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Group II mafic rocks crystallized from crustal contami-
nated mafic magmas that were derived from a spinel-bear-
ing sub-continental lithospheric mantle source, because of 
low ratios of La/Yb, Ti/Y and Sm/Yb. Geochemical fea-
tures suggest that these groups of mafic–ultramafic dykes 
were formed in a continental rift setting, but derived from 
different mantle sources. In combination with other Neo-
proterozoic igneous rocks in the western margin of Yang-
tze Block, it is suggested that the Datian mafic–ultramafic 
dykes in the Panzhihua area could have been formed in a 
multistage continental rift system, most likely related to 
the proposed mantle superplume, which centered beneath 
South China at ca. 820 Ma and may have finally triggered 
the breakup of the supercontinent Rodinia.

Keywords Neoproterozoic · Mafic–ultramafic dykes · 
Geochemistry · Southwest China · Rodinia

Introduction

Recent studies on the various constituent fragments of the 
supercontinent Rodinia have made great progresses on the 
assembly and breakup of this supercontinent (Ernst et al. 
2008; Li et al. 2008; Bogdanova et al. 2009; Evans 2013; 
Nance et al. 2014). South China, including the Yangtze 
and Cathaysia blocks, has been considered a key area for 
understanding the Neoproterozoic supercontinent Rodinia 
(Li et al. 1995, 2008; Zhou et al. 2002a, b, 2006; Zhao and 
Zhou 2007a, b). Neoproterozoic (Ca. 860–740 Ma) igneous 
rocks are widespread across the Yangtze Block. Research 
on these igneous rocks played an important role in the 
reconstruction of the supercontinent Rodinia and under-
standing the tectonic mechanism of South China Block 
during this period. Many of these igneous rocks have been 

Abstract Mafic–ultramafic dykes are important geologi-
cal markers that can punctuate the onset of crustal exten-
sion during the breakup of a continent and provide valuable 
information on the mantle source. This study reports sec-
ondary ion mass spectroscopy zircon and baddeleyite U–Pb 
ages, elemental and Nd isotopic data for the Datian mafic–
ultramafic dykes in the Panzhihua area, western Yangtze 
Block, SW China. Two kinds of rocks are confirmed: the 
picritic rock and the dolerite. Based on petrographic and 
geochemical features, the dolerite dykes are further subdi-
vided into two groups: Group I mafic and Group II mafic 
dykes, which emplaced at ~760 Ma (zircon U–Pb) and 
~800 Ma (zircon and baddeleyite U–Pb), respectively. All 
samples from the picritic rocks and the Group I mafic rocks 
show the features of high-Ti and alkaline basaltic magma 
in composition as well as “humped” trace element patterns, 
which are similar to those of typical alkaline basalts asso-
ciated with continental rifts except for the slightly nega-
tive Nb–Ta anomalies. The Group II mafic rocks display 
the features of low-Ti and tholeiitic magma, moderately 
enriched in LILE and LREE, and characterized by distinc-
tively negative Nb–Ta anomalies. The primary magmas of 
the picritic rocks and the Group I mafic rocks were gen-
erated from ca 25 % partial melting of an OIB-like, Nd 
isotopically depleted but incompatible elements relatively 
enriched mantle source within a garnet stable field. The 
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studied during the recent decades, but the petrogenesis and 
tectonic implications of these igneous rocks are still con-
troversial. Li and his co-authors considered these rocks 
were anorogenic products, which were concurrent with 
rapid continental-scale crustal doming and unroofing and 
the development of Nanhua and Kangdian rifts, related to 
mantle plume activities during the breakup of the supercon-
tinent Rodinia (Li et al. 1999, 2002a, b, 2003a, b, 2006; Lin 
et al. 2007; Zhou et al. 2007). On the contrary, Zhou and 
others believed that these rocks were formed in an island 
arc environment (Zhou et al. 2002a, b; Zhao and Zhou 
2007a, b; Zhao et al. 2008; Wang et al. 2013, 2014).

Mafic dykes are important geological time markers that 
usually punctuate the onset of crustal extension (Spaeth 
et al. 1995) and offer valuable information of the mantle 
source (Kullerud et al. 2006). The Neoproterozoic mafic 
dykes in the western margin of the Yangtze Block, in spite 
of their small volume, can provide important constraints on 
the tectonic setting of the South China and are also criti-
cal in testing the different tectonic models. Numerous Neo-
proterozoic mafic–ultramafic dykes intruded into the late 
Paleo- to Mesoproterozoic strata and Neoproterozoic gra-
nitic and dioritic intrusion in the Panzhihua area, Sichuan 
province, SW China (Fig. 1). In this study, precise SIMS 
U–Pb zircon and baddeleyite dating, and comprehensive 
elemental and Nd isotopic data are reported for the Datian 
mafic–ultramafic dykes in the Panzhihua area. The pur-
poses of this study are to (1) determine the emplacement 
ages for the mafic–ultramafic dykes, (2) demonstrate the 
origin and petrogenesis of the mafic–ultramafic rocks, and 
(3) shed new lights on the Neoproterozoic magmatic and 
tectonic evolution of the western margin of the Yangtze 
Block, and on its relation to the supercontinent Rodinia.

Geological background and petrography

The western margin of Yangtze Block is to the east of the 
Songpan–Ganzi thrust belt (Fig. 1). The Songpan–Ganzi 
terrane is characterized by a thick (several to >10 km) 
sequence of late Triassic strata of deep marine origin that 
were deposited on oceanic crust. The metamorphic core 
complexes in this terrane were unroofed by nearly east–
west extension in the Mesozoic (180–150 Ma) (Zhao and 
Zhou 2007a and the references therein). The basement in 
the western margin of the Yangtze Block mainly consists of 
late Paleoproterozoic to earliest Neoproterozoic metasedi-
mentary rocks interbedded with felsic and mafic metavol-
canic rocks, which are termed as the Dahongshan, Hekou, 
Kunyang, Huili and Yanbian Groups at different localities 
(Greentree et al. 2006; Li et al. 2006; Greentree and Li 
2008; He 2009; Zhao 2010). Above the basement, a thick 
sequence (>9 km) of Late Neoproterozoic (820–540 Ma) to 

Permian strata consists of clastic, carbonate and metavol-
canic rocks (Cong 1988; SBGMR 1991).

The Neoproterozoic igneous rocks are widely distrib-
uted along the western margin of the Yangtze Block, which 
include felsic intrusive and volcanic rocks as well as mafic–
ultramafic rocks and intermediate rocks (e.g., Li et al. 
2002a, 2003a, b, 2006; Zhou et al. 2002a, b, 2006). Com-
monly, the mafic rocks are closely associated with the fel-
sic rocks in time and space. Neoproterozoic igneous com-
plexes are well preserved, including the Kangding, Miyi, 
Tongde, Datian and Yuanmou Complexs from north to 
south (Zhou et al. 2002a; Li et al. 2003b). Neoproterozoic 
mafic and ultramafic intrusions, such as the ca. 825 Ma 
Gaojiacun and ca. 821 Ma Lengshuiqing plutons (Zhu et al. 
2006, 2007), ca. 752 Ma Shaba pluton (Li et al. 2003b) and 
ca. 740 Ma Dadukou pluton (Zhao and Zhou 2007b), crop 
out throughout the western margin of the Yangtze Block.

The Datian mafic–ultramafic dykes are located in the 
Panzhihua area, and from north to south intruded into 
the Datian quartz dioritic pluton (760 ± 4 Ma, Zhao and 
Zhou 2007a), the Datian Formation of the Huili Group 
and the Heime granitic pluton (Fig. 1). The Datian forma-
tion is divided into two sections: the lower section and the 
upper section. The lower section mainly contains granitic 
migmatite and gneiss, whereas the upper section con-
sists of amphibolite and migmatite. During the 1:200,000 
regional geological survey of People’s Republic of China, 
the Heime granodiorite was considered to be product of the 
“Jinning magmatism” (YBG 1972).

The Datian mafic–ultramafic dykes are commonly 
1–5 m wide, and their lengths are unclear. The orientations 
of the mafic–ultramafic dykes are relatively variable, vary-
ing from northeast to east in strikes and from 20° to 50° in 
dips to the NW. Based on different lithologies, two kinds of 
rocks (dykes) are classified: picritic rock and dolerite. Due 
to the limited outcrops of these mafic–ultramafic dykes, it 
is hard to judge whether cross-cutting relationship exists 
between the picritic dyke and dolerite dykes.

