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Abstract Subduction initiation processes, such as those evidenced in the Izu-Bonin-Mariana (IBM)
forearc crust are a key feature of modern-style plate tectonics. However, the evidence for this process

in the Precambrian is limited, due to the scarcity of ophiolite suites and in particular a lack of typical
complete ophiolitic sequences similar to those observed in Phanerozoic ophiolites. Mineral analyses of
olivine, orthopyroxene, and chrome spinel from the harzburgite and two types of clinopyroxene from

the cumulate gabbro of the Fuchuan ophiolite, South China suggest formation in a Neoproterozoic
subduction system similar to the IBM. High temperature (1,000-1,200°C), low pressure along with a high
degree of melt extraction (>18%) have been recorded in the harzburgite. This evidence, in conjunction
with magma evolution from forearc basalt to boninite to hydrous calc-alkaline magmatism, recorded in
the crustal section of the Fuchuan ophiolite indicates a transition from initial to mature subduction in

a forearc setting. Statistical analysis of global ophiolites through time suggests that IBM-like subduction
systems may have successfully operated since at least the latest Neoproterozoic (ca. 1,000 Ma) and be
pervasive on Earth from ca. 850 Ma. Additional evidence for Neoproterozoic ophiolites from India, Siberia,
and Arabian-Nubian Shield, which are also similar to the IBM forearc ophiolite, suggests that cold and
deep subduction became much more common in the Neoproterozoic (ca. 850 Ma) around the periphery of
the Rodinia supercontinent. This IBM-like subduction system may have acted as the geodynamic trigger
for the break-up of Rodinia.

Plain Language Summary Earth is the only known planet with subduction zones and

plate tectonics, and the timing of the onset of modern-style plate tectonics is still debated. An improved
knowledge of modern-style plate tectonics is of vital significance to our understanding of Earth evolution.
Neoproterozoic forearc ophiolite fragments from the periphery of Rodinia supercontinent are similar to
the Izu-Bonin-Mariana forearc crust, suggesting that cold and deep subduction and modern-style plate
tectonics may have developed in the Neoproterozoic (ca. 850 Ma) and thus may have acted as a trigger for
the break-up of Rodinia.

1. Introduction

Earth is the only known planet with plate tectonics, which facilitates interaction between the lithosphere,
hydrosphere, and atmosphere and has promoted the development of the biosphere. In the past few decades,
however, proposed ages for the start of subduction span almost all of geological time before the Cambrian
(Palin et al., 2020; and references therein). In recent years, plate tectonics sensu lato has been subdivided
into modern-style and ancient-style (Zheng & Zhao, 2020). Modern-style plate tectonics is a response to cold
and deep subduction (Stern, 2005; Zheng & Zhao, 2020), whereas the ancient-style is characterized by warm
and shallow subduction related to bimodal geodynamic regimes (Palin et al., 2020; Zheng & Zhao, 2020).
Modern-style plate tectonics is linked with secular cooling of the mantle, accompanied by changes in the
buoyancy and rheology of ocean lithosphere, resulting in the horizontal motion of lithosphere and thus
tectonic evolution similar to subduction (Cawood et al., 2018; Holder et al., 2019).

Ophiolites, representing fragments of oceanic crust and lithospheric mantle, have been tectonically incor-
porated into continental margins and can provide essential insights into the evolution of seafloor spreading,
slab subduction, and plate tectonics (Dilek & Furnes, 2011, 2014; Khan et al., 2020). Well-preserved ophi-
olites are widespread throughout the Phanerozoic, but this is in contrast to the Precambrian where ophiolites
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are sporadic and generally lack complete ophiolite stratigraphy sequences (Furnes et al., 2014). The best
known Phanerozoic examples including the ca. 96 Ma Troodos ophiolite (Rioux et al., 2012), ca. 100 Ma
Oman ophiolite (Ishikawa et al., 2002), and ca. 336-328 Ma Paleo-Asian Ocean ophiolite (Li et al., 2020)
all have rock assemblages of highly depleted harzburgite, mid-ocean ridge-type basalt, boninite, and island
arc lavas, similar to those found in the western Pacific Izu-Bonin-Mariana (IBM) intra-oceanic convergent
margin (Coulthard et al., 2021; Reagan et al., 2010; Shervais et al., 2019). Although forearc basalts and high-
Si boninites are considered to be particularly characteristic of subduction initiation, low-Si boninites are
also linked with modern-style subduction settings (Pearce & Arculus, 2021; Pearce & Reagan, 2019; Resing
et al., 2011). Therefore, the geochemical stratigraphy of ophiolite assemblages with forearc basalt, boninite,
and calc-alkaline island arc lava (similar to the IBM arc) could represent a fundamental characteristic of
forearc crust and therefore be a critical indicator of cold and deep subduction initiation. Consequently, the
global formation of IBM-like ophiolites is considered as a critical proxy for the onset of modern-style plate
tectonics (Dilek & Furnes, 2014; Ishizuka et al., 2014; Pearce & Robinson, 2010).

The Fuchuan ophiolite is found in South China along the Neoproterozoic (850-825 Ma) collisional suture
between the Yangtze and Cathaysia blocks. In this article, we report new geochemical data from olivine,
orthopyroxene, and chrome spinel in harzburgite, and clinopyroxene in the cumulate gabbro. As we will
show, these data suggest that forearc basaltic and boninitic magmas were originally derived from highly
depleted harzburgite with subsequent overprinting by slab fluids during subduction initiation. These geo-
chemical features indicate that the stratigraphic sequences in the Fuchuan ophiolite are analogs of modern
forearc oceanic lithosphere, despite being only partially preserved. A compilation of global ophiolites in
Precambrian suggests that IBM-like subduction systems can be found in the geological record from ca.
1,000 Ma and likely represent evidence for the onset of modern-style plate tectonics since at least the latest
Neoproterozoic.

