
1.  Introduction
Constraining the paleogeographic positions and affinities of continental fragments plays a crucial role in vali-
dating the concept of the supercontinent cycle (Nance et al., 2014). However, the paleogeographic record of a 
continental fragment is a complex amalgam of magmatic, deformational, metamorphic, and sedimentary events 
(e.g., Cawood et al., 2022; Zhao et al., 2018) that results from the reworking of older continental fragments in 
younger orogenic belts (e.g., the Tibetan Plateau; Kapp & DeCelles, 2019). Tracking the evolving paleogeo-
graphic position of these fragments, especially for those of Precambrian age, has proven difficult. This is due 
in part to the lack of fossils and associated faunal affinities between fragments and the overprinting of possible 
paleomagnetic and stratigraphic records by younger orogenic systems. Previous studies have tried to solve this 
problem by detrital zircon U-Pb dating and Hf-isotope analyses (e.g., Hu, Zhai, Zhao, et al., 2018). However, the 
applicability of such data sets to link the basin in which the detrital zircons accumulated to a specific source from 
which they were derived is dependent on the uniqueness of the latter; for example, spatially separated sources 
displaying similar records of tectono-magmatic events limit the ability to link basin to a specific source (e.g., Guo 
et al., 2017; Zhu et al., 2011), unless other unique criteria can be established.

Over the last few decades, there has been an astounding growth in detrital zircon analysis, which has increasingly 
extended beyond U-Pb and Hf isotopic data to include trace and rare earth elements (REE) (e.g., Zhu et al., 2020). 
Zircon REE compositions are an important additional data set because they reflect the composition of, and the 
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conditions that generated, the parental melts (Chapman et al., 2016; Rubatto et al., 2013) and provide insight 
into the evolutionary history of the continental crust (McKenzie et al., 2018; Tang et al., 2020; Zhu, Campbell, 
et al., 2022). This paper reveals correlations between detrital zircon REE abundances and crustal evolution in 
different tectonic settings based on global and regional detrital zircon databases. From this, we demonstrate how 
detrital zircon REE abundances can be used to link basin and source by a case study of tracking the origin of the 
Lhasa terrane, southern Tibet, which is a typical Precambrian terrane reworked by Phanerozoic orogens (Guo 
et al., 2017; Hu, Zhai, Zhao, et al., 2018). Our study provides a new perspective on the paleogeographic recon-
struction of continental fragments through Earth's history.

2.  Rationale
Felsic igneous rocks constitute the dominant source of detrital zircons. Zircons sequester heavy (H) REEs relative 
to light (L) REEs from the parental melt (Hoskin & Schaltegger, 2003). To limit the influence of different degrees 
of compatibilities of REEs in zircon, we use 𝐴𝐴 LREEN∕HREEN as a proxy to estimate the zircon REE differenti-
ation degree. N denotes normalized to the average REE abundances of granitic zircons reported by Belousova 
et al.  (2002). 𝐴𝐴 LREEN and 𝐴𝐴 HREEN are the average normalized abundances of LREE and HREE, respectively. 
Moreover, unlike other REEs, which are trivalent (except Ce), Eu exists as both Eu 2+ and Eu 3+ in most magmatic 
systems. Eu 2+ is significantly more incompatible than Eu 3+ in zircon, and the variation of Eu concentration in 
zircon with respect to its neighboring REEs (Sm and Gd) is commonly measured as an Eu anomaly (Eu/Eu*; 
chondrite normalized 𝐴𝐴 Eu∕

√

Sm × Gd ) (Tang et al., 2020). Generally, 𝐴𝐴 LREEN∕HREEN and Eu/Eu* of zircons 
from felsic igneous rocks are controlled by the following factors of the parental melt:

1.	 �Magma source depth. Eu 2+ is geochemically similar to Sr 2+ and Ca 2+ and thus strongly partitions into plagi-
oclase (Ren, 2004). In a deep magma source, anatexis or fractional crystallization takes place at high pres-
sures, which suppresses plagioclase crystallization (Tang et al., 2020). HREEs are much more compatible 
than LREEs in garnet, which is more stable in deeper magma sources (Rubatto et al., 2013). Therefore, deep 
magma sources would lead to high Eu abundances and LREE/HREE ratios in the melt, which in turn result in 
high Eu/Eu* and 𝐴𝐴 LREEN∕HREEN in the zircon.