For the picritic rocks, only one picritic dyke crop out 
and it intruded into the Huili Group in the area (Fig. 1). 
They are composed of olivine (30–40 % by volume), clino-
pyroxene (30–40 %), hornblende (20–30 %), Fe–Ti oxide 
(2–4 %) and chromite (<1 %). The picritic rocks are phy-
ric in texture and contain abundant (30–50 %) large phe-
nocrysts of olivine and clinopyroxene. The matrix minerals 
consist mainly of clinopyroxene and hornblende. Olivine 
(30–40 % by volume) only shows pseudomorphs due to 
the intensive serpentinization (Fig. 2a, b). Euhedral chro-
mite grains are enclosed in olivine, and the early crystal-
lized clinopyroxene is normally surrounded by later formed 
anhedral hornblende (Fig. 2a, b).

The dolerite dykes, showing distinctive feature of 
occurrence, mineral assemblage, emplacement age and 
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geochemical compositions, can be further divided into 
two groups. No cross-cutting relations between the two 
groups are observed. One group (Group I) of dolerite 
dykes shows intruding contacts with the Datian quartz 
diorite pluton and the Huili Group. Such rocks are mod-
erately altered, dark-gray, fine-grained in texture (Fig. 2c, 

d). Alteration is dominated by argilation, chloritization, 
and amphibolization. Moreover, many clinopyroxenes 
have been altered to hornblende (Fig. 2c, d). These mafic 
rocks are composed of plagioclase (40–50 % in volume), 
hornblende (20–40 %), clinopyroxene (5–10 %), biotite 
(1–2 %) and Fe–Ti oxide (1–2 %). They are formed at 

Fig. 1  Simplified geological map of the Panzhihua area, Sichuan province, SW China (modified after YBG 1972; Zhao and Zhou 2007a)
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ca. 760 Ma and belong to alkaline basalts (see details in 
“Results” section). On the contrary, the Group II doler-
ite dykes intruded into the Huili Group and Heime gran-
ite pluton to the north of the dolerite dykes stated above. 
This type of dolerite rocks are slightly to moderately 
alterated, dark-gray to dark and have typical diabasic 
texture, in which xenomorphic clinopyroxene and Fe–Ti 
oxides fill into the spaces between the semi- to euhedral 
plagioclase (Fig. 2e, f). Alteration also includes argilation, 

chloritization, and amphibolization, but the clinopyrox-
enes are relatively fresh. Mineral grains in these dolerite 
rocks are coarser than that of the former group (Fig. 2). 
Rock-forming minerals in the Group II dolerite dykes 
include plagioclase (40–55 % in volume), clinopyrox-
ene (10–40 %), hornblende (5–25 %), biotite (1–2 %), 
and Fe–Ti oxide (1–2 %). They are formed at ca. 800 Ma 
and belong to tholeiitic basalts (see details in “Results” 
section). For the convenience of description, the former 

Fig. 2  Photomicrographs of the representative Datian mafic–ultramafic dykes in the Panzhihua area. The picritic dyke (a, b), the Group I mafic 
dykes (c, d), and the Group II mafic dykes (e, f)
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group of dolerite dykes is defined as Group I mafic dykes 
and the latter as Group II mafic dykes.

Analytical methods

Three samples were collected for U–Pb dating, including 
sample DT1201 (zircon) from the Group I mafic dykes, and 
sample 11DT02 (baddeleyite) and sample DT1204 (zir-
con) from the Group II mafic dykes, respectively. Zircon 
and baddeleyite grains were separated using conventional 
heavy liquid and magnetic techniques. Representative zir-
con and baddeleyite grains were handpicked under a bin-
ocular microscope and mounted in an epoxy resin disk, and 
then polished with high-purity gold film. Zircon and bad-
deleyite were imaged with transmitted and reflected light 
micrographs as well as cathodoluminescence (CL) images 
and backscattered electron images to reveal their external 
and internal structures. Measurements of U, Th and Pb for 
samples 11DT02, DT1201 and DT1204 were conducted 
using a Cameca SIMS-1280 ion microprobe at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sci-
ences, Beijing. Details of the analytical procedures for zir-
con and baddeleyite U–Pb dating can be found in Li et al. 
(2009, 2010), respectively. Oxygen flood that introduces 
oxygen into the sample chamber was used during the anal-
yses, which not only enhances Pb+ ion yield by a factor of 
2 and 7 for zircon and baddeleyite (Li et al. 2009, 2010), 
respectively, but also depresses the U–Pb orientation effect 
(Wingate and Compston 2000) down to ~2 % (Li et al. 
2010). All baddeleyites were mounted in random orienta-
tions due to their small sizes and polysynthetic twinning. 
The analytical results are presented in Table 1. The uncer-
tainties in ages are cited as 1σ, and the weighted mean ages 
are quoted at the 95 % confidence interval (2σ). 

Major element compositions of whole rocks were deter-
mined using X-ray fluorescence spectrometers (XRF) at the 
ALS Chemex Co Ltd, Guangzhou. The analytical preci-
sion was better than 5 %. Trace elements in whole rocks 
were analyzed using a Perkin-Elmer Sciex ELAN DRC-e 
ICP–MS at the State Key Laboratory of Ore Deposit Geo-
chemistry (SKLODG), Institute of Geochemistry, Chinese 
Academy of Sciences (IGCAS). The powdered samples 
(50 mg) were dissolved with HF + HNO3 mixture in high-
pressure Teflon bombs at ~190 °C for 48 h (Qi et al. 2000). 
Rh was used as an internal standard to monitor signal drift 
during measurement. The international standards GBPG-1 
and OU-6, and the Chinese National standards GSR-1 and 
GSR-3 were used for analytical quality control. The ana-
lytical precision was generally better than 10 % for trace 
elements.

Chemical compositions of clinopyroxene were 
determined by wavelength-dispersion X-ray emission 

spectrometry using an EPMA-1600 electron microprobe 
at the SKLODG, IGCAS. Accelerating voltage is 25 kV, a 
beam current of 10 nA and a spot diameter of 10 μm were 
used. The detection limit for these elements under such 
conditions is 0.01 wt%, and analytical reproducibility was 
within 2 %.

Samples for Nd isotopic analysis were spiked and dis-
solved with HF + HNO3 acid in Teflon bombs. Sm and 
Nd were separated by conventional cation-exchange tech-
niques. The isotopic measurements were performed on 
a thermal ionization mass spectrometry (TIMS)—Tri-
ton at the SKLODG and a Nu Plasma muticollector mass 
spectrometer (MC–ICP–MS) at the State Key Labora-
tory of Environmental Geochemistry (SKLEG), IGCAS. 
The measured 143Nd/144Nd ratios were normalized to 
146Nd/144Nd = 0.7219. The 143Nd/144Nd ratios of the USGS 
standard rock BCR-2 determined during this study were 
0.512655 ± 6 (2σ) and 0.512659 ± 6 (2σ), for TIMS and 
MC–ICP–MS, respectively.

Results

U–Pb zircon and baddeleyite geochronology

Zircon ages for samples DT1201 and DT1204

Sample DT1201 (N26°22′55.6″, E101°46′58.7″) and sam-
ple DT1204 (N26°18′02.3″, E101°46′51.5″) are selected 
from the Groups I and II mafic rocks, respectively. Zir-
con grains from sample DT1201 are generally transpar-
ent, euhedral prismatic with simple internal growth zoning 
(Fig. 3a), characteristic of magmatic zircons. They have 
maximum length up to 200 μm with length-to-width ratios 
of 1:1 to 1:2 (Fig. 3a). Fourteen analyses were obtained 
from 14 grains during a single analytical session. Measured 
U concentrations vary from 98 to 216 ppm, and Th con-
centrations range from 75 to 200 ppm, with Th/U ratios of 
0.52 to 1.05 (Table 1). All 14 analyses measured 206Pb/238U 
ages are in good agreement within analytical errors, yield-
ing a weighted age of 760 ± 5.3 Ma (Fig. 4a). This age is 
considered as the best estimate of the crystallization age for 
sample DT1201. 

In sample DT1204, zircon grains are transparent with 
length of 50–150 μm and length-to-width ratios of 1:1 to 
1:2. In CL images, most zircon grains show no obvious 
structure, but a few show simple internal growth zoning 
(Fig. 3b), which implies a magmatic origin. Fourteen analy-
ses were obtained from 14 grains during a single analytical 
session. Measured U concentrations for these zircon grains 
vary from 37 to 281 ppm and measured Th concentrations 
from 11 to 168 ppm, with Th/U ratios range from 0.23 to 
0.64 (Table 1). All the analyses are concordant in U–Pb and 
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Pb–Pb isotopes within analytical errors, and the weighted 
mean of 206Pb/238U yields an age of 794 ± 5.9 Ma (2σ) 
(Fig. 4b), which can be considered to represent the forma-
tion age of sample DT1204.