2. The Fuchuan Ophiolite in South China and Sampling

South China Craton was formed through amalgamation between the Yangtze and Cathaysia blocks in the
Neoproterozoic, with the Fuchuan ophiolite representing a significant component in the eastern suture
zone (Figure 1; Li et al., 2009; Liu et al., 2020; W. Wang et al., 2019; W. Wang et al., 2013, X. L. Wang
et al.,, 2013; Yao et al., 2019; Zhang et al., 2020; Zhao & Cawood, 2012; Zhao et al., 2011, 2012). The Fuchuan
ophiolite extends for more than 50 km and formed at ca. 850-825 Ma. The ophiolite shows a relatively
complete ophiolite sequence, including serpentinized harzburgite, pyroxenite, and serpentinite in some lo-
calities in its mantle section, along with pillow lava, fine-grained basalt, and cumulate pegmatitic gabbro in
its crustal section (Figure 1; Zhang et al., 2012; C. L. Zhang et al., 2013). Some gabbroic and granitoid sills/
dykes intrude into the ophiolite sequence and podiform chromitites occasionally occur within the serpen-
tinized harzburgite (Figure 1; Shu et al., 2019). This ophiolite suite was obducted into the Neoproterozoic
autochthonous sediment of the Shangxi Group. They are unconformably overlain by the Neoproterozoic
Likou Group (Ding et al., 2008; Huang et al., 2018, 2019; Shu et al., 2019). Although the Fuchuan ophiolite
has relatively intact rock sequences, significant differences in elemental and isotopic geochemistry between
the mantle and crustal sections result in several tectonic models proposed based on different rock units,
including island arc (lava unit), forearc (highly depleted harzburgite), and back-arc marginal sea (N-MORB
gabbro; Li & Zhao, 2020; Shu et al., 2019; Zhang et al., 2012; C. L. Zhang et al., 2013).

Harzburgite and cumulate gabbro from the Fuchuan ophiolite were collected for this study. The harzburgite
has been extensively serpentinized with only a minor amount of fresh olivine (<0.5 mm), orthopyroxene
(<5 mm), chrome spinel, and occasional clinopyroxene being preserved (Figures 2a-2c). The chrome spinel
grains are red-brown in thin sections and anhedral and are extensively cracked (Figure 2d). The cumu-
late gabbro comprises clinopyroxene and plagioclase, with no olivine, orthopyroxene, or magnetite being
observed. Clinopyroxene grains of variable size, from less than 1 mm to several centimeters, from the cu-
mulate gabbro, are well preserved and fresh with no indication of a metamorphic imprints, such as plastic
deformation and palimpsest textures. However, plagioclase grains have been extensively altered (Figures 2e
and 2f). Two cumulate gabbro samples were prepared for LA-ICP-MS zircon U-Pb dating.
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Figure 1. (a and b) Regional map showing locations of the Fuchuan ophiolite and some key Neoproterozoic igneous rocks in the Jiangnan Belt, South China
(Zhao et al., 2011). Simplified geological map (c) and schematic lithology (d) of the Fuchuan ophiolite. The yellow stars indicate the sampling locations.

3. Analytical Methods
3.1. In Situ Zircon U-Pb Dating

Zircon grains were separated using standard density and magnetic procedures, and then handpicked and
mounted on epoxy resin under a microscope. Cathodoluminescence (CL) images of zircon were taken us-
ing a Gatan Mono CL4 system attached to a Zeiss Sigma 300 field emission scanning electron microscope,
at the State Key Laboratory of Geological Processes and Mineral Resources (GPMR), China University of
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Figure 2. Hand specimen and/or microscope photos of the Fuchuan harzburgite (a—-d) and cumulate gabbro (e-f).
Abbreviations: Ol, olivine; Cpx, clinopyroxene; Opx, orthopyroxene; Sp, spinel; Serp, serpentine.

Geosciences, Wuhan. Zircon U-Pb ages were measured using a Nu Instrument MC-ICP-MS coupled to a
Resonetics Resolution M-50-HR excimer laser ablation system, hosted at the University of Hong Kong. The
properties of laser beam are 32 um, 5J cm~2, and 4 Hz. Zircon 91,500 was used as an external standard to
normalize isotopic discrimination and the quality of analyses was monitored by zircon GEMOC GJ-1. Raw
data was reduced offline by the ICPMSDataCal procedure (Liu et al., 2008). Common lead was corrected by
the EXCEL program designed by Andersen (2002). Analysis results are reported with 1o error and presented
in Table S1. Concordia diagrams, Concordia age, and weighted average age were performed using Isoplot/
EX_ver3.7 (Ludwig, 2003).

3.2. Mineral Energy-Dispersive X-Ray Spectrometers (EDS) Mapping and Electron Probe
Microanalyzer (EPMA) Analysis of Mineral

Compositional mapping of minerals was performed using an Oxford Instruments X-MaxN EDS system on
Zeiss Sigma 300 FESEM at GPMR, under conditions of 8.5 mm working distance, 120 um aperture size,
20 kV electronic high tension. X-ray signal intensity distribution was processed by INCA Energy Procedure
to delineate the qualitative element mapping. Backscatter electron images were captured by Zeiss Sigma 300
FESEM using a high-definition backscatter electron detector to select the location for EPMA and LA-ICP-
MS analyses to avoid cracks and inclusions.

Mineral oxides analyses were obtained using a JEOL JXA-8230 EPMA with four wavelength-dispersive
spectrometers at the Center for Global Tectonics, School of Earth Sciences, China University of Geosciences
(Wuhan). Diameter of 1 um beam, 20 nA probe current, and 15 kV accelerating voltage was used. Dwell
times were 10 s on individual element peaks and 5 s on background locations adjacent to peaks. On-line
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ZAF (atomic number, absorption, and fluorescence) correction procedure was used to calculate Raw X-ray
intensities. Details of Operating conditions are described in Ning et al. (2019). A series of natural standards
and synthetic SPI, including Olivine for Si, Rutile for Ti, Pyrope Garnet for Fe and Al, Diopside for Ca and
Mg, Sanidine for K, Jadeite for Na, Rhodonite for Mn, and Apatite for P, were utilized and changed based on
the minerals being analyzed. The results are listed in Tables S2 and S3.