2.	 �Protolith type. Based on the protolith type, felsic igneous rocks can be divided into two end-members: I- 
(igneous protoliths) and S- (sedimentary protoliths) types. Generally, S-type felsic igneous rocks are derived 
from the Eu-depleted upper continental crust (Rudnick & Gao, 2014). Whole-rock Eu/Eu* is likely inherited 
from protoliths and influences zircon Eu/Eu* to some extent (Tang et  al.,  2020). Moreover, experimental 
data of crustal rocks have revealed that the lower pressure limit of garnet stability is lower in sedimentary 
protoliths (∼0.5 GPa) than in igneous protoliths (∼1.2 GPa) (Palin et al., 2016; Qian & Hermann, 2013; Wang 
et al., 2012), implying that zircons from S-type felsic igneous rocks would display higher 𝐴𝐴 LREEN∕HREEN 
than the I-type counterparts with other conditions unchanged. Finally, the REE abundances of zircons can be 
influenced by their cogenetic minerals. Garnet, as a cogenetic phase of zircon, is rather uncommon in I-type 
felsic igneous rocks. By contrast, garnets appear in some strongly peraluminous S-type felsic igneous rocks 
(e.g., leucogranite) (e.g., Ding et al., 2021). In this case, most HREEs are sequestered in the garnets, resulting 
in high zircon 𝐴𝐴 LREEN∕HREEN (Rubatto et al., 2013). In summary, an increased proportion of zircon from 

S-type felsic igneous rock in detrital zircons generally leads to higher 𝐴𝐴 LREEN∕HREEN and lower Eu/Eu*.
3.	 �Oxygen fugacity. Reduced conditions can increase Eu 2+/Eu 3+ and Fe 2+/Fe 3+ ratios in the melt, whereas 

oxidized conditions have the opposite effects. High Eu 2+/Eu 3+ leads to low zircon Eu/Eu*. High Fe 2+/Fe 3+ is 
conducive to garnet growth, which preferentially sequesters Fe 2+ over Fe 3+ from the melt (Tang et al., 2018), 
leading to high zircon 𝐴𝐴 LREEN∕HREEN .

4.	 �Magmatic water content. The currently available data do not suggest a strong correlation between magmatic 
water content and the crystallization pressure of garnet (Hirschmann, 2006). However, higher water contents 
increase plagioclase melting and suppress plagioclase crystallization (Triantafyllou et al., 2023), resulting in 
higher whole-rock Eu and positive zircon Eu/Eu* (Dilles et al., 2015).

The influence of the factors outlined above varies through the tectonic evolution of an orogen. A high propor-
tion of zircon from S-type felsic igneous rock in detrital zircons (>10%) requires a post-collision setting after 
the rapid erosion of the high mountains that formed during continent-continent collisions (Zhu et  al.,  2020). 
Oceanic subduction and syn-collision tectonic settings result in relatively low production of S-type felsic igneous 
rock (<10% in detrital zircon proportion; Zhu et al., 2020). Moreover, the oxygen fugacity and magmatic water 
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content are stably high in continental arcs because of continuous oceanic subduction (Zhao et  al., 2022). By 
contrast, the oxygen fugacity and magmatic water content are more complicated in continent-continent collision 
settings (Wang et al., 2018). With the cessation of oceanic subduction, the oxygen fugacity and magmatic water 
content tend to be lower. However, they can be elevated by some local collision-related geological processes, 
such as the subduction of high-oxygen sedimentary rocks, dehydration of subducted continental crust, or injec-
tion of mantle-derived ultrapotassic melts (Wang et al., 2018). Given these reasons, we reach the following two 
hypotheses:

1.	 �In oceanic subduction settings, the zircon REE abundances are mainly controlled by the magma source depth 
of melt because of the low proportion of zircon from S-type felsic igneous rock and stably high oxygen fugac-
ity and magmatic water content. In this case, the zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* are coupled and corre-
late with the magma source depth, whose average has been interpreted to reflect crustal thickness (Chapman 
et al., 2015; Tang et al., 2020).

2.	 �In continent-continent collision settings, although magma source depth is still an important controlling factor, 
as a result of the variation of oxygen fugacity, magmatic water content, and proportion of zircon from S-type 
felsic igneous rock (Wang et  al.,  2018; Zhu et  al.,  2020), zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* tend to be 
decoupled.