Baddeleyite age for sample 11DT02

Sample 11DT02 (N26°17′06.6″, E101°46′59.5″) is doler-
ite collected from the Group II mafic dykes. The badde-
leyite grains in the sample are mostly anhedral, ranging 
from 50 to 150 μm in length, and have length-to-width 
ratios between 1:1 and 2:1 (Fig. 3c). Twenty analyses 
were conducted on 20 grains during a single analytical 
session. Uranium concentrations are between 119 and 
1814 ppm, and thorium contents range from 1 to 63 ppm, 
with Th/U ratios of 0.003–0.039 (Table 1). All the 20 
analyses give near-concordant U–Pb results (Fig. 4c). The 
weighted mean 207Pb/206Pb age is 809 ± 7.6 Ma (95 % 
confidence interval, MSWD = 1.4), which is interpreted 
as the best estimate of the crystallization age for sam-
ple 11DT02. This age, consistent with the zircon U–Pb 
age of DT1204 (794 ± 5.9 Ma), suggests that the age of 
~800 Ma represents the formation age for the Group II 
mafic rocks.

Mineral chemistry

The electron microprobe analyses of representative clino-
pyroxene are listed in “Appendix.” Electron microprobe 
analysis indicates that the compositions of clinopyrox-
enes from the Group I mafic rocks and the picritic rocks 
are Wo35–43 En41–52 Fs11–20 and Wo43–48 En43–48 Fs5–11, 
respectively. The former belongs to augite exclusively with 
Mg# ranging from 69 to 82, but the latter mainly belongs 
to diopside with Mg# of 80–89 (“Appendix”). The com-
positions of clinopyroxene from the Group II mafic rocks 
are Wo35–48 En34–39 Fs13–25, which belong to diopside and 
augite with Mg# of 57–73 (“Appendix”).

Elemental geochemistry

Major and trace element compositions for the twenty-six 
samples are presented in Table 2. All the samples in this 
study have experienced varying degrees of alteration, 
which is shown by the different loss on ignition (LOI) val-
ues of 0.65–5.2 wt%. During alteration, the mobile ele-
ments, such as K and Na, and large-ion lithophile elements 
(LILE: Cs, Rb, Sr, Ba, etc.) could be removed easily from 
the rocks by fluids, but the immobile elements, such as 

Fig. 3  Transmitted CL images of representative zircons from sample DT1201 (a) and DT1204 (b), and backscattered electron images of badde-
leyites from sample 11DT02 (c) 207Pb/206Pb ages for the spots on representative grains are shown in Ma with 1σ errors
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rare earth elements (REE) and high-field strength elements 
(HFSE: Ti, Zr, Y, Nb, Ta, Hf, etc.) were removed by fluids 
difficultly. Therefore, these immobile elements can be used 
for petrochemical classification and petrogenetic discus-
sion. The sums of major element oxides of all samples are 
recalculated to 100 % volatile free.

Geochemical characteristics of the picritic dyke

The picritic dyke is picritic in composition with SiO2 rang-
ing from 44.9 to 45.5 wt% (volatile-free). In addition, the 
picritic rocks have high MgO (22.8–23.8 wt%), Fe2O3 
(14.5–14.7 wt%), Cr (1957–2260 ppm), Ni contents (726–
1464 ppm) and Mg# values (75.7–76.3). In the chondrite-
normalized REE diagram (Fig. 5a), these rocks show obvi-
ously LREE-enriched and HREE-depleted patterns with LaN 
(the subscript N denotes chondrite-normalized) values of 
51–56, (La/Yb)N ratios of 8.4–12.1, (La/Sm)N ratios of 2.5–
3.1 and (Gd/Yb)N ratios of 2.5–3.1. Moreover, the picritic 
rocks display no distinctive Eu anomalies (Fig. 5a) with the 
δEu values ranging from 0.88 to 1.0. In the primitive mantle-
normalized spider diagram (Fig. 5b), all picritic rocks are 
characterized by “humped” patterns, broadly similar to those 
of the Suxiong alkaline basalts (Li et al. 2002a) and ocean 
island basalt (OIB) provinces (Sun and McDonough 1989). 
As shown in Fig. 5b, the picritic rocks display slightly nega-
tive to insignificant Nb–Ta anomalies [(Nb/La)P = 0.83–
0.94; the subscript P denotes primitive mantle-normalized], 
obvious negative Sr anomalies and positive Ti anomalies.

Geochemical characteristics of the dolerite dykes

The Groups I and II dolerite dykes are both basaltic rocks 
in composition with SiO2 contents ranging from 47.8 to 
50.1 and 47.3 to 53.3 wt% (volatile-free), respectively. The 
Group I mafic rocks contain MgO from 6.4 to 9.8 wt%, 
Fe2O3 from 12.4 to 13.9 wt%, TiO2 from 2.0 to 2.6 wt%, 
Mg# from 50.2 to 61.2, Cr from 64 to 614 ppm and Ni from 
47 to 260 ppm. Although the Group II mafic rocks have 
similar major elements compositions to that of Group I 
mafic rocks, larger variations are obvious with MgO from 
5.2 to 9.7 wt%, Fe2O3 from 9.3 to 16.9 wt%, TiO2 from 
0.31 to 3.7 wt%, Mg# from 37.8 to 64.1, Cr from 97 to 
881 ppm and Ni from 6.97 to 171 ppm.

Similar to the picritic rocks, the Group I mafic rocks 
display obviously LREE-enriched and HREE-depleted pat-
terns in the chondrite-normalized REE diagram (Fig. 5a) 
with LaN values of 71–115, (La/Yb)N ratios of 8.3–12.9, 
(La/Sm)N ratios of 2.5–3.6 and (Gd/Yb)N ratios of 2.1–2.8. 
Different from Group I mafic rocks, the Group II mafic 

Fig. 4  SIMS zircon U–Pb concordia diagrams of sample a DT1201 
and b DT1204. SIMS weighted mean 207Pb/206Pb ages on 20 badde-
leyite grains of sample 11DT02, and the error bars represent 95 % 
confidence limits of measurements (c)
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Table 2  Major element (in wt%) and trace element (in ppm) compositions of the Datian mafic–ultramafic dykes in the Panzhihua area, SW 
China

Sample DT1206 DT1413 DT1414 DT1415 11DT01 DT1201 DT1202 DT1203 DT1401 DT1402

Group Pic Pic Pic Pic I I I I I I

Major elements (wt%)

SiO2 42.27 42.70 42.20 43.00 48.66 46.48 47.95 48.13 48.30 47.90

TiO2 1.73 1.77 1.76 1.82 2.40 2.56 2.27 2.29 2.29 2.26

Al2O3 4.96 5.06 5.00 5.25 14.01 12.16 13.55 13.66 13.70 13.60

Fe2O3 13.76 13.74 13.76 13.76 12.24 13.55 12.30 12.22 12.34 12.30

MnO 0.18 0.18 0.18 0.17 0.18 0.17 0.18 0.18 0.18 0.18

MgO 22.40 21.80 21.90 21.60 6.23 8.65 6.90 6.84 6.74 6.66

CaO 7.92 8.28 7.85 7.94 9.59 9.95 10.16 9.86 9.92 9.51

Na2O 0.60 0.61 0.62 0.65 2.65 2.59 2.53 2.71 2.56 2.48

K2O 0.22 0.23 0.22 0.21 1.15 0.85 1.00 1.24 1.03 1.08

P2O5 0.16 0.16 0.16 0.16 0.25 0.30 0.25 0.27 0.25 0.25

LOI 5.21 4.60 4.80 4.34 1.87 2.28 2.41 2.24 2.30 2.14

Total 99.41 99.13 98.45 98.90 99.24 99.54 99.50 99.64 99.61 98.36

Mg# 76.3 75.9 75.9 75.7 50.2 55.8 52.6 52.6 52.0 51.8

Trace elements (ppm)

