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Article history: Paleo- to early Mesoproterozoic rocks in the Yangtze Block are extremely sparse and are predominately exposed
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we report here detailed geochronological and geochemical analyses of newly discovered Paleo- to early
Mesoproterozoic mafic intrusive rocks in the Huili-Dongchuan area, southwestern Yangtze Block and interpret
their petrogenesis and tectonic significance. Secondary ion mass spectroscopy (SIMS) zircon and baddeleyite
U-Pb dating yielded crystallization ages of ca. 1716-1714 Ma for gabbros and diabases (referred to as the
1.72-1.71 Ga group), ca. 1705-1700 Ma for gabbros and a diabase-porphyrite (the 1.70 Ga group), and ca.
1519-1504 Ma for a gabbro and a diabase (the 1.52-1.50 Ga group), which effectively constrain the minimum
depositional age of the Tong'an and Dongchuan groups that they intrude to 1.72 Ga. The three groups (or epi-
sodes) of intrusive rocks differ from each other in their chemical compositions and isotopic characteristics,
most likely because of varying degrees of melting in a convective upper mantle (probably the asthenosphere),
which had been metasomatized by melts with enriched components input by a plume from the lower mantle.
Modeling calculations suggest that fractional crystallization (FC) and assimilation and fractional crystallization
(AFC) were the most important processes involved in modifying the chemical compositions of these rocks.
These magmatic activities are interpreted to have been related to mantle plumes and continental rifting that oc-
curred in the Huili-Dongchuan area near the southwestern margin of the Yangtze Block.
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1. Introduction

The Yangtze Block is one of the largest ancient continental crust
blocks in eastern Asia. Recent studies highlight Archean basement evo-
lution of the Yangtze Block (e.g., Li et al., 2014; Hui et al., 2017; Wang
et al., 2018; and references therein). The subsequent Paleo- to
Mesoproterozoic history of the Yangtze Block has attracted increasing
research attention because of its possible involvement in the assembly
and breakup of the Paleo- to Mesoproterozoic supercontinent Nuna
(also known as Columbia; e.g., Rogers and Santosh, 2002; Zhao et al.,
2002; Ernst et al., 2008; Evans and Mitchell, 2011; Meert, 2012; Wang
etal,, 2012; Fan et al.,, 2013; Chen et al., 2013; Wang and Zhou, 2014;
Zhou et al., 2014; Meert and Santosh, 2017; Lu et al., 2019; Cui et al.,
2019) as well as the presence of large Fe—Cu-rare earth element (REE)
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deposits (e.g., the Dahongshan, Lala, Yinachang, Xikuangshan and Sin
Quyen deposits; Zhou et al., 2014; and references therein) and Fe-Ti-V
oxide ore deposits (such as the Zhuqing deposit; Fan et al., 2013,
2014) in the late Paleoproterozoic to early Mesoproterozoic rocks of
the southwestern part of the block.

Nevertheless, outcrops of Paleo- to Mesoproterozoic rock units (e.g.
the Tianli schists and the Dahongshan, Hekou, Dongchuan and Tong'an
groups) (e.g., Greentree et al.,, 2006; Li et al., 2007, 2014; Greentree and
Li, 2008; Zhao et al., 2010; Peng et al., 2012; Fan et al., 2013; Zhou et al.,
2014) and 1.7-1.5 Ga intrusive and metavolcanic rocks (e.g., Zhao et al.,
2010; Fanetal,, 2013; Chen et al, 2013; Luetal, 2019; Zhu et al., 20163,
2017, 2019) are extremely sparse, and have been identified mostly in
the Kangdian region of southwestern Yangtze Block (Fig. 1). As a conse-
quence, the stratigraphy of these Paleo- to Mesoproterozoic rock units
has been long debated due to few constraints on the ages of them
(e.g., Zhao et al., 2010; Fan et al., 2013; Zhou et al., 2014). Moreover,
the lack of systematic geochronological, geochemical, and isotope

1342-937X/© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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Fig. 1. a) Simplified tectonic map showing the study area in relation to South China's major tectonic units (Li et al., 2007); b) geological map of the late Paleo- to Mesoproterozoic strata and
Proterozoic intrusions in the Kangdian region, SW China (modified after Wu et al., 1990).
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studies of the intrusive and metavolcanic rocks has prevented a com-
prehensive understanding of the Paleo- to Mesoproterozoic evolution
of the Yangtze Block.

In this contribution, we report the results of a detailed study of
several recently discovered mafic intrusions that intrude the
Paleoproterozoic Dongchuan and Tong'an groups in the Huili-
Dongchuan area (Fig. 1). On the basis of precise ages and distinguish-
able geochemical compositions, the studied mafic rocks can be
subdivided into three groups: a 1.72-1.71 Ga group of gabbros and
diabases with ages of 1716-1714 Ma, a 1.70 Ga group of gabbros
and a diabase-porphyrite with ages of 1705-1700 Ma, and a
1.52-1.50 Ga group of a gabbro and a diabase with ages of
1519-1504 Ma. Taking into account preciously reported geochemi-
cal and isotopic data for some of these intrusions (Fan et al., 2013;
Chen et al., 2013; Zhu et al., 2016a, 2017, 2019; Lu et al., 2019), we
use our new data to assess the origin of these rocks and to discuss
the implications for regional stratigraphic correlation and tectonic
evolution of the southwestern Yangtze Block during the late Paleo-
to Mesoproterozoic.

