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ABSTRACT: Magmatism in the Huili area (SW margin of the Yangtze block) was active during the early Mesoproterozoic, and has import-
ant implications on the early tectonic evolution of the Yangtze block. We report new data in petrology, whole-rock geochemistry,
zircon U-Pb and Hf isotopes for the Yaopengzi dolerite in the Huili area. LA-ICP-MS zircon U-Pb dating of the dolerite yielded an early Meso-
proterozoic age of ca. 1515-1513 Ma, coeval with the Columbia supercontinent breakup. The dolerite belongs to the alkali basalt series, and
is enriched in light rare earth elements (LREE) and large ion lithophile elements (LILE), resembling typical oceanic island basalt (OIB) in
geochemistry. Zircons from the Yaopengzi dolerite yielded "*Hf/"””Hf = 0.28192-0.28203 and &yq) = —0.3 to 5.3. Our integrated study sug-
gests that parental magma of the Yaopengzi dolerite may have originated from the enriched mantle, and was slightly contaminated
by crustal materials during its evolution. Combining with regional tectonic background, the early Mesoproterozoic mafic magmatism at/
around Yaopengzi may have formed in a mantle plume-related intracontinental rift setting. This reflects that the early Mesoproterozoic
extension in the Yangtze block may have resulted from mantle plume activities led by the Columbia supercontinent breakup.
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1. INTRODUCTION

The Columbia supercontinent was likely assembled during
ca. 2.1to 1.8 Ga, and broken up during ca. 1.6 to 1.2 Ga (Rogers
etal,, 2002; Zhao et al,, 2002), marked by widespread continental
rifting, anorogenic magmatism and emplacement of mafic dyke
swarms in most cratons, e.g., Congo-Sao Francisco, North China,
Baltica, Laurentia, India and Australia (Meert and Santosh,
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2017). The Yangtze block is one of the oldest geological terranes
in China. In recent years, numerous Paleo-Mesoproterozoic
magmatic rocks (ca. 2.1-1.6 Ga) have been recognized from the
block. Much tectonothermal evidence related to the Columbia
supercontinent assembly-breakup was reported inside/around
the block (Zhang et al., 2006a, 2006b; Peng et al., 2012; Fan et al,,
2013; Wang et al., 2014a; Zhang et al,, 2016). These include the
ultra-high temperature (UHT) granulite (ca. 2.1-1.8 Ga Hu et al,,
2012; Lei et al., 2014) in the Sulu orogenic belt (NE margin of
the Yangtze block) related to the extensive collisional-related
orogeny during the supercontinent assembly, and the post-
collisional extension-related anorogenic bimodal magmatism
(ca. 1.8-1.6 Ga) in the SW Yangtze margin (Zhao et al., 2010;
Wang et al., 2013a; Wang et al.,, 2014a; Yang, 2014).

The tectonic affinity of Mesoproterozoic magmatic rocks is
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important for understanding the role and location of the block
in the Columbia supercontinent breakup. Nevertheless,
Mesoproterozoic magmatism (ca. 1.6-1.2 Ga) for the subsequent
supercontinent breakup is rarely reported in the Yangtze block,
in contrast with the widespread post-orogenic/anorogenic
magmatism in Precambrian terranes worldwide (Roy et al.,
2002; Goldberg, 2010; Teixeira et al., 2012; Ernst et al., 2013;
Silveira et al.,, 2014). The Yangtze block remains little known
within Columbia Supercontinent breakup and requires additional
investigations.

The mafic dyke intrusions play an important role on the study
of supercontinent breakup (Wang et al., 2014). Recently, some
Mesoproterozoic mafic dyke intrusions (ca. 1.6-1.2 Ga) have
been recognized in the western margin of the Yangtze block,
e.g., Zhuging V-Ti-magnetite ore-bearing mafic intrusions (Fan
et al., 2013), Jiaopingdu mafic intrusions and Yaopengzi mafic
intrusions. V-Ti-magnetite ore-bearing mafic intrusions were
found at Zhuqing, whose geochemical and Nd-isotopic evidence
suggests that the parental magma may have originated from partial
melting of relatively enriched mantle in an intracontinental rift
setting (Fan et al,, 2013). At Jiaopingdu-Yaopengzi, ore-barren
dolerite-diorite dyke swarms are outcropped. Since the Zhuqing

Tianguo Wang, Chaowen Huang, Gaofeng Du, Yang Liu, Jianfeng Xie, and Huan Li

V-Ti-magnetite ore-bearing layered intrusive rocks are cumulates
and contain high Fe-Ti contents, the magma may have sourced
from a highly-fractionated high-Ti magma that does not reflect
the parental magma characteristics (Wager and Brown, 1968;
Zhou et al., 2008; Fan et al., 2013). Therefore, we focused on the
ore-barren dolerite at Yaopengzi, reported its zircon U-Pb ages
and Hf isotopes and whole-rock geochemistry. We discussed
the nature of the magma source and the possible tectonic setting
to unravel the Mesoproterozoic tectonic evolution of the western
margin of the Yangtze block, as well as its interrelationships with
the Columbia supercontinent breakup.

2. BACKGROUND GEOLOGY

The western margin of the Yangtze block is situated among
the Songpan-Ganzi orogenic belt (Fig. 1a), the Sanjiang orogenic
belt and the Cathaysia block. The Yaopengzi area (in Huili
County) is located in the central part of the western margin of
the Yangtze block, and geologically comprises medium-low-
grade metamorphosed volcanics-sediments of the Paleoproterozoic
Hekou, Paleo-Mesoproterozoic Dongchuan and Mesoproterozoic
Huili groups and Phanerozoic cover (Fig. 1b).
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Fig. 1. (a) Geological sketch map of the Yangtze Block (modified from Zhao et al.,, 2010); (b) Sketch map of geology in the Huili-Dongchuan