3.  Results: Correlation Between Detrital Zircon REE Abundances and Crustal 
Evolution
We evaluate these hypotheses by two typical detrital zircon databases of regional and global scales: the Gangdese 
Mountains in southern Tibet (Tang et al., 2020) (Table S1 in Supporting Information S1) and the global major 
river sands (Zhu et al., 2020) (Table S2 in Supporting Information S1). The detrital zircon 𝐴𝐴 LREEN∕HREEN and 
Eu/Eu* data are plotted as binned averages calculated by both mean and median methods (Figures 1a–1d). To 
ensure statistical accuracy, the relationships between trends in zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* are classified 
into three types: coupled (both mean and median trends are coupled), partly decoupled (either mean or median 
trends are decoupled), and decoupled (both mean and median trends are decoupled).

On a regional scale, these hypotheses are consistent with data from the well-studied Gangdese Mountains in 
southern Tibet, a typical modern orogenic belt (Hao et  al.,  2019; Tang et  al.,  2020; Zhao et  al.,  2021; Zhu 
et al., 2017). We exclude zircon analyses with ages >90 Ma to eliminate the influence of the Qiangtang-Lhasa 
collision and subsequent post-collision events (Wang et al., 2014). Recent studies further constrained the timing 
of the initial collision between India and Asia to ca. 55 Ma, and indicated that oceanic subduction terminated at 
ca. 45 Ma as a result of slab breakoff (Hu et al., 2016; Zhu et al., 2015). In the stage with active oceanic subduc-
tion (ca. 90–45 Ma), the means and medians of zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* are mostly coupled (except 
for the period from ca. 72.5 to 67.5 Ma) and correlate with the crustal thickness (Tang et al., 2020) (Figures 1a 
and 1b). The partly decoupled 𝐴𝐴 LREEN∕HREEN period from ca. 72.5 to 67.5 Ma is possibly due to the rising 
asthenosphere triggered by coeval roll-back of oceanic slab (Zhu, Wang, et al., 2022) that modified the redox 
conditions or water content of the magmatic system. This roll-back event is further supported by the subsequent 
crustal thinning process from ca. 67.5 to 57.5 Ma (Figure 1e). Moreover, the 𝐴𝐴 LREEN∕HREEN and Eu/Eu* values 
become mostly decoupled or partly decoupled in the continent-continent collision stage (ca. 45–0 Ma). Although 
the data in the time bins of 32.5 Ma and 27.5 Ma may be unreliable because of the relatively small sample size 
(<20), their neighboring time bins with ≥20 data (42.5, 22.5, 17.5, and 12.5 Ma) are all decoupled or partly 
decoupled. Notably, the crust thinned by about 20 km during the ca. 27–15 Ma period (Figure 1e), which is 
interpreted to be a result of the foundering of subducted continental plate in previous studies and supported by 
coeval fault activation and the formation of the Kailas basin and the ca. 24–23 Ma Konglong A-type magma-
tism in the Gangdese Mountains (e.g., DeCelles et al., 2011; Hao et al., 2019). This process is expressed by 
decoupled 𝐴𝐴 LREEN∕HREEN and Eu/Eu*, possibly because of the integrated effect of thinned crust decreasing 

𝐴𝐴 LREEN∕HREEN and regional oxidation events (e.g., injection of upwelling mantle-derived ultrapotassic melts; 
Wang et al., 2018) causing an increase in Eu/Eu*.

At a global scale, these hypotheses are supported by the detrital zircon database from major river sands worldwide 
(Zhu et al., 2020). The periods of extensive high mountain formation in Earth's history are represented by the 
age peaks of low-Lu zircon (Lu < 10 ppm and Lu/Dy < 0.35), which predominantly comes from the deep roots 
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that underlie ultrahigh Himalayan-type mountains (Zhu, Campbell, et al., 2022). As shown in Figures 1c and 1d, 
zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* are decoupled or partly decoupled at ca. 2.0 Ga, 1.6 Ga, and 0.4 Ga, roughly 
coeval with the age peaks defined by low-Lu zircons (Figure 1j) or the periods with high production of zircon 
from S-type felsic igneous rock (>10%) (Figure 1i), probably because of the extensive syn- or post-collision 
events associated with the assembly of Nuna, Columbia, and Gondwana. The decoupled 𝐴𝐴 LREEN∕HREEN and 