2. Geological background and petrography
2.1. Regional geology

The Yangtze Block and the Cathaysia Block was joined by the late-
Mesoproterozoic to earliest Neoproterozoic Sibao Orogen to form the
South China Block (Li et al., 2007) (Fig. 1a). In the Yangtze Block,
Archaean-Palaeoproterozoic basement rocks crop out mainly in the
northern part, whereas late Palaeoproterozoic basement rocks are
found in the southwestern part of the block, known as the Kangdian re-
gion (Fig. 1b). The oldest supracrustal in this area are the late
Paleoproterozoic Dahongshan, Hekou, Dongchuan, and Tong'an groups.
The Meso- to Neoproterozoic Huili, Kunyang, Yanbian and Julin groups
occur along the Luzhijiang fault and related NNE-trending faults (Wu

et al., 1990; Greentree and Li, 2008; Zhao et al., 2010; Fan et al., 2013)
(Figs. 1b and 2).

The Dahongshan, Hekou, Dongchuan, and Tong'an groups host mafic
intrusions and meta-volcanic layers with zircon U-Pb ages of 1.7-1.5 Ga
(Greentree and Li, 2008; He, 2009; Zhao et al., 2010; Zhao and Zhou,
2011; Fan et al., 2013; Chen et al., 2013; Zhu et al., 2016a, 2017), and
these groups have been suggested to be lateral equivalents (Fan et al.,
2013). Nevertheless, the Dahongshan and Hekou groups consist of
metavolcanic and metasedimentary rocks that were metamorphosed
under conditions of upper greenschist to lower amphibolite facies meta-
morphism, whereas the Dongchuan and Tong'an groups underwent
lower greenschist facies metamorphism (Wu et al., 1990).

The Huili and Kunyang groups consist of thick sequences of
siliciclastic, volcanic, and carbonate rocks with ~1.0 Ga meta-volcanic
layers (Greentree et al., 2006; Zhang et al., 2007; Zhu et al., 2016b).
The Yanbian Group of earliest Neoproterozoic age consists of strongly
deformed and variably metamorphosed clastic rocks and pillow lavas
basalts (Sun et al., 2009; Li et al., 2006). The Julin Group has been locally
metamorphosed to lower amphibolite facies, and the metabasalts have
ages of ca. 1050 Ma (Chen et al., 2014). These rocks are overlain by a
thick sequence (maximum >9 km) of Neoproterozoic (850-540 Ma)
to Permian strata comprising clastic, carbonate and volcanic rocks.

2.2. The Tong'an and Dongchuan groups and associate mafic rocks

The Precambrian units in the Kangdian region have poor age con-
straints because of the sparse outcrops and the fact that the strati-
graphic units in this region are often in fault contact with each other
owing to the strongly regional fault development (Wu et al,, 1990).

The traditional Tong'an Formation is made up of Yinmin (TA1),
Luoxue (TA2), Heishan (TA1), Qinglongshan (TA4) and Tangtang
(TA5) sub-formations, which was included as a part of the Huili Group
by early regional mapping (SBG, 1967) (Fig. 2a). This stratigraphic
scheme was subsequently refined as a result of more detailed mapping
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Fig. 2. Simplified stratigraphic correlations for the Paleo- to Mesoproterozoic Hekou, Tong'an, Dongchuan, Huili and Kunyang groups in the Kangdian region, western Yangtze Block, SW

China.
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work (Wu et al., 1990) (Fig. 2b). However, newly reported isotope ages
and fieldwork show that the lower parts of the traditional Huili and
Kunyang groups are comparable but are separated from their upper
parts by a depositional hiatus (Fig. 2c) (e.g., Li et al,, 1988; Wu
et al.,, 1990; Geng et al., 2007; Zhao et al., 2010; Fan et al., 2013; Chen
et al,, 2013; Zhou et al., 2014; Pang et al., 2015; Yang et al., 2016; Gao
et al., 2018). Therefore, in this study, we include the lower parts of the
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traditional Huili Group (the Yinmin, Luoxue, Heishan and Qinglongshan
formations) as the Tong'an Group and refer the upper parts of the tradi-
tional Huili Group (the Tangtang, Limahe, Fengshan and Tianbaoshan
formations) as the Huili Group (Fig. 2c).

The Tong'an Group consists of, from the base upward, the Yinmin,
Luoxue, Heishan, and Qinglongshan formations which are commonly
in fault contact with each other and have been tightly foliated and
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Fig. 3. Simplified geological map showing the Paleo- to earliest Neoproterozoic rocks in the a) Tong'an, b) Yinmin, ¢) Yi'nachang and d) Boka regions and sampling locations.
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folded (Fig. 2c). The Dongchuan Group comprises the Yinmin, Luoxue,
Etouchang, and Luzhijiang formations from the base upward (Fig. 2c).
The Dongchuan sediments contain detrital zircons with a youngest
age population of ~1.78 Ga, and layers of tuff and rhyolite have yielded
zircon U-Pb ages of 1742 + 13 Ma (Zhao et al., 2010) and 1730 +
4 Ma (Yang et al., 2016), respectively. These two groups were intruded
by a number of irregular plugs and dikes of either alkaline or tholeiitic
basaltic rocks, and less commonly by felsic rocks (Fig. 3a-d), none of
which have been well studied. These plutons are commonly sill-like,
measure up to 10 km in length and mostly 90-300 m in width, strike
roughly NW-SE, and dip to the SW (Fig. 3). They show variable degrees
of alteration and contain anhedral crystals of plagioclase, clinopyroxene,
Fe-Ti oxides (magnetite and ilmenite), and minor amounts of horn-
blende, biotite, apatite, and sulfide minerals (pyrite and chalcopyrite)
(Fig. 4). The exact shapes of the mafic intrusions are hard to identify
due to well-developed cleavages in both the intruded and wall rocks
(Figs. 3 and 4).

