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ABSTRACT

In the paleogeographic configuration of the Neoproterozoic supercontinent of Rodinia,
the Tarim craton (northwestern China), traditionally seen as a single block, is placed either
on the periphery near northern Australia or India or in a central position between Australia
and Laurentia. To distinguish between these possibilities, we present here new primary
paleomagnetic results from ca. 900 Ma volcanics in the Aksu region of the northwestern
Tarim craton. The data reveal a ~28° latitudinal difference between the North Tarim and
South Tarim blocks at ca. 900 Ma and constrain the age of amalgamation of the Tarim craton
to between 870 and 820 Ma. Combining paleomagnetic poles from Tarim and major cratons
of Rodinia with geological evidence, a two-stage orogenic model is proposed for the assembly
of Rodinia. Late Mesoproterozoic orogenesis (1.3-1.0 Ga) led to the assembly of Australia—
East Antarctica, Baltica, Umkondia, South Tarim, and Cathaysia with Laurentia, forming
the core of Rodinia. Thereafter, the Jiangnan—Central Tarim Ocean separating North Tarim
and Yangtze from South Tarim and Cathaysia was closed before ca. 820 Ma. This second
Jiangnan—Central Tarim orogeny caused nearly coeval amalgamation of the peripheral Tarim
and South China cratons by the welding of North Tarim and Yangtze to South Tarim and
Cathaysia, respectively. The supercontinent of Rodinia was thus assembled by two orogenic

phases separated by ~200 m.y.

INTRODUCTION

Since Hoffman’s (1991) proposal of a paleo-
geographic configuration of the Rodinia super-
continent, there have been many investigations of
continents, cratons, and blocks aimed at deduc-
ing their relative positions in different models
of the Neoproterozoic supercontinent (Fig. 1;
e.g., Dalziel, 1997; Pisarevsky et al., 2003; Li
et al., 2008; Evans, 2013; Merdith et al., 2021).
Most Rodinia models place Laurentia in a cen-
tral position due to the surrounding Neoprotero-
zoic passive margins, where it is surrounded by
Baltica, Africa, Amazonia, Antarctica, Austra-
lia, and Siberia, with Asian cratons (e.g., South
China and Tarim) on the periphery near Ant-
arctica-Australia (Hoffman, 1991; Pisarevsky
et al., 2003; Evans, 2013). However, the initial
placement of Asian cratons at the periphery of
Rodinia was challenged as new paleomagnetic
and geological data were reported from each cra-
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ton (e.g., Pisarevsky et al., 2003; Li et al., 2008;
Merdith et al., 2021). Li et al. (1995) proposed
a “missing link” model for Rodinia that places
South China at the heart of Rodinia between
Laurentia and Australia (Fig. 1D). Conversely,
in the model of Merdith et al. (2021), South
China is situated at a high paleolatitude and far
away from Rodinia during the early Neopro-
terozoic (Fig. 1F). Recently, Wen et al. (2018)
located Tarim between Laurentia and Australia
and proposed a connection to South China based
on a newly reported 890-870 Ma paleomagnetic
pole from southern Tarim. This wide range of
competing models highlights the uncertainties
surrounding the history of the Asian cratons in
the configuration and assembly of Rodinia.
The Tarim craton (northwestern China) has
been considered to have been a rigid craton
since at least the Mesoproterozoic (Zhang et al.,
2013). However, the identification of an east-
west aeromagnetic anomaly in central Tarim
(He et al., 2011) and the presence of Paleopro-

terozoic (1968—-1895 Ma) and Neoproterozoic
(933-891 Ma; Fig. 2) granitoids within this
belt (Li et al., 2005; Xu et al., 2013; Wu et al.,
2020) has led to the proposal of a collision of
the North Tarim and South Tarim blocks along
the Central Tarim suture at either of these ages
(Xu et al., 2013; Wu et al., 2020). However,
current evidence to support these hypotheses is
insufficient to discriminate between Paleo- and
Neoproterozoic amalgamations. In order to test
the Neoproterozoic collision of North Tarim and
South Tarim and further constrain its paleogeo-
graphic location during the final assembly of
Rodinia, we conducted a paleomagnetic study
on the newly identified ca. 900 Ma volcanics
of the Aksu region of northwestern Tarim (He
et al., 2019). The new data enable us to con-
strain an amalgamation of the Tarim craton to
between 870 and 820 Ma through parallel sub-
duction belts on the periphery of Rodinia and
thus establish the age of final assembly of the
Neoproterozoic supercontinent.