Figure 1.  Detrital zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* distributions for the Gangdese Mountains in southern Tibet (a–b) (Tang et al., 2020) and the global major 
river sands (c–d) (Zhu et al., 2020). The data are available in Table S1 and S2 in Supporting Information S1 and calculated by both mean and median methods. The 

𝐴𝐴 LREEN∕HREEN and Eu/Eu* data are plotted as binned averages (bin size: 5 Myr for the Gangdese Mountains and 200 Myr for the global major river sands), with 
error bars indicating ±2 SEM. This figure also shows the crustal thickness average data of the Gangdese Mountains (e) and global active continental crust (f), which 
are calculated by whole-rock La/Yb data (Tang et al., 2020) and zircon Eu/Eu* data from I- and A-type felsic igneous rocks (Tang et al., 2021), respectively. The 
maximum crustal thickness of the Himalayas, Qinling orogen, Transgondwanan supermountains, Grenville orogen, and Nuna supermountains (g) (Brudner et al., 2022; 
Hu et al., 2017, 2020; Zhu, Campbell, et al., 2022; Zhu et al., 2017) are also shown for comparison. The percentage of S-type zircon in every time bin (h and i) and 
the age distribution of low-Lu zircons (j) (calculated by Isoplot/Ex ver. 3.0; Ludwig, 2003) are also compared. The S-type zircons are distinguished by their relatively 
high P contents (>750 ppm; Burnham & Berry, 2017). The time windows of Pangea, Gondwana, Rodinia, Columbia, and Nuna are from Wang et al. (2021). The data 
filtering rules are: (1) The  207Pb/ 206Pb ages were used for those older than 1,000 Ma, and  206Pb/ 238U ages were used for younger zircons. (2) Analyses with Th/U < 0.1 
(except low-Lu zircons) were excluded to eliminate metamorphic zircons. (3) Analyses with discordance >10% or La >1 ppm were excluded to ensure age accuracy and 
eliminate data compromised by inclusions (Hoskin & Schaltegger, 2003). (4) The highest 10% and lowest 10% ratios within each bin were removed to reduce scatter 
when calculating means. (5) The bins with ≤10 data points are not shown because of low reliability.
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Eu/Eu* trends can be further divided into two types. The first type is characterized by increased 𝐴𝐴 LREEN∕HREEN 
and decreased Eu/Eu*, which can be explained by the increased proportion of zircon from S-type felsic igneous 
rock or the reduced conditions in collision-related settings. The second type displays decreased 𝐴𝐴 LREEN∕HREEN 
and increased Eu/Eu* and may be related to oxidation events resulted from continental subduction during 
supercontinent assembly (e.g., subduction of high-oxygen sedimentary rocks; Wang et al., 2018). In contrast, 
Rodinia (1.3–0.7 Ga) is a period of coupled zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu*, which positively correlates 
with the global average crustal thickness (Figures 1c–1f). A possible reason is that the Rodinian margins were 
dominantly Andean in style (low production of both S-type and low-Lu zircons; Figures 1i and 1j) (Spencer 
et al., 2013; Zhu et al., 2020) and the core of the Rodinian continental configuration was mostly inherited from 
Columbia (Cawood & Hawkesworth, 2014; Cawood et al., 2016). This reason is also supported by the lower 
maximum crustal thickness (∼60 km) of the Grenville orogen than those of the typical orogens within other 
supercontinents (Pangea, ∼70 km; Gondwana, ∼75 km; Nuna, ∼75 km) and the Himalayas (∼90 km) (Brudner 
et al., 2022; Hu et al., 2017, 2020; Zhu, Campbell, et al., 2022) (Figure 1g), as mountain chains generated by 
continent-continent collisions are generally taller and larger in volume than those generated by subduction-related 
processes (Campbell & Squire, 2010; Zhu, Campbell, et al., 2022).