area (modified from Wu et al., 1990).
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The Dongchuan Group is the most widespread, and contains
(from oldest to the youngest) the Yinmin (Pt,y), Luoxue (Pt,l),
Heishan (Pt;h), Qinglong (Pt,q) formations. The Yinmin Formation
(Pt;y) is composed of purplish-grey banded sandy slate interbedded
with muddy dolomite in the upper part, and purplish-grey
sandy slate, black carbonaceous slate, volcaniclastics and mafic
volcanics (spillite) in the lower part. Breccias occur at the bottom
of the sequence. The Luoxue Formation (Pt,l) is consisted of the
bluish-grey/yellow dolomite, silicified dolomite, muddy-sandy
dolomite and slate interbeds in the upper part, and white/
grayish white dense dolomite in the lower part. One to two thin
layers of yellowish-white muddy dolomite occur at the bottom
of the sequence. The Heishan Formation (Pt,h) is consisted of
black carbonaceous slate, sericite slate and silty slate. Interbeds
(with well-developed slaty structure) of tuffaceous sandstone
and slate occur in the middle part of the sequence. The Qinglong
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Formation (Pt;q) is consisted of bluish-grey dolomite. Mafic
rocks are widespread along the NN'W faults, and are distributed
mainly in the Yinmin-Sanfengkou-Tuobuka area (Dongchuan
County, Yunnan Province) and the Jiaopingdu-Yaopengzi-Zhuqing
area (Huili County, Sichuan Province). The mafic rocks (ca.
1.7-1.5 Ga) occur mainly as small dykes/sheeted dykes, and
contain mainly gabbro, dolerite and diorite (Geng, 2012; Wang,
2013a; Wang, 2014a).

Eight samples were collected from the NW-trending dolerite
dykes (2-10 m in width) at Yaopengzi, which intruded the
Yinmin to Heishan formations along faults (Fig. 2a). The mafic
rock samples are fresh, massive and light grayish-green, and
show doleritic texture under the microscope (Fig. 2b). The dolerite
contains mainly pyroxene (30%) and euhedral to subhedral
plagioclase (60%), and minor amphibole (4%) and magnetite
(Fig. 20).
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Fig. 2. (a) Geologic map of Yaopengzi area; (b) Field photographs of the dolerite; (c) Microphotograph of the dolerite (PI: Plagioclase; Cpx:

Clinopyroxene).
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3. ANALYTICAL METHODS

The dolerite samples KD2-1 (intruding the Heishan Formation)
and KD2-5 (intruding the Yinmin Formation) were chosen for
zircon U-Pb dating and Hf isotope analysis. The samples were
crushed/milled, and heavy minerals were separated by conventional
methods (magnetic separation, sieving separation and heavy
liquid separation) and hand-picked under a binocular microscope.
Transparent zircons with good crystal shape and with no fractures
were mounted on epoxy and solidified in an oven (60°) for 12h.
The zircons were then polished until their centers were exposed.
Cathodoluminescence (CL) imaging of zircons was conducted
at the State Key Laboratory of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences (GIGCAS), using
aJSM-7800F field emission scanning electron microscope (SEM)
with a MonoCL4 CL microscopy system. The zircon grains and
spots for the U-Pb dating and Hf isotope analysis were chosen
based on their representativeness observed under reflected and
transmitted light microscopy and CL imaging.

In situ zircon U-Pb dating was conducted at the State Key
Laboratory of Ore Deposit Geochemistry (GIGCAS), using an
Agilent 7700x ICP-MS coupled with a GeoLasPro 193 nm
Excimer laser ablation system. Analytical conditions: Energy
density: 10 J/cm* Beam diameter: 44 pum; Frequency: 5 Hz. The
samples were ablated for 60s with the laser generator before
sending into the ICP-MS with they as the carrier gas. 91500
zircon was used as a standard for isotopic fractionation calibration.
NIST SRM 610 was used as an external standard for isotopic
calculation, whilst *’Si was used as an internal standard. Common
Pb correction followed the method outlined in Andersen (2002),
whilst the analytical theory and processes were as outlined in
Jackson et al. (2004). Primary data reduction was performed
using ICPMS DataCal (Liu et al., 2010), and zircon isotopic age
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and concordia diagram were calculated/drawn using Isoplot 3.0
(Ludwig, 2003).

In situ zircon Hf isotope analysis was conducted at the State
Key Laboratory for Mineral Deposits Research, Nanjing University,
using a UP193-FX 193-nm solid state laser ablation system
coupled with an Element I MC-ICP-MS. Analytical conditions:
Beam diameter: 35 pm; Frequency: 8 Hz. The samples were
ablated for 60s with the laser generator before sending into the
ICP-MS in a He carrier gas mixed with argon. Detailed operational
and analytical processes were as outlined in Hou et al. (2007).

Whole-rock major and trace element analyses were conducted
on eight dolerite samples at the ALS Geochemistry (Guangzhou).
Major elements were measured using a PANalytical AXIOS
XRF spectrometer, with analytical precision less than 5%. Trace
elements were measured using an Agilent VISTA ICP-OES and
Agilent 7700x ICP-MS, with analytical precision less than 10%.
REEs were measured by a Perkin Elmer Elan 9000 ICP-MS,
with analytical precision less than 10%.

4, RESULTS
4.1. Zircon U-Pb Age

In this study, 16 and 15 zircon grains were picked from KD2-1
and KD2-5, respectively. The zircons are white or pale yellow,
15-120 um long (length: width ratio: 2:1-4:1). CL images show
weak/no oscillatory zoning, nor growth zoning or residual core
(Fig. 3). Results of the zircon U-Pb dating were listed in Table 1.
Concentrations of Th and U are 104.732-696.110 ppm and
132.447-661.097 ppm, respectively, whilst Th/U values are 0.63-
1.14. Zircon *”Pb/**Pb U-Pb ages of KD2-1 and KD2-5 were
calculated to be 1513 + 8.7 Ma (MSWD = 0.021; n = 16) and
1515 + 9.3 Ma (MSWD = 0.021; n = 15), respectively (Fig. 3).
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Fig. 3. (a) CL images of zircons from the dolerites. (b) U-Pb concordia diagram for zircons from the dolerites.
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Table 1. LA-ICP-MS U-Pb isotope analysis results for zircons for the diabases from the Yaopengzi area

