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Abstract The Precambrian history of the Lhasa terrane, southern Tibet is intensely debated, which hinders
global plate tectonic reconstructions throughout the Proterozoic. Previous research on Precambrian basement
has suggested that the Lhasa terrane originated from India or Africa, although the paucity of exposed pre-
Neoproterozoic rocks in the North Lhasa terrane (NL) has led to significant uncertainty. We document newly
identified Neoarchean granites and Mesoproterozoic Guomangtso Suite from the NL. These pre-Neoproterozoic
rocks reveal a 2.62 Ga anorogenic rifting event and a 1.30-1.10 Ga transition from subduction to back-arc
extension, related to the 2.7-2.6 Ga rifting of the Pilbara Craton and the Proterozoic assembly between the North
and West Australian Cratons, respectively. However, these tectono-magmatic events have no equivalents in the
South Lhasa terrane (SL). These observations suggest that the NL originated from Western Australia, and the
NL and SL may have distinct origins.

Plain Language Summary Constraining the origin and evolution of continental fragments plays a
crucial role in validating the patterns in the growth of successive supercontinents. However, tracking the
evolving paleogeographic position of these fragments, especially for those of Precambrian age without
paleolongitude constraints, has proven difficult. We redefine the pre-Neoproterozoic evolution of the Lhasa
terrane, southern Tibet based on newly discovered Neoarchean and Mesoproterozoic rocks, which contain
missing information about the pre-Neoproterozoic evolution of the North Lhasa terrane (NL). We reveal the
Neoarchean—Mesoproterozoic evolution of the NL and its affinity with Western Australia, which is clearly
distinct from the Indian affinities of the South Lhasa terrane (SL) from the Paleoproterozoic to Mesoproterozoic.
These findings suggest that the Lhasa terrane did not originate as a unified entity from India during the pre-
Neoproterozoic, as previously thought, but rather that the NL originated from Western Australia, with the NL
and SL having distinct origins. Our study therefore shows for the first time key evidence identifying the origin of
the NL before the Neoproterozoic.

1. Introduction

The Qinghai-—Tibet Plateau is the youngest and highest plateau on Earth, and intense multi-disciplinary study over
several decades has led to significant advances in understanding its formation and evolution. However, the
geological history of the Lhasa terrane—the southernmost of three large east—west-trending tectonic belts in the
plateau (Figure 1a)—remains obscure, hindering plate tectonic reconstructions throughout the Phanerozoic and
Proterozoic. Traditional views posit that the Lhasa terrane rifted away from Indian Gondwana before its collision
with the Qiangtang terrane during the Mesozoic (Figure 1b; Gehrels et al., 2011) or as part of the Late Cambrian to
Early Paleozoic evolution of Australian Gondwana (Figure 1c; Zhu et al., 2011). Evidence for both viewpoints
stems from detrital zircon data for Paleozoic sedimentary rocks, yet they yield different conclusions (Hu, Zhai,
Zhao, et al., 2022). Recent studies have shown that the Lhasa terrane exhibits an African (Northern East African
Orogen) affinity based on the occurrence of 650 Ma HP granulites and detrital zircon REE profiles (Figure 1d; Hu
etal., 2023; Zhang et al., 2012). However, Zhang et al. (2022) suggested that the Lhasa terrane is the “lost” part of
NW India, with its 760-730 Ma ophiolitic-arc magmatic rocks representing part of the Neoproterozoic
suprasubduction-zone arc—backarc systems along the western periphery of the Rodinia supercontinent. Addi-
tionally, our previous work has reported early Neoproterozoic intercontinental rift magmatic-sedimentary records
in the NL, possibly related to equivalent units in Western Australia (Yu et al., 2024). In brief, conclusions derived
from the geological records preserved in Neoproterozoic basement rocks of the Lhasa terrane are contradictory,
making it difficult to constrain its tectonic history and origin.
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Although paleogeographic reconstructions using detrital zircon have proven effective (Veevers et al., 2005), their
application to the Lhasa terrane has caused ambiguity. This is mainly due to different results obtained from
Paleozoic sedimentary rock detrital zircon data (e.g., Gehrels et al., 2011; Zhu et al., 2011). Magmatic records are
thus crucial for supporting paleogeographic reconstructions, especially for Precambrian terranes like the Lhasa
terrane, which lack paleomagnetic data for precise geolocation (e.g., Cawood et al., 2018; Li et al., 2008). The
Nyaingentanglha Group, the Precambrian basement of the NL, primarily contains Neoproterozoic lithologies that
have recently been shown to exhibit affinities with units in India, Australia, and Africa (e.g., Hu et al., 2023; Yu
et al., 2024; Zhou et al., 2019). The presence of multiple affinities makes it difficult to determine the origin of the
Lhasa terrane solely through Neoproterozoic geological records. The scarcity of pre-Neoproterozoic basement of
the NL further hampers our understanding of the Lhasa terrane's origin and its place in global plate tectonic
reconstructions through time.