3. Sampling and analytical methods

More than one hundred and fifty samples were collected from the
best-exposed and least-altered outcrops of four diabase dikes, six

gabbroic plutons and a diabase-porphyrite pluton in the Huili-
Dongchuan area (Figs. 2c and 3). Thin sections were prepared for all
samples and seventy-nine least altered samples were chosen for
whole rock analysis, among which, ten representative samples were se-
lected for zircon and baddeleyite U-Pb dating, and thirty-two samples
were used for Nd isotopic analysis.

Zircon grains from samples TST1305, BK1102, TA1444, TA1440,
TA1309 and 13TA09, and baddeleyite grains from samples TST1305,
LWS1301, TA1103, TA1418 and RZS1301 were obtained using conven-
tional heavy liquid and magnetic techniques. Hand-picked zircon and
baddeleyite grains were then mounted in epoxy resin discs. To identify
grains for dating, the grains were documented with transmitted and
reflected light micrographs as well as cathodoluminescence (CL) after
having been polished. Finally, they were coated with gold to be pre-
pared for analyze. U-Pb dating were conducted using a Cameca IMS
1280 ion microprobe (SIMS) at the Institute of Geology and Geophysics,
the Chinese Academy of Sciences (CAS) in Beijing. Detailed analytical
procedures for zircon and baddeleyite U-Pb dating can be found in Li
et al. (2009) and Li et al. (2010), respectively. The SIMS U-Pb zircon
and baddeleyite ages are presented in Supplementary Table S1.

Whole-rock major element compositions were determined using X-
ray fluorescence spectrometers (XRF) at ALS Chemex Co Ltd.,

Fig. 4. Representative field photos and microscopic photographs of a) and d) a diabase dike, b) and e) a diabase-porphyrite pluton, and c) and f) a gabbroic pluton from the Huili-

Dongchuan area, respectively. Cpx = clinopyroxene, Ab = albite, Mt. = magnetite.
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Guangzhou with an analytical precision 4-5%. Whole-rock trace elemen-
tal compositions, including REEs, were measured using a Perkin-Elmer
Sciex ELAN DRC-e ICP-MS at the State Key Laboratory of Ore Deposit
Geochemistry (SKLOG), Institute of Geochemistry of CAS after closed-
beaker digestion with a mixture of HF and HNO3 in Teflon bombs (Qi
et al,, 2000). Rh was used as an internal standard. The international
standards GBPG-1, OU-6, and the Chinese National standards GSR-1
and GSR-3, were used as reference materials. The analytical precision
was better than 10%. Major and trace element compositions for the
mafic rocks in Huili-Dongchuan are presented in Supplementary
Table S2.

Samples for Nd isotopic analysis were spiked and dissolved with
HF + HNOs acid in Teflon bombs. Sm and Nd were separated by conven-
tional cation-exchange techniques. The isotopic measurements were
performed on a Thermal lonization Mass Spectrometry (TIMS) - Triton
at the SKLODG and a Finnigan MAT262 multi-collector mass spectrom-
eter at the Laboratory for Radiogenic Isotope Geochemistry, Institute of
Geology and Geophysics, CAS. The **Nd/"#Nd values of BCR-2 deter-
mined by TIMS during this study were 0.512513 4+ 0.000004 (20).
The '**Nd/!**Nd ratios of JNDI-1 were measured as 0.512098 =+
0.000002 (20) by TIMS and 0.512142 + 0.000010 (20) by MAT262, re-
spectively. Nd isotopic compositions for the mafic rocks in Huili-
Dongchuan are presented in Supplementary Table S2.

4. Results
4.1. U-Pb zircon and baddeleyite geochronology

4.1.1. 1.72-1.71 Ga intrusions

Zircons from sample TST1305 (diabase intruding the Tong'an
Group) and BK1102 (gabbro intruding the Dongchuan Group) gave
ages of >1.71 Ga (Supplementary Table S1). The zircons are simple pris-
matic crystals 50-120 pm in length, have aspect ratios of 1:1 to 2:1, and
show obvious zoning under CL (Fig. 5a and b). Eleven analyses that were
conducted on 12 zircon grains from sample TST1305 yielded a discordia
line with an upper intercept age of 1714 + 16 Ma and a lower intercept
age of 277 + 41 Ma (20, MSWD = 2.5) (Fig. 5a), the latter probably
reflecting a late-stage thermal disturbance (the Permian Emeishan
plume event? Xu et al., 2004) that also effected the 1494 4+ 6 Ma gab-
broic samples reported by Fan et al. (2013). All 15 measurements on zir-
con grains from sample BK1102 are concordant with a weighted mean
207ph,206ph age of 1714 4+ 6 Ma (20, MSWD = 1.8) (Fig. 5b).