GEOLOGICAL SETTING OF THE
QIGELEKEKUOTAN VOLCANICS

The Tarim craton is bounded by the Tian-
shan mountains to the north, the western Kunlun
Mountains to the southwest, and the Altyn Tagh
fault to the southeast (Fig. 2A). The basement
rocks are composed of Archean gneisses and
Paleoproterozoic—Mesoproterozoic metasedi-
mentary and metavolcanic rocks that are
unconformably overlain by Neoproterozoic—
Phanerozoic sedimentary rocks (Zhang et al.,
2013). In the Aksu region of northwestern Tarim,
the newly identified Qigelekekuotan volcanics
are dated by laser ablation—inductively coupled
plasma—mass spectrometry (LA-ICPMS) U-Pb
ages from zircons to between 909 and 903 Ma
(Fig. 2C; He et al., 2019). The Qigelekekuotan
volcanics, interpreted as volcanic arc in origin
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Figure 1. Six representative models for Rodinia reconstruction. Blocks (in yellow) and Rodinia-forming orogens (gray) are shown. (A) The Rodinia
supercontinent at ca. 700 Ma after Hoffmann (1991). (B-E) Reconstructions of Rodinia showing in modern North American coordinates, after
Dalziel (1997), Pisarevsky et al. (2003), Li et al. (2008), and Evans (2013). (F) Rodinia supercontinent at ca. 900 Ma, after Merdith et al. (2021).

(He et al., 2019), are unconformably overlain
by clastic rocks of the Cryogenian Qiaoenbrak
Group and the Ediacaran Sugetbrak Formation
(Fig. 2B). The Qigelekekuotan volcanics are
mainly composed of green- and purple-colored
andesite, tuff, and red-colored rhyolite interlay-
ers that define the volcanostratigraphic bedding
for paleomagnetic paleohorizontal (Fig. 2C; Fig.
S1 in the Supplemental Material').

NEW CA. 900 MA PALEOMAGNETIC
POLE FROM NORTH TARIM

In total, 21 paleomagnetic sites were sam-
pled along a 1.5 km cross section of the Qigele-
kekuotan volcanics (Fig. 2C). Standard paleo-
magnetic sampling, laboratory, and analytical
methods were used and are detailed in the Sup-
plemental Material. Rock magnetic investiga-
tions reveal magnetite and hematite as the main
magnetic carriers (Figs. 3A and 3B; Fig. S2).
Two magnetic components were isolated from
most specimens by stepwise thermal demagne-
tization (Figs. 3C and 3D). The low-temperature
component yields a mean direction close to that

'Supplemental Material. Supplemental text,
Figures S1 and S2, and Tables S1-S3. Please visit
https://doi.org/10.1130/GEOL.S.14810538 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

of the present local field, and thus represents
a viscous and/or a weathering overprint. After
removal of the overprint, the high-temperature
component exhibits both normal and reversed
polarities (Figs. 3C and 3D), where such char-
acteristic remanent magnetizations were suc-
cessfully isolated from 15 of 21 sites (Table S1
in the Supplemental Material). A mean direc-
tion was calculated with the 15 sites at declina-
tion/inclination (D/I) = 155.2°/47.5°, k (preci-
sion parameter) = 11.6, aws (95% confidence
for spherical distribution) = 11.7° before tilt
correction, and D/I = 205.2°/64.0°, k = 24 .4,
s = 7.9° after tilt correction (Figs. 3E and 3F;
Table S1). The direction-correction (DC) fold
test (Enkin, 2003) yields a positive result with a
DC slope at 97.0% == 21.5% untilting (Fig. 3G).
The parametric simulation fold test (Watson and
Enkin, 1993) yields an optimum degree of untilt-
ing at 96.0% + 12.2% (Fig. 3H), also indicating
a positive fold test. Given that the gently titled
Cryogenian Qiaoenbrak Group unconformably
overlies the Qigelekekuotan volcanics (Fig. 2C;
Fig. S1), the age of folding of the Qigele-
kekuotan volcanics should be older than the
ca. 730 Ma age of the Qiaoenbrak Group. The
reversal test (McFadden and McElhinny, 1990)
is indeterminate due to the presence of only one
opposite-polarity site. Nonetheless, the positive
fold tests argue for a primary magnetic rema-

nence. Therefore, a ca. 900 Ma paleomagnetic
pole was calculated for North Tarim at 0.3°N,
63.8°E, and Ay (95% confidence for spherical
distribution) = 11.8° with a corresponding pale-
olatitude of 47.0°N =+ 11.8°. According to the
paleomagnetic reliability criteria of Meert et al.
(2020), our new pole scores a six (out of seven),
indicating a reliable pole. Meanwhile, this pole
differs from younger Tarim poles, also consis-
tent with a primary origin (Table S2; Fig. 4A).