3.3. In Situ Clinopyroxene and Olivine Trace Elements Analysis

Trace element analyses of minerals were performed by LA-ICP-MS at Nanjing FocuMS Technology Co. Ltd.
Teledyne Cetac Technologies Analyte Excite laser-ablation system (Bozeman, Montana, USA) and Agilent
Technologies 7,700x quadrupole ICP-MS (Hachioji, Tokyo, Japan) were combined for the experiments. The
193 nm ArF excimer laser, homogenized by a set of beam delivery systems, was focused on mineral surface
with a fluence of 6.0 J cm~2. The ablation protocol employed a spot diameter of 33 um at 6 Hz repetition
rate for 40 s. Helium was used as carrier gas to efficiently transport aerosol to ICP-MS. United States Geo-
logical Survey basaltic glasses, including BIR-1G, BHVO-2G, and BCR-2G, were used as external calibration
standards as these are of similar matrix as anhydrous silicate. Raw data reduction was performed offline by
ICPMSDataCal software (Liu et al., 2008) and the results are presented in Tables S4 and S5. Chinese Geo-
logical Standard Glasses CGSG-5, ML3B, GOR128-G, and GOR132-G were treated as unknown samples to
monitor the quality of data (Table S6; Hu et al., 2011).

4. Sampling and Results
4.1. Zircon U-Pb Dating

Zircon grains from two cumulate gabbro samples are colorless and show either clear oscillatory zoning or
a homogeneous texture, with high Th/U ratios ranging from 0.34 to 1.15, indicative of a magmatic origin.
Four zircon grains yield older U-Pb ages (868-946 Ma) than the main age population and may represent
xenocrysts from subducted slab sediments, cf. xenocrysts in the oceanic Cretaceous Caribbean island-arc
(Torro et al., 2018). Sample FC10-11 contains five younger zircon grains with U-Pb ages from 653 to 808 Ma,
which we ascribe to lead loss due to its high U contents (206-687 ppm; Table S1). Three discordant ages
from sample FC10-11 were also excluded in the following calculation and discussion. Weighted mean
206ph /238U ages calculated from concordant analyses are 845 + 3 Ma (20, MSWD = 1.0, n = 23) for samples
FC10-11 and 848 + 3 Ma for sample FC10-33 (20, MSWD = 0.74, n = 29; Figure 3). Statistically, both the
fine-grained and cumulate gabbro shows a single population crystallization age, that is consistent with pre-
vious U-Pb zircon dating on the gabbro and plagiogranite intrusions in the Fuchuan ophiolite (850-830 Ma;
Li & Zhao, 2020; Shu et al., 2019; Zhang et al., 2012; C. L. Zhang et al., 2013).

4.2. Geochemistry of Olivine, Orthopyroxene, and Chrome Spinel From the Fuchuan
Harzburgite

Individual olivine and spinel grains are homogeneous in composition (Figures 4a and 4b). Olivine grains
from the Fuchuan harzburgite have high MgO (48.8-51.2 wt.%) and low FeOT (7.3-8.2 wt.%) with relatively
constant forsterite (Fo = molar 100 X Mg/(Mg + Fe)) values ranging from 91.6 to 92.2. Olivine analyses
show high NiO (0.21-0.30 wt.%), low Cr,0, (<0.077 wt.%), Al,0, (<0.029 wt.%), TiO, (<0.034 wt.%), MnO
(0.04-0.09 wt.%), and variable CaO (0.007-0.069 wt.%) contents (Table S2). Orthopyroxene grains from the
Fuchuan harzburgite have a restricted range of MgO (31.6-35.9 wt.%) and FeOT (4.4-5.6 wt.%) with low
CaO (0.1-2.6 wt.%) contents. The orthopyroxene has Mg# values that vary from 89.4 to 94.5, with an average
of 91.2 (Table S2). Spinel grains from the Fuchuan harzburgite have high Cr,0, (39.9-50.1 wt.%) and low
Al,0, (20.5-28.5 wt.%) contents (Table S2). They show significantly higher Cr# (48.5-62.1; Cr# = molar Cr/
(Cr + Al) x 100) and lower Mg# (44.3-60.1; Mg# = molar Mg?"/(Mg?* + Fe?*) x 100) values than those of
abyssal peridotite, and are akin to forearc peridotite (Figure 5).
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Figure 3. Cathodoluminescence (CL) images of zircons and U-Pb Concordia diagrams for the cumulate gabbro of the Fuchuan ophiolite. The diameter of red
circles in the CL images is 33 um. Analytical errors are shown at the 2o level.

4.3. Major and Trace Elements of Clinopyroxene From Cumulate Gabbro

Clinopyroxene grains from the cumulate gabbro are mainly black and occasionally gray (Figure 2e), and
range in composition from augite to diopside with homogeneous geochemical compositions (Figure 4c).
Two groups of clinopyroxene can be identified based on their petrographic and geochemical characteris-
tics. (a) Coarse grained clinopyroxenes (>1 mm) that have a tabular, euhedral shape with high FeOT con-
tents (4.3-9.2 wt.%) and low Mg# values (74.1-86.6); (b) Medium grained clinopyroxenes (<1 mm) that are
anhedral with low FeOT contents (0.9-3.9 wt.%) and high Mg# values (88.4-97.3; Figures 6a and 6b and
Table S3). Using a Fe-Mg equilibrium exchange coefficient between clinopyroxene and melt of 0.28 + 0.08
(Putirka, 2008), the corresponding Mg# of equilibrium melts with the coarse and medium grained clinopy-
roxene are extremely high ranging from 48.4 to 64.4 and 67.6 to 90.9, respectively. This Fe-Mg equilibrium
exchange coefficient is derived from a normal distribution with calculated exchange coefficients ranging
from 0.04 to 0.68 (this range is based on 1,245 experimental observations on Fe-Mg equilibrium exchange
coefficients). In addition, the Fe-Mg equilibrium exchange coefficient is generally controlled by melt com-
positions, temperature, pressure and oxygen fugacity (Putirka, 2008). Therefore, in order to demonstrate
the effect of using a lower Fe-Mg exchange coefficient we have used a value of 0.2 as the Fe-Mg equilibrium
exchange coefficient to calculate melt Mg#. Using 0.2 as an equilibrium exchange coefficient yields Mg#
in the equilibrium melts of 36.4-56.3 and 59.9-87.7 (most values <82), in the coarse and medium grained
clinopyroxene, respectively.