Baddeleyite grains from gabbro sample TA1103 and dike samples
TST1305 and TA1418, all of which intrude the Tong'an Group, as well
as grains from sample LWS1301 from a dike intruding the Dongchuan
Group, are mostly anhedral, ranging from 30 to 150 pm in length, and
have aspect ratios between 1:1 and 2:1 (Fig. 5c-f). Analyses of grains
from dike samples TST1305, TA1418 and LWS1301 gave weighted
mean 2°’Pb/?°®Pb ages of 1715 + 4 Ma (20, MSWD = 0.9), 1713 +
4 Ma (20, MSWD = 0.6) and 1716 + 5 Ma (20, MSWD = 0.35), respec-
tively, which are consistent with their zircon U-Pb ages within error
(Fig. 5¢c-f). All 23 measurements on baddeleyite grains from gabbro
sample TA1103 yielded a weighted mean 2°7Pb/?°®Pb age of 1715 +
4 Ma (20, MSWD = 1.4). Therefore, all of our new zircon and
baddeleyite U-Pb ages effectively constrain the crystallization age of
these gabbros and diabase dikes to 1.72-1.71 Ga.

4.1.2. 1.70 Ga intrusions

Zircons from samples of diabase porphyry (TA1440) and gabbro
(TA1444 and 13TA09) that intrude the Tong'an Group yielded ages of
~1.70 Ga (Supplementary Table S1). These zircons are clear, simple

prismatic crystals without obvious zoning under CL, and they measure
80-180 pm in length with aspect ratios between 1:1 and 2:1 (Fig. 6a-
c). All 15 measurements on zircon grains from sample TA1444 gave a
weighted mean 2°7Pb/2%°Pb age of 1700 + 8 Ma (20, MSWD = 1.2)
(Fig. 6a). Most analyses on zircon grains from samples TA1440 and
13TAOQ9 yielded concordant ages except for 2 grains from sample
TA1440 and 1 grain from sample 13TA09 that are discordant due to
the loss of radiogenic lead (Fig. 6b and c). Seventeen of nineteen analy-
ses of sample TA1440 yielded a weighted mean 2°’Pb/2%°Pb age of
1700 + 3 Ma (20, MSWD = 1.6) (Fig. 6b), and fifteen of sixteen analy-
ses of sample 13TA09 gave consistent 2°’Pb/2%Pb ratios within errors,
yielding a weighted mean 2°’Pb/?°°Pb age of 1705 + 7 Ma (20,
MSWD = 6.5) (Fig. 6¢). Therefore, the mafic gabbros and the diabase-
porphyrite of this group were all emplaced at ca. 1700 Ma.

4.1.3. 1.52-1.50 Ga intrusions

Baddeleyite grains from sample RZS1301 collected from a mafic dike
that intrudes the Dongchuan Group are mostly anhedral, rang from 80
to 150 um in length, and have aspect ratios between 1:1 and 2:1
(Fig. 7a). All 21 analyses gave a 2°’Pb/2%°Pb isochron ages of 1526 +
5 Ma (20, MSWD = 2.5), with a weighted mean 2°’Pb/2%Pb age of
1519 + 4 Ma (20, MSWD = 0.74) based on 18 grains that have consis-
tent 2°’Pb/2%®Pb ratio within errors (Fig. 7a).

Zircons grains from sample 13TA43 collected from a gabbroic intru-
sion that intrudes the Tong'an Group are simple prismatic crystals with-
out obvious zoning under CL, and they measure 80-120 um in length
with aspect ratios between 1:1 and 2:1 (Fig. 7b). Fourteen analyses
were conducted on 14 zircon grains, yielded a discordia line with an
upper intercept age of 1505 + 16 Ma and a lower intercept age of
210 + 52 Ma (20, MSWD = 3.3) with a weighted mean 2°’Pb/?°°Pb
age of 1504 4 11 Ma (20, MSWD = 3.3) for the four grains that have
consistent 2°’Pb/2%Pb ratios within errors (Fig. 7b).

4.2. Geochemical and Nd isotopic characteristics

The Huili-Dongchuan mafic rocks display variable whole-rock major
and trace elemental contents (Supplementary Table S2). The rocks have
undergone various degrees of alteration, as judged from petrographic
observation and their variable LOI values. Although correlations be-
tween major oxides and MgO contents for the samples within each
group (Fig. 8) suggest that the effects of alteration were negligible, we
nevertheless recalculated the sums of major element oxides to 100%
volatile free values. The contents of incompatible elements such as Ba,
Rb, and Sr may have been modified during alteration. However, immo-
bile elements such as the REEs, HFSEs, Th, Zr. and Ti in the
Huili-Dongchuan rocks were not substantially affected by secondary al-
teration, as can be seen from the parallel REE and multi-element pat-
terns (Fig. 9) and strongly correlation with Zr (not shown), and
emphasis is placed on these immobile elements and Nd isotopes in
the discussion below.