Sc 11.3 35.7 33.9 35.1 27.7 33.0 29.6 29.2 36.7 36.8

V 191 245 236 238 230 236 239 238 314 314

Cr 1957 2260 2230 2170 64 267 101 99 108 108

Co 119 115 118 117 48.6 51.1 48.3 47.5 47.6 47.9

Ni 726 1337 1465 1313 46.8 140 91.0 82.9 114 116

Cu 81.7 129 117 116 96.1 115 139 123 185 152

Zn 165 148 147 135 174 159 132 149 114 118

Ga 9.64 9.87 9.72 9.78 19.7 18.4 19.6 19.7 20.2 20.4

Rb 8.69 8.48 7.29 4.80 36.4 23.4 35.2 41.2 33.6 32.7

Sr 168 170 173 172 576 535 546 515 593 560

Y 15.3 15.8 12.7 12.2 23.2 24.1 23.1 23.0 23.7 23.6

Zr 87.7 93.4 91.4 98.9 183 215 186 186 188 191

Nb 15.4 15.0 14.5 15.4 29.4 30.2 27.9 28.9 26.9 26.5

Cs 2.87 2.79 2.63 1.47 0.53 0.14 0.37 0.69 0.39 0.30

Ba 594 650 603 148 673 641 310 379 451 346

La 17.5 17.3 16.0 15.7 35.6 30.7 31.1 32.2 32.1 31.9

Ce 32.7 35.2 34.6 35.3 71.6 65.1 64.3 66.3 68.6 68.6

Pr 4.94 4.50 4.41 4.24 8.16 8.85 8.06 8.38 7.90 8.15

Nd 20.5 18.2 18.0 17.4 31.8 34.8 31.0 32.4 32.5 31.9

Sm 4.46 3.55 3.70 3.68 6.19 7.65 6.52 6.44 6.15 6.13

Eu 1.47 1.16 1.13 1.02 1.93 2.45 2.08 2.11 2.10 1.93

Gd 4.54 3.41 3.60 3.38 6.15 6.94 6.30 6.56 5.95 5.23

Tb 0.69 0.54 0.49 0.49 0.84 1.06 0.93 0.95 0.87 0.85

Dy 3.40 2.84 2.78 2.43 4.76 5.10 4.61 4.56 4.76 4.64

Ho 0.68 0.53 0.50 0.46 0.89 1.04 0.97 0.96 0.92 0.87

Er 1.77 1.35 1.32 1.23 2.30 2.57 2.40 2.44 2.40 2.43

Tm 0.22 0.19 0.16 0.15 0.30 0.32 0.32 0.33 0.33 0.33

Yb 1.40 1.09 1.05 0.88 1.87 2.03 1.95 2.06 2.09 2.00

Lu 0.19 0.13 0.12 0.12 0.27 0.30 0.29 0.30 0.28 0.27

Hf 2.72 2.41 2.19 2.38 5.04 5.83 5.31 5.42 4.41 4.44

Ta 0.97 0.84 0.84 0.95 1.42 1.81 1.63 1.74 1.51 1.50

Pb 2.17 0.85 0.70 0.81 6.24 4.95 5.88 6.66 4.65 4.04
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Table 2  continued

Sample DT1206 DT1413 DT1414 DT1415 11DT01 DT1201 DT1202 DT1203 DT1401 DT1402

Group Pic Pic Pic Pic I I I I I I

Th 1.91 1.85 1.84 1.91 4.03 3.55 4.13 4.22 3.95 3.96

U 0.50 0.41 0.41 0.48 0.94 1.11 0.89 0.93 0.88 0.93

Sample DT1403 DT1404 DT1405 DT1406 DT1407 HM1103 HM1104 11DT02 11DT03 DT1204

Group I I I I I II II II II II

Major elements (wt%)

SiO2 48.20 48.30 48.50 48.70 48.80 48.17 47.13 48.36 47.65 47.56

TiO2 2.27 2.23 2.28 2.04 1.96 1.62 1.18 0.88 1.11 1.04

Al2O3 13.55 13.90 13.60 13.45 11.05 14.96 15.40 15.21 16.49 15.62

Fe2O3 12.10 11.97 12.20 12.60 12.04 11.41 10.58 10.11 10.68 10.56

MnO 0.18 0.17 0.18 0.18 0.17 0.19 0.16 0.16 0.16 0.18

MgO 6.76 6.39 6.81 7.35 9.59 7.86 8.97 8.29 8.12 9.52

CaO 9.82 9.47 9.81 9.75 10.70 9.11 9.57 12.20 11.30 10.53

Na2O 2.84 2.58 2.69 2.54 2.29 2.46 2.09 2.10 2.18 2.27

K2O 1.21 1.26 1.26 0.63 0.69 1.29 1.20 0.53 0.43 0.65

P2O5 0.25 0.25 0.26 0.21 0.18 0.25 0.16 0.07 0.10 0.12

LOI 1.92 1.93 1.89 1.73 2.09 1.96 2.89 1.43 1.13 1.64

Total 99.10 98.45 99.48 99.18 99.56 99.26 99.31 99.35 99.35 99.69

Mg# 52.5 51.4 52.5 53.6 61.2 57.7 62.7 61.9 60.1 64.1

Trace elements (ppm)

Sc 37.4 34.4 36.7 37.1 43.7 27.6 27.9 44.6 35.5 34.9

V 312 315 312 334 309 178 192 271 226 240

Cr 107 84 126 296 614 326 517 502 373 881

Co 46.5 45.7 46.8 52.5 54.3 39.6 44.4 42.4 47.8 42.9

Ni 112 95.8 123 142 260 41.0 42.1 21.2 9.78 21.8

Cu 151 124 172 113 176 21.6 25.2 15.8 28.9 22.1

Zn 124 118 124 123 99.9 103 112 65.7 99.5 107

Ga 19.8 20.7 20.2 20.3 17.2 15.6 15.3 14.3 14.8 15.8

Rb 41.0 44.2 37.7 22.0 17.0 83.7 73.4 13.4 11.3 34.2

Sr 520 572 571 503 391 272 280 214 240 240

Y 23.3 23.6 24.3 21.7 20.0 25.8 22.0 16.7 12.6 20.3

Zr 187 200 195 171 157 126 92.4 54.3 36.0 58.2

Nb 26.8 26.8 27.6 15.4 17.8 8.18 5.78 3.74 2.62 2.46

Cs 0.46 0.85 0.74 0.59 0.36 0.69 0.86 0.27 0.26 0.45

Ba 524 395 386 270 304 266 272 157 149 155

La 30.8 31.8 32.4 22.0 24.0 15.3 15.1 7.26 5.73 7.13

Ce 66.9 69.0 69.3 50.7 54.0 31.4 26.0 16.1 12.5 16.8

Pr 7.84 8.10 8.11 6.19 6.37 4.38 3.76 2.27 1.49 2.42

Nd 31.0 32.0 32.5 26.1 26.3 18.6 15.2 10.1 6.80 11.4

Sm 5.81 6.11 6.32 5.52 5.11 4.45 3.67 2.52 1.79 3.12

Eu 1.93 2.04 2.09 1.81 1.67 1.49 1.25 0.98 1.02 1.23

Gd 5.64 5.41 5.81 5.06 4.96 4.41 3.75 2.81 1.99 3.32

Tb 0.89 0.87 0.87 0.82 0.72 0.76 0.66 0.48 0.37 0.62

Dy 4.60 4.46 4.58 4.36 4.07 4.80 4.12 3.16 2.47 3.53

Ho 0.90 0.90 0.92 0.82 0.77 1.02 0.83 0.65 0.51 0.82

Er 2.38 2.40 2.37 2.27 1.89 2.66 2.19 1.70 1.32 2.21

Tm 0.33 0.31 0.32 0.29 0.24 0.38 0.31 0.24 0.17 0.31

Yb 2.01 2.02 2.10 1.78 1.57 2.46 2.09 1.54 1.20 2.00
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Table 2  continued

Sample DT1403 DT1404 DT1405 DT1406 DT1407 HM1103 HM1104 11DT02 11DT03 DT1204

Group I I I I I II II II II II

Lu 0.29 0.28 0.31 0.25 0.23 0.37 0.30 0.23 0.18 0.31

Hf 4.51 4.56 4.48 4.30 3.96 3.24 2.79 1.60 1.15 1.96

Ta 1.49 1.48 1.59 0.93 1.06 0.47 0.38 0.21 0.18 0.15

Pb 5.07 3.76 5.32 2.81 8.97 3.21 3.84 1.62 1.84 2.63

Th 3.73 4.02 3.92 2.30 3.25 2.59 1.90 0.62 0.55 0.66

U 1.15 0.87 0.80 0.46 0.66 0.64 0.54 0.12 0.26 0.18

Sample DT1205 11DT04 DT1408 DT1409 DT1410 DT1411 DT1412 DT1416 DT1417

Group II II II II II II II II II

Major elements (wt%)