The coarse grained clinopyroxenes have markedly depleted light REE and flat middle-heavy chondrite-nor-
malized REE patterns, whereas the medium grained clinopyroxenes, while also depleted in the LREE show
a gradual increase from La through the middle REE to Lu (Figure 7). On primitive mantle normalized dia-
grams (Figure 8), the coarse grained clinopyroxenes have higher REE and HFSE contents and lower Th and
U contents than the medium grains. These medium grained clinopyroxenes have more significant negative
Zr-Hf anomalies than the coarse grained clinopyroxenes (Figure 8).
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—— > signal intensity of element increasing

Figure 4. Mapping of individual olivine (a) and spinel (b) grains from the Fuchuan harzburgite. Mapping of
clinopyroxene (c) from the cumulate gabbro. Arrows A — B and C — D indicate the consistent direction of mineral
morphology in images. The signal intensity of elements for mapping is shown at the bottom.

5. Discussion
5.1. Signatures in the Fuchuan Harzburgite: Forearc Setting Indications

Extensive serpentinization of the Fuchuan harzburgite means that it is difficult to identify the original
lithology and mineralogy of the rock. However, high Sc (2.4-5.1 ppm) and Mn (970-1,062 ppm) along with
low Zr (<4.9 ppb) and highly variable Al contents (5.5-48.1 ppm) in olivine from the Fuchuan harzburgite
(Table S5) indicate a spinel harzburgite affinity (De Hoog et al., 2010). Moreover, olivine grains with Fo
values higher than 92.0 have Ni contents (3,022-3,289 ppm; average of 3,147 ppm) higher than olivine from
garnet peridotite (~3,000 ppm; De Hoog et al., 2010). This also suggests that the original lithology was spinel
harzburgite. Although the spinel grains in the Fuchuan harzburgite are xenomorphic, they have similar
Cr# o MB# 0 1O spinel from depleted mantle peridotite (Dare et al., 2009), suggesting that they are not
affected by sub-solidus alteration and represent residues after melting and melt extraction. In addition, the
Cr# and Mg# values of spinel in the Fuchuan harzburgite are lower than those found in boninites and are
similar to spinel from forearc ophiolites (Figure 5), such as the Bakedong ophiolite (Kim et al., 2011), indi-
cating a forearc setting affinity.

To estimate the temperature recorded by the Fuchuan harzburgite, pressures of 1.0, 1.5, and 2.0 GPa (sta-
bility field of spinel) were used in the calculation of the olivine-spinel Mg-Fe** exchange thermometer
(Ty,,) and Ca-in-orthopyroxene thermometer (T Ballhaus et al., 1991; Brey & Kohler, 1990; O’Neill &

KCa90’
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Bullen [1984], Kim et al. [2011], and C. L. Zhang et al. [2013]). The
compiled data are average compositions for each sample and are from
Ding et al. (2008) and Y. Zhang et al. (2013).

Wall, 1987). These pressures are based on the absence of fresh grains and/
or altered imprint for plagioclase and garnet in the Fuchuan harzburgite
(Bernstein et al., 1998). Calculations using T, with an olivine Fo value
of 92.0 indicate that the temperature ranges from 667 to 814°C (average
of 737°C), 730 to 886°C (average of 807°C), and 793 to 959°C (average
of 877°C) for 1.0, 1.5, and 2.0 GPa, respectively. Temperatures calculated
based on the Ca contents of orthopyroxene (T, ..., Brey & Kohler, 1990)
range from 978 to 1,185°C (1,097°C), 1,003-1,214°C (1,124°C), and 1,027-
1,243°C (1,151°C) for 1.0, 1.5, and 2.0 GPa, respectively, with confidence
range of +38°C (20; with exception of 624-640°C for sample FC10-55).
Calculations using the Al in olivine (Fo = 92.0) and spinel geothermom-
eter are nearly constant from 984 to 1,009°C (T,,,, average of 993°C) with
uncertainties of +60°C (Coogan et al., 2014; Wan et al., 2008). The Al-Cr
exchange geothermometer in orthopyroxene also yields a high temper-
ature (Ty,g,,:1,063-1,211°C, average of 1,145°C) with confidence range
of +32°C (20), except for sample FC10-55 (699-720°C; Witt-Eickschen
& Seck, 1991). Low temperatures recorded in the orthopyroxene of sam-
ple FC10-55 may be the result of late-stage re-equilibration with calcium
and aluminum, considering its lower CaO and Al,O, contents relative to
other samples. Even using a pressure of 2.0 GPa, T,, shows obviously

lower temperature than T, , and T, suggesting that the main control-

ler of olivine-spinel Fe-Mg exchange temperatures is not pressure. An alternative interpretation is that the
temperature would go down during the uplift and exhumation processes of the Fuchuan harzburgite and
therefore, the olivine-spinel Fe-Mg exchange geothermometer would record decreased temperatures due to
significantly rapid exchange equilibrium of Mg and Fe between olivine and spinel (Ballhaus et al., 1991).
Therefore, the Fuchuan harzburgite records a relatively high temperature process (1,000-1,200°C + 60°C;
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Figure 6. FeO™ and Mg# versus SiO, (a and b) of clinopyroxene from the cumulate gabbro. Nb/Yb versus Th/Yb (c)
and Ti/1,000 versus V (d) of melt composition equilibrium with two types of clinopyroxenes. The colored areas are
modified from Ishizuka et al. (2014).
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Figure 7. Chondrite normalized REE patterns for coarse and medium grained clinopyroxene. Normalization data are
from Sun and Mcdonough (1989).

Calculation of the degree of partial melting based on Cr# values of spinel (Hellebrand et al., 2001) suggests
that the Fuchuan harzburgite represents a mantle residue after 17%-19% melting and melt extraction from
the depleted mantle (DM). Alternatively, the degree of partial melting can also be calculated from olivine
compositions using the equation of Fmemng(%) = 14.5 X In(Cr#°") + 26 (De Hoog et al., 2010), indicate an
extent of melting ranging from 18% to 23% of DM, with Cr#°! varying from 0.60 to 0.82 for the Fuchuan
harzburgite. The analyzed orthopyroxenes from the Fuchuan harzburgite with high variation of AlLO,/
MgO ratios (0.01-0.07) also indicate a relative high degree of melt depletion (Zhou et al., 2021). Although
the harzburgites have been strongly serpentinized, work by Li and Zhao (2020) has shown that the ser-
pentinization did not significantly alter the original whole-rock geochemical compositions. Modeling of
fractional melting under adiabatic decompression conditions suggests that the Fuchuan harzburgites are
likely residues after ~20%-25% melt extraction of the primitive mantle (Figure 9). However, the Fuchuan
harzburgite samples fall mostly outside of the fields for melting primitive mantle, such as low ALO,, TiO,,
and higher SiO, contents (Figures 9b-9d), and suggest that the original mantle must have been depleted by
previous melt extraction. The high olivine Fo values and absence of clinopyroxene in the Fuchuan harzbur-
gite indicate complete melting of clinopyroxene, which is consistent with experimental results of ~20%
partial melting of spinel peridotite (Herzberg, 1992; Hirose & Kushiro, 1993).