Mafic rocks in each group exhibit similar compositions but with
some variable geochemical features. Samples from the 1.72-1.71 Ga
group have the highest but most variable MgO, Ca0O, Al,0s, Cr and Ni
contents of the three groups (Fig. 8, Supplementary Table S2). In con-
trast, Fe,03, TiO,, and total alkalis (Na,O + K,0) contents are com-
monly much lower in the 1.72-1.71 Ga group. In Fenner diagrams, the
major oxides and trace elements Cr and Ni from the 1.70 and
1.52-1.50 Ga groups show similar evolutionary trends except for the
relatively consistent Al,Os and CaO contents in the 1.52-1.50 Ga
group (Fig. 8). In the rock classification diagrams, samples from the

Fig. 5. Zircon and baddeleyite U-Pb Concordia diagrams with transmitted CL images of representative zircon grains and backscattered electron images of representative baddeleyite grains
from the 1.72-1.71 Ga group. Mean ages represent weighted mean 2°’Pb/2%°Pb ages with 95% confidence intervals (20), which were calculated without those spots with pink circles. Red
circles on zircon/baddeleyite grains indicate the U-Pb dating positions. Age of each spot is presented as 2°/Pb/2°°Pb age (20).
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1.70 Ga and 1.52-1.50 Ga groups plot in the alkaline field, whereas the
1.72-1.71 Ga samples plot in the tholeiitic basalt field (Fig. 10).

Samples from the 1.70 Ga and 1.52-1.50 Ga groups have parallel REE
patterns with enrichments in light rare earth elements and “humped”
primitive mantle-normalized multi-element patterns that show
variable enrichment in all incompatible elements but with no obvious
Nb-Ta anomalies relative to the neighboring elements (Fig. 9). These
characteristics are similar to typical intraplate alkali basaltic rocks in
CFB and OIB provinces (Sun and McDonough, 1989) (Fig. 10). In con-
trast, the 1.72-1.71 Ga group samples display relative flat REE patterns
and primitive mantle-normalized multi-element patterns similar to
those of typical E-MORB (Sun and McDonough, 1989) (Fig. 9).

The Sm-Nd isotopic compositions show limited variations between
samples from each group of mafic rocks in the Huili-Dongchuan area
(Supplementary Table S2). The 1.72-1.71 Ga samples have
('*3Nd/'Nd); ratios that rang from 0.510426 to 0.510590, eng
(T) values that rang from 0.12 to 3.34. The 1.70 Ga group samples
show the least variability in their (**>Nd/'#4Nd); ratios (0.510600 to
0.510706 with one exception of 0.510439), and the corresponding &g
(T) values rang from 3.16 to 5.24. The 1.52-1.50 Ga group samples
have ('*3Nd/'*Nd); ratios ranging from 0.510573 to 0.510724 and exgq
(T) values ranging from —2.55 to 0.50.

5. Discussion

5.1. Chronological and stratigraphic differences between the Huili and
Tong'an groups

Zircons from mafic rocks in the Huili-Dongchuan area are clearly
magmatic, as judged from their CL images and Th/U ratios (Figs. 5-7;
Supplementary Table S1), and together with baddeleyites, which have
a very stable U-Pb isotopic system in mafic-ultramafic rocks (e.g., Li
et al., 2010), the age data for these minerals suggest that these gabbroic
intrusions and dikes formed in three time intervals of 1.72-1.71, 1.70,
and 1.52-1.50 Ga (Figs. 2c and 5-7; Supplementary Table S1).

The Tong'an Group was previously suggested to be a part of the Huili
Group (Fig. 2a and b). However, the 1.72-1.50 Ga mafic rocks that in-
trude the Heishan and Qinglongshan formations effectively constrain
the depositional age of the Tong'an Group to >1.72 Ga, making it
much older than the Huili Group which has a minimum depositional
age of 1.0 Ga (Fig. 2c). Moreover, field work indicates that these two
groups are in fault contact, and no continuous sequence between
them has been identified so far (Figs. 2 and 3). Therefore, the Tong'an
and Huili groups do not belong to the same stratigraphic group and can-
not be correlated stratigraphically (Fig. 2c). Our new data, on the other
hand, support the subdivision of the Dongchuan and Kunyang groups by
previous workers (e.g., Li et al., 1988; Wu et al,, 1990; Zhao et al., 2010)
(Fig. 2¢). We thus suggest the Tong'an, Dongchuan and Hekou groups to
be stratigraphically correlatable units (Fig. 2c).

5.2. Petrogenesis of the 1.72-1.50 Ga mafic rocks

5.2.1. Differentiation processes and crustal contamination

The variations in SiO, and MgO contents within each series of the
Huili-Dongchuan mafic magmatic rocks point to the effects of pro-
nounced fractional crystallization (FC) (Fig. 8). In the 1.72-1.71 Ga
group, the Yinmin and Tong'an diabase dikes show the smallest influ-
ence of FC as they have the highest and relatively stable MgO contents

Fig. 6. Zircon and baddeleyite U-Pb concordia diagrams with transmitted CL images of
representative zircon grains and backscattered electron images of representative
baddeleyite grains from the 1.70 Ga group. Mean ages represent weighted mean
207pp 296p} ages with 95% confidence intervals (20), which were calculated without
those spots with pink circles. Red circles on zircon/baddeleyite grains indicate the U-Pb
dating positions. Age of each spot is presented as 2°/Pb/?°°Pb age (20).
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Fig. 7. Zircon and baddeleyite U-Pb concordia diagrams with transmitted CL images of
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207ph296ph ages with 95% confidence intervals (20), which were calculated without
those spots with pink circles. Red circles on zircon/baddeleyite grains indicate the U-Pb
dating positions. Age of each spot is presented as 2°’Pb/?’°Pb age (20).