SiO2 52.54 46.64 47.90 46.90 47.20 47.00 46.80 45.40 45.70

TiO2 0.31 3.60 1.54 3.53 3.58 2.30 2.31 1.73 1.76

Al2O3 15.42 12.92 15.35 13.35 13.30 14.85 14.80 16.05 16.15

Fe2O3 9.21 16.14 12.22 16.64 16.72 14.92 14.98 11.78 11.63

MnO 0.15 0.27 0.21 0.27 0.28 0.24 0.23 0.21 0.21

MgO 7.06 5.03 7.32 5.14 5.13 6.47 6.59 8.77 8.42

CaO 10.65 8.68 9.68 8.68 8.64 8.81 8.55 7.93 7.81

Na2O 2.79 2.38 2.26 2.67 2.57 1.86 2.23 2.53 2.61

K2O 0.47 1.37 1.24 0.91 1.02 0.83 0.59 1.40 1.44

P2O5 0.02 0.45 0.23 0.47 0.46 0.30 0.30 0.17 0.16

LOI 0.65 1.49 1.57 1.14 1.00 2.34 2.41 4.16 3.99

Total 99.27 98.97 99.52 99.70 99.90 99.92 99.79 100.13 99.88

Mg# 60.3 38.2 54.3 38.0 37.8 46.2 46.6 59.6 58.9

Trace elements (ppm)

Sc 33.9 48.3 51.4 65.3 58.5 33.9 54.5 50.5 52.0

V 205 249 231 254 237 205 226 240 245

Cr 270 97 360 125 99 256 275 444 402

Co 33.9 44.0 44.2 49.5 40.5 33.9 43.1 53.1 49.7

Ni 13.8 6.97 17.2 13.5 13.3 13.8 42.1 171 128

Cu 13.6 45.4 27.6 39.9 32.0 13.6 36.1 51.6 43.8

Zn 95.9 256 117 187 182 95.9 149 173 169

Ga 17.7 23.5 18.3 24.6 23.9 17.7 21.0 19.3 19.7

Rb 10.3 80.0 97.6 51.3 60.3 10.3 39.7 97.9 99.1

Sr 266 216 262 232 240 266 275 449 447

Y 35.0 57.1 34.9 57.1 57.6 35.0 43.2 33.8 34.8

Zr 108 213 134 228 241 108 154 116 116

Nb 4.41 13.9 7.56 12.9 13.0 4.41 7.46 4.16 3.91

Cs 0.17 0.90 2.73 0.75 0.77 0.17 1.05 1.24 1.19

Ba 114 526 200 361 361 114 207 252 243

La 16.8 28.2 13.5 24.6 25.2 16.8 13.4 9.11 9.15

Ce 34.1 59.4 31.8 56.9 58.4 34.1 31.9 23.1 23.4

Pr 4.46 7.58 3.97 7.42 7.60 4.46 4.26 3.29 3.29

Nd 18.7 34.1 17.9 34.2 34.5 18.7 19.6 16.0 16.4

Sm 4.98 8.72 4.64 8.78 8.66 4.98 5.53 4.59 4.54

Eu 1.18 2.58 1.51 2.85 2.84 1.18 2.01 1.62 1.82

Gd 5.10 9.88 5.26 9.39 9.56 5.10 6.43 5.13 5.23

Tb 1.05 1.73 0.95 1.65 1.67 1.05 1.14 0.93 0.98

Dy 6.19 10.8 6.16 10.0 10.3 6.19 7.32 5.91 5.94
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rocks exhibit moderately LREE-enriched and HREE-
depleted patterns in the chondrite-normalized REE diagram 
(Fig. 5c), and have LaN values of 18–91, (La/Yb)N ratios of 
1.9–4.9, (La/Sm)N ratios of 1.3–2.6 and (Gd/Yb)N ratios of 
1.1–1.5. Overall, the contents of total REE (REE = 37.6–
178 ppm) and other incompatible trace elements in the 
Group II mafic rocks are lower than those of Group I mafic 
rocks (Fig. 5). Some samples of the Group II mafic rocks 
display obviously positive Eu anomalies (e.g., 11DT03 
with δEu = 1.6), but some others display negative Eu 
anomalies (e.g., DT1205 with δEu = 0.71) (Fig. 5c), which 
is different from the Group I mafic rocks with insignificant 
Eu anomalies (δEu = 0.96–1.1; Fig. 5a). In the primitive 
mantle-normalized spider diagram (Fig. 5b, d), the Group I 
mafic dykes show “humped” patterns that are similar to the 
picritic dyke, whereas the Group II mafic rocks are moder-
ately enriched in LILE and depleted in HFSE. Many sam-
ples from the Group II mafic dykes still show variable Ti 
anomalies relative to the neighboring elements. In addition, 
the Group I mafic rocks only display slightly negative to 
insignificant Nb–Ta anomalies [(Nb/La)P = 0.67–0.95], but 
the Group II mafic rocks are obviously depleted in Nb and 
Ta relative to La [(Nb/La)P = 0.25–0.54] (Fig. 5b, d).

On the Nb/Y versus Zr/TiO2 plot of Winchester and 
Floyd (1976), the Group I mafic and the picritic rocks 
plot as a fairly tight cluster within the alkaline basalt 
field, whereas the Group II mafic rocks are plot in the 
sub-alkaline basalt field (Fig. 6a) and mainly show the 
tholeiitic basaltic affinities (Fig. 6b). In addition, Ti/Y 
ratios, rather than TiO2, are used as a discriminator of rock 
types, because TiO2 contents generally increase but Ti/Y 
ratios does not vary much during fractional crystallization 
(Peate et al. 1992). On the Ti/Y versus Nb/Y plot of Peate 
et al. (1992), the Group I mafic and the picritic rocks are 

characterized by high Ti/Y ratios (576–946) similar to the 
high Ti basaltic rocks, but the Group II mafic rocks have 
low Ti/Y ratios (<500) which is similar to the low-Ti basal-
tic rocks (Fig. 6c).  

Nd isotopes

Samarium–Neodymium isotopic data for the Datian 
mafic–ultramafic dykes in the Panzhihua area are given in 
Table 3. The picritic samples have 147Sm/144Nd values of 
0.1223–0.1334, 143Nd/144Nd ratios of 0.512476–0.512492, 
corresponding to εNd(T) values of +3.0 to +4.4. The Sm–
Nd isotopic compositions of the Group I mafic samples 
are similar to that of the picritic samples, but different 
from that of the Group II mafic rocks. The Group I mafic 
and Group II mafic samples have 147Sm/144Nd values of 
0.1218–0.1316 and 0.1445–0.1816, 143Nd/144Nd ratios of 
0.512483–0.512580 and 0.512253–0.512546, correspond-
ing to εNd(T) values of +4.3 to +5.2 and −3.3 to +1.1, 
respectively.

Discussion

Fractional crystallization and crustal contamination

As basaltic magmas erupted within continental settings 
are likely to have undergone variable degrees of fractional 
crystallization and crustal contamination, which may 
affect the magma composition, it is necessary to evaluate 
the possible fractional crystallization and crustal contami-
nation processes before attempting to use geochemical 
signatures of these rocks to constrain the potential mantle 
source.

Table 2  continued

Sample DT1205 11DT04 DT1408 DT1409 DT1410 DT1411 DT1412 DT1416 DT1417

Group II II II II II II II II II

Ho 1.43 2.19 1.25 2.12 2.21 1.43 1.57 1.26 1.34

Er 3.84 5.89 3.56 5.92 6.29 3.84 4.52 3.49 3.74

Tm 0.56 0.84 0.55 0.88 0.80 0.56 0.68 0.50 0.54

Yb 3.66 5.26 3.29 5.51 5.54 3.66 4.09 3.21 3.29

Lu 0.54 0.79 0.51 0.80 0.83 0.54 0.60 0.49 0.51

Hf 3.46 6.40 3.21 5.60 6.03 3.46 4.10 3.07 2.93

Ta 0.35 0.66 0.37 0.70 0.72 0.35 0.41 0.23 0.20

Pb 3.05 9.85 3.58 6.80 5.70 3.05 2.25 2.01 1.88

Th 1.35 1.92 0.84 1.82 1.88 1.35 0.89 0.68 0.65

U 0.49 0.49 0.65 0.75 0.46 0.49 0.16 0.14 0.12

Mg#  = 100 × (MgO/(MgO + FeOT)), molar; assuming FeOT = 0.9 × Fe2O3

Pic picritic rocks, LOI loss on ignition
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Fractional crystallization

Mantle-derived primary magma generally have 
Ni > 400 ppm, Cr > 1000 ppm (Wilson 1989) and 
Mg# = 73–81 (Sharma 1997 and references therein). The 
high Mg# (75.7–76.3), Cr (1957–2260 ppm) and Ni con-
tents (726–1465 ppm) of the picritic dyke indicate the com-
position is close to the mantle-derived primary magma. 
Both the Groups I and II mafic dykes, however, have low 
Mg#, Ni and Cr content (Table 2), suggesting that they may 
have undergone significant fractionation of olivine, spinel 
and/or clinopyroxene during magma evolution. Near-pos-
itive correlations between CaO and MgO contents of the 

Group II mafic rocks imply the likely fractional crystalliza-
tion of clinopyroxene (Fig. 7). For the Group I mafic rocks, 
significant fractional crystallization of plagioclase did not 
occur because of the absence of Eu anomaly (Fig. 5a, b). 
However, some samples (e.g., 11DT03 and DT1205) from 
the Group II mafic rocks display obvious Eu anomalies in 
the chondrite-normalized REE patterns (Fig. 5c), suggest-
ing that they may undergo some plagioclase fractionation 
or accumulation. The TiO2, Fe2O3

T and P2O5 contents of 
the Groups I and II mafic rocks increase or keep constant 
with decreasing MgO contents (Fig. 7), suggesting insig-
nificant role of Fe–Ti oxide and apatite during fractional 
crystallization.