Based on the above discussion on the low pressure, high temperature, high degree of melt extraction, the
Fuchuan harzburgite may represent a fossil remnant of forearc lithospheric mantle.

5.2. Geochemical Fingerprints of Forearc Basalt and Boninite in the Fuchuan Ophiolite

The two groups of clinopyroxene identified in the Fuchuan gabbro may be the result of magma evolution
through crystal fractionation or accumulation. However, such a relationship is implausible for various rea-
sons: (a) medium grained clinopyroxenes (high Mg#) are more anhedral than, and occasionally surround,
coarse grained clinopyroxenes (Figure 2f), indicating that medium grained clinopyroxenes (high Mg#) were
formed later; (b) medium grained clinopyroxenes have higher Ba, Th, and U contents and lower HFSE

o 2 1R
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[} o 10°4
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O (@)
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Figure 8. N-MORB normalized multi-element diagrams for coarse and medium grained clinopyroxene. Normalization
data are from Sun and Mcdonough (1989).
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Figure 9. Whole-rock FeQO', AlL,0,, SiO,, and TiO, versus MgO variations of the Fuchuan peridotite (modified

from Xiong et al. [2017] and data compiled from Li and Zhao [2020]). The compiled whole-rock major oxides have
been normalized to 100% without volatile compositions. (a and b) The solid black curves represent the modeled
compositional contours of residual peridotites, using the method of Herzberg (2004); the pressures near the solid black
curves indicate the starting and final pressures of the fractional melting under adiabatic decompression conditions; the
red-dashed lines mark degrees of melt extraction (10%, 20%, and 30%). The black dashed lines represent the evolution
of Mg# ranging from 89 to 93. (c and d) The blue and red solid curves represent the compositional contours of the
residual peridotites after decompression fractional melting at 2.5-0.5 and 1.5-0.5 GPa, respectively, using the approach
of Niu (2004). The crosses indicate the melting extents (f) of 10%, 20%, and 30%. The primitive upper mantle, abyssal,
and forearc peridotite compositions are from Xiong et al. (2017).

(e.g., Zr and Hf) and REE contents than those of coarse grained clinopyroxenes (Figure 8), rather than in-
creasing concentrations of these incompatible elements from high Mg# to low Mg# clinopyroxene; (c) the
more marked depletion of heavy REE in medium grained clinopyroxenes ([Gd/Lu], = 0.26 to 0.66 with the
majority <0.6) than coarse grained clinopyroxenes ([Gd/Lu], = 0.64-1.19 with the majority >0.7; Figure 8)
also indicate two episodes of melt extraction, because fractional crystallization of olivine and orthopyroxene
cannot modify the REE patterns (McDade et al., 2003a). Therefore, two types of clinopyroxene may have
been derived from different melts extracted from mantle sources.

To calculate the trace element compositions of melt that was in equilibrium with clinopyroxene, hydrous
mineral/melt partition coefficients (Table S7; McDade et al., 2003a, 2003b) and compositions of clinopy-
roxene were used. Calculated melts (low Mg#) in equilibrium with the coarse grained clinopyroxene have
N-MORB-type REE patterns and are enriched in LILE (e.g., Ba and U) and depleted in HFSE (e.g., Zr and
Hf) relative to N-MORB (Figure 10a), and so resemble forearc basalts from the Oman ophiolite and the
Zedang ophiolite in South Tibet, and the Deep-Sea Drilling Project (DSDP) sites 458 and 459 and Interna-
tional Ocean Discovery Program Expedition 352 sites U1440 and U1441 in the IBM forearc (Goodenough
et al., 2014; Reagan et al., 2010; Shervais et al., 2019, 2021; Xiong et al., 2016). The clinopyroxene-plagioclase
mineral assemblages of the cumulate gabbro from the Fuchuan ophiolite are remarkably similar to the
mineralogy of the IBM forearc gabbro (clinopyroxene + plagioclase + minor magnetite), which probably
crystallized after early olivine fractionation from the primitive forearc basalt (Reagan et al., 2017, 2019). In
addition to this, some medium-to fine-grained gabbro intrusions in the Fuchuan ophiolite have N-MORB-
like chondrite-normalized REE patterns and are enriched in LILE (e.g., K, U, and Cs; Shu et al., 2019; Zhang
et al., 2012), which provides petrological evidence of forearc basaltic magmas.
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Figure 10. (a and b) N-MORB normalized multi-element diagrams of melt equilibrium with the coarse and medium
grained clinopyroxene. Forearc basalt and boninite data are from Reagan et al. (2010) and Woelki et al. (2018). (c

and d) Primitive mantle-normalized incompatible trace element patterns for melt equilibrium with the average
clinopyroxene compositions, calculated metasomatized mantle, and modeled pre-subduction mantle. The degree of
depletion of the pre-subduction mantle is given in weight percent (f) in gray text. Partial melts were produced by the
metasomatized mantle, and the degree of partial melting is shown by red fonts. The shaded area in panel (c and d)
indicates the contribution of elements carried by aqueous fluid/melt to mantle source. Normalization data are from Sun
and Mcdonough (1989). Bulk partition coefficients are from McDade et al. (2003a, 2003b) and https://kdd.earthref.org/
KdD/ and the primitive mantle composition of Sun and Mcdonough (1989) were used to calculate the degree of mantle
wedge depletion.