4.  The Lhasa Terrane Originates From Africa as Constrained by Detrital Zircon 
REE Comparisons
The above results reveal that trends in zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* effectively preserve a crustal evolu-
tion history. If two terranes were adjacent, they should share a similar crustal evolution history. Hence, the 
comparative study of detrital zircon REE data provides a new approach for unraveling paleogeographic recon-
structions of older, Precambrian terranes reworked by younger, Phanerozoic orogens. The Lhasa terrane provides 
an ideal case study to evaluate this new approach of paleogeographic reconstruction. Extensive Precambrian 
basement rocks have been identified in the terrane (e.g., Dong et al., 2022; Hu, Zhai, Zhao, et al., 2018, Hu, Zhai, 
Wang, et al., 2018; Wu et al., 2016), and the pre-Permian paleomagnetic and stratigraphic records in this terrane 
were modified by Mesozoic-Cenozoic tectonic events that extend across much of the Tibetan Plateau (Kapp & 
DeCelles, 2019). There is a broad consensus that the Lhasa terrane was derived from the northern margin of 
Gondwana (African, Indian, or Australian Gondwana) (Cawood et al., 2021; Guo et al., 2017; Hu, Zhai, Zhao, 
et al., 2018; Zhu et al., 2011), where previous studies have reported abundant detrital zircon data for comparison. 
We report in situ U-Pb age, Hf-isotope, and REE data for 863 zircons from the Precambrian to early Paleozoic 
sedimentary and felsic igneous rocks in the Lhasa terrane (Text S1 in Supporting Information S1 for detailed 
sample descriptions, analytical methods, and results) and integrate this data with >18,000 detrital zircon analyses 
from 55 localities across northern Gondwana that were reported in previous studies (Figures 2 and 3; Tables 
S3–S10 in Supporting Information S1).

Pre-1.4 Ga zircons are rare in the data analyzed or collected in this study (Figures S6 and S7 in Supporting Infor-
mation S1), so our integrated analysis of detrital zircon REE data focuses on the time range of 1.4–0 Ga. Some data 
from the African, Indian and Australian continents include sediments deposited during the Mesozoic-Cenozoic 
when the Lhasa terrane had drifted away from Gondwana (Zhu et al., 2010). These data are not directly related 
to the Lhasa terrane, but they can be used to reconstruct the crustal evolution histories of the continents in the 
northern Gondwana and indirectly constrain the paleogeographic affinity of the Lhasa terrane. This is because 
African, Indian, and Australian continents are mostly separated by ocean basins or orogenic belts in the time 
range of 1.4–0 Ga, which prevented extensive exchange of detrital zircons from different continents (Merdith 
et al., 2017) and indicates a predominant local source for the Mesozoic-Cenozoic sediments in these continents. 
For example, in the period of Gondwanan supercontinent amalgamation, although these continents were tempo-
rarily connected, they were separated by major collisional orogens, such as the Kuunga-Pinjarra and East Africa 
orogens (Figure 2b). For a similar reason, previous studies in India and Africa have revealed that the chemical 
and isotopic compositions of detrital zircons from young strata effectively preserve an ancient crustal evolution 
history (Iizuka et al., 2013; McKenzie et al., 2018).

Moreover, after the Lhasa terrane drifted away from northern Gondwana, it was probably a microcontinent 
isolated in the Paleo-Tethyan Ocean basin before the Cretaceous Lhasa-Qiangtang and Cenozoic Himalaya-Lhasa 
collisions (Hu et  al.,  2020; Zhu et  al.,  2010). However, the post-Cretaceous sedimentary rocks in the Lhasa 
terrane may be unreliable as a result of the mixing of detrital zircons from the South Qiangtang terrane or 
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Himalaya area, so we excluded these data, except those from modern river sands in the Gangdese belt, which have 
been interpreted to dominantly have a local source (Tang et al., 2020).

In the Rodinian supercontinent cycle (1.3–0.7 Ga), global active continental margins were dominantly Andean 
in style (Spencer et al., 2013; Zhu et al., 2020). The Australian zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* values show 

Figure 2.  (a) Tectonic framework of the central Tibetan Plateau (modified from Zhu et al., 2011), showing the distribution of Precambrian rocks, magmatic ages, and 
sampling locations. (b) Gondwana reconstruction showing the locations and times of major orogens (modified from Hu, Zhai, Wang, et al., 2018). The sources of the 
detrital zircon data and magmatic-metamorphic ages are given in Tables S3 and S4 in Supporting Information S1, respectively. ADOB = Aravalli-Delhi Orogenic Belt; 
EGB = Eastern Ghats Belt; AFB = Albany-Fraser Belt; AA = Afif-Abas terrane; TC = Tanzania craton; SC = Sa'al Complex; KB = Kibaran Belt; IB = Irumide Belt.
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a continuous decrease until 0.9 Ga, whereas India, Africa, and the Lhasa terrane all show decreasing trends 
from 1.3 to 1.1 Ga and increasing trends from 1.1 to 0.7 Ga, suggesting different variations of crustal thickness 
(Figures 4m–4p). These data suggests that the Lhasa terrane was not sourced from the Australian section of 
Rodinia.

