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variable compositions, indicating a rather heterogeneous 
mantle source possibly involved with subcontinental lith-
ospheric mantle (SCLM) components.
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Introduction

The Emeishan flood basalts and associated mafic–ultra-
mafic and felsic intrusions, recognized as an important 
large igneous province (LIP) in China, have long been 
the focus of stratigraphic, geochronological, geochemi-
cal and geophysical studies. Evidence from sedimentary 
sequences below the Emeishan basalts, geophysical inves-
tigation, radiometric datings, petrology of the basalts and 
their related rocks in the Emeishan LIP (ELIP) strongly 
supports a mantle plume origin (Chung and Jahn 1995; 
Xu et al. 2001, 2004; Xu and He 2007; Song et al. 2001, 
2004, 2006, 2008, 2009; Hao et  al. 2004; Zhong et  al. 
2002, 2006, 2011; Zhou et al. 2002; Xiao et al. 2003, 2004; 
He et  al. 2003; Ali et  al. 2005; Zhang et  al. 2006, Zhang 
2009; Wang et al. 2007; Fan et al. 2008; Qi et al. 2008; Qi 
and Zhou 2008; Lai et  al. 2012; Zhong et  al. 2014; Chen 
et al. 2015; Xu et al. 2015). The basalts in the ELIP have 
been generally divided into two major magma series: high-
Ti series (TiO2  >  2.5  %, Ti/Y  >  500) and low-Ti series 
(TiO2  <  2.5  %, Ti/Y  <  500) (Xu et  al. 2001). Moreover, 
based on biostratigraphy, sedimentology and geochemistry, 
the ELIP has been subdivided into the inner, intermediate 
and outer zones (Fig.  1), which also corresponds to crus-
tal thickness (He et al. 2003; Xu et al. 2004; Shellnutt and 
Jahn 2011; Xu et  al. 2015). The inner zone with thickest 
crust (55–64 km) comprises both high-Ti series and low-Ti 

Abstract  This study presents new whole-rock elemental 
and isotopic data for the basalts from the Zhaotong area, 
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large igneous province (ELIP). The Zhaotong basalts 
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of the basalts prefer a mantle plume origin. A garnet-dom-
inated peridotite mantle source was further suggested on 
the basis of the REE distribution patterns and high Sm/
Yb and high La/Yb ratios. This study further confirms the 
geochemical zoning of the high-Ti basalts in the ELIP, 
which is in accordance with both the spatial distribution 
and the thickness of the basalts. The high-Ti basalts in the 
intermediate and outer zones of ELIP (e.g., Zhaotong and 
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series with a diversity of rock types (e.g., picrites, basalts, 
basaltic pyroclastic rocks, and basaltic andesites) (Xu et al. 
2001, 2004; Xiao et al. 2004), while the intermediate zone 
(38–54 km) and outer zone (35–43 km) with thinner crust 
mainly consist of high-Ti basalts (Xu et al. 2004).

Numerous geochemical studies have demonstrated that 
the high-Ti rocks and low-Ti rocks of the ELIP might origi-
nate from different mantle sources under variable melting 
conditions (Chung and Jahn 1995; Xu et al. 2001, 2004; Xiao 
et al. 2004). In general, the low-Ti basalts are considered to 

originate from larger degrees of partial melting at a lower 
depth and involve more crustal materials than the high-
Ti basalts (Xu et al. 2001; Xiao et al. 2004). However, the 
genesis of high-Ti basalts is still debatable (Xu et al. 2001; 
Song et  al. 2001, 2008; He et  al. 2003; Xiao et  al. 2004; 
Ali et al. 2005). For instance, some authors argued that the 
high-Ti magma was directly generated from the head of the 
Emeishan mantle plume by large scale and low degrees of 
partial melting (Xiao et al. 2004), whereas others suggested 
that the high-Ti basaltic magma most likely originated from 

Fig. 1   Simplified geological map showing the distribution of the Emeishan basalts (modified after He et al. 2003; Zi et al. 2010). Samples were 
collected from the Zhaotong area, northeastern Yunnan Province
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a SCLM reservoir or was mixed with a significant amount 
of lithospheric mantle material during the ascent of plume-
related magma through the SCLM (Xu et al. 2007).