Significantly, the melts in equilibrium with the medium grained clinopyroxene show U-shaped REE patterns
and are more enriched in LILE than the low Mg# melt (Figure 10b). These geochemical signatures, com-
bined with their high Mg#, suggest that the medium grained clinopyroxene may originate from a boninite-
like melt (Pearce & Arculus, 2021; Shervais et al., 2021). Calculation also shows that high Mg# melts have
extremely low TiO, contents (0.2-0.7 wt.%, average of 0.26 wt.%), consistent with typical boninite (Pearce &
Arculus, 2021; Pearce & Reagan, 2019). The negative Zr-Hf anomaly in these melts (Figure 10b) may indi-
cate that Zr and Hf were retained by accessory mineral phases in the residue (e.g., zircon) during melting of
subducted sediment (Schwindinger et al., 2020). High-Si boninitic melts are enriched in Si and Mg, there-
fore, it would be expected that orthopyroxene and olivine would crystallize in preference to clinopyroxene
(Pearce & Arculus, 2021). However, there is no olivine and orthopyroxene in the studied gabbro, indicating
that these infiltrating melts are similar to low-Si boninite (Pearce & Reagan, 2019). It should be noted that
low-Si boninite can occur near trench sea-floor rifting (back-arc basin), such as the West Mata volcano in
the Northeast Lau Basin, and these boninitic magmas have low SiO, and high CaO contents, accompanied
by abundant volatiles from the subducting slab (Falloon et al., 2007; Resing et al., 2011). However, Zhao
and Asimow (2014) suggest that some pillow lavas from the Fuchuan ophiolite show affinity with high-Si
boninite, and these lavas have high SiO, (up to 60.5 wt.%) and low CaO (<8 wt.%) contents (normalized to
volatile-free), contrasting with the back-arc basin boninites (Falloon et al., 2007; Resing et al., 2011). A pre-
vious study reported low ALO, (0.51-0.95 wt.%) and high MgO (44.0-48.2 wt.%) contents of the Fuchuan
harzburgite (Li & Zhao, 2020), similar to forearc peridotite rather than back-arc peridotite, which is con-
sistent with the spinel Cr#-Mg# values of this study (Figure 5). Low TiO,/Yb ratios (0.03-0.39, lower than a
typical OIB value of 2.9) and [Sm/Yb],, (0.47-1.40) values of the calculated melt composition, also indicate
shallow melting, a feature consistent with forearc basalt and boninite generation.
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Physical conditions calculated for the Fuchuan harzburgite, including high temperature (1,000-1,200°C),
low pressure (stability field of spinel), a high degree of melt extraction (17%-23%), and a hydrous source,
also indicate a forearc setting, where the formation of forearc basalt and boninite is very likely. In addition,
Ti/V ratios of the calculated high Mg# and low Mg# melts show boninite and forearc basalt features, re-
spectively (Figure 6). Although vanadium in clinopyroxene depends strongly on the oxygen fugacity of the
magma, the low Ti contents of the high Mg# melts still indicate a boninite affinity. Therefore, the Fuchuan
ophiolite is more likely to have formed during the initiation of subduction rather than from near-trench
rifting.

An approach similar to Konig et al. (2010) can be used to determine the contribution of slab/sediment-de-
rived components to the mantle source of the Fuchuan high and low Mg# melts. The incompatible element
compositions of metasomatized mantle wedge are modeled by modal batch melting using bulk partition
coefficients (Table S7) and average melt composition. The incompatible element compositions of un-meta-
somatized mantle wedge were modeled by non-modal batch melting using primitive mantle. The modal
of harzburgite is composed of 71% olivine, 23% orthopyroxene, 3% clinopyroxene, and 3% spinel (Konig
et al., 2010). Non-modal batch melting depends on hydrous reaction of lherzolite: 0.82 cpx + 0.40 opx + 0
.08 sp = 0.30 ol + 1.0 melt (Konig et al., 2010). Modeling results indicate that the low Mg# melts were de-
rived from a slightly depleted lherzolite mantle source (with 3% melt extraction), which was metasomatized
mainly by LILE-enriched aqueous fluids with minor or no slab melt (Figure 10c). Although field evidence
suggests that slightly depleted lherzolite does not occur in the Fuchuan ophiolite, it should be noted that
it is similarly absent from the IBM. The evidence from these low Mg# melts does indicate their existence
during the early stage slab subduction, confirming the original intactness of mantle section for the Fuchuan
ophiolite. In contrast, the high Mg# melts were derived from a highly depleted mantle source (with 15%
melt extraction), which was modified by both aqueous fluids and slab melts (LILE, LREE, and HFSE) (Fig-
ure 10d). These results are consistent with the high degree (17%-19%) of melt extraction recorded in Cr-spi-
nel from Fuchuan harzburgite. Therefore, we conclude that the low Mg# clinopyroxene crystallized from
forearc basalt melt and accumulated in the magma chamber, which was then infiltrated by later high Mg#
boninitic-like melt. A similar sequence of magma evolution is also identified in the compositional variation
of clinopyroxenes from the cumulate rocks in the Ordovician Bay of Islands ophiolite in Newfoundland
(Suhr et al., 1998) and from the gabbroic sequence in the Oman ophiolite (Yamasaki et al., 2006).

5.3. A Neoproterozoic IBM-Like Subduction System in South China

Based on data from this study and from published work on harzburgite and arc-related calc-alkaline pillow
lavas (Li & Zhao, 2020; Yang et al., 2021; Zhang et al., 2012; C. L. Zhang et al., 2013; Zhao & Asimow, 2014),
it is clear that the Fuchuan ophiolite has the following features: (a) high degree of melt extraction of the
mantle section; (b) high temperature and low pressure of magma extraction recorded in its mantle perid-
otite; (c) preserved fluid/melt-metasomatized trace element signatures in clinopyroxene and mantle perid-
otite; (d) magma generation that evolves from forearc basalt to boninite to mature arc-related calc-alkaline
lava; (e) occurrence of podiform chromitites within the harzburgite; (f) coeval granite intruded into the
mantle section of the Fuchuan ophiolite has high zircon §'%0 values (up to 11%o; our unpublished data). All
these features strongly suggest that the Fuchuan ophiolite was formed in a forearc setting, and record slab
subduction stages from initiation to mature arc (Figure 11).

