary The India-Asia collision, ultimately leading to uplift of the 
Himalayan Mountains and Tibetan Plateau, has greatly influenced global climate and oceanic circulation. 
The timing of collision is essential to reconstruct the growth history of the Himalayan-Tibetan orogen and 
its environmental and paleogeographic effects. The change in sediment provenance documented along 
the Indian continental margin has proved to be a most effective method to constrain the timing of initial 
collision. We here report a newly-discovered sedimentary succession deposited onto the deep-marine edge 
of India, in which strata composed of detritus derived entirely from India are overlain by strata composed 
of detritus derived instead from Asia. This provenance change took place later than 62.7 million years ago 
(Ma; which is the age of the youngest group of zircons contained in the oldest sandstone derived from 
Asia) and 61.0 ± 0.3 Ma (which is the age of zircon crystals contained in a volcanic tuff found 30 m above 
the oldest Asian-derived sandstone). The Indian and Asian continents thus first came into direct contact 
by 61 Ma.
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event has been pin-pointed in deep-water turbiditic successions as ∼59–60 Ma (DeCelles et al., 2014; Hu, 
Garzanti, Moore, et al., 2015; Wang et al., 2011; Wu et al., 2014;), which is consistent with most available 
geological information excepting the too distant paleolatitude positions of India relative to Asia suggested 
by paleomagnetic evidence (van Hinsbergen et al., 2012; Yuan et al., 2021).

The Sangdanlin section in Tibet, south of the YZSZ, has been thoroughly studied for this purpose. The de-
termination of nannofossil assemblages from strata ∼100 m above the IAPR and of radiolarian assemblages 
both below and above the IAPR (Hu, Garzanti, Moore, et al., 2015), combined with detrital-zircon chron-
ostratigraphy (directly above the IAPR; DeCelles et al., 2014; Wang et al., 2011; Wu et al., 2014) and zircon 
ages in a tuff layer ∼510 m above the IAPR (DeCelles et al., 2014) have constrained the India-Asia collision 
onset as 59 ± 1 Ma (Hu, Garzanti, Moore, et al., 2015). All of these methods, however, are potentially subject 
to minor imprecision. The nannofossil-bearing beds and the tuff layer are younger than the IAPR, the time 
range of radiolarian biozones is not precisely determined, and stratigraphic or tectonic discontinuities may 
occur (Y. Li et al., 2007). Because the currently available information has been considered insufficient to 
establish the age of such a prominent geological event conclusively, we carried out further field work aimed 
at identifying stratigraphic sections suited to both constrain collision onset with improved accuracy and 
precision and to quantify its potential diachroneity along strike.

In this study, we provide new stratigraphic, petrographic, heavy-mineral, geochronological, and geochem-
ical data from Upper Cretaceous-Paleogene strata exposed continuously in the newly discovered Mubala 
section south of the YZSZ in southern Tibet (Figures 1a and 1b). These new data constrain collision onset 
to have occurred by 61 Ma in the Mubala section, which thus preserves the earliest record of transition 
between Indian-passive-margin and Transhimalayan-trench sedimentation associated with the India-Asia 
collision documented to date.

2. Geological Setting
The Mubala section is located ∼65 km southwest of Saga south of the YZSZ in Tibet (N 29°19′41″N, E 
84°41′16 ″E; Figures 1a and 1b). The Transhimalayan arc-trench system (Hu et al., 2020; Orme et al., 2021) 
consists of the Gangdese magmatic arc, the Xigaze forearc basin hosting Aptian-Eocene marine to non-ma-
rine successions stratigraphically overlying the Xigaze forearc ophiolites, and an accretionary prism includ-
ing mud- and serpentinite-matrix mélange (W. An et al., 2017; Metcalf & Kapp, 2017; Orme et al., 2014). 
To the south, the Tethyan Himalaya zone comprises Paleozoic to Eocene strata representing the northern 
Indian passive margin (Hu et al., 2012; Sciunnach & Garzanti, 2012; Willems et al., 1996).

3. Stratigraphy
The Mubala section (Figure  1c) was measured at bed-by-bed of detail and logged at 1:2500 scale (Fig-
ure 2a). The 330 m-thick siliciclastic succession conformably overlies dark gray siliceous shale interbedded 
with chert of the Jiabula Formation (Figures 2b and 2c) deposited on the distal shelf within the Tethyan 
Himalaya (X. Li et al., 2005). The succession can be subdivided into three parts with conformable strati-
graphic contacts marking distinct lithological changes and correlating with the Denggang, Sangdanlin, and 
lower Zheya formations identified in the Sangdanlin section (DeCelles et al., 2014; Hu, Garzanti, Moore, 
et al., 2015; Wang et al., 2011; Figures 1c and Figure 2a).