(1)/ 1076 232Th/ 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Sample 232 238 238 : i i
Th U U Ratio o Ratio o Ratio o ttMa o t/Ma o t/Ma o
KD2-1-1 293.172 284.042 1.03 0.0934736 0.002374 3.42713487 0.090515 0.263859 0.003802 1498 48 1511 21 1510 19
KD2-1-2  400.297 354910 1.13 0.0950249 0.002225 3.49942368 0.087879 0.264251 0.003271 1529 44 1527 20 1512 17
KD2-1-3  344.525 547.686 0.63 0.0949741 0.001962 3.49955261 0.084441 0.264537 0.003926 1528 39 1527 19 1513 20
KD2-1-4 104732 134.688 0.78 0.0962401 0.002484 3.53831628 0.096159 0.264444 0.003771 1554 248 1536 22 1513 19
KD2-1-5 399.744 350.387 1.14 0.0931786 0.002029 3.44133666 0.076207 0.265345 0.003169 1492 41 1514 17 1517 16
KD2-1-6  243.350 282.444 0.86 0.0895717 0.002164 3.29522509 0.079275 0.264376 0.003236 1417 46 1480 19 1512 16
KD2-1-7 242.861 289.191 0.84 0.0902864 0.002199 3.32646517 0.078982 0.264044 0.002643 1431 47 1487 19 1510 13
KD2-1-8 186.487 178.801 1.04 0.1016537 0.003361 3.76687455 0.135752 0.264626 0.004449 1655 61 1586 29 1513 23
KD2-1-9 435.733 555.996 0.78 0.0968947 0.003061 3.58680197 0.124959 0.264555 0.003543 1565 64 1547 28 1513 18
KD2-1-10 206207 258411 0.8 0.0859284 0.002811 3.14290335 0.107775 0.264158 0.003395 1337 63 1443 26 1511 17
KD2-1-11 223.728 287.680 0.78 0.087146 0.003099 3.19198758 0.124585 0.26456 0.003023 1365 69 1455 30 1513 15
KD2-1-12 115225 145970 0.79 0.0867689 0.00376 3.16131744 0.150173 0.265672 0.004486 1355 84 1448 37 1519 23
KD2-1-13 355.977 449.014 0.79 0.0866102 0.003932 3.1668832 0.168829 0.264465 0.003575 1352 88 1449 41 1513 18
KD2-1-14 140.801 197.318 0.71 0.084106 0.004506 3.04684192 0.188336 0.264587 0.004192 1295 104 1419 47 1513 21
KD2-1-15 265.736 269.266 0.99 0.0931399 0.005689 3.41050258 0.247977 0.26444 0.003148 1500 115 1509 57 1513 16
KD2-1-16 363.853 345.697 1.05 0.1001006 0.00693 3.71154007 0.315873 0.265867 0.004804 1628 129 1574 68 1520 24
KD2-5-1 122961 154.698 0.79 0.0838756 0.006048 3.03347329 0.257645 0.265047 0.003942 1300 145 1416 65 1516 20
KD2-5-2 332437 394.004 0.84 0.0888838 0.005536 3.20900895 0.23421 0.264172 0.003982 1411 120 1459 57 1511 20
KD2-5-3  199.985 217.329 0.92 0.0901476 0.004877 3.28912056 0.208427 0.264438 0.003236 1429 103 1478 49 1513 17
KD2-5-4 696.110 661.097 1.05 0.0890611 0.003964 3.2653708 0.169194 0.265375 0.003299 1406 85 1473 40 1517 17
KD2-5-5 379.097 341.749 1.11 0.087405 0.003473 3.20830635 0.147846 0.264512 0.004037 1369 72 1459 36 1513 21
KD2-5-6 105913 132.447 0.8 0.0991952 0.003729 3.60466056 0.132786 0.265072 0.003797 1609 69 1551 29 1516 19
KD2-5-7 170907 190.187 0.9 0.0890938 0.002693 3.29695517 0.105632 0.265472 0.003716 1406 59 1480 25 1518 19
KD2-5-8 274.036 367.434 0.75 0.0906137 0.001994 3.35513309 0.073023 0.264245 0.003006 1439 42 1494 17 1512 15
KD2-5-9 227.872 289.714 0.79 0.0976282 0.002232 3.60673373 0.075776 0.265369 0.003696 1589 43 1551 17 1517 19
KD2-5-10 140.959 164.631 0.86 0.0901371 0.002331 3.33468951 0.079926 0.265775 0.003486 1429 44 1489 19 1519 18
KD2-5-11 132952 161.052 0.83 0.0899722 0.002313 3.32369295 0.086492 0.26441 0.003463 1425 49 1487 20 1512 18
KD2-5-12 192.209 254912 0.75 0.0897386 0.002174 3.30760131 0.075831 0.264105 0.003031 1420 46 1483 18 1511 15
KD2-5-13 220.749 280.700 0.79 0.1032573 0.002534 3.83060466 0.097556 0.2653  0.003651 1684 45 1599 21 1517 19
KD2-5-14 426.300 500.354 0.85 0.1024948 0.002839 3.80450011 0.123046 0.264802 0.005048 1670 51 1594 26 1514 26
KD2-5-15 497.689 437.396 1.14 0.0950197 0.002768 3.53527039 0.11031 0.265682 0.004217 1529 55 1535 25 1519 21

4.2. Zircon Hf Isotopes

Hafnium-isotope analysis results of the 8 and 9 zircons from
KD2-1 and KD2-5 were listed in Table 2. The zircons contain
76Lu/"Hf = 0.00128-0.00506, "Hf/"’Hf = 0.28192-0.28203,
and mainly positive (except for four analyses) ey (-0.3 to 5.3).
Single-stage zircon Hf model ages (tpy;) range 1767-1961 Ma
(average: 1892 Ma), whilst two-stage zircon Hf model ages (tpyp,)
range 4784-5071 Ma (average: 4944 Ma).