Geological and geophysical studies reveal that the IBM forearc oceanic crust generated in the initial stages
of subduction is similar to the setting in which many ophiolites formed in the geological record (Ishizuka
et al., 2014). It has been proposed that the magmatic evolution of IBM forearc oceanic crust starts with
initial forearc basalts, that progress to boninites and island arc tholeiites, and to finally calc-alkaline lavas
(Reagan et al., 2010; Shervais et al., 2019; Woelki et al., 2018). The similarity of stratigraphic sequences in
the Fuchuan ophiolite to IBM forearc oceanic crust (Figure 12) supports the existence of a Neoproterozoic
(ca. 850 Ma) IBM-like subduction system on the southeastern margin of the Yangtze Block.

The geochemical signatures of some sporadic intrusive and extrusive rocks (860-825 Ma) from the south-
eastern margin of the Yangtze block also support this conclusion (Li & Zhao, 2020; Shi et al., 2020; Tian
et al., 2020, 2021; Yao et al., 2019): (a) ca. 860-840 Ma basalt and dolerite with N-MORB geochemistry are
enriched in LILE (e.g. Th, U, and Ba) and are thus more akin to forearc rather than back-arc basalt (Y. Wang
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Figure 11. Schematic diagram of subduction initiation, formation of the forearc, and magmatic evolution of the
subduction system, modified after Stern et al. (2012) and Li et al. (2019). (a) A hypothetical transform fault or fracture
zone (TF/FZ), located at the southeast margin of the Yangtze Block. (b) Sinking of older, thicker, colder, and denser
oceanic lithosphere below young, thinner, hotter, and more buoyant lithosphere along the TF/FZ with a low angle
(<30°); (c,) when the depth of subduction slab is sufficient to transform to eclogite facies, sinking and rollback of the
slab results in extension of the overlying plate and generation of forearc basalt with no or little subduction aqueous
fluid/melt; (c,) with further sinking, the slab is heated up to melting temperatures while at relatively shallow depth,
and these slab melts then interact with residual depleted mantle to produce boninite. (d) Further downward movement
of the slab triggers the formation of calc-alkaline island arc magmas. Due to a shorter time for the formation of forearc
basalt and boninite in IBM, the precise time in cartoon (c,) and (c,) for forearc basalt and boninite in the Fuchuan
ophiolite is difficult. Zircon U-Pb dating suggests that they were formed at ca. 845 Ma.

et al., 2019; Yao et al., 2014; Y. Zhang et al., 2013); (b) some high-Mg basalts show high SiO, and MgO,
low TiO, contents, suggesting a boninite affinity (Zhao & Asimow, 2014; Zhao & Zhou, 2013); (c) some ca.
825 Ma calc-alkaline high-Mg andesites and diorites resemble the ~14 Ma Setouchi high-Mg andesites from
SW Japan (Chen et al., 2014; Tang et al., 2020; Tian et al., 2020).

5.4. Modern-Style Subduction in the Neoproterozoic

In addition to the Fuchuan ophiolite, global Neoproterozoic forearc ophiolite with relatively complete se-
quences, reviewed below, have been shown by the geochemistry of their mantle sequences and crustal vol-
canic rocks, to be similar to modern-day forearc ophiolites, such as that represented by the IBM (Figure 12).
Although the geochemistry of the crustal section of the ca. 838 Ma Bir Umgq ophiolite (Arabian Shield) has
not yet been studied in detail (Figure 12), highly depleted mantle harzburgite (Cr#_; , = 60-71) suggests a
forearc setting (Abuamarah, 2020). Furnes et al. (2014) proposed that about 85% of Precambrian ophiolites
with MORB signatures are linked to back-arc processes. However, these ophiolites exhibit broadly similar
characteristics to the “back-arc knolls zone” of the IBM arc, such as ca. 800 Ma Shishkhid ophiolite in
northern Mongolia (Kuzmichev et al., 2005) and ca. 808 Ma Onib ophiolite on the Arabian-Nubian Shield
(Hussein et al., 2004).

Statistical analyses suggest that the amount of Neoproterozoic ophiolite increases significantly from ca.
850 Ma, and only a few ophiolite suites with incomplete rock sequences, including the Dunzhugur ophi-
olite (Siberia; Khain et al., 2002), Jiangxi and Miaowan ophiolite (South China; Li & Zhao, 2020; Peng
et al., 2012), and Phulad ophiolite (NW India; Volpe & Macdougall, 1990), were dated at ca. 970-1,020 Ma
(Figure 13a). These observations, combined with the abundant ophiolite fragments (<850 Ma) (Figures 13a
and 13c), suggest that IBM-like subduction systems may have successfully operated since at least the latest
Neoproterozoic (ca. 1,000 Ma) and may be pervasive on Earth from ca. 850 Ma. Several ophiolite suites dat-
ed at ca. 1.8-2.0 Ga (Figure 13a), such as the Purtuniq ophiolite in Canada (Scott et al., 1992), the Jormua
ophiolite in Northeastern Finland (Peltonen et al., 1996), and the Flin Flon ophiolite (Stern et al., 1995; Wy-
man, 1999), may indicate a period of short-lived plate tectonics. However, this episode of plate tectonics was
terminated by the assemblage of Nuna/Columbia supercontinent and then the Earth entered a protracted
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Figure 12. Neoproterozoic forearc ophiolite stratigraphic succession, Cr# values of spinel from harzburgite, and whole-rock trace element composition of the
crustal section are strikingly similar to IBM forearc rock assemblages. Geochemical stratigraphy of the studied and complied ophiolites reflect the transition
from an initial extension of the overlying plate through the commencement of fluid and melt release from the subducting slab, to a finally mature subduction
system. The data from the IBM forearc rock assemblages, Fuchuan ophiolite (FC, this study), Shimian ophiolite (SH), Bir Umq ophiolite (BU), Fawakhir
ophiolite (FAW), Wizer ophiolite (WIZ), Abu Dahr ophiolite (Abu), Dunzhugur ophiolite (Dun), and Dariv-Khantaishir ophiolite (DaK) are compiled from
Abdel Halim et al. (2020), Abdel-Karim et al. (2018), Abuamarah (2020), Dandar et al. (2019), Dijkstra et al. (2006), El-Rahman et al. (2009), Farahat (2010),
Farahat et al. (2011), Gahlan et al. (2015), Ishizuka et al. (2006), Morishita et al. (2011), Reagan et al. (2010), Sklyarov et al. (2016), W. Wang et al. (2017), and
Zhao et al. (2017). N-MORB normalizing data are from Sun and Mcdonough (1989).