In comparison with numerous studies in the inner ELIP 
(Xu et al. 2001, 2004; Xiao et al. 2004), relatively limited 
researches were conducted on the intermediate and outer 
zones of the ELIP, especially in the northeast of Yunnan 
Province. To further understand the genesis of the high-Ti 
basalts, we have conducted a systematic study on the Zhao-
tong basalts located in the intermediate zone of the ELIP 
in this paper. The results suggest that the parental magmas 
of the Zhaotong basalts originated from a garnet peridotite 
mantle source by low degrees of partial melting. Mean-
while, a comparison of our samples with the high-Ti basalts 
from other areas of the ELIP provides new insights into the 
high-Ti basalts from different zones of the ELIP. The high-
Ti basalts in the intermediate and outer zones of ELIP are 
suggested to originate from a homogenous mantle plume, 
while the high-Ti basalts in the inner zone indicate a rather 
heterogeneous mantle source possibly involved with SCLM 
components.

Geological background and petrography

The ELIP crops out in the western Yangtze Block, exposed 
in a rhombic province of over 500,000  km2 in Yunnan, 
Sichuan and Guizhou provinces (Xu et  al. 2001, 2004; 
Ali et  al. 2005) (Fig.  1). Some basalts and mafic com-
plexes exposed in the Simao basin, northern Vietnam and 
Qiangtang terrain are possibly an extension of the ELIP 
(Chung et al. 1998; Xiao et al. 2004). The Yangtze Block 
consists of Precambrian basement and a thick sedimentary 
sequence of Sinian and Paleozoic clastic rocks and lime-
stone, which are overlain by Triassic to Cretaceous con-
tinental and marine sedimentary rocks (Yan et  al. 2003). 
The northwestern boundary of the ELIP is the Longmen-
shan thrust fault, and the southwestern is the Ailaoshan-
Red River slip fault. The thickness of the entire volcanic 
sequence varies from 5 km in the west to a few hundred 
meters in the east. Recently, CA-TIMS zircon U–Pb dating 
of felsic ignimbrite from the Binchuan section indicates 
the termination age of ELIP is 259.1  ±  0.5  Ma, which 
is very close to the Guadalupian–Lopingian boundary 
(Zhong et al. 2014).

In addition to main picrites, tholeiites and basaltic 
andesites, the ELIP also contains numerous mafic–ultra-
mafic and syenitic–granitic intrusions, some of which 
host giant Fe–Ti–V oxide deposits (Zhou et al. 2005). The 
basalts in Zhaotong are located in the northeast of Yunnan 
Province and belong to the intermediate zone of the ELIP 
(He et  al. 2003; Xu et  al. 2004). Besides, the Zhaotong 

basalts are unconformably underlain by limestones of the 
Lower Maokou Formation, and in turn conformably cov-
ered by the Upper Permain Xuanwei Formation composed 
of mudstone, sandstone and conglomerate with interbedded 
coal seams.

We systematically collected 89 basalts samples from the 
Zhaotong area. Some sampled basalts exhibit typical por-
phyritic and vesicular textures with groundmass of inter-
granular or intersertal texture and phenocryst of plagioclase 
or clinopyroxene. The most common phenocrysts are tabu-
lar plagioclases of variable percentages (5–25  %), locally 
accompanied with sparse clinopyroxene (<5 %) and olivine 
(<5 %). The groundmass is fine grained and composed of 
plagioclase (20–50 %), clinopyroxene (10–20 %), basaltic 
glass (30–50  %) and minor Fe–Ti oxides (<5  %). Some 
samples have amygdaloidal texture that variable vesicles 
are filled with chlorite. Moreover, some samples are aphy-
ric and the whole rocks are mainly composed of plagio-
clase (50–60  %), clinopyroxene (25–30  %), Fe–Ti oxides 
(magnetite and ilmenite) (5–10 %) and olivine (<5 %). In 
general, our samples are fresh with only minor chlorite 
along the fractures.