4.3. Whole-rock Geochemistry
Whole-rock geochemical results for the eight Yaopengzi

dolerite samples were listed in Table 3. The low SiO, contents
(44.31-49.04%; average: 46.62%) suggest that the rocks are

mafic. The rocks contain TiO, = 1.75-2.87% (average: 2.39%),
Na,O =2.79-4.84% (average: 3.88%), K,O = 0.26-3.57% (average:
1.47%) and Mg" = 38.32-50.26. On the Zr/(TiO, x 10000)-Nb/Y
(Fig. 4a; Winchester and Fioyd, 1977) and TAS classification
diagrams (Fig. 4b; Cox et al., 1979), most samples fall into the
alkaline basalt and alkaline gabbro fields, indicating that the
Yaopengzi dolerite belongs to the alkaline basalt series.

The Yaopengzi dolerite contains relatively low total rare earth
element (ZREE) contents (86.05-138.35 ppm) and moderate
REE fractionation (Lan/Yby = 3.40-8.93). In the chondrite-
normalized REE diagram (Fig. 4c), the rocks show LREE enrichment
and no discernible Eu and Ce anomalies. In the primitive mantle-
normalized trace element diagram (Fig. 4d), the rocks show a
right-inclining pattern, enrichments in large ion lithophile
elements (LILEs) and distinct negative Sr anomalies.

https://doi.org/10.1007/s12303-018-0082-4
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Table 2. Zircon Hf isotope compositions for the diabases from Yaopengzi region

Sample  "°Hf/’Hf o oY b/ HE o TSLu/ 7 Hf o en0®  Tpan(Ma)®  Tpyn(Ma)©
KD2-1-01 0.28194 0.000032 0.08237 0.001482 0.00253 0.000046 1.6 1922 5014
KD2-1-10 028198 0000025  0.07350  0.000354 000239 0000011 3.1 1863 4922
KD2-1-11 0.28185 0.000021 0.04024 0.000508 0.00126 0.000009 -0.2 1979 5239
KD2-1-12 0.28197 0.000024 0.09205 0.000296 0.00291 0.000014 2.4 1894 4929
KD2-1-13 028199 0000024 009168  0.000279 000304 0000007 2.7 1882 4896
KD2-1-14 0.28203 0.000062 0.09091 0.002679 0.00278 0.000046 4.5 1807 4784
KD2-1-15 0.28188 0.000032 0.07003 0.001394 0.00221 0.000041 -0.3 1996 5178
KD2-1-16 028200  0.000050 010350  0.002264 000336 0000076 2.8 1882 4866
KD2-5-07 0.28192 0.000038 0.03814 0.000133 0.00128 0.000006 2.2 1884 5063
KD2-5-08 0.28184 0.000044 0.07265 0.002011 0.00243 0.000073 -1.8 2059 5270
KD2-5-09 0.28194 0.000025 0.09574 0.001550 0.00290 0.000057 1.2 1943 5017
KD2-5-10 0.28192 0.000048 0.06662 0.000504 0.00211 0.000016 1.3 1932 5071
KD2-5-11 0.28187 0.000024 0.06793 0.000515 0.00220 0.000023 -0.3 1997 5182
KD2-5-12 0.28201 0.000055 0.16270 0.002213 0.00506 0.000037 1.7 1950 4822
KD2-5-13 0.28193 0.000098 0.08863 0.000783 0.00286 0.000018 0.8 1961 5052
KD2-5-14 0.28193 0.000041 0.06965 0.000761 0.00209 0.000027 1.8 1911 5035
KD2-5-15 0.28202 0.000050 0.05395 0.001038 0.00173 0.000039 5.3 1767 4806

Note: The 7°Hf/"”’Hf and "7°Lu/"""Hf ratios of chondrite and depleted mantle at the present are 0.282772 and 0.0332, 0.28325 and 0.0384; (*°Lu/
7Hf);c = 0.019; A = 1.867 x 107" year™; t = crystallization time of zircon.

@eHf(t) = {[(""°Hf/"Hf)g — ("Lu/""Hf)g x (M -1)1/[("°Hf/""Hf) cirur — (7Lu/"Hf) cpgur % (€M - 1)] - 1} x 10000.

OT v = VAIn{[(7HE/ 77HE)g - ("°HE77Hf) pp) /[(76Lu/ 77 Hf )g - (7*Lu/77Hf ) pp] + 1}

Ty = t+ VN{[(7HE/7Hf)s — (7HE 7HF) ppl/[(7Lu/77HE ) ¢ - (7Lu/"Hf)pp] + 1}

5. DISCUSSION
5.1. Ages of Dolerite Formation

Zircons from the Yaopengzi dolerite show weak oscillatory
zoning (Wu and Zheng, 2004; Wang et al., 2013a), no corrosive
margin and high Th/U values (> 0.4), resembling typical magmatic
(esp. mafic) zircons. Therefore, the U-Pb concordia ages at 1513
+8.7Ma (KD2-1) and 1515 + 9.3 Ma (KD2-5) reflect the Yaopengzi
dolerite crystallization ages. Mafic rocks are also exposed in the
Zhuging and Tong'anzhen-Bajiaoxiang areas in the SW margin
of the Yangtze block (Fig. 5). The Zhuqing gabbro was SIMS U-
Pb dated to be 1494 + 6 Ma for zircon, 1486 + 3 Maand 1490 + 4
Ma for baddeleyite (Fan et al., 2013), whilst the Tonganzhen-
Bajiao gabbro-diorite was LA-ICP-MS zircon U-Pb dated to be
1513 + 21 Ma (Geng et al., 2012). This indicates that the early
Mesoproterozoic mafic intrusions are widely exposed in the
Huili area (SW margin of the Yangtze block), with the ages coeval
with the Columbia supercontinent breakup (ca. 1.6-1.2 Ga).