Here, we document Mesoproterozoic felsic and mafic magmatic rocks (the Guomangtso Suite) and Neoarchean
granites that have been newly identified from the NL. We present whole-rock geochemistry, zircon U-Pb
geochronology, and zircon Lu-Hf and whole-rock Sr—Nd-Pb isotopic analyses. These data reveal the pre-
Neoproterozoic evolutionary history of the NL and propose a progressive model for the origin and evolution
of the entire Lhasa terrane between 3.0 and 1.0 Ga. Our results have implications for paleogeographic re-
constructions during the Proterozoic, and for understanding the tectonic evolution of southern Tibet and north-
western Rodinia.

2. Geological Background, and Field Occurrence of Neoarchean and Mesoproterozoic
Magmatic Rocks

The Lhasa terrane, situated between the South Qiangtang and Himalayan terranes, is divided into NL and SL by
the Sumdo (Paleo-Tethys) suture zone (Figure 1a; Chen et al., 2022). The Precambrian basements of the NL and
SL are termed the Nyaingentanglha Group and Nyingchi Complex, respectively (Figure 1a; Chen et al., 2022; Hu
et al., 2018b). The Nyaingentanglha Group (NL) is dominated by Neoproterozoic rocks, without evidence for
Mesoproterozoic magmatic activity, while the Nyingchi Complex (SL) contains Paleoproterozoic to Meso-
proterozoic magmatic and metamorphic records, but lacks any evidence for Neoproterozoic rock units or events
(Chen et al., 2022; Yu et al., 2023, 2024). The former mainly records: (a) ~900 Ma rift-related magmatic-
sedimentary rocks (Hu et al., 2018c); (b) 839-806 Ma back-arc basin units (Hu et al., 2018a; Zhou
et al., 2019); (c) 760-730 Ma arc-related magmatic rocks and oceanic crust fragments (Hu et al., 2018b; Zhang
et al., 2022); (d) 658-646 Ma continent-continent collision-related magmatism and metamorphism (Hu, Zhai,
Cawood, et al., 2022; Hu, Zhai, Zhao, Wang, et al., 2019; Zhang et al., 2012); and (e) 572-541 Ma arc magmatic
rocks (Hu et al., 2018d, 2021). In contrast, the latter mainly records: (a) 1866—1782 Ma and 1556-1506 Ma
subduction-collision events (Chen et al., 2019; Dong et al., 2020, 2022; Lin et al., 2013); (b) 13431276 Ma
continental rifting (Xu et al., 2013); (c) 1264—-1250 Ma arc magmatism related to the Grenvillian orogeny, along
with ~1200 Ma metamorphism (Chen et al., 2019; Dong et al., 2022). Therefore, direct comparison of the
Precambrian basements of the NL and SL cannot be made.

Here, we report newly identified Neoarchean granites within the Lagar Formation (Late Carboniferous—Early
Permian, Ma et al., 2015; Wang et al., 2020), located in the Asa area of the NL (Figure 1a). The glacial sedi-
ments of the Lagar Formation were deposited near a grounding line or ice front in littoral-neritic to neritic en-
vironments (Ma et al., 2020; Zhang et al., 2013). These granites occur as dense fields of boulders with sizes up to
1.5 X 1.0 m, and are associated with ripple marks and biolithic limestone intercalations in their host rocks (Figure
S1 in Supporting Information S1). The granites are pink-brown and massive, and contain plagioclase (35%),
microcline (25%), K-feldspar (20%), quartz (15%), with minor riebeckite and sericite.