Analytical methods

Fresh rock chips were powdered to 200-mesh size using a 
tungsten carbide ball mill. Whole-rock major oxides were 
determined by ME-XRF 06d method in the ALS (Guang-
zhou) laboratory. The analytical accuracy for major oxides 
present in concentrations is better than 5 %. Trace elements 
were determined using inductively coupled plasma mass 
spectrometer (ICP–MS) at the Institute of Geochemistry, 
Chinese Academy of Sciences. The powdered samples 
(50  mg) were dissolved in high-pressure Teflon bombs 
using HF + HNO3 mixture for 48 h at ~190 °C (Qi et al. 
2000). Rh was used as an internal standard to monitor sig-
nal drift during counting. The analytical precision is gener-
ally better than 5 %.

The whole-rock Sr–Nd isotopes were determined on 
a MC-ICP-MS at the Institute of Geochemistry, Chi-
nese Academy of Sciences. The analytical procedures 
are as follows: Approximately 120  mg of sample pow-
ders were weighed into Teflon bombs and dissolved on 
a hotplate using HF, HNO3 and HClO4 at 20  °C for a 
week. After dissolution of the sample, the solution was 
totally dried. 6  mol/L HCl was then added and evapo-
rated to dryness (twice). The residue was dissolved with 
1.5  mL HCl of 2.5  mol/L. After centrifugal separation, 
1  mL supernatant was passed through a cation-exchange 
resin (AG50  W  ×  12), and 5  mol/L HCl to elute Sr. 
6  mol/L HCl was then used to elute rare earth elements 
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(REEs), and the solution was dried. 0.1  mol/L HCl was 
passed through up REE on an anion-exchange resin 
(P507), and then, 0.2  mol/L HCl was added to elute Nd. 
Mass fractionation corrections for Sr and Nd isotopic 
ratios were based on values of 86Sr/88Sr  =  0.1194 and 
146Nd/144Nd  =  0.7219. The Sr standard solutions (NBS 
987) were analyzed eight times and yield 87Sr/86Sr ratio of 
0.710261 ± 18 (2σ). The Nd standard solution (JnDi) was 
also analyzed eight times and has an 143Nd/144Nd ratio of 
0.512116 ±  12 (2σ). The measured results for the USGS 
standard BCR-2 were 87Sr/86Sr = 0.705299 ± 20 (2σ) and 
143Nd/144Nd = 0.512658 ± 7 (2σ).

Analytical results

Major elements

Elemental data for the Zhaotong samples are listed in 
Appendix A for ESM. Consistent with petrographic obser-
vation, the samples display some alteration features, as 
reflected by loss on ignition (LOI) ranging from 0.24 to 
5.97 %. Thus, the samples with LOI less than 2.5 % were 
chosen for major and trace element study. The samples 
from Zhaotong are mainly plotted in the basalt field on the 
total alkalis–silica (TAS) diagram (Fig. 2), with SiO2 rang-
ing from 45.9 to 53.3 % and MgO from 2.85 to 5.62 % with 
an average value of 4.29 %. All the analyzed samples have 
TiO2 contents of 2.93–5.26 % and Ti/Y ratios of 519–974, 
therefore, belonging to the high-Ti basalt group (Xu et al. 
2001). The contents of the Al2O3 and Fe2O3 correlate posi-
tively with MgO contents, while SiO2 and TiO2 correlate 
negatively with MgO (Fig. 4). These geochemical charac-
teristics suggest that these basalts were not derived from 
primary magma and must have undergone fractional crys-
tallization processes.

Trace elements

The collected basalts in Zhaotong have high large ion 
lithosphere elements (LILE) and high field strength ele-
ment (HFSE) contents (Appendix A for ESM). The sam-
ples have La of 27–54.3  ppm, Sm of 6.66–13.5  ppm and 
Yb of 2.18–3.18  ppm. The La/Yb ratios of the basalts 
range from 10.3 to 19.1 and Sm/Yb from 2.5 to 4.5. Thus, 
they are strongly enriched in light REE (LREE) relative to 
heavy REE (HREE) and display moderately sloping HREE 
on chondrite-normalized patterns (Fig.  3a). Besides, all 
samples have similar primitive mantle-normalized trace 
element patterns showing enrichment in LILE (Fig.  3b), 
such as Ba, Th and U. Most samples show features simi-
lar to enriched ocean island basalts (OIB) except Sr deple-
tion and slight depletion in Nb and Ta (Nb/La: 0.72–1.1). 
In addition, only several samples show negative Eu anom-
alies, and most samples show positive Eu anomalies (Eu/
Eu*:0.88–1.33, mostly >1.0). The Sr/Sr* ratios show posi-
tive correlations with MgO (Fig. 5), which might be caused 
by fractionation of plagioclase. The contents of Ni and Cr 
are low (Ni: 1.80–131  ppm, Cr: 20.5–103  ppm). Mean-
while, both Ni and Cr values correlate positively with MgO 
contents (Fig. 4).