5.2. Petrogenesis
Mafic rocks are widely considered to be products of mantle-
derived basaltic magmatism and associated with regional extension

(Williams et al., 2001; Mathieu et al., 2008), and thus represent
an important evidence to understand deep-level mantle

https://doi.org/10.1007/s12303-018-0082-4

composition and evolution (Langmuir et al., 1992; Depaolo and
Ellen Daley, 2000; Polat et al., 2002; Niu and O'Hara, 2003; Niu,
2008). We discussed the nature of the magma source and the
possible tectonic setting based on the reported new data in
petrology, whole-rock geochemistry and Hf isotopes for the
Yaopengzi dolerite.

5.2.1. Alteration influence on minerals

Alteration appears to be minor in hand specimen and under
the microscope, which is also supported by their LOI (1.75-
3.72%; Table 3) > 1.5% (Lin et al., 2006). In mafic and ultramafic
rocks, high field strength elements (e.g., Zr) are largely immobile
under low-medium grade metamorphism (Wood, 1979; Barnes
etal,, 1985). In Figure 6, it is shown that Zr displays good positive
correlations with other HFSEs (Th, Y, Nb, Ta, Hf) and REEs,
suggesting that these elements are immobile and can be used to
trace the primary rock geochemistry (Pearce, 1975; Wood et al.,
1979; Rudnick et al,, 1985; Kerrich et al., 1999; Polat and Hofmann,
2003; Liet al., 2016; Wu et al., 2017). Major elements (esp. K and
Na) appear to be more affected by late-stage alteration, yet the
similar results shown in the Zr /TiO, versus Nb/Y and TAS
classification diagrams (Figs. 4a and b) suggest that the major
elements can still reflect the primary rock geochemistry. In this
study, major element geochemistry is only used in rock type
classification and in discussing fractional crystallization
processes.
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5.2.2. Tectonic setting of the dolerite formation

The DF1-DF2 diagram, which uses a combination of immobile
element indices (In(La/Th), In(Sm/Th), In(Yb/Th) and In(Nb/
Th)) (Agrawal et al., 2008), can effectively (78-97% accuracy)
(Yang, 2014) discriminate the tectonic settings of mafic rocks,
including altered ones. In this diagram (Figs. 7a-d), all the
Yaopengzi dolerite samples fall into the oceanic island basalt
(OIB) and continental rift basalt (CRB) fields. In the 2Nb-Zr/4-
Y ternary diagram (Fig. 7e), all samples fall into the within-plate
basalt (WPB) field. The samples fall into the intraplate rift alkaline
basalt and mantle plume basalt fields in the Zr-Zr/Y diagram
(Fig. 7f). We concluded that the Yaopengzi dolerite was likely
formed in mantle plume-related continental rift setting.

There are many evidences that support the rift setting in the
western margin of the Yangtze block: (1) Considering the
Mesoproterozoic basin evolution features of the Huili area, the

https://doi.org/10.1007/s12303-018-0082-4
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Table 3. Major (%) and trace element (ppm) analyses of diabases from the Yaopengzi area

Sample KD2-1 KD2-2 KD2-3 KD2-4 KD2-5 KD2-6 KD2-7 KD2-8
Si0, 4431 47.69 46.54 4473 49.04 45.83 46.12 48.73
TiO, 2.87 2.46 2.36 2.52 1.75 241 2.65 2.08
ALO, 153 13.91 14.51 14.21 13.53 14.21 14.32 13.60
Fe,0, 18.56 14.79 14.69 15.45 15.39 18.99 15.61 14.05
MnO 0.08 0.22 0.18 0.13 0.25 0.18 0.12 0.22
MgO 5.82 6.89 6.23 6.03 7.44 6.56 6.64 7.17
Ca0 228 6.54 9.51 7.9 421 3.52 6.12 5.83
Na,O 2.79 445 3.46 3.13 4.84 3.85 3.97 4.56
K,0 3.57 0.89 0.52 2.05 0.26 1.87 1.74 0.85
P,0; 0.46 0.23 0.22 0.36 0.21 0.33 0.25 0.27
LOI® 3.72 1.75 1.92 3.32 2.98 2.07 245 2.35
Total 99.76 99.82 100.14 99.83 99.48 99.82 99.99 99.71

Mg#® 38.32 47.99 45.66 43.60 48.92 40.63 45.73 50.26

Sc 25 41 39 33 42 33 35 43

A 275 414 474 366 374 352 386 347
Cr 107 123 104 9 136 124 113 132
Co 44 51 49 48 55 48 53 72

Ni 80 92 91 89 100 92 98 104
Cu 14 64 127 72 7 13 65 39

Zn 42 89 53 54 122 81 74 105
Ga 249 18.4 20.8 229 183 20.1 21.7 18.7
Rb 59.5 113 14.3 87.9 8.2 843 49,5 9.9
Sr 463 126.8 136.5 90.4 119 84 110 124
Y 21.9 335 34.6 28.1 29.5 26.1 31.2 326
Zr 157 147 168 168 126 144 156 139
Nb 20.6 16.1 185 19.6 133 17.1 17.9 14.6
Cs 12.25 0.28 0.37 6.28 0.18 6.23 3.25 0.26
Ba 537 134 203 350 269 309 240 105
La 254 16.1 22,6 20.6 14.6 20.2 18.4 15.8
Ce 53.1 344 36.9 4345 31.8 417 39.2 333
Pr 6.84 494 5.08 5.04 4.40 58 52 49
Nd 29.50 21.70 23.20 25.40 20.10 24.3 239 21.1
Sm 6.27 5.49 6.33 6.10 5.05 5.72 5.85 528
Eu 2.20 1.71 1.78 1.79 1.60 1.96 1.85 1.77
Gd 5.31 5.68 6.53 5.82 525 5.26 5.72 5.43
Tb 0.79 0.94 1.07 0.91 0.87 0.81 0.95 0.89
Dy 420 6.26 6.88 534 5.71 494 5.82 6.07
Ho 0.85 1.19 1.32 1.12 1.14 1.04 1.18 121
Er 225 3.49 3.91 3.54 3.16 2.68 3.57 3.36
Tm 0.31 0.54 0.59 0.45 0.48 0.43 0.52 0.56
Yb 2.04 3.33 3.77 2.73 3.08 2.54 3.04 3.18
Lu 0.29 0.54 0.57 0.53 0.48 0.38 0.55 0.49
Hf 4.1 3.9 45 41 3 35 4.1 3.7
Ta 12 0.9 1 1.1 0.8 1.1 1.0 1.0
Pb 2 4 4 2 2 2 3 3