The Denggang Formation (160 m-thick) is subdivided into three informal members in the Mubala section. 
The lower member (60 m-thick) consists of green siliceous shale passing upward to thick-bedded, medium 
to coarse-grained sandstone (Figure 1c1). The middle member (30 m-thick) consists of 0.1–1.5 m-thick, 
fine- to coarse-grained sandstone intercalated with siltstone (Figure 1c2). The upper member (70 m thick) 
consists of dark green, 0.1–0.6 m-thick, fine-grained sandstone beds (Figures 1c3 and 2d) interbedded with 
green/purple radiolarian chert and purple siliceous shale. The lower member correlates lithostratigraphi-
cally with Units 1–8 of the Sangdanlin section, whereas the middle and upper members correlate with Units 
9–10 (DeCelles et al., 2014; Hu, Garzanti, Moore, et al., 2015). Sandstone beds display erosional base, flute 
casts, parallel or ripple lamination, and common intraclasts, indicating deposition from turbidity currents. 
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Thick and coarse-grained beds in the lower and middle members were deposited by high-density flows, 
whereas thinner beds in the upper member document low-density flows intercalated with background bio-
genic radiolarian chert (Mutti, 1992).

The Sangdanlin Formation (120 m-thick) consists of two members in the Mubala section. The lower mem-
ber (50 m-thick) includes purple siliceous shale intercalated with purple radiolarian chert and lenticular 
sandstone (Figures 1c4, and 2d). The upper member includes 30 m of thin- to medium-bedded, medium- to 
coarse-grained sandstone (Figures 1c5 and 2e) overlain by 40 m of purple siliceous shale intercalated with 
numerous thin-bedded tuff layers (Figures 1c6, and 2e). The lower member correlates lithostratigraphically 
with Units 11–13 of the Sangdanlin section, whereas the upper member is similar to Units 14–21 (DeCelles 
et al., 2014; Hu, Garzanti, Moore, et al., 2015). Radiolarian chert and siliceous shale indicate biogenic dep-
osition at abyssal depths during periods of reduced clastic influx, possibly representing forebulge-top de-
posits isolated from detritus from both directions as those in the Sangdanlin section (DeCelles et al., 2014). 
Sandstone beds showing flute and groove casts, parallel and ripple lamination, graded-bedding, or erosional 
base indicate deposition from distal turbidity currents (Mutti, 1992).

The Zheya Formation (50 m) consists of thin- to thick-bedded, medium-grained to pebbly sandstones with 
upward-decreasing gray shale intercalations (Figure 1c7) in the Mubala section, corresponding lithostrati-
graphically to Units 22–26 of the Sangdanlin section (DeCelles et al., 2014; Hu, Garzanti, Moore, et al., 2015). 
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Figure 1. The Mubala section in southern Tibet (strata dip to the right and are more inclined than the slope): (a) geological sketch map of the southern Lhasa 
terrane and Himalayan belt; (b) simplified geological map and cross-section of the Saga area (based on Hu et al., 2016; Metcalf & Kapp, 2017; Pan et al., 2004, 
and own field observations) with locations of the Mubala and Sangdanlin sections shown by stars, ML, Xiukang complex; OPH, Ophiolites of the YZSZ; K-E, 
Cretaceous-Paleogene strata; Q, Quaternary; TH, Tethyan Himalaya; XFB, Xigaze forearc basin; ZB, Zhongba terrane; (c) panorama of the studied Mubala 
stratigraphic section including (older to younger): India-derived quartzose (c1) and quartzo-lithic basalticlastic (c2) sandstones of the lower and middle 
Denggang Formation; glaucony-bearing feldspatho-quartzose (c3) and quartzose (c4) sandstones of the upper Denggang and lower Sangdanlin formations; 
Asian-derived feldspatho-litho-quartzose volcaniclastic sandstones (c5) and interbedded tuff layers (c6) of the upper Sangdanlin Formation; and, sandstones of 
the Zheya Formation (c7). G, glaucony; Kfs, K-feldspar; Lm, metamorphic lithic grains; Lvm, Lvi, Lvf, mafic, intermediate and felsic volcanic lithic grains; Pl, 
plagioclase; Qz, quartz; 100 μm bar for scale.
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Figure 2. The Mubala section (a) and field photos (b–e): (a) stratigraphic column of the Mubala section correlated with the Sangdanlin section exposed 
∼60 km to the east (after DeCelles et al., 2014); (b) conformable contact between Upper Cretaceous Jiabula Formation and overlying Denggang Formation; (c) 
siliceous shales intercalated with chert in the Jiabula Formation; (d) conformable contact between Denggang and Sangdanlin formations; (e) first Asian-derived 
feldspatho-litho-quartzose sandstone in upper Sangdanlin Formation (overlying thin-bedded tuff to the left).
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Parallel or ripple lamination, graded-bedding, erosional base, load or flute casts and intraclasts are common, 
suggesting deposition by high-density turbidity currents.