During the stage of Gondwanan assembly (0.7–0.5  Ga), Indian zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* were 
coupled, while the counterparts from the Lhasa terrane, Africa, and Australia were decoupled or partly decoupled 
(Figures 4m–4p). The likely explanation is that the currently available detrital zircon REE data from India are 
mostly from its northern and central regions, which were not involved in the collisional belts of the Gondwanan 
assembly (Wang et al., 2019) (Figure 2b). Notably, the detrital zircons from Africa and the Lhasa terrane show 
increased 𝐴𝐴 LREEN∕HREEN and decreased Eu/Eu* (both medians and means) in this stage, whereas the Australian 
counterparts have decreased mean 𝐴𝐴 LREEN∕HREEN and increased mean Eu/Eu* as well as consistently increased 
median 𝐴𝐴 LREEN∕HREEN and Eu/Eu* (Figures 4m, 4n, and 4p), suggesting different crustal evolution histories.

Overall, our comparative study of detrital zircon REE data in the Rodinia–Gondwana supercontinent cycles 
(1.4–0.4 Ga) suggests an African affinity for the detrital zircons in the Lhasa terrane. Notably, the 𝐴𝐴 LREEN∕HREEN 
and Eu/Eu* trends of detrital zircons from Africa and the Lhasa terrane differ after Gondwanan assembly 
(Figures 4m and 4n). In the time bin of 500–300 Ma, African zircon Eu/Eu* medians and means increased while 
the Lhasa counterparts decreased (Figures 4m and 4n), possibly because the Lhasa terrane had drifted away from 
the northern Gondwana by ca. 300 Ma.

An African affinity for the Lhasa detrital zircons during the Rodinia–Gondwana supercontinent cycles (1.4–0.4 Ga) 
is consistent with the distribution and character of the magmatic and metamorphic records of Gondwanan assem-
bly. Two types of orogenic systems with different zircon εHf(t) evolution trends have been established by Collins 
et  al.  (2011). The range of hafnium isotope signatures for the extensional (external) orogenic systems (e.g., 

Figure 3.  Simplified stratum column of the Lhasa terrane (modified from BGMR, 1993) (a), histograms for the U-Pb ages of detrital zircons samples (b)–(i) and 
concordia plots for the magmatic samples T30 (j) and T18 (k). The data are available in Tables S5 and S6 in Supporting Information S1. The sample locations are 
shown in Figure 2A. The data filtering rules are consistent with those of Figure 1. n = total number of analyses.
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present Asian Pacific rim) narrows and trends toward more radiogenic compositions over timescales to hundreds 
of millions of years. By contrast, the range of signatures from the contractional (internal) orogenic systems (e.g., 
present Tibetan plateau) broadens over a similar time scale. The zircon εHf(t) range of the ca. 700–500 Ma felsic 
igneous rocks in the Lhasa terrane is broader and lower than its ca. 900–700 Ma equivalent (Figure 4i), possibly 
marking a transition at ca. 700 Ma from an extensional to a contractional orogenic environment. This transition 
is also supported by the coeval initiation of late Neoproterozoic amphibolite- and granulite-facies metamorphism 
(683–590 Ma; Figure 3a) in the Lhasa terrane. A coeval transition is identified in Africa, whereas Indian and 
Australian equivalents are about 100  Ma later (Figures  4j–4l). Additionally, the Ediacaran Proto-Tethyan arc 
system initiated at the later stage of the Gondwanan assembly (Cawood et al., 2021). Coeval arc-related magma-
tism occurred in the Lhasa terrane and northern Africa (e.g., Turkey and Iran) but was absent in the outboard 
terranes along the Indian and Australian Proto-Tethyan margins (e.g., South Qiangtang and Sibumasu) (Hu, Zhai, 
Wang, et al., 2018) (Figure 2b).