Th 1.91 1.82 2.17 2.65 1.27 1.58 227 1.56
U 0.52 0.46 0.43 0.67 0.46 0.51 0.56 0.47

Zr/Nb 7.6 9.1 9.1 8.6 95 8.4 8.7 9.5

La/Nb 1.2 1.0 1.2 1.1 1.1 12 1.0 1.1

Th/La 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Thpy/ Tapy 0.8 1.0 0.8 0.9 0.9 0.8 0.9 0.9
Lapy/Nbpy 0.8 0.9 0.7 0.9 0.9 0.9 0.9 1.1

@LOTI: loss on ignition.
®Mg* =100 x molar MgO/(Mg + FeOr), assuming FeOr = FeO +0.9 x Fe,03, Total iron as FeOr.

https://doi.org/10.1007/s12303-018-0082-4
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Fig. 6. Diagrams of La, Y, Th, Nb, Hf, Nd, Ta, Rb, and Ba versus Zr to evaluate the mobility of these elements during alteration.

Heishan Formation (Dongchuan Group) contains a narrow range
of rock types, which comprise mainly black carbonaceous
(Wang et al., 2014), silty and tuffaceous sediments deposited in a
reducing environment. The rocks show a complete continental
shelf-continental slope-continental shelf sedimentary cycle,
indicating an extensional passive continental margin setting
with volcanic graben features; (2) Wang et al. (2018) investigates
carbonates belonging to the Luoxue and Luzhijiang formations
of the Dongchuan Group, and obtain Sr isotopic ratios. Both the
upper Luoxue and Luzhijiang carbonates have ¥Sr/*Sr higher
than expected for contemporaneous seawater, which indicate
that Luoxue and Luzhijiang carbonates were deposited in a rift-
related basin; (3) The Zhuqing magmatic Fe-Ti-V oxide ore
deposits are typically hosted in mafic-ultramafic (ca. 1494 + 6 Ma),
plume-related layered intrusions or large igneous provinces
(Fan etal,, 2013); (4) The ca. 1.51 Ga Tongan zhen-Bajiao gabbro-
diorite mafic intrusions have been demonstrated to be formed
in continental rift setting (Geng et al., 2012). Thus, the basic rocks
of the western Yangtze should be interpreted as generation from
mantle plume-related in a rift environment. Furthermore, these
lines of evidence further support that the Yaopengzi dolerite
was formed by the Mesoproterozoic continental rift-related
magmatism in the western margin of the Yangtze block, coeval
with the rifting-breakup event of the Columbia supercontinent
(Rogers and Santosh, 2002; Zhao et al., 2004; Peng et al., 2009;
Evans and Mitchell, 2011; Silveira et al., 2012).

5.2.3. Fractional crystallization and crustal assimilation

The Yaopengzi dolerite samples contain low Mg’ (38.32-
50.26), Ni (80-104) and Cr (96-132; Table 3), indicating that the
parental magma was not in equilibrium with mantle peridotite
(Cox, 1980), but had experienced various degrees of fractional
crystallization during its ascent or stalling in the magma chambers.
In the Harker diagrams (Fig. 8), MgO correlates positively with
Al O3, Niand Cr, implying clinopyroxene and olivine fractionation
in the parental magma.

Different from typical continental mafic rocks, which are
commonly influenced by crustal assimilation during the magma
ascent and show complex geochemical characteristics, the Yaopengzi
dolerite does not show distinct evidence of crustal assimilation:
1) The rocks are relatively LILE-rich and with no distinct HFSE
(Nb, Ta and Hf) or negative Eu anomalies, and contain OIB-like
REE fractionation pattern and primitive mantle-normalized
trace element features; 2) In the Nb/Yb versus Th/Yb (Fig. 9a)
and Nb/Yb versus TiO,/Yb (Fig. 9b) discrimination diagrams,
the samples fall inside/around the OIB field; 3) The crustal (Nb/
La)py; and (Ta/La)py, values are << 1 (Rudnick and David, 1995),
whereas the samples contain (Nb/La)py; = 0.78-0.96 (average: 0.87)
and (Ta/La)py; = 0.74-1.06 (average: 0.90); 4) The range of zircon
epify) values is smaller than those typical of crustal contamination.

5.2.4. Magma source

Hafnium contains similar geochemical features with Zr and
can replace the latter in zircons, leading to low Lu/Hf value (0.002).