Fig. 5  Chondrite-normalized REE patterns (a, c) and primitive man-
tle-normalized incompatible trace element spidergram (b, d) for the 
Datian mafic–ultramafic dykes. The normalizing values for chondrite 
are from Boynton (1984). The normalizing values of the primitive 

mantle are from Sun and McDonough (1989). The compositions of 
OIB, E-MORB and N-MORB for comparison are also from Sun and 
McDonough (1989). The values of the Suxiong alkaline basalts are 
from Li et al. (2002a)
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The mantle olivine have forsterite (Fo) content of 91 
(e.g., Albaredè 1992), and thus the mantle-derived primary 
melt that is in equilibrium with the mantle olivine should 
have Fe/Mg (mole) ratios of 0.33, assuming KD (FeO/
MgO)olivine/(FeO/MgO)liquid of 0.3 between olivine and 

basaltic magma (Roeder and Emslie 1970). The picritic 
rocks have Fe/Mg ratios of 0.31–0.32, also indicating the 
compositions of picritic rocks are close to that of primary 
magma. The Group I mafic and picritic rocks exhibit near-
parallel chondrite-normalized REE patterns and similar 
primitive mantle-normalized incompatible element pat-
terns (Fig. 5a, b). In addition, the Group I mafic rocks and 
the picritic rocks have similar Nd isotopic compositions, 
implying that they were likely cogenetic. The Group I 
mafic rocks have higher incompatible trace element con-
tents than those of the picritic rocks (Fig. 5a, b). These 
together with lower Ni, Cr contents and Mg# values of the 
Group I mafic dykes (Table 2) indicates it may evolve from 
the magma parental to the picritic dyke by fractionation of 
olivine, spinel and/or clinopyroxene, or different degrees 
partial melting of the mantle source.

The evolution paths from the picritic magma to the 
basaltic magma were simulated using the MELTS package 
(Ghiorso and Sack 1995), at fO2 of FMQ (fayalite–magnet-
ite–quartz) and pressure of 2 kbar under hydrous conditions 
(H2O = 1 wt%). The least differentiated sample DT1415 
[lowest Mg#, and highest εNd(T) value of +4.4 and Fe/Mg 
ratios of 0.32; Tables 2 and 3] of the picritic rocks was used 
as the primary composition of the mantle-derived magma. 
The MELTS calculation indicates that at 2 kbar, olivine 
is the first phase to appear on the liquids (1485 °C), fol-
lowed by spinel and pyroxenes (Fig. 8). When the tempera-
ture decreases to ~1135 °C after fractional crystallization 
of ~39.3 % olivine, ~2.03 % spinel and ~14.7 % clinopy-
roxene, the major oxide contents in the residual liquid is 
comparable to the average composition of the Group I dol-
erite rocks (Table 4). Although it deserves further assess-
ment, it can be considered that the Group I dolerite rocks 
may evolve from the magma parental to the picritic dyke by 
fractionation of olivine, spinel and clinopyroxene.

Crustal contamination

The picritic dyke and the Group I mafic dykes are charac-
terized by a very slight depletion in Nb–Ta relative to the 
neighboring elements in the primitive mantle-normalized 
spider diagram (Fig. 5b) and relatively homogeneous Nd 
isotopic compositions, suggesting negligible crustal con-
tamination involved in the magma. In contrast, the Group II 
mafic rocks show distinctly negative Nb–Ta anomalies rela-
tive to the neighboring elements [(Nb/La)P = 0.25–0.54] 
and variable Nd isotopic compositions [εNd(T) = −3.3 to 
+1.1; Table 3]. In general, the addition of crustal material 
to basaltic magmas during magma evolution is expected to 
produce a positive covariance of εNd(T) values with MgO 
(Fig. 9a), a negative covariance of εNd(T) values with SiO2 
(Fig. 9b) and incompatible trace element ratios such as La/
Sm (Fig. 9c; Taylor and McLennan 1995). It is therefore 

Fig. 6  Plots of a Nb/Y versus Zr/TiO2 (Winchester and Floyd 1976), 
b whole-rock alkali (Na2O + K2O)–FeOT–MgO (AFM), and c Ti/Y 
versus Nb/Y (Peate et al. 1992) of the Datian mafic–ultramafic dykes
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suggested that the magmas parental to the Group II mafic 
rocks probably experienced some degrees of crustal assimi-
lation during fractional crystallization.

Mantle source characteristics and degrees of partial 
melting

The picritic dyke and the Group I mafic dykes

The picritic dyke and the Group I mafic dykes dis-
play OIB-like trace elements patterns and REE pat-
terns with very slight Nb–Ta negative anomalies due to 
slightly crustal contamination (Fig. 5a, b). In addition, 
most samples of the picritic dyke and the Group I mafic 
rocks show similar trace element patterns with the Sux-
iong alkaline basalts (~803 Ma) in the western margin 
of the Yangtze Block (Li et al. 2002a) (Fig. 5b), imply-
ing that the magma parental to these rocks was generated 
by melting of OIB and CFB-like mantle source (Fig. 5c, 
d). Obviously positive εNd(T) values (+3.0 to +5.2) 
(Table 3) suggest that the picritic and the Group I mafic 
dykes were originated from a time-integrated depleted 
mantle source. During partial melting, the residual min-
eralogy of the magma source is one of the most important 
factors influencing the compositions of basaltic magmas. 
The steep REE patterns and high Sm/Yb ratios of the 
picritic rocks and the Group I mafic rocks are indicative 
of small melt fractions and/or garnet control (Fig. 5a; 
van Westrenen et al. 2000; Adam and Green 2006). As 
shown in a plot of Sm/Yb versus Sm (Fig. 10a), the pic-
ritic rocks are most likely derived from a garnet control 
mantle source, because the small degree partial melting 

of spinel-bearing mantle source could not produce such a 
picritic magma in this study. Moreover, garnet has a high 
partition coefficient for Y (Dgarnet/melt = 3.1) relative to Ti 
(Dgarnet/melt = 0.29) (Johnson 1998). The high Ti/Y ratios 
(Fig. 6c) of these rocks further indicate a mantle source 
at a garnet stable field. 

The degree of partial melting of the mantle source for 
the picritic and the Group I mafic rocks was modeled by 
REE abundances and ratios using the non-modal batch 
melting standard equations of Shaw (1970), in which 
the REE partition coefficients are from McKenzie and 
O’Nions (1991). As shown in Fig. 10b, in order to pro-
duce the La/Sm ratios and La contents of the picritic 
rocks, a mantle source with the composition of depleted 
mantle (DM; Salter and Stracke 2004) and the primitive 
mantle (PM; Sun and McDonough 1989) has to melt in 
degrees of less than 1 % and ca. 3 %, respectively. Such 
circumstances cannot meet the major oxides for these 
picritic rocks. As a result, their mantle sources should be 
more enriched in incompatible trace elements than primi-
tive mantle but still depleted in Nd isotopic composition. 
Extrapolation of the likely partial melting trajectories 
drawn for the Datian picritic rocks gives 25 % of partial 
melting of a mantle source (shown as G1 on the mantle 
array; Fig. 10b). Furthermore, the relatively high plati-
num group element (PGE) contents (19.7–29.0 ppb; Yang 
et al. 2016) of the Group I-Pic ultramafic rocks means no 
sulfide segregation, implying that there were no residual 
sulfides in the mantle source. To dissolve all sulfides in 
the mantle-derived magma, ca. 18 % (Naldrett 2010) or 
ca. 25 % (Keays 1995) of partial melting in the mantle is 
required.