Mesoproterozoic felsic (granitoid) and mafic (amphibolite) rocks, termed the Guomangtso Suite, have also been
newly identified in the NL. These rocks occur as blocks or tectonic slices ranging in thickness from a few hundred
meters to tens of kilometers (Figure S2 in Supporting Information S1), although their contacts with the sur-
rounding Paleozoic strata are obscured due to extensive coverage by Quaternary sediments. The granitoids are
primarily composed of quartz (30%-60%), plagioclase (10%—20%), microcline (5%—15%), sericite (5%—10%),
with minor biotite, whereas the amphibolites contain amphibole (40%—-60%), plagioclase (10%-25%), quartz
(5%—-10%), and sericite (5%).
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Figure 1. (a) Tectonic framework of southern Tibet (after Ma et al., 2020; Hu et al., 2023; Yu et al., 2024). (b—d) Three major models showing the paleogeographic
proximity of the North Lhasa terrane to India (Chen et al., 2019; Gehrels et al., 2011; Zhou et al., 2019), Australia (Wang et al., 2021; Zhu et al., 2011), and Africa (Hu,
Zhai, Zhao, Tang, et al., 2019; Hu et al., 2018b; Zhang et al., 2012).

3. Geochronological and Geochemical Results

To establish the geochronological framework of the NL, we conducted U-Pb analyses of 283 zircons from 15
samples (five for each type, detailed sample locations and zircon U-Pb age results are shown in Table S1 in
Supporting Information S1). Detailed descriptions of the acquisition of zircon U-Pb age data and Hf isotopes,
whole-rock geochemistry and Sr—Nd-Pb data, are provided in the Supporting Information S1. The results reveal at
least seven discrete magmatic episodes at 3.0, 2.6, 1.9, 1.8-1.7, 1.5, 1.3, and 1.2-1.1 Ga (Figure 2a). A series of
Mesoarchean—Mesoproterozoic magmatic events are recorded by numerous 3.0-1.3 Ga xenocrystic zircons found
within the younger Guomangtso Suite (1.3—1.1 Ga). These xenocrysts exhibit concentric oscillatory internal
zonation, suggesting crystallization from a felsic melt (Figures 2b and 2c¢). The 3.0-2.8 Ga magma pulses are
consistent with those recorded in the Archean Pilbara Craton, Western Australia (Figure 2a). Evidence for sub-
sequent Neoarchean—early Paleoproterozoic magmatic events is provided by 2.62 Ga granites and 2.7-2.3 Ga
xenocrystic zircons within the Guomangtso Suite (Figure 2a), with these 2.62 Ga granites being the oldest rocks
documented in Tibet. Late Paleoproterozoic magmatic events (2.0-1.6 Ga) are evidenced by 1.76 Ga granites from
the Xinaza area (Ma et al., 2020), and 2.0-1.6 Ga xenocrystic zircons within the Guomangtso Suite (Figure 2a).
Finally, three episodes of Mesoproterozoic magmatism are documented by 1.5—1.3 Ga xenocrystic zircons and the
Guomangtso Suite, similar to those in the Rudall Province and Pilbara Craton, Western Australia (Figure 2a).

We also analyzed 25 samples for major and trace elements (nine Neoarchean granite samples, and seven
granitoid and nine amphibolite samples of Mesoproterozoic age). Whole-rock major- and trace-element data are

YU ET AL.

3of 11

85U8017 SUOWILLIOD BAIERID) 3|eotjdde 8y} Aq peusAob 82 SaIMe WO ‘SN JO S3|N1 104 ARG 1T BUIIUO AB]IAA UO (SUOTHPUOO-PUB-SLLBILIOD" A3 | IM"AeAq U [UO//:SANY) SUORIPUOD puUe SWS L 84} 89S *[9202/T0/02] Uo Akeiqiauliuo A8lim ‘A1seAIIN PIojXO Ad BEEETT 1DY202/620T OT/I0p/W0d" &3] 1mAreiq i jeut|uo'sandnfe//sdiy woly papeojunmod ‘v ‘520¢ *L008Y6T