(Fig. 8), which is consistent with the fractionation trends indicated by
trace element correlation diagrams (Supplementary Fig. S1). Fractional
crystallization of clinopyroxene and plagioclase and accumulation of

Fe-Ti oxides (magnetite and ilmenite) appear to have played major
roles in modifying the compositional evolution of the other
1.72-1.71 Ga mafic rocks, and the compositional variations within
these diabase dikes and gabbros can be readily explained by FC and ac-
cumulation processes. For example, the decreases in Al,O3 and CaO with
decreasing MgO contents (Fig. 8) are likely to have resulted from
clinopyroxene fractionation, whereas the increases in Fe,03 and TiO,
with decreasing MgO contents were due to the accumulation of Fe-Ti
oxides. Moreover, the trace element correlation diagrams (Supplemen-
tary Fig. S1) also suggest significant separation/addition of
clinopyroxene, plagioclase and magnetite.

In the 1.70 Ga and 1.52-1.50 Ga groups, the 1.70 Ga diabase por-
phyry and the 1.50 Ga gabbro have the highest and relatively stable
MgO contents, reflecting a process of in-suit crystallization (Fig. 8).
However, fenner diagrams and the trace element correlation diagrams
involve V, Cr, Ni, Zr and Y suggest fractional crystallization of
clinopyroxene have significantly modified the chemical compositions
of the other rocks from the two groups (Supplementary Fig. S1). The
crystallization and removal of Fe-Ti oxides appear to have controlled
the variation in chemical compositions as Fe;03 and TiO, decrease
with decreasing MgO contents (Fig. 8), as also shown by the positive
correlations of Cr and Ni with MgO contents (Fig. 8) as the compatible
behavior of Cr and Ni in magnetite. The relatively consistent CaO and
slight increase in Al;03 and K;0 + NayO contents with decreasing
MgO contents (Fig. 8) imply that plagioclase was not the main fractional
mineral. The involvement of FC processes is also shown by variable Nb/
La ratios but relatively stable exq(T) values and Nb/Th ratios for samples
of the 1.70 Ga and 1.52-1.50 Ga groups (Fig. 11).

The absence of significant depletions in Nb and Ta relative to ele-
ments of similar incompatibility suggests negligible contamination in
the magma channels during crystallization of the Huili-Dongchuan
rocks (Fig. 9). However, in the 1.72-1.71 group, the samples with rela-
tively low enqg(T) values generally have lower MgO contents and Th/
Nb ratios but higher Nb/La ratios (Fig. 11; Supplementary Fig. S2), sug-
gesting that the possible assimilation and fractional crystallization
(AFC) processes could have occurred during cooling and crystallization
of the parental magma.

Here, we present possible models of crystallization processes for
each of the three groups of mafic rocks based on the above assessment
of the roles played by various fractionating minerals (Supplementary
Fig. S3). The fact that our modeling calculations fit well with most
trace element and REE patterns for the samples, indicates that the FC
and AFC processes were important in modifying the chemical composi-
tions of these rocks.

5.2.2. Mantle source

Geochemical distinctions can be made among the 1.72-1.50 Ga
mafic rocks of the Huili-Dongchuan area on the basis of their major-
and trace-element compositions. For example, in an (Na;0 + K;0) vs.
SiO, classification diagram, the 1.72-1.71 Ga samples plot in the field
of tholeiitic basaltic rocks, whereas the 1.70 and 1.52-1.50 Ga samples
plot in the alkaline field (Fig. 10). Furthermore, the 1.72-1.71 Ga sam-
ples show E-MORB-like REE and trace element characteristics, whereas
the 1.70 Ga and 1.52-1.50 Ga samples display REE patterns and multi-
element spidergrams similar to those of OIB-type basalts (Fig. 9). To-
gether with the variations in their Nd isotope contents, these data sug-
gest that the rocks originated from a heterogeneous mantle source, with
the distinctive geochemical characteristics having been generated by
varying degrees of crustal assimilation/magma mixing, or varying de-
grees of partial melting. However, the exact source compositions are
hard to be constrained due to their cumulate nature and the significant
alteration on these rocks. Moreover, there are no chilled margins that
can be used for estimating parental magma compositions. Therefore,
in this study, we try to estimate their source characteristics and melting
conditions by using of the trace element and Nd isotopic compositions
of the Huili-Dongchuan mafic rocks (Aldanmaz et al., 2000).
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Fig. 8. Fenner diagrams for the mafic rocks in the Huili-Dongchuan area.