AMALGAMATION OF TARIM

The Precambrian crustal evolution of the
Tarim craton remains largely unknown because
most of it is covered by the Taklamakan Des-
ert. There is ongoing debate as to whether the
Tarim craton became a rigid craton in Paleo-
proterozoic (Wu et al., 2020) or Neoproterozoic
time (Xu et al., 2013). Based on the discovery
of ca. 1.9 Ga magmatic rocks in the Central
Tarim suture, a Paleoproterozoic welding of
North Tarim and South Tarim was suggested
(Wu et al., 2020). Compiling information on
Proterozoic magmatism across the craton, Xu
et al. (2013) proposed a separate evolution of
North Tarim and South Tarim during the Meso-
proterozoic and the final amalgamation of these
two terranes between 1.0 and 0.82 Ga.

However, neither the age nor the kinematics
of the final collision of North Tarim and South
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Figure 2. (A) Sketch map of the Tarim craton showing Precambrian geology and surrounding orogens with the Central Tarim orogenic suture
and extensive early Neoproterozoic (940-870 Ma) arc magmatism (after Xu et al., 2013; He et al., 2019). (B) Simplified geological map of the
sampling region in the Aksu region including locations of cross sections of sampling locations. (C) Cross sections showing rock types, vol-
canostratigraphic bedding, reported zircon U-Pb ages, and paleomagnetic sampling locations.

Tarim is constrained. Our new paleomagnetic
pole and paleolatitude of 47.0°N & 11.8° at
ca. 900 Ma for the Qigelekekuotan volcanics
of North Tarim provide key constraints for
this problem. Wen et al. (2018) reported an
890-870 Ma paleomagnetic pole from the Sai-
lajiazitage Group volcanics in South Tarim at
23.5°S/37.0°E, Ays = 11.3°, with a correspond-
ing paleolatitude of 18.6°N + 11.3°. Even with
a combined uncertainty of the two paleolatitudes
of 23.1°, the large latitudinal discrepancy (28.4°)
between North Tarim and South Tarim is sta-
tistically significant and indicates that a wide
Central Tarim Ocean separated the two blocks
between 900 and 870 Ma. Alternatively, a uni-
fied Tarim craton drifting rapidly would have
required an unprecedented fast tectonic motion
of ~24 cm/yr. Even stretching age uncertainties
yields a rate (8 cm/yr) that is faster than that of
any continental plate today. Considering that
this separation between North Tarim and South
Tarim based on paleolatitude alone is a conser-
vative estimate, we deem the separated North

Tarim and South Tarim scenario more tectoni-
cally plausible. Because no ophiolite mélange
or high-pressure metamorphic rocks have yet
been found in the Central Tarim suture zone,
it is impossible to define the exact age of final
collision. However, subsequent mantle plume—
related mafic magmatism exhibited across the
craton from 820 to 800 Ma must postdate the
amalgamation of North Tarim and South Tarim
(Zhu et al., 2011; Xu et al., 2013) as well as
implies a rather sudden transition to rifting
within the newly formed craton. Therefore, the
final amalgamation of Tarim must have occurred
between 870 and 820 Ma.

THE FINAL ASSEMBLY OF RODINIA

In the first paleogeographic reconstruction
of Rodinia, Asian cratons, such as Tarim and
South China, were placed along the northern
margin of Rodinia near Australia (Hoffman,
1991). Paleomagnetic results have supported
this hypothesis and highlighted long-term Aus-
tralia-Tarim (Li et al., 2008; Zhao et al., 2014)
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and Australia—South China connections (Yang
et al., 2004). Based on the early Neoprotero-
zoic Jiangnan orogeny between the Yangtze
and Cathaysia blocks, Li et al. (1995) proposed
a “missing link” model for Rodinia that placed
South China in the center in between Lauren-
tia and Australia. However, U-Pb ages for the
Jiangnan orogeny of 860—820 Ma (Zhao et al.,
2011; Cawood et al., 2018; Lin et al., 2018;
Yan et al., 2019; Yao et al., 2019) are much
younger than that of Grenvillian orogenesis.
Furthermore, evidence for Neoproterozoic
arc magmatism along the northern margin
of the Yangtze block, indicating an active
plate margin, requires that South China was
located along the periphery of Rodinia during
the period between 990 and 820 Ma (Cawood
etal., 2013,2018; Wang et al., 2013). Geologi-
cal evidence for a peripheral position of South
China in Rodinia (Zhao et al., 2011; Cawood
etal., 2013) is also supported by recent paleo-
magnetic reconstructions (Jing et al., 2020).
Wen et al. (2017, 2018) expanded the “miss-
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Figure 3. Paleomagnetic and rock magnetic results from Qigelekekuotan volcanics (Tarim craton). (A,B) Thermomagnetic curve of magnetic
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sion parameter; K,,.,,—maximum value of precision parameter.