A~
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113338

(a)looo i

1100
1200
1300
1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500

2600

2700

2800

2900

3000

(Ma) |

North South

Western Australia Lhasa Lhasa (b)oss
T T ¥
| 1 Felsic rocks of the
I
o KalyukuyarraI I Guomangcuo
) - Suite G ang 1
E w || 0
= 3 _— ) [0Zneiss] Subduction
— ame
g s L ' Rifting
8 g | D 0.45
i ! Kaylllrra:[ ' B
: Suite Arerclmed gn" 0.35
— ! Krackatinny Ep:g:n:e-l{sj ) '
' : Supersuite j:
' e | Kalkan
| Supersuite 0.25
' | ‘ I | 76 Ga [ognerss] 2
Padbury B : [pghelss] A B [ogneiss] Arc-related
5 adbury Basin
g | Bt sl 2 |
Bryah Basin
% msuc)ccssion | AA : I ¢
2 | - 1
g_ | (RS v ; (C)0'65
15 | ) Mafic rocks of the
o = = = o
= =) 9 ) 1) I Guomangcuo
=¥ o My | 2 = = | . 425
5] = = < 5} Suite -
et 2 ! e 5 ! 0.55 296740
& B = = = 100 pm
< 22| S ' U ——
(D] £6 = Analyses of xenocrystic
. - . i ?
~ | o ] zircons
= | (D) | P 0.45 OAnalyses for calculating]
E g 1 o crystallization ages
E EB 2.62Ga D L
S Eo ! granite (D) o
= > ! \P.‘
S 3 | S 0.35
g iz | ﬂ 3012 |
3 S : i g [1202%13 m
g i [] 0.25 /g,nso ’r*HHfH*H*
s .
S| Pilbara | Rudall 6 10so] 491D %
o .
5| Cratpn . Province j 950
2 | ' 0.15
s ! ! 0 4 8 5 1%35 16 20 24
1 1
Pb/"U
Archean Neoarchean- (d)
2850
basement Proterozoic orogen Megalnzl\/%g\ljl;:?\ga?
n=81, =2.
I:l Meso-Paleo - Neoarchean- 2750
proterozoic basin Proterozoic granite =
=
magmatism < | | l" [ TN
Wﬂﬂ o
(i) J] - H’W—lT e
Histogram and Probability Density Plot of inherited zircons 2450 g.ranite

Figure 2. (a) Time-space diagram illustrating the age range of lithotectonic units and the timing of tectonothermal events in Western Australia and the Lhasa terrane
(adapted from Cawood & Korsch, 2008; Chen et al., 2019; Cutten et al., 2011; Dong et al., 2022; Gardiner et al., 2018; Ma et al., 2020; Martin & Thorne, 2004; Payne
et al., 2021). (b—d) Zircon U-Pb dating results for Neoarchean granites and Mesoproterozoic felsic and mafic rocks in the North Lhasa terrane.

given in Table S2 in Supporting Information S1. The 2.62 and 1.15 Ga granitoids exhibit similar geochemical
features, such as enrichment in light rare earth elements (e.g., La, Ce, and Pr) and Zr, but depletion in heavy
rare earth elements (e.g., Lu, and Yb), Nb, and Ta (Figure 2a). The 2.62 Ga granites have high SiO, (69.1-74.8
wt.%), low MgO (0.58-1.23 wt.%), Fe,0," (3.57-5.32 wt.%), Cr (2.94-6.49 ppm), and Ni (3.34-19.40 ppm)
contents, and are ferroan, alkali-rich and Ga, Zr, REE-rich, akin to anorogenic/A-type rocks (Whalen
et al., 1987). On a Rb—(Y + Nb) diagram (Figure S4 in Supporting Information S1), the 2.62 Ga granites plot
within the field of within-plate granite. In contrast, the 1.15 Ga granitoids show a wide range of SiO, (65.9-85.5
wt.%), MgO (0.75-2.65 wt.%), Fe203T (1.05-6.32 wt.%), Cr (30.4-85.3 ppm), and Ni (13.8-38.7 ppm) contents,
and are peraluminous, consistent with crustally derived granitoids (Figure S4 in Supporting Information S1). The
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Figure 3. Geochemical and isotopic characteristics of the studied samples. (a, b) Primitive mantle-normalized multi-element patterns. (c—f) Zircon Hf and whole-rock
Nd-Pb isotopic composition. The new crust (NC) reference curve is calculated using parameters from Dhuime et al. (2011). Data compiled from various published
studies, including Stoeser and Frost (2006), Gardiner et al. (2017), Honarmand et al. (2018), Hawkesworth and Kemp (2021), Payne et al. (2021), Dong et al. (2022),
Hartnady et al. (2022), and Kemp et al. (2023).