The Nb/Th ratios decrease substantially from the 1.70 Ga rocks to the
1.72-1.71 Ga group and from the rocks of 1.72-1.71 Ga group to those of
the 1.52-1.50 Ga group, and so do the enq(T) values (Fig. 11). This could
be due to the influence of an enriched component in the melts, which
would have lowered their Nb/La and Nb/Th ratios and eng(T) values.
The 1.70 Ga rocks show the smallest influence of the enriched compo-
nent, and they display trace element patterns similar to those of OIB
(Fig. 9) with eng(t) values varying between +3.16 and + 5.24, suggest-
ing generation by low-degree partial melting of a depleted upper man-
tle (e.g., Xu et al., 2001). The degree of partial melting of the basaltic
rocks can be estimated using their rare earth element compositions
given their different geochemical behaviors in the typical mantle alumi-
nous phases (e.g., Aldanmaz et al., 2000; and references therein). The
low Gd/Yb and La/Sm ratios of the 1.72-1.71 Ga rocks indicate a higher
degree of partial melting then the other two groups of rocks (Fig. 12).
Moreover, the Huili-Dongchuan rocks show a diagonal trend between
low-degree deep melting OIB-like compositions and high-degree shal-
low melting MORB-like compositions (Fig. 12). Thus, the 1.72-1.71 Ga
rocks probably represent a comparatively higher degree of partial

melting of an enriched mantle formed at a shallow depth, whereas the
1.70 Ga rocks and the 1.52-1.50 Ga rocks were probably produced by
small-degree partial melting of a depleted asthenosphere mantle and
an enriched mantle at a higher depth, respectively (Fig. 12). Notice
that, the significantly low Al,03/TiO, ratios (4.76-7.18 compared with
~20 in primitive mantle) and high (Sm/Yb)py ratios (2.87-3.35) of the
1.70 Ga rocks indicate a quite low degree of partial melting (Fig. 12b).
The modeled degree of melting for the 1.70 Ga rocks is calculated to
be 2% (Supplementary Fig. S4). It is generally known that, a degree of
melting substantially <1% is considered unlikely because of the diffi-
culty of extracting such small amounts of melt from the source rock
owing to surface forces that inhibit magma segregation until apprecia-
ble extents of melting (>1%) have been achieved (Richter and
McKenzie, 1984; Ribe, 1988). It has been suggested that high-Ti mafic
rocks were generated by the Emeishan large igneous province as the re-
sult of 1.5% partial melting of the mantle (Xu et al., 2001). Moreover, a
starting composition calculated based on 2% degree of partial melting
can generated melts with trace element and REE patterns similar to
that of 1.70 Ga samples (Supplementary Fig. S3). Therefore, the
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1.70 Garocks were probably generated by a simple one-stage melting of
asthenosphere mantle with a DMM-like composition at a depth of
200-400 km (after Wyllie, 1981). In contrast, the 1.72-1.71 Ga and
1.52-1.50 Ga rocks require enrichment of the asthenosphere to explain
their mantle source characteristics as they reflect mixing of depleted
mantle and an enriched component (Fig. 11).

The lack of depletion in Nb and Ta in our sample rules out the possi-
bility of involvement of the continental crustal material and SCLM as
they are too depleted in Nb and Ta relative to elements of similar incom-
patibility. Dikes and veins with enriched compositions that are
emplaced in a depleted upper mantle provide a possible way of creating
an enriched mantle component (Niu et al., 2002), which, however, un-
likely to produce such large volume of basaltic rocks with such a uni-
form geochemistry over a broad area such as Huili-Dongchuan
(Fig. 3). The enriched signatures of many continental and oceanic intra-
plate alkaline rocks have been also suggested to be generated by a lower
mantle-derived plume component in the source region (e.g., Wilson,

1993). In this scenario, relatively enriched component, such as material
from recycled oceanic crust, from deep in the lower mantle (including
the core/mantle boundary) rise adiabatically up to asthenosphere
depths and generate enriched heterogeneities within the mantle that
can then produce rocks with an OIB signature (e.g., Hofmann and
White, 1982; Hart, 1988). Future study will provide more insights
about the exact nature and origin of the enriched component that is re-
quired to produce the 1.72-1.71 Ga and 1.52-1.50 Ga rocks.

5.3. A plume associated genesis and geological implications

The estimated general characteristics of the primary magma for the
1.72-1.70 Ga mafic rocks in the Huili-Dongchuan area suggest varying
degrees of partial melting of a metasomatized and heterogeneous as-
thenospheric mantle, with a decrease in melt fraction over time (from
1.72 Ga to 1.70 Ga) (Fig. 12). Such a temporal trend is consistent with
the involvement of a mantle plume (or plumes) in the generation of
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melt, meaning that the primary magma for the 1.72-1.71 Ga rocks could
have been a melt from the metasomatized asthenosphere directly above
the plume head at a shallow depth, whereas the 1.70 Ga rocks could
have been generated by the plume tail at a greater depth (Figs. 12 and
13). The 1.52-1.50 Ga rocks could represent later magmatic activities
that induced the partial melting of a mantle which had already been
metasomatized by plume-derived melts with enriched components
during 1.72-1.70 Ga (Fig. 13). We note that the rocks generated by
the 1.72-1.71 Ga activity are the most widespread in the Huili-
Dongchuan area and that the 1.70 Ga generation rocks are scarcely dis-
tributed (Fig. 3). This is consistent with observation that the magma as-
sociated with a plume tail is commonly significantly less voluminous
than that associated with the plume head.