Table 3  Sm–Nd isotopic compositions for the Datian mafic–ultramafic dykes in the Panzhihua area, SW China

Chondrite uniform reservoir (CHUR) values (147 Sm/144Nd = 0.1967, 143Nd/144Nd = 0.512638) are used for the calculation. 
λSm = 6.54 × 10−12 year−1 (Lugmair and Harti 1978). The (143Nd/144Nd)I and εNd(T) of the picritic rocks and the Group I mafic rocks from the 
Datian area were calculated using the age of 760 Ma. The Group II mafic rocks were calculated using the age of 800 Ma

Sample Group Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2σ (143Nd/144Nd)I εNd(T) Method

DT1206 Pic 4.240 19.23 0.1334 0.512476 0.000002 0.511812 3.0 TIMS

DT1415 Pic 3.706 18.34 0.1223 0.512492 0.000002 0.511884 4.4 TIMS

DT1202 I 6.530 32.44 0.1218 0.512509 0.000004 0.511902 4.8 TIMS

DT1402 I 6.316 31.37 0.1218 0.512483 0.000004 0.511877 4.3 TIMS

DT1406 I 5.528 25.42 0.1316 0.512580 0.000002 0.511926 5.2 TIMS

HM1103 II 4.45 18.6 0.512253 0.000013 0.511495 −2.2 MC–ICP–MS

DT1409 II 8.78 34.2 0.512364 0.000005 0.511550 −1.1 MC–ICP–MS

DT1412 II 5.53 19.6 0.512427 0.000013 0.511532 −1.4 MC–ICP–MS

11DT04 II 8.72 34.1 0.512356 0.000005 0.511545 −1.2 MC–ICP–MS

DT1408 II 4.64 17.9 0.512307 0.000006 0.511485 −2.4 MC–ICP–MS

11DT02 II 2.506 9.59 0.1581 0.512264 0.000010 0.511438 −3.3 TIMS

DT1204 II 2.959 10.93 0.1637 0.512523 0.000010 0.511664 1.1 TIMS

DT1417 II 5.292 17.63 0.1816 0.512546 0.000004 0.511595 −0.20 TIMS
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The Group II mafic dykes

Compared with the picritic rocks and the Group I mafic 
rocks, most of the Group II mafic rocks exhibit obviously 
lower εNd(T) values (+1.1 to −3.3; Table 3) and ∑REE 
contents and LREE/HREE ratios (Table 2; Fig. 5). More-
over, the Group II mafic rocks show tholeiitic basaltic 
affinities rather than alkaline basaltic affinities (Fig. 5a, b). 
In addition, the forming age of the Group II mafic rocks 
are ca. 40 Ma older than that of the picritic rocks and the 
Group I mafic rocks. All these above suggest the Group II 
mafic rocks have different mantle source with that of pic-
ritic rocks and the Group I mafic rocks.

The Group II mafic rocks have relatively lower La/Yb 
ratios (2.78–7.20) than that of the picritic and the Group 
I mafic rocks, which reflect a melting regime dominated 
by relatively large melt fractions and/or spinel as the pre-
dominant residual phase. Relatively low Ti/Y ratios of 
the Group II mafic rocks (Fig. 6c) suggest the absence of 
garnet in the mantle source. Melting of a spinel peridotite 
will result in a minimal variation in MREE/HREE ratios 
(e.g., Sm/Yb) with melt fraction because DCpx Sm is 
nearly equal to DCpx Yb (McKenzie and O’Nions 1991), 
even in near sub-solidus clinopyroxene (Blundy et al. 
1998). The low Sm/Yb ratios of the Group I rocks further 
imply spinel is the predominant residual phase (Fig. 10a).

Fig. 7  Fenner diagrams for the Datian mafic–ultramafic dykes
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The correlations as shown in Fig. 9 suggest that 
the magmas parental to the Group II mafic rocks have 
experienced an assimilation and fractional crystalliza-
tion process (AFC). In fact, the Nd isotopic composi-
tion of the asthenospheric mantle during ca. 800 Ma 
are very depleted [εNd(T) values of +5.0 to +6.0; Li 
et al. 2002a]. Thus, the magmas parental to the Group 
II mafic rocks may not only be formed by crustal con-
tamination of the magma derived from asthenospheric 
mantle, as a high-proportional input of crustal materials 
is needed which seems impossible. Moreover, the deple-
tion of Nb and Ta should be more prominent with the 
increasing degrees of assimilation. The Group II mafic 
rocks show no such features, implying their Nb–Ta 
depletions are not only controlled by crustal contamina-
tion, but also originated from their mantle source. A spi-
nel-bearing mantle source also implies a shallow melt-
ing zone (<80 km; Takahashi and Kushiro 1983) and is 
likely located in the sub-continental lithosphere mantle 
(SCLM). SCLM can preserve distinct geochemical sig-
natures such as those induced by infiltration of astheno-
spheric melts resulted from a rising mantle plume or of 
fluid and melts derived from subduction (Sprung et al. 

2007 and references therein). There is a secular evolu-
tion from depleted Archean SCLM to more fertile Phan-
erozoic SCLM (Griffin et al. 2009; Tang et al. 2013), 
and thus, the SCLM beneath the Yangtze Block should 
display the characteristic of relative enrichment during 
Proterozoic. This feature is consistent with the Nd iso-
topic composition of the Group II mafic rocks [εNd(T) 
values: +1.1 to −3.3]. Therefore, different from the 
picritic and the Group I mafic dykes, the Group II mafic 
dykes may derive from SCLM.

Tectonic significance in relation to the supercontinent 
Rodinia

In the western margin of the Yangtze Block, there are 
numerous Neoproterozoic magmatic rocks, mainly includ-
ing mafic–ultramafic and felsic magmatic rocks. These 
rocks can be generally grouped into two major populations 
according to their ages: ca. 830–795 and 780–740 Ma. For 
their origination, two major models are proposed: plume-
rift model and collision-arc model. (1) Plume-rift model: 
the ca. 830–745 Ma magmatic rocks in the South China are 
the results of a mantle superplume beneath supercontinent 

Fig. 8  MELTS modeling of fractionation of magma in the magma chamber under FMQ, 2 kbar and 1 wt% H2O. Ol olivine, Sp spinel, Cpx 
clinopyroxene, Opx orthopyroxene

Table 4  Comparison between 
the compositions of the residual 
liquid calculated using MELTS 
and the average compositions 
of Group I mafic rocks (oxides 
in wt%)

PM represents the primary magma of the picritic rocks, taking the sample DT1415 as it is approximation; 
RL represents the residual liquid, when the temperature decreases to ~1135 °C after fractional crystalliza-
tion of ~39.3 % olivine, ~2.03 % spinel and ~14.7 % clinopyroxene; AC represents the average composi-
tion of Group I mafic rocks

SiO2 TiO2 Al2O3 Fe2O3
T MnO MgO CaO Na2O K2O P2O5 Cr2O3 NiO H2O

PM 44.79 1.90 5.47 14.33 0.18 22.50 8.27 0.68 0.22 0.17 0.33 0.18 1.00

RL 49.37 3.45 11.00 12.28 0.18 7.25 11.71 1.50 0.50 0.38 0.07 0.04 2.26

AC 49.58 2.33 13.68 12.71 0.18 7.38 10.15 2.66 1.07 0.25 0.03 0.01
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Rodinia, and this mantle superplume was responsible for the 
breakup of the supercontinent during Neoproterozoic time. 
The ca. 830–795 Ma is the first phase, started prior to the 
continental rifting and peaked at the beginning of the rifting 
at ca. 820 Ma, whereas the ca. 780–740 Ma, as the second 
phase, occurred during the continental rifting (e.g., Li et al. 
1999, 2002a, 2003a, b, 2006). (2) Collision-arc model: the 

ca. 860–740 Ma magmatic rocks in the western margin of 
the Yangtze Block are arc-related, caused by the subduction 
of oceanic lithosphere eastward (present-day orientation) 
underneath the Yangtze Block during Neoproterozoic time 
(e.g., Zhou et al. 2002a, b, 2006; Zhao and Zhou 2007a, 
b). The new data of this study for the ca. 800 Ma and ca. 
760 Ma Datian mafic–ultramafic dykes in the Panzhihua 
area place new constraints on the Neoproterozoic tectonic 
evolution on the western margin of the Yangtze Block.