https://doi.org/10.1007/s12303-018-0082-4
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Fig. 7. Tectonic discrimination diagrams for the Yaopengzi dolerites: (a—d) Log-transformed immobile trace element tectonic discrimination
diagrams; (e) 2Nb-Zr/4-Y diagram of spilites (modified from Winchester and Floyd, 1977); (f) Ta/Hf versus Th/Hf diagram of spilites (modified
from Sun et al.,, 1989). Figure 7a: DF1 = 0.3518 In(La/Th) + 0.6013 In(Sm/Th) - 1.3450 In(Yb/Th) + 2.1056 In(Nb/Th) — 5.4763, DF2 = -0.3050
In(La/Th) - 1.1801 In(Sm/Th) + 1.6189 In(Yb/Th) + 1.2260 In(Nb/Th) — 0.9944; Figure 7b: DF1 = 0.3305 In(La/Th) + 0.3484 In(Sm/Th) - 0.9562 In(Yb/Th)
+2.0777 In(Nb/Th) — 4.5628, DF2 = -0.1928 In(La/Th) — 1.1989 In(Sm/Th) + 1.7531 In(Yb/Th) + 0.6607 In(Nb/Th) — 0.4384; Figure 7c: DF1 =1.7517 In(Sm/
Th) - 1.9508 In(Yb/Th) + 1.9573 In(Nb/Th) — 5.0928, DF2 = -2.2412 In(Sm/Th) + 2.2060 In(Yb/Th) + 1.2481 In(Nb/Th) — 0.8243; Figure 7d: DF1 = -0.5558
In(La/Th) — 1.4260 In(Sm/Th) + 2.2935 In(Yb/Th) — 0.6890 In(Nb/Th) + 4.1422, DF2 = -0.9207 In(La/Th) + 3.6520 In(Sm/Th) — 1.9866 In(Yb/Th) + 1.0574
In(Nb/Th) - 4.4283; MORB - Oceanic ridge basalt; IAB - Island arc tholeiite; OIB — Ocean island basalt; CRB — Continental rift basalt; WPA — Within
Plate alkali basalt; WPT — Within Plate tholeiite; N-MORB - Normal mid-oceanic ridge basalt; E-MORB - Enrichment mid-oceanic ridge basalt;
VAB - Volcanic arc basalt; | - the second district of the margin of divergent oceanic plate; Il - Margin of convergent plate (Il; — Oceanic island-
arc basalt; Il, — Continental margin arc basalt and continental marginal volcanic arc basalt); lll - Oceanic plate interior(oceanic island basalt
and seamount basalt, mid-oceanic ridge basalt); IV — Continental intraplate (IV, — Continental rift alkali basalt and margin of continental rift
alkali basalt; IV, - Continental extension belt (early rift) basalt; IV3 — Continental collision basalt); V - Mantle plume basalt.

https://doi.org/10.1007/s12303-018-0082-4
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for the Yaopengzi dolerites.

During "°Lu decay, the accumulated "°Hf/"”’Hf changes are
commonly very small (< 0.0005). Igneous zircons from mafic
magmas can effectively preserve the initial magmatic "°*Hf/"”"Hf
ratio (Patchett et al., 1982), and thus unraveling the magmatic
source nature and evolution (Blichert and Albarene, 1997; Knudsen
et al., 2001; Kinny et al., 2003; Beloisova et al., 2006; Wu et al.,
2007). Zircons from the Yaopengzi dolerite contain gy values
(-1.8 - 5.3) that lie between the average depleted mantle and
lower crust, suggesting that the magma may have sourced from
mixing between the enriched/depleted mantle and the crust
(Fig. 10). Nevertheless, the Yaopengzi doleritic magma was
unlikely to be significantly crustal contaminated as aforementioned,
and thus the source may have been enriched mantle derived.
Ratios of REEs and HFSEs with similar fractionation coefficients
are controlled by the degree/depth of partial melting (of the
magma source) but not by fractional crystallization, and can

thus be used to differentiate the magma sources (Pearce, 2008).
From Table 3, the HFSE ratios (Zr/Nb, La/NDb) are (7.6-9.5) and
(1.0-1.2), respectively, which are within the enriched mantle
range (Weaver, 1991).

Whole-rock geochemistry and zircon Hf-isotopes of the early
Mesoproterozoic Yaopengzi dolerite clearly demonstrate that
the mantle source may have been enriched mantle. Although
both mantle plume and continental subduction-related crustal-
mantle processes can generate enriched mantle characteristics,
the Yaopengzi doleritic magma was more likely sourced from
the former, due to: 1) Thpy/Tapy = 0.77-1.16 (average: 0.97),
Lapy/Nbpy = 0.88-1.28 (average: 1.08), resembling those of typical
mantle plume-related basalts (Thpy/Tapy < 1, Lapy/Nbpy < 15
Neal et al., 2002; Guo et al., 2014); 2) From the HFSE ratios of
Nb/Th, Zr/Nb, Nb/Y and Zr/Y (Figs. 11a and b), the Yaopengzi
samples fall around the enriched (EN) and primitive (PM) mantle

https://doi.org/10.1007/s12303-018-0082-4
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fields and trend towards the deep depleted mantle (DEP), a
trend similar to that of Paleoproterozoic mantle plume-related
basalts (Condie, 2005); 3) In tectonic discrimination diagram
(Figs. 7f and 9b), some of the Yaopengzi samples fall into the
mantle plume field.

For semi-quantitative determination of the partial melting
conditions of the parental magma source, we adopted the bulk
silicate earth (BSE)-normalized Gd/Yb versus La/Yb diagram
proposed by Reichow et al. (2005). The three curves in the La/
Yb versus Gd/Yb diagram (Fig. 11c) represent the non-model
batch partial melting of primitive mantle composition-bearing
spinel peridotite (SP) and garnet peridotite (GP) (below 3 GPa)
and garnet peridotite (GP) (below 4 GPa). The Yaopengzi dolerite
data points fall along the garnet peridotite (3 GPa) curve, with
some of them having low degree of partial melting (< 10%).
Since the spinel-garnet transition occurs at 2.8-3.1 GPa or 60—
80 km deep (Wilson, 1993; Robinson and Wood, 1998), we
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Fig. 11. The determination diagrams of magma source for the Yaopengzi dolerites: (a) Nb/Th versus Zr/Nb; (b) Zr/Y versus Nb/Y diagrams
(Distribution of the early Mesoproterozoic dolerite (SiO, < 56%) from Yaopengzi; modified from Condie, 2005); (c) La/Yb versus Gd/Yb dia-
gram (normalized to bulk silicate earth: McDonough and Sun, 1995; modified from Reichow, 2005).
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postulated that the parental magma of the Yaopengzi dolerite
was generated deep in the garnet stability field (> 80 km) of the
rising mantle plume.

In summary, the Yaopengzi dolerite was likely formed in a
continental rift setting. Its parental magma may have originated
from the rising mantle plume deep in the garnet stability field
(> 80 km), and have undergone fractional crystallization and
possible weak crustal assimilation during its ascent.