4. Methods and Sampling
15 sandstone samples collected throughout the Mubala section were point-counted following the Gaz-
zi-Dickinson method (Ingersoll et  al.,  1984) and classified according to Garzanti  (2019). Heavy-mineral 
analysis was conducted on nine of these samples. Cr-spinel was separated from five samples of the Deng-
gang and Sangdanlin formations. Detrital zircon from seven samples yielded 574 concordant U-Pb ages, of 
which 237 Cenozoic-Mesozoic grains were analyzed for Hf isotopes. Thirty-six ages were obtained from the 
tuff in the upper Sangdanlin Formation. See supporting information for detailed analytical procedures and 
complete data sets.

5. Results
In the Denggang Formation, sandstones are quartzose in the lower member, litho-quartzose to quartzo-lith-
ic basalticlastic in the middle member, and glaucony-bearing feldspatho-quartzose in the upper mem-
ber (Figure 3a). In the Sangdanlin Formation, sandstones are quartzose in the lower member and felds-
patho-litho-quartzose volcaniclastic in the upper member as in the overlying Zheya Formation (Figure 3a). 
Heavy minerals document an upward decrease in durable zircon, tourmaline, and rutile. Garnet and apatite 
characterize the Denggang and lower Sangdanlin formations, whereas epidote is dominant in the upper 
Sangdanlin and Zheya formations. Cr-spinel grains from the middle and upper Denggang Formation have 
higher TiO2 content than those from the Sangdanlin Formation (Figure 3b).
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Figure 3. Provenance data from the Mubala section: (a) petrography. Compositional fields in the QFL plot (F, 
feldspars; L, lithic grains; Q, quartz) after Garzanti (2019). Lm + Ls, metamorphic and sedimentary lithic grains; Lvm 
and Lvi-f, mafic and intermediate + felsic volcanic lithic grains; (b) geochemistry of detrital Cr-spinel. Compositional 
fields after Kamenetsky et al. (2001): Arc, arc; CFB, continental-flood basalt; MORB, mid-ocean-ridge basalt; OIB, 
oceanic-island basalt; SSZ, supra-subduction-zone; (c) detrital zircon U-Pb age spectra; (d) Mesozoic zircon Hf isotopic 
signature. All data available in Tables S1–S4.
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Detrital zircon from the lower and middle Denggang Formation exhibits prominent age clusters at 500–
570 Ma (peaks at ∼522 and ∼567 Ma) and 800–1,000 Ma (peak at ∼950 Ma) with subordinate older ages 
(Figure 3c). Detrital zircon from the upper Denggang and lower Sangdanlin formations displays similar age 
spectra, with an additional cluster at 115–150 Ma (peaks at ∼128 and 138 Ma) characterized by negative εH-
f(t) values (Figure 3d). In contrast, zircon grains from the upper Sangdanlin and Zheya formations yielded 
mainly Cenozoic-Mesozoic ages (Figure 3c), with clusters at 60–70 Ma and 80–120 Ma and mainly positive 
εHf(t) values (Figure 3d).

6. The India-Asia Provenance Reversal
Petrographic, heavy-mineral, and geochronological data document multistep changes in provenance 
through the Mubala section. Quartzose sandstones in the lower Denggang Formation were derived from 
cratonic interiors, whereas abundant basaltic detritus in the middle member was sourced from mafic lavas. 
Glaucony grains in the upper member were possibly formed authigenically in situ at the expense of weath-
ered glassy volcanic fragments or resedimented from shallower-water sediments deposited during a stage of 
starved sedimentation (Garzanti & Hu, 2015). The Sangdanlin Formation documents a provenance change 
from quartzose sandstones derived from cratonic interiors in the lower member, to volcaniclastic sandstones 
with abundant plagioclase, K-feldspar, and epidote derived from a magmatic arc in the upper member.