The Ti/V ratio is useful for diagnosing tectonic setting 
of basaltic rocks, as it is a function of the oxygen fugac-
ity of the magmas and their sources, and the degree of par-
tial melting and fractional crystallization (Shervais 1982). 
MORB and within-plate basalts have Ti/V ratios ranging 
from 20 to >50, while island-arc basalts typically have 
Ti/V < 20 (Vermeesch 2006). The picritic rocks, the Group 
I mafic and Group II mafic dykes have Ti/V ratios of ca. 
45, 38–67 and 9.2–92 (50 in average), respectively, signifi-
cantly higher than that of arc basalts and in line with values 
for intraplate basalts. Moreover, as the slope of the Alz–
TiO2 data array of clinopyroxene is also useful for discrim-
inating the tectonomagmatic affiliation of the igneous rock 
suite (Loucks 1990), a plot of the clinopyroxene data for all 
the Datian mafic–ultramafic rocks on an Alz–TiO2 diagram 
(Fig. 11a) displays that these rocks have a relatively flat 
slope compared with those formed in arc tectonic settings, 
indicating a rift-origin for these mafic–ultramafic rocks. 
In addition, the picritic rocks and the Group I mafic rocks 
exclusively plot in the field of intra-plate setting in the dia-
gram of Zr − Ti/100 − Y × 3 (Fig. 11b). It is notable that 
in Fig. 11b, most rocks from the Group II mafic dykes are 
plotted in the island-arc basalt + MORB + calk–alkali 
basalt field. The Group II mafic dykes experienced obvi-
ous crustal contamination and were derived from a SCLM 
source, and thus, the Fig. 11b is unfit for the Group II rocks 
to discriminate its tectonic setting. Collectively, the Datian 
mafic–ultramafic dykes in the area were formed in a within-
plate rift environment, rather than an arc environment.

The forming age of the Group II mafic rocks is ~800 Ma, 
which are broadly concurrent with the ca. 820–810 Ma 
Tiechuanshan–Bikou CFB (Ling et al. 2003; Wang et al. 
2008), the ca. 800 Ma Suxiong bimodal volcanic rocks (Li 
et al. 2002a) and the ca. 792 Ma Yanbian OIB-like alkaline 
mafic dykes (Zhu et al. 2008), indicating that significant 
syn-rift magmatism occurred during 820–790 Ma along the 
western margin of the Yangtze Block. The ca. 820–790 Ma 
plume activities beneath South China may trigger the melt-
ing of the SCLM source for the Group II mafic dykes in the 
Panzhihua area. In addition, it is probable that this plume 
provided enriched components to the source region of the 
picritic rocks and the Group I mafic rocks. As mentioned 
in “The picritic dyke and the Group I mafic dykes” sec-
tion, the mantle source of the picritic rocks and the Group 

Fig. 9  Plots of a εNd(T) versus MgO, b εNd(T) versus SiO2, and  
c εNd(T) versus La/Sm for the Datian mafic–ultramafic dykes
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I mafic rocks are enriched in incompatible elements and 
depleted in Nd isotopic compositions. Many oceanic and 
continental intraplate alkaline suites that show OIB-like 
enriched nature with respect to N-type MORB have been 
attributed to a plume component (e.g., originating below 
the convectively stirred upper mantle) in the source region 
(e.g., Hofmann and White 1982; Wilson 1993).

The ca. 760 Ma Group I mafic rocks and picritic rocks are 
also broadly concurrent with basaltic rocks related to intra-
plate setting, such as the ca. 780–760 Ma mafic dykes in the 
Shimian and Kangding areas (Li et al. 2003b; Lin et al. 2007) 
and the ca. 752 Ma Shaba gabbro (Li et al. 2003b), suggest-
ing significant continental rifting event during 780–740 Ma 

along the western margin of the Yangtze Block. With the 
development of continental rift going on, the basaltic mag-
mas usually change from alkaline to tholeiitic in composi-
tions (e.g., Giret and Lameyre 1985). However, the tendency 
in this study is just the opposite (from tholeiitic to alkaline). 
Thus, the rifting event generating the Group II mafic dykes 
might have different genesis to the later rifting that caused 
the picritic dyke and the Group I mafic dykes. One possible 
explanation is that multistage rifting events existed during 
820–740 Ma in the western margin of the Yangtze Block.

The results of this study provide further evidence for the 
two phases of rift-related magmatism at ca. 820–790 and 
780–740 Ma in the western margin of the Yangtze Block, and 

Fig. 10  Plots of Sm/Yb versus 
Sm (a) and La/Sm versus La (b) 
for the Datian mafic–ultramafic 
dykes. The data of melt curves 
are obtained using the non-
modal batch melting equations 
of Shaw (1970). Melt curves 
are drawn for spinel–lherzolite 
(with mode and melt mode of ol

0.530 + opx0.270 + cpx0.170 + sp0.

030 and ol0.060 +  
opx0.280 + cpx0.670 + sp0.110, 
respectively; Kinzler 1997) and 
for garnet–lherzolite (with mode 
and melt mode of ol0.600 +  
opx0.200 + cpx0.100 + gt0.100 and 
ol0.030 + opx0.160 + cpx0.880 
+ gt0.090, respectively; Walter 
1998). Partition coefficients 
are from the compilation of 
McKenzie and O’Nions (1991). 
DM compositions are from 
Salter and Stracke (2004). 
PM, N-MORB and E-MORB 
compositions are from Sun 
and McDonough (1989). G1 
represents the mantle source 
composition of the picritic rocks 
and the Group I mafic rocks 
defined by extrapolating the 
likely melting trajectories drawn 
for the picritic rocks. The gray 
heavy line represents the mantle 
array defined using DM and PM 
compositions
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they are coinciding with the extensive mid-Neoproterozoic 
mafic–ultramafic magmatism in many continental fragments 
of supercontinent Rodinia (see detailed discussions in Li 
et al. 2003b, 2008). In the Panzhihua area, the Dadukou mafic 
plutons (ca. 740 Ma) and Datian quartz diorite plutons (ca. 
760 Ma) were both considered as the products of arc volcan-
ism by some researchers (Zhao and Zhou 2007a, b). Based on 
this study, they most likely formed within continental rift set-
ting similar to the coeval mafic–ultramafic dykes in the area, 
and their arc affinities may have originated from SCLM that 
metasomatized by older subducted-related material.

Collectively, the mafic–ultramafic dykes in the Panzhi-
hua area show mainly alkaline and tholeiitic features. The 
above discussions suggest that they were formed in a rift 
setting rather than the products of magmatism of conver-
gent plate boundary. The Neoproterozoic evolution in the 
area supports a plume-rift model, in which an ascending 
superplume centered beneath South China at ca. 820 Ma 
triggered the multistage rifting events in the western mar-
gin of the Yangtze Block. This superplume may result in 
the final breakup of the supercontinent Rodinia, separating 
South China from southeastern Australia.

Conclusions

The following conclusions are drawn on the basis of this 
study:

1. SIMS U–Pb zircon and baddeleyite dating results 
indicate that the Group I mafic dykes and the picritic 
dyke in the Panzhihua area were emplaced at ~760 Ma, 
while the Group II mafic dykes were emplaced at 
~800 Ma.

2. The picritic rocks and the Group I mafic rocks show 
“humped” trace element patterns with slightly nega-
tive to insignificant Nb–Ta anomalies, and high εNd(T) 
values of +3.0 to +5.2. The slightly negative to insig-
nificant Nb–Ta anomalies may attribute to minor crustal 

contamination. The Group II mafic rocks are character-
ized by a relatively large ranges of εNd(T) values (+1.1 
to −3.3) and moderately enrichment of LILE and LREE 
and depletion in HFSE and HREE, with distinctive neg-
ative Nb–Ta anomalies, which could be caused by crus-
tal assimilation and originated from mantle source.

3. The primary magmas of the Group I mafic rocks and 
the picritic rocks were both derived from the par-
tial melting of an OIB-like, Nd isotopically depleted 
but incompatible elements relatively enriched man-
tle source (compare to DM and PM) in a garnet sta-
ble field. Modeling results indicate that ca. 25 % batch 
melting is needed to produce their primary magma. 
The Group II mafic dykes crystallized from crustal 
contaminated mafic magmas derived from a spinel-
bearing subcontinental lithospheric mantle source.

4. This study suggests that the picritic dyke and the doler-
ite dykes were both formed in a continental rift setting. 
In combination with other Neoproterozoic igneous 
rocks in the western margin of the Yangtze Block, the 
results support the argument that multistage continen-
tal rifting events existed in the area in response to an 
ascending superplume, which centered beneath South 
China at ca. 820 Ma.
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Appendix

See Table 5.

Fig. 11  Discrimination dia-
grams of a AlZ (percentage of 
tetrahedral sites occupied by Al) 
versus TiO2 in clinopyroxenes 
(Loucks 1990), b Ti–Zr–Y 
(Pearce and Cann 1973) for the 
Datian mafic–ultramafic dykes
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