1.3-1.1 Ga amphibolites are classified as tholeiitic basalts. Their enrichment in large ion lithophile elements
(e.g., Rb, Ba, Sr, and Pb) (Figure 2a) and low Nb/La ratios (0.28-0.84) potentially indicate crustal contamination
(Nb/La <1; Kieffer et al., 2004). All amphibolites samples show affinities to MORB (Figure 3b). However, 1.2—
1.1 Ga samples notably show geochemical characteristics of continental flood basalts and within-plate basalts,
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whereas 1.3 Ga samples display geochemical traits indicative of arc-related magmatic rocks (Figure S4 in
Supporting Information S1).

We performed 75 new zircon Hf isotope analyses for the 2.62 and 1.15 Ga granitoids. The zircon Hf isotope
results are presented in Table S3 in Supporting Information S1. The negative zircon ey(t) values (—4.35 to —9.37)
indicate the 2.62 Ga granites are dominated by non-radiogenic Hf, consistent with a crustal magma source.
Ancient two-stage model ages (3.7-3.4 Ga) show that they are the products of recycling of pre-existing crust. The
1.15 Ga granitoids exhibit a wide range of e(t) values (—17.5 to 4.8), indicative of progressive isotopic dilution
of Archean crust by Paleoproterozoic and Mesoproterozoic magmatism (e.g., the Kalyukuyarra Suite, Payne
et al., 2021). Additionally, three new whole-rock Sr-Nd-Pb isotope data for the 1.15 Ga granitoids
®7Sr/30Sr = 0.7284-0.7483; eny(t) = —4.6 to —2.5; 2°°Pb/?**Pb = 19.77-20.52; *°’Pb/***Pb = 15.85-15.89;
208pp /294pp = 40.99-42.61, Table S4 in Supporting Information S1) are similar to those of granitic plutons of the
Shaw Batholith in the Archean Pilbara Craton (e.g., Bickle et al., 1989).

4. Discussion
4.1. Magmatic Affinity Between the North Lhasa Terrane and Western Australia

Zircon Hf isotope characteristics indicate that the pre-Neoproterozoic crystalline basement of the NL is primarily
derived from ancient crustal recycling, akin to Western Australia (Figure 3c). In contrast, the SL is predominantly
composed of mantle-derived magmas or juvenile continental crust (Figure 3c). The Guomangtso Suite identified
in the NL, which includes 1.15-1.12 Ga peraluminous crustally derived granites and MORB-like amphibolites
(1.3 Ga arc-related basalts and 1.2-1.1 Ga continental flood basalts), suggests a transition from subduction to
back-arc extension. This setting parallels oceanic crust subduction beneath the northern and eastern margins of
Western Australia at 1380-1250 Ma and subsequent extension (1185-1165 Ma) that led to formation of the
Kalyukuyarra Suites in the Rudall Province of Western Australia (Figure 2a; Gardiner et al., 2018; Payne
et al., 2021); however, it contrasts with 1343-1276 Ma aluminous A-type granites formed in a continental rift
setting and 1250-1117 Ma subduction-related magmatism and metamorphism in the SL (Chen et al., 2019; Dong
etal., 2022; Xu et al., 2013). Although Late Paleoproterozoic subduction-related magmatism has been reported in
both the SL and NL (e.g., 1866 and 1759 Ma, Chen et al., 2019; Ma et al., 2020), their ages of formation do not
overlap and thus they cannot be considered coeval (Figure 2a). The 1759 Ma subduction-related granites in the
NL were likely linked to Proterozoic assembly of the North and West Australian Cratons (Ma et al., 2020), while
the 1866 Ma arc-related magmatism in the SL was likely associated with a continental arc formed along the
northern margin of India, representing a late phase in the formation of the Columbia supercontinent (Chen
et al., 2019; Dong et al., 2022). The congruence between the age peaks of 2.0-1.3 Ga xenocrystic zircons in the
Guomangtso Suite and contemporaneous magmatism in the Rudall Province further supports the affinity between
the NL and Western Australia (Figure 2a).

The studied 2.62 Ga granites, the oldest rocks in the Lhasa terrane, occur as huge boulders embedded in nearshore
deposits of the Lagar Formation. The presence of ripples and biolithic limestone intercalations of the Lagar
Formation in the study area indicates a coastal, shallow sea environment. This suggests that the Neoarchean
granite boulders originated from the NL or its adjacent regions. Abundant ancient xenocrystic zircons within the
Guomangtso Suite imply the presence of older basement rocks (e.g., 1.9—-1.3 and 3.0-2.3 Ga) beneath the NL,
indicating that the 2.62 Ga granite boulders may originate from the NL itself. The 2.62 Ga riebeckite-bearing
granites in the NL record zircon saturation temperatures of 860-899°C (Watson & Harrison, 1983) and are
comparable to anorogenic/A-type rocks, suggesting formation in a continental rift environment.