ing link” model and put Tarim together with
South China between Australia and Laurentia.
In this new model, the collision between South
Tarim—Australia and North Tarim-Laurentia
was completed at least by ca. 900-880 Ma,
followed by subsequent, peripheral Rodinia
assembly. However, Tarim as a missing link
has been challenged by the identification of
Neoproterozoic oceanic subduction along the
northern margin of Tarim, evidence of which
includes the ca. 700 Ma Aksu blueschist, and
820-790 Ma high-pressure granulites that
cannot be explained with Tarim in a central
Rodinia position (Song and Li, 2019). Our new
paleomagnetic data indicate separate tectonic
histories of North Tarim and South Tarim prior
to Rodinia assembly and the existence of a
wide Central Tarim Ocean (~28° latitudinal
distance) between them at 900-870 Ma. A
peripheral position of Tarim in Rodinia can
accommodate subduction of such a wide
ocean. Magmatism constraining the collision
between North Tarim and South Tarim between
870 and 820 Ma is broadly coeval with the
Jiangnan orogeny between the Yangtze and
Cathaysia blocks of the South China craton.
Incorporating paleomagnetic data from
Tarim and South China and other major cra-
tons of Rodinia (Table S3) with geological evi-
dence, we propose a kinematic solution for the

final assembly of Rodinia along its northern
margin (Figs. 4B and 4C). Earliest Rodinia
orogenesis aggregated Kalahari, Amazonia,
Congo, and other cratons of southern Rodinia
in a configuration that has been referred to as
“Umkondia” for its assembly by the time of
the ca. 1.1 Ga Umkondo large igneous prov-
ince (Choudhary et al., 2019). During Grenvil-
lian orogenesis (1.3—1.0 Ga), Australia—East
Antarctica, Amazonia (of Umkondia), and
Baltica assembled along the western, east-
ern, and northeastern margins of Laurentia,
respectively, thus forming the core of Rodinia
(Hoffman, 1991; Li et al., 2008). It was also
during this time that Cathaysia and South
Tarim, potentially near or connected to each
other, likely joined Rodinia north of Australia
based on the identification of 1.3—1.0 Ga high-
grade metamorphism (Spencer et al., 2017)
and paleomagnetic reconstructions (Fig. 4B;
Evans, 2013; Li et al., 2008; Wen et al., 2018).
In the early Neoproterozoic, however, neither
South China nor Tarim were yet amalgamated
as cratons. Cathaysia and South Tarim were
situated proximal to the newly formed core of
Rodinia (Fig. 4B; Cawood et al., 2013; Wen
et al., 2018). On the other hand, Yangtze and
North Tarim both occupied relatively high
paleolatitudes to the north of Rodinia and were
separated from their southern counterparts by

the Jiangnan—Central Tarim Ocean (Fig. 4B).
To accommodate the wide Jiangnan—Central
Tarim Ocean, it is reasonable to place these
blocks along the periphery, rather than in the
center, of Rodinia.

Closure of the Jiangnan—Central Tarim
Ocean occurred between 870 and 820 Ma and
was achieved by the collisions of Yangtze and
Cathaysia in the Jiangnan orogeny and of North
Tarim and South Tarim in the Central Tarim
suturing event (Fig. 4C). Evidence for the sub-
duction of the Jiangnan—Central Tarim Ocean
is found in Neoproterozoic arc magmatism
along multiple active margins of the Yangtze,
Cathaysia, and North Tarim blocks (Fig. 3B;
Zhao et al., 2011; Yao et al., 2019). The polar-
ity of this subduction zone or whether two-
sided subduction was involved is unresolved
(Fig. 4B) due to limited data for the Central
Tarim suture and competing models for the
collision between Yangtze and Cathaysia that
range from northwestward subduction beneath
Yangtze (Zhao et al., 2011; Yan et al., 2019)
to southeastward subduction beneath Cathay-
sia (Cawood et al., 2013; Yao et al., 2019) to
two-sided subduction beneath both Yangtze and
Cathaysia (Zhao, 2015). In any case, there is
evidence that after peripheral accretion of Yang-
tze and North Tarim, a circum-Rodinia subduc-
tion girdle with arc magmatism developed along
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the external margins of South China, Tarim, and
Australia (Fig. 4C; Cawood et al., 2018). Fur-
thermore, this Rodinia reconstruction agrees
with the similarity of detrital zircon populations
of Tarim, South China, and Australia—East Ant-
arctica (Cawood et al., 2013). Our new paleo-
magnetic result and paleogeographic model
thus provide spatiotemporal constraints on both
the kinematics and dynamics of final Rodinia
assembly. It was peripheral assembly along
the northern margin of Rodinia that heralded
the final amalgamation of the Neoproterozoic
supercontinent.
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