A mantle plume-related genetic model can also explain the very
minor amount of crustal contamination in the 1.70 rocks, as experimen-
tal and numerical modeling studies have shown that a plume head may
carry large amounts of surrounding materials (such as lithospheric ma-
terials), whereas a plume tail typically entrains little of surrounding ma-
terials as temperature decreases and buoyancy increases (e.g., Hauri
et al., 1994). Moreover, the ascending channel for the 1.70 Ga magmas
would have been unobstructed owing to the prior removal of materials
by the plume head, which would have allowed magma to arise more
rapidly without any pronounced involvement of crustal materials, in
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contrast to the 1.72-1.71 Ga rocks. In addition, the fact that the
1.72-1.71 Ga samples have an E-MORB-like REE and trace element char-
acteristics, whereas the 1.70 Ga samples have OIB-like REE patterns and
multi-element spidergrams also suggests a close affinity to a plume or-
igin. This pattern is similar to that observed on the Hawaiian Islands,
where an OIB-like magma comes after an E-MORB-like magma
(e.g., Wyllie, 1988).

The lower Heishan Formation consists of sandstones interbedded
with shale, whereas the middle part of the formation consists of carbo-
naceous slates, and the upper part dolostone with interlayers of slate,
which indicates a rise in sea level in this region prior to 1.70 Ga
(Fig. 2c¢). This rise was followed by a further sustained rise in sea level
until the deposition of dolostones of the Qinglongshan Formation and
the deep-water volcanic sedimentary series of the Tangtang Formation
that overlies the Qinglongshan Formation (Pang et al., 2015). The
Dongchuan Group also features indicative of a complete sedimentary
record from alluvial fan and fluvial system to deep water marine basin
during the period 1.7-1.5 Ga (Wang and Zhou, 2014), which is typical
of sedimentation in a continental rifting setting. Moreover, the 1.7 Ga
rocks have REE patterns and multi-element spidergrams similar to
those of modern basalts identified in continental rifts (e.g., Ritter et al.,
2001). Furthermore, the metasedimentary and metavolcanic rocks in
the correlatable stratigraphic units are similar to sedimentation in a
continental rifting setting (Li et al., 1988; Wu et al., 1990; Zhao et al.,
2010; Chen et al,, 2013, Wang and Zhou, 2014; Wang et al,, 2014). All
of the above suggests that the rift basin at the Huili-Dongchuan area
was probably part of a ~ 1.7 Ga N-S-trending rift basin in the Kangdian
region near the southwestern margin of the Yangtze Block (Fig. 1),
which could have been induced by a Paleoproterozoic mantle plume.

Late Paleo- to Mesoproterozoic anorogenic magmatism associated
with the break-up of the supercontinent Nuna have generally been
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for samples of the mafic rocks in the Huili-Dongchuan area showing the nature and origin
of the parental magmas and mantle process. Samples from intrusions that have
experienced significant FC and AFC processes are excluded from these diagrams. Only
samples collected from the 1.72-1.71 Ga Yinmin and Tong'an diabase dikes, the 1.70 Ga
Tong'an diabase-porphyrite and the 1.52-1.50 Ga gabbro are shown here. N-MORB, E-
MORB and OIB data are taken from Sun and McDonough (1989).

linked to mantle plume activity (e.g., Meert and Santosh, 2017; and ref-
erences therein). Thus, the ~1.7 Ga magmatism occurred in the south-
western Yangtze Block were likely a part of them. The precise position
and role of the Yangtze Block in the assembly and break-up of the super-
continent Nuna require further investigation especially on paleomag-
netic data which is unavailable so far. However, further research
works such as the identification of magmatic events comparable to
that reported in this study will provide important constraints for linking
the Yangtze Block to other cratons that were once parts of the
supercontinent.

6. Conclusions

We report results of detailed geochronological and geochemical
analyses on newly discovered Paleo- to early Mesoproterozoic dia-
base dikes and gabbroic and diabase-porphyrite plutons in south-
western Yangtze Block, South China. Precise SIMS zircon and
baddeleyite U-Pb dating provide first evidence for three episodes of
mafic rocks between 1.72 and 1.50 Ga in southwestern Yangtze
Block. These ages constraint the initial depositional age of the previ-
ously poorly dated Tong'an and Dongchuan groups to >1.72 Ga. On
the basis of chemical compositions and isotopic characteristics of
these mafic rocks, a metasomatized and heterogeneous mantle
source is inferred. Our modeling shows that the primary magma for
the 1.72-1.71 Ga rocks was likely generated by high-degree partial
melting of metasomatized asthenospheric mantle above a plume
head at a shallow depth, whereas the 1.70 Ga rocks could have de-
rived by low-degree partial melting of the asthenosphere mantle
triggered by the plume tail. The 1.52-1.50 Ga rocks represent subse-
quent magmatic events involving low-degree partial melting of pre-
viously metasomatized asthenosphere mantle, with plume-derived
component providing the greatest amount of enrichment, as indi-
cated by the trace element and Nd isotopic signatures of the
1.52-1.50 Ga rocks. Model calculations suggest that FC and AFC
were the most important processes to have modified the chemical
compositions of these rocks during cooling of their parental magmas.
The Huili-Dongchuan area was probably part of a ~ 1.7 Ga N-S-
trending rift basin near the southwestern margin of the Yangtze
Block, and the rifting could have been induced by a Paleoproterozoic
mantle plume.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2020.06.019.
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