single-lid episode during the “Boring Billion” of Earth history (Pearce & Reagan, 2019; Stern, 2020). For this
reason there is no evidence for deformation and magmatism related to modern plate tectonics in the Mes-
oproterozoic, such as ophiolite, passive continental margins, blueschists, and ultra-high-pressure terranes
(Stern, 2020). Global IBM-like subduction systems in the Neoproterozoic are temporally correlated with the
appearance of volatile-bearing kimberlites, passive continental margin, plate tectonic gemstones (jadeite
and ruby), and Alpine facies metamorphic series (glaucophane-bearing metamorphism), re-formation of
orogenic gold, iron formation, and volcanic-hosted massive sulfide deposits (Figure 13; Stern et al., 2016;
Zheng & Zhao, 2020), all of which demonstrate the onset of modern-style plate tectonics with cold and deep
subduction. Therefore, in the latest Neoproterozoic, the single-lid tectonic regime may have evolved into
modern-style plate tectonics as the Earth cooled.

Significantly, the Yangtze Block of South China, Arabian Shield, Nubian Shield, Siberia Craton, and India
which have abundant Neoproterozoic ophiolites (Figure 13c) were located on the margin of the Rodinia
supercontinent (ca. 850 Ma), in paleogeographic reconstructions, adjacent to the circum-continental su-
pra-subduction zone (Merdith et al., 2017; K. L. Wang et al., 2017; Wang, Cawood, & Pandit, 2021; Wang,
Cawood, Pandit, Xia, et al., 2021). The relatively rigid plate margin and low mantle temperature promoted
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cold and deep subduction along the Rodinia margins that likely induced
mantle flow into a much wider cell resulting in extensional stresses at
greater distances from the trench (e.g., ~3,000 km; Dal Zilio et al., 2018).
This high and sustained sub-continental traction may exceed the strength

| of the continental lithosphere, and eventually lead to the breakup and
101

(a)
Ophiolite

Blueschists and

Glaucophane-bearing eclogites

T . ' . opening of distal basin or mantle upwelling (Dal Zilio et al., 2018; Heron
et al., 2015). Consequently, the initiation of Neoproterozoic cold and deep
subduction around its periphery could be the geodynamic trigger of Rod-
inia breakup resulting in the full dispersal of the supercontinent (Cawood
et al., 2016). This is in contrast to the partial breakup of Nuna/Columbia
supercontinent in the late Paleoproterozoic to Mesoproterozoic, dominat-

1.0

15

0 0.5 2.0 3.0 ed by single-lid plate tectonics with warm and shallow subduction.
Time (Ga)

(Ma) [Yangtze | India | Siberia | Arabian| Nubian It should be noted that some boninites were developed in the Paleopro-
675 B o terozoic and/or Archean (>2.0 Ga), however, as evidenced below they
b appear not to have formed in a modern cold and deep slab subduction
ophiolite o setting. These Archean-Paleoproterozoic boninites from greenstone belts
725+ N by show some similarities with those from forearc settings, such as the crus-
bl B | A tal rock assemblages of the Nuvvuagittuq supracrustal belt (>ca. 3.8 Ga)
3 *’7‘ b in Quebec (Canada; Turner et al., 2014), whereas boninites from green-
7754 Lo stone belts are generally associated with coeval komatiites, such as vol-
_ . o f::': 1y canic flows from the 2.7 Ga Abitibi greenstone belt (Kerrich et al., 1998)
FE B wh o i and the ca. 2.3 Ga Bogoin-Boali greenstone belt (Poidevin, 1994), indicat-
825 ... mm ing an alternative non-modern-style plate tectonics model (Davies, 1992).
. i These may be products of locally failed subduction owing to ductile lith-
i w3 osphere margin and high mantle temperatures, which has been defined
875 (c) as warm and shallow subduction accompanied by ancient-style plate tec-

Figure 13. (a and b) Age histograms for ophiolite and deep subduction
indicator of blueschist and glaucophane-bearing eclogites for the past

3 Ga (modified after compiled data from Furnes et al., 2014; Tsujimori
& Ernst, 2014). (c) Spatial and temporal distribution of Neoproterozoic
ophiolites (modified after compiled data from Furnes et al., 2014; Zhao

et al., 2017).

tonics (Zheng & Zhao, 2020). In addition, numerical simulations of sub-
duction in the Paleoproterozoic/Archean Earth also suggest that spread-
ing ridges, transform faults, and subduction zones are predicted to be
isolated in “microcells” at the head of mantle plumes under stagnant lid
tectonics (Palin et al., 2020). Therefore, the boninite and minor ophiolites
in the Paleoproterozoic and/or Archean (>2.0 Ga) here are considered as
the product of ancient-style plate tectonics, which is controlled by both
hot subduction and mantle plumes.

6. Conclusions

Our detailed studies of mineral geochemistry reveal that the Fuchuan ophiolite is analogous to the forearc
oceanic stratigraphy sequence from the IBM subduction system. Physical conditions of high temperature
(1,000-1,200°C), low pressure, high degrees of melts extraction (>18%) recorded in the Fuchuan harzbur-
gite, suggest that forearc basalt and boninite are likely to have formed. Two types of clinopyroxene from
the cumulate gabbro correspond to forearc basaltic magma (low Mg#) and boninite magma (high Mg#),
respectively. Combined with previous work on the Fuchuan ophiolite, magma evolution from forearc basalt
to boninite to hydrous calc-alkaline magmatism indicates a transition from initial to mature subduction in a
forearc setting. Statistical analysis of global ophiolites suggests that IBM-like subduction systems may have
successfully operated since at least the latest Neoproterozoic (ca. 1,000 Ma) and be pervasive in Earth from
ca. 850 Ma. Neoproterozoic ophiolites from India, Siberia, and Arabian-Nubian Shield are also similar to
IBM forearc ophiolite, suggesting that cold subduction and modern-style plate tectonics may have perva-
sively developed in the Neoproterozoic (ca. 850 Ma) around the periphery of the Rodinia supercontinent,
and this may have acted as the geodynamic trigger for the full dispersal of Rodinia.
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