Opinions diverge as to the sources for the sedimentary rocks in the Lhasa terrane. The Tonian and Ediacaran–
Permian sedimentary rocks in the terrane display a characteristic age population at ca. 1.17 Ga (Figures 4a and 4c), 
while their Cryogenian equivalents have a dominant age population of ca. 1.05 Ga (Figure 4b). These late Meso-
proterozoic age peaks have been linked to coeval peaks in Australia, India or Africa (Guo et al., 2017; Hu, Zhai, 
Zhao, et al., 2018; Zhu et al., 2011) (Figures 4d–4h). However, recent studies have identified coeval magmatism 
(ca. 1,150  Ma, Wu et  al.,  2016; ca. 1,171 and 1,075  Ma, this study, Figures  3j and  3k) and metamorphism 

Figure 4.  Detrital zircon U-Pb age (A–H), εHf(t) (I–L), 𝐴𝐴 LREEN∕HREEN , and Eu/Eu* (M–P) distributions for the Lhasa terrane and its potential origins in Gondwana. 
The 𝐴𝐴 LREEN∕HREEN and Eu/Eu* data are plotted as binned averages (bin size = 200 Myr). The data filtering rules and average calculating method of REE data 
are consistent with those in Figure 1. The zircon εHf(t) data of Precambrian to Early Paleozoic felsic igneous rocks in the Lhasa terrane were plotted for comparison 
(analyses with discordance >10% or Th/U < 0.1 ppm were excluded to ensure age accuracy and eliminate metamorphic zircons). The data are available in Tables S5–S9 
in Supporting Information S1. The time windows of Pangea, Gondwana, and Rodinia are from Wang et al. (2021). E = Extension; C = Contraction.
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(ca. 1,117 Ma, Lin et  al.,  2013; ca. 1,197–1,192 Ma, Dong et  al.,  2022) in the Lhasa terrane. We compared 
the REE data of ca. 1.2–1.0 Ga detrital zircons from the Lhasa terrane, Africa, India, and Australia and the 
zircons from two typical late Mesoproterozoic felsic igneous samples from the Lhasa terrane (Figures 3j and 3k; 
Table S10 in Supporting Information S1; samples T30 and T18). The median 𝐴𝐴 LREEN∕HREEN and Eu/Eu* of 
Australia (0.69 and 0.21), India (0.32 and 0.15), and Africa (0.48 and 0.16) are higher than those of the Lhasa 
terrane (0.27 and 0.11). In contrast, the REE range bracketed by the two late Mesoproterozoic felsic igneous 
samples T30 (1,171 ± 13 Ma; 𝐴𝐴 LREEN∕HREEN median = 0.09; Eu/Eu* median = 0.03) and T18 (1,075 ± 17 Ma; 

𝐴𝐴 LREEN∕HREEN median = 0.33; Eu/Eu* median = 0.16) covers the counterparts of ca. 1.2–1.0 Ga detrital zircons 
from the Lhasa terrane, so we suggest an alternative, local, source for the late Mesoproterozoic detrital zircon age 
peaks in the Lhasa terrane. This local source can also explains the difference in detrital zircon age distribution 
between the Lhasa terrane and northern Africa. For example, the Arabian Nubian Shield (ANS) forms one of the 
largest exposures of Neoproterozoic juvenile continental crust on Earth (Be'eri-Shlevin et al., 2012), probably 
resulting in the abundant 800–600 Ma detrital zircons in the Neoproterozoic–Paleozoic strata in the ANS and its 
adjacent areas (e.g., Iran and Turkey; Zoleikhaei et al., 2021, 2022) (Figure 2b), while coeval detrital zircons are 
relatively uncommon in the Lhasa terrane possibly due to its predominant pre-800 Ma basement rocks (Table S4 
in Supporting Information S1).

5.  Conclusion and Outlook
Trends in zircon 𝐴𝐴 LREEN∕HREEN and Eu/Eu* are controlled by the magma source depth, protolith type, oxygen 
fugacity, and magmatic water content of parental melts, and thus effectively preserve a crustal evolution history 
and represent a new approach for paleogeographic reconstructions. This approach can be a valuable complement 
to detrital zircon age and Hf-isotope analyses, helping resolve challenging paleogeographic puzzles. Our compar-
ative study of detrital zircon REE data suggests that the Lhasa terrane probably was attached to northern Africa 
at least during the Rodinia-Gondwana supercontinent cycles (1.4–0.4 Ga) before it drifted away in the Paleozoic.
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