The Pilbara Craton, situated on the edge of Western Australia, emerges as the most plausible source for the
2.62 Ga rift-related granite boulders in the NL, given that it experienced rifting and subsidence between 2.7 and
2.6 Ga (Hickman, 2012). Whole-rock Sr-Nd-Pb isotope data suggest that the NL and Western Australia share the
same isotopic signatures (Figures 3d-3f), indicating that they may have been located in the same tectono-
geochemical province during the pre-Neoproterozoic. Further, age peaks from 3.0 to 2.2 Ga xenocrystic zir-
cons within the Guomangtso Suite correlate well with contemporaneous magmatism in the Pilbara Craton
(Figure 2a). These findings highlight several strong and independent lines of magmatic affinity between the NL
and Western Australia prior to the Neoproterozoic.
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Figure 4. Reconstruction of ~1100 Ma northwestern Rodinia (modified from Ali & Aitchison, 2005; Cawood et al., 2018; Li
et al., 2008; Yuan et al., 2023; Zhao et al., 2002). The locations of 2.62, 1.8—-1.7, and 1.3-1.1 Ga magmatism in the North
Lhasa terrane (Ma et al., 2020), ~1.8 Ga arc igneous rocks and 1.3-1.1 Ga subduction-related magmatic rocks in the South
Lhasa terrane (Chen et al., 2019) are highlighted.

Previous work suggested that c. 1.17 Ga detrital zircons from Paleozoic sedimentary rocks and Neoproterozoic
basement lithologies within the NL correlate with c. 1.3—1.1 Ga granitic rocks in the Albany-Fraser belt and
Rudall Province, Western Australia (Yu et al., 2024; Zhu et al., 2011). However, the newly identified 1.30—
1.10 Ga Guomangtso Suite in this study reveals another potential source for these detrital zircons, which may
actually be the most likely source—the NL itself. Compared to having being transported from distant regions such
as Australia or Africa, detrital material from the NL itself is more likely to be preserved in its own Neoproterozoic
and Paleozoic strata. Despite detrital zircon analysis having non-unique interpretations, the comparison of the pre-
Neoproterozoic tectono-magmatic events links the NL with Western Australia during the pre-Neoproterozoic,
which resolves the contradictions caused by the multiple interpretations of detrital zircon data. As such, the
original data presented here allow us to propose a comprehensive paleogeographic model for the Lhasa terrane,
whereby the NL was connected with Western Australia—near the Pilbara Craton and Rudall Province—and the
SL was part of India before the Neoproterozoic (Figure 4). The NL may record the assembly of the West and
North Australian Cratons, as well as the 2.62 Ga rift event. In contrast, the SL experienced the growth and breakup
of the Columbia supercontinent and the amalgamation of the Rodinia supercontinent (Chen et al., 2019).

4.2. Constraining the Origin of the Lhasa Terrane

Current models for the origins of India and Australia predominantly rely on detrital zircon provenance analysis,
and overlook the significant differences between the Precambrian basements of the NL and SL (e.g., Gehrels
etal., 2011; Guoetal., 2017; Wang et al., 2021; Zhou et al., 2019; Zhu et al., 2011). Although the origin model for
Africa (Northern East African Orogen) separates the NL and SL due to the absence of pre-Neoproterozoic
geological records in the NL, it primarily supported by late Neoproterozoic—Early Paleozoic geological re-
cords (Hu, Zhai, Zhao, Tang, et al., 2019; Hu et al., 2018b; Zhang et al., 2012). This model proposed here is
revised based on direct comparison of pre-Neoproterozoic rocks from the SL and NL. The 2.7-2.6 Ga rift-related
felsic rocks of the Fortescue Group from the Pilbara Craton (Hawkesworth & Kemp, 2021) serve as both age and
geochemical analogs for the 2.62 Ga granite identified in the NL. The Rudall Province in northern Western
Australia represents a Paleo-to Mesoproterozoic orogen between the North and West Australian Cratons,
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recording the effects of their amalgamation (Gardiner et al., 2018). This amalgamation was recorded by 1.76 Ga
tonalitic conglomerates (Ma et al., 2020) and the 1.30-1.10 Ga Guomangtso Suite found in the NL. Meanwhile, a
coherent continental arc along the northern margin of India formed by the SL and Lesser Himalayan sequence at
1880-1780 Ma, with subsequent accretion and continental collision events at 1264-1250 and 1117 Ma,
respectively (Figure 4; Chen et al., 2019). In contrast, pre-Neoproterozoic evidence for an Indian affinity comes
from the Nyingchi Complex, which forms the Precambrian basement of the SL (Chen et al., 2019). This revised
paleogeographic model and new supporting data fill in a crucial gap in the pre-Neoproterozoic evolution of
the NL.