These provenance interpretations are supported by detrital zircon ages, Hf isotopes and Cr-spinel geochem-
istry. The lower and middle Denggang sandstones contain common Paleozoic-Archean zircon grains, show-
ing an age spectrum similar to pre-Cretaceous sandstones of the Tethyan Himalaya and northern India 
(Cawood et al., 2007; DeCelles et al., 2000). The upper Denggang and lower Sangdanlin sandstones are char-
acterized by zircon grains yielding Early Cretaceous ages with negative εHf(t) values and Paleozoic-Archean 
ages, similar to the Cretaceous-Paleocene sandstones of the Tethyan Himalaya, derived ultimately from the 
Early Cretaceous intra-plate volcanics and recycled sediments in the northern India (DeCelles et al., 2014; 
Gehrels et al., 2011; Hu et al., 2010; Hu, Garzanti, & An, 2015). Cr-spinel grains have high TiO2 content, 
similar to those in Tethyan Himalayan strata (Hu et  al.,  2014). In contrast, the upper Sangdanlin sand-
stones yielded zircon grains with predominant Cenozoic-Mesozoic ages and positive εHf(t) values, indicat-
ing provenance from the Gangdese magmatic arc (DeCelles et al., 2014; Hu, Garzanti, Moore, et al., 2015; Ji 
et al., 2009), supported by the low TiO2 content in detrital Cr-spinel (Hu et al., 2014).

Quartzose sandstones in the lower Denggang Formation were derived from India. The transition to quart-
zo-lithic basalticlastic sandstones in the middle Denggang Formation testifies to the main outburst of Dec-
can volcanism close to the Cretaceous/Tertiary boundary (e.g., Chenet et al., 2007; J. Li et al., 2020). The 
further upward transition to the glaucony-bearing feldspatho-quartzose sandstones of the upper Denggang 
Formation and quartzose sandstones of the lower Sangdanlin Formation would be consistent with either 
deepening of erosion into Early Cretaceous volcanic and volcaniclastic rocks within northern India or with 
further recycling of Cretaceous-lower Paleocene Tethys Himalayan sandstones possibly uplifted and eroded 
during passage over the forebulge (DeCelles et al., 2018).

The most prominent provenance change (the IAPR), which represents a direct testimony of India-Asia col-
lision onset (DeCelles et al., 2014), is documented between the lower and upper Sangdanlin Formation. In 
the Mubala section, the IAPR corresponds to an abrupt change from Indian-derived quartzose sandstones 
to feldspatho-litho-quartzose volcaniclastic turbidites derived from Asia. This is notably different from the 
Sangdanlin section, where Indian and Asian-derived turbidites are intercalated through much of the central 
part of the Sangdanlin Formation (Wang et al., 2011). Asian-derived detritus also varies between the two 
sections, K-feldspar being present in the Mubala section but lacking in the Sangdanlin section. This indi-
cates different source areas along strike within the same magmatic arc, with more detritus from the plutonic 
core of the arc massif supplied to the Mubala section.

A maximum age constraint to the IAPR is provided by the youngest age cluster of detrital zircon con-
tained in the first Asian-derived sandstone, displaying a prominent peak at 62.7 Ma (Figure 3b). A firmer 
age constraint is the SIMS age of 61.0 ± 0.3 Ma obtained from the tuff layer lying ∼30 m stratigraphically 
above the first Asian-derived sandstone (Figures 4a and 4b). The IAPR in the Mubala section is therefore 
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robustly bracketed between 62.7 Ma and 61.0 ± 0.3 Ma. This age interval appears to be a bit older than the 
pre-58.5 Ma (DeCelles et al., 2014) and 59 ± 1 Ma (Hu, Garzanti, Moore, et al., 2015) estimate obtained 
from the Sangdanlin section. The discrepancy could be explained by the closer position of the Mubala tuff 
to the IAPR (∼30 m above) than the Sangdanlin tuff (∼510 m above; Figure 4c), or by the imprecision of 
zircon ages.

7. Timing of the India-Asia Collision Onset
The onset of continental collision is most aptly defined as the moment when the two opposite continental 
margins come into physical contact, continental subduction begins, and no oceanic lithosphere is left in 
between (Beck et al., 1995; DeCelles et al., 2014; Hu et al., 2016). Among the diverse methods proposed 
to pin-point the precise moment when the distal edge of the Indian continental began to subduct beneath 
Asia, the coupled stratigraphic/sediment-provenance approach has proved to be the most direct one, and 
consequently the most robust (e.g., Garzanti et al., 1987; Hu et al., 2016).