5.3. Tectonic Significance

Present understanding in the relationships between the
Yangtze block and the Columbia supercontinent is highly limited
(Rogers and Santosh, 2002; Zhao et al.,, 2004). Recent studies
suggested that the Yangtze block was influenced by the Paleo-
Mesoproterozoic Columbian tectonic evolution, as evidenced
by: 1) Archean basement is present in the Yangtze block, as
supported by the oldest zircon age (3300.8 + 8.4 Ma) of the
Kongling complex in the northern margin of the Yangtze block
(Zhang et al., 2006b; Yang et al., 2008), the numerous Archean
detrital zircons in the Precambrian strata (Zhao et al.,, 2010;
Wang et al., 2013b), and the Archean xenocrystic zircons in the
Paleozoic lamprophyres (Zheng et al., 2006; Zhang et al., 2016); 2)
During the Columbia assembly stage (ca. 2.1-1.8 Ga), collisional
orogenic-related thermotectonic ages (ca. 2.0-1.8 Ga) were reported
in various places in the Yangtze block (Zhang et al., 2006a; Wu et
al.,, 2008; Peng et al., 2009; Wu et al,, 2009; Xiong et al., 2009;
Zhang et al,, 2011), and orogenic-related UHT granulite was
formed in the northern margin of the block (Hu et al., 2012; Lei
et al., 2014); 3) During the post-collisional extension stage (ca.
1.8-1.6 Ga), the northern and SW margins of the Yangtze block
have developed a series of anorogenic bimodal magmatism (Zhao
et al,, 2010; Wang et al,, 2013a; Wang et al., 2014a; Yang, 2014).

During the post-collisional extension stage (ca. 1.8-1.6 Ga),
the northern and SW margins of the Yangtze block have developed
a series of anorogenic bimodal magmatism (Zhao et al., 2010;
Wang et al., 2013a; Wang et al., 2014; Yang, 2014). For example,
the ca. 1.73 Ga Haizi granite porphyry (Wang et al., 2013c), the
ca. 1.72 Ga Hekou quartz keratophyre (Wang et al., 2012), the
ca. 1.7 Ga Dahongshan tuff (Zhao et al., 2010) and the ca. 1.69
Ga Tongan diabase dykes (Liu et al,, 2018). This ca. 1.7 Ga magmatism
was considered as the main feature of the typical rift. We interpreted
that the Yangtze block once experienced the continental rift
setting at ca. 1.7 Ga and began to breakup from the Columbia
supercontinent.

During the Columbia breakup (ca. 1.6-1.2 Ga), extensive
anorogenic magmatism had occurred on various continents of
the world, e.g., America, Baltic, Eastern India, Siberia and Western
Australia (Ahall et al., 2000; Roy et al., 2002; Goldberg, 2010;
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Silveira et al., 2012; Teixeira et al,, 2012; Ernst et al., 2013). Coeval
magmatism in the Yangtze block was rarely reported in the past.
In this study, combination with literature data (Geng et al., 2012;
Fan et al., 2013), we revealed that the ca. 1.5 Ga magmatism in
the Huili area (western margin of the Yangtze block) shows
distinct mantle plume characteristics, and was likely products of
continental rifting. This ca. 1.5 Ga continental rifting-related
magmatism in the Yangtze block was unlikely to be an isolated
event but part of a global one. For instance, extensive ca. 1.5 Ga
magmatism was documented in Angola and Congo of the Archean
Congo craton (Silveira et al,, 2012; Ernst et al,, 2013), and ca. 1.5
Ga dykes were represented in the central Anabar shield (Ernst et
al., 2000), and ca. 1.52 Ga granite and rhyolite were documented
within the south India rift and the basins around it (Patranabis,
2003). In addition, ca. 1.5 Ga mafic dyke swam was reported in
Sao Francisco Craton of South America (Silveira et al., 2012).
These magmatic activities were likely mantle plume-related (Rogers
and Santosh, 2002; Zhao et al., 2004; Peng et al., 2009; Evans and
Mitchell, 2011; Silveira et al., 2012), and represent the surficial
expressions of the deep earth geodynamics of the Columbia
breakup. Therefore, the Yangtze block is likely to be part of the
Columbia supercontinent.
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Fig. 12. Possible position of the Yangtze Block in the Columbia
supercontinent reconstructed by Zhao et al. (2002) and Zhou et al.
(2004).
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Recently, Zhao et al. (2002), Wang et al. (2013b) and Zhou et
al. (2014) have presented a comprehensive investigation for the
location of the Yangtze block in the Columbia supercontinent.
Due to the lack of geological and paleomagnetic information,
the location is loosely constrained to be either the northwestern
part (near the Siberia, North America and Tarim blocks; Zhao et
al, 2011) or western part (near South Africa, India and Australia
blocks; Wang et al,, 2013b) of the supercontinent. As aforementioned,
ca. 1.5 Ga mantle plume-related magmatism was widespread in
the India, Congo-Sao Francisco and Siberia blocks. A ca. 1.5 Ga
reconstruction of northern Siberian Craton adjacent to Congo-
Séo Francisco Craton based on coeval widespread magmatism
events (Ernst et al., 2013). With that information, we supported
that the Yangtze block was more likely situated in western Columbia
(Fig. 12), and proposed that there may have been a super plume
in this region at ca. 1.5 Ga, which led to the regional continental
rifting and associated magmatism, and the eventual breakup of
the Columbia supercontinent.

6. CONCLUSION

1) Zircon U-Pb age dating of the Yaopengzi dolerite yielded
1515-1513 Ma, indicating intensive early Mesoproterozoic mafic
magmatism in the Huili area.

2) Trace element geochemistry indicates that the Yaopengzi
dolerite was formed in a mantle plume-related intracontinental
rift setting.

3) Major and trace element geochemistry and zircon Hf
isotopes indicate that the Yaopengzi dolerite belongs to the alkaline
basalt series. The magma source contains enriched mantle features,
and the parental magma may have been sourced from the deep
ascending mantle plume in the garnet stability field (> 80 km). It
was likely that the magma had undergone fractional crystallization
during its ascent, with minor crustal contamination in the
continental lithosphere, associated with the breakup of the
Columbia supercontinent.
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