When compared to the multiple affinities proposed for the Neoproterozoic basement, information about
geological origins carried by the pre-Neoproterozoic rocks of the NL coherently suggests that it is related to
Western Australia. Futhermore, direct comparison between these rocks and the Precambrian basement of the SL
suggests that the SL and NL have different origins, with the SL possibly originating from India. This conclusion is
distinct from the existing pre-Neoproterozoic model, which posits that the Lhasa terrane was a single entity,
originating from India, before the Neoproterozoic (e.g., Chen et al., 2019; Dong et al., 2022; Lin et al., 2013; Xu
et al., 2013).

4.3. Significance for Neoproterozoic Reconstruction

Our recent work documented early Neoproterozoic intercontinental rift magmatic-sedimentary records within the
NL (Yu et al., 2023, 2024); however, similar rifting events have also been reported in Africa and Western
Australia (Hu, Zhai, Zhao, et al., 2022; Lindsay et al., 1987). Based on a series of pre-Neoproterozoic magmatic
records similar to those in Western Australia, as reported here, the early Neoproterozoic rifting event in the NL
should be related to Western Australia. Previous placement of the NL near Western Australia was primarily based
on the comparison of early Neoproterozoic rifting events and c. 1.17 Ga detrital zircons (e.g., Yu et al., 2024; Zhu
et al., 2011), which was a reasonable conclusion prior to discovery of the Guomangtso Suite. But it now seems
that the NL could be an alternative source of these c. 1.17 Ga detrital zircons alongside Western Australia. The
reconstructions presented here therefore build upon and clarify ambiguity releated to interpretation of previous
evidence. The pre-Neoproterozoic tectonic-magmatic events related to Western Australia reported here link the
early Neoproterozoic intercontinental rift in the NL with a contemporaneous rifting event in Western Australia.
Therefore, the newly reported pre-Neoproterozoic rocks in this paper provide key evidence to support our earlier
paleogeographic reconstruction for the NL in the early Neoproterozoic (Yu et al., 2024).

During the middle Neoproterozoic, ~800 Ma arc-related sedimentation suggests that the NL was situated on the
northern margin of India (Zhou et al., 2019), while ~760-730 Ma fragments of oceanic crust connect the NL with
closure of the Mozambique Ocean (Zhang et al., 2022). In the late Neoproterozoic, ~650 Ma orogenic magmatic-
metamorphic records suggest a connection between the NL and Africa (Northern East African Orogen) (Zhang
et al., 2012, 2022). When these three paleogeographic reconstructions are combined, they form our previously
proposed three-stage evolution hypothesis for the NL (Yu et al., 2024), which involves counterclockwise rotation.
The findings in this study therefore provide crucial evidence for the paleogeographic reconstruction of the earliest
stage of this sequence, enhancing the credibility of the three-stage rotation model. This rotation may have
facilitated the orthoversion from Rodinia to Gondwana supercontinent (Johansson, 2014; Mitchell et al., 2012;
Wang et al., 2023).

5. Conclusions

This study reports newly discovered pre-Neoproterozoic rocks from the North Lhasa terrane. These rocks record
mid-Neoarchean continental rifting and late Mesoproterozoic subduction-to-backarc extension-related magma-
tism, which can be compared to contemporaneous tectono-magmatic events in the Pilbara Craton and Rudall
Province of Western Australia. However, these events differ significantly from the pre-Neoproterozoic geological
records of the South Lhasa terrane, which shows a close affinity to India. Our findings suggest that the North
Lhasa terrane originated from Western Australia, and that the North Lhasa and South Lhasa terranes may have
distinct origins.
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