In this respect, the importance of the Mubala section resides in the fact that it rests stratigraphically on 
top of the Jiabula Formation, proving that deposition took place onto the distal edge of the Indian passive 
margin rather than within Neotethys. Hence, if the Transhimalayan trench was incompletely filled and 
represented a barrier to turbidites derived from Asia, then the IAPR should necessarily coincide in time 
with collision onset, which in the Mubala section would thus be robustly constrained between 62.7 Ma 
(youngest ages of detrital zircon in the oldest Asian-derived sandstone) and 61.0 ± 0.3 Ma (age of the tuff 
∼30 m above the IAPR).

The superposition of Asian-derived turbidites onto Indian-derived turbidites in the Mubala section, how-
ever, may have occurred somewhat earlier than actual collision onset. The Transhimalayan trench may 
have been overfilled, and thus bypassed by turbiditic flows spreading oceanward and reaching the edge of 
the Indian continental margin at some distance within the Neotethys. In the heavily sediment-filled trench 
of south-central Chile, for instance, turbiditic deposits extend as far as 250 km seaward of the trench axis 
(Contreras-Reyes et al., 2010). Considering the rapid convergence rate of India and Asia in the early Pale-
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Figure 4. Dating the IAPR with different methods: (a), (b) age plots for the tuff 30 m above the base of the upper 
Sangdanlin Formation, MSWD, mean squared weighted deviation; (c) comparison between chronostratigraphic data 
obtained from Mubala and Sangdanlin sections (after DeCelles et al., 2014; Hu, Garzanti, Moore, et al., 2015, and 
this study): DZ, detrital zircon; TZ, tuffaceous zircon; (1) weighted mean age for the youngest cluster of zircon grains; 
(2) peak age of the youngest cluster of zircon grains; (3) LA-MC-ICPMS zircon ages; (4) SIMS zircon ages. All data 
provided in Table S5.
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ocene (150 km/Ma, Copley et al., 2010), even in such an overfilled-trench scenario the onset of continental 
collision should be quite close to 61 Ma.

8. The Discrepancy with Paleolatitude Data
Plate circuit reconstructions suggest that >4,000 km of India-Asia convergence took place since 60 Ma, 
whereas the estimated upper-crustal shortening amounts to only ∼2000 km. Such a discrepancy led to hy-
pothesizing a series of putative basins apt to somehow “fill the gap” (e.g., Greater India basin of van Hins-
bergen et al., 2012; Xigaze backarc basin of Kapp & DeCelles, 2019; north India sea of Yuan et al., 2021). 
Sandstones from the Denggang Formation, however, containing detritus from the Deccan Traps and the 
underlying strata indicate sediment transport from India and the Tethyan Himalaya, precluding the exist-
ence of an oceanic basin to the south. An oceanic basin for which, anyway, no geological evidence was ever 
reported. We agreed with the statement by Kapp and DeCelles (2019) that “all existing interpretations pres-
ent challenges—we are missing evidence for either a large amount of Cenozoic shortening in the Himalaya 
and Asia or one or more Cenozoic suture zones.” The paleolatitude controversy cannot be solved at the desk 
by imagining the existence of oceanic basins in the absence of any field-related geological evidence. It thus 
stands open. The key to solve the discrepancy we suggest should be from the paleomagnetic method itself, 
not the re-interpretation of the geological data.

9. Conclusion
The Mubala section consists of turbiditic and abyssal sediments deposited onto the Indian continental rise 
(Denggang and lower Sangdanlin formations) and in the Transhimalayan trench (upper Sangdanlin and 
Zheya formations). Several provenance changes are recorded in the Denggang and lower Sangdanlin for-
mations, indicating erosion of the Indian shield and its cover strata before, during, and after the major 
outburst of Deccan continental flood basalts. The major provenance reversal from India to Asia occurred 
at the boundary between the lower and upper Sangdanlin Formation, and is robustly bracketed between 
62.7 Ma (youngest detrital zircon in the oldest Asian-derived sandstone) and 61.0 ± 0.3 Ma (age of the tuff 
intercalated ∼30 m above). If the Mubala turbidites were not deposited far away from the overfilled Tran-
shimalayan trench, then our data indicate that the continental margins of India and Asia first engaged in 
collision very close to 61 Ma (early Selandian) in this part of the Himalaya. This represents the most precise 
direct age constraint ever obtained on the age of the India-Asia collision to date.

Data Availability Statement
Supporting figures and data are provided in Figures S1–S3 and Tables S1–S6, which can be found at website 
https://osf.io/bcjy3/.
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