Rb–Sr and Sm–Nd isotopic compositions

Sr and Nd isotopic ratios and abundances are given in 
Table  1. The initial isotopic compositions have been cal-
culated to 260  Ma. The Nd isotopic compositions of the 
Zhaotong basalts are relatively invariable with initial 
143Nd/144Nd ratios ranging from 0.5123 to 0.5125 (mostly 
0.5124) and εNd (t) values ranging from −0.74 to +2.86. 
The εNd (t) values and initial 87Sr/86Sr ratios of most sam-
ples are within the range of the ELIP from previous studies 
distinct from depleted mantle (DM) and the Emeishan low-
Ti picrites (Xiao et al. 2004; Qi et al. 2008; Qi and Zhou 
2008; Wang et al. 2007; Song et al. 2008; Lai et al. 2012) 
(Fig. 6).

Discussion

Crustal contamination and fractional crystallization

The Nb–Ta depletion in the Zhaotong basalts suggests 
contributions of continental crust, which can be explained 
by either assimilation during fractional crystallization or 
incorporation of crustal materials into the source. Distin-
guishing these two processes is essential for our knowl-
edge of the mantle–crust interaction and the genesis of 
the basalts in the ELIP. One commonly used method is 
the relations between indexes of magma fractionation and 

Fig. 2   Total alkalis–silica (TAS) diagram of the Emeishan high-Ti 
basalts in Zhaotong. The bold dashed line distinguishes tholeiitic 
from alkaline basalts (from MacDonald and Katsura 1964)
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whole-rock isotopes or trace elements ratios (Bezard et al. 
2014; Jahn et  al. 1999). As shown in Fig. 7, the ratios of 
Nb/La decrease with the decreasing MgO and show slightly 
positive correlation with εNd(t). In other words, the Nb–Ta 
depletion developed with the isotopic variations during the 
magma fractionation. These features indicate some crustal 
contamination in the Zhaotong basalts. On the other hand, 
the available isotopic data could help us to constrain the 
degree of crustal contamination (Fig.  6). The Nd isotopic 

compositions of these basalts show limited variations with 
the initial 143Nd/144Nd ratios ranging from 0.5123 to 0.5125 
and εNd(t) values ranging from −0.74 to +2.86 (mostly 
+1.10 to +2.86), indicating that the Zhaotong basalts 
underwent minor contamination (<10  %) by the Yangtze 
upper/middle crust (Wang et al. 2007).

Moreover, the Zhaotong basalts have low MgO 
(mostly  <  7  %), Mg# (28–48), Cr (<131  ppm) and Ni 
(<103  ppm) contents, suggesting that they represent 

Fig. 3   a Chondrite-normalized 
REE patterns for the Zhaotong 
basalts. b Primitive mantle-
normalized, incompatible 
trace element patterns for the 
flood basalts in Zhaotong. The 
chondrite values are from Sun 
and McDonough (1989). Data 
of the Binchuan samples are 
from Xiao et al. (2004). The 
Guangxi samples are from 
Lai et al. (2012) and Fan et al. 
(2008). The Guizhou samples 
are from Qi and Zhou (2008). 
The Longzhoushan samples 
are from Qi et al. (2008). The 
Dashibao samples are from Zi 
et al. (2010)
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relatively evolved magmas and in turn a significant mass 
fraction of more primitive rocks is yet to be sampled. As 
shown in Fig.  4, positive correlations between Ni and Cr 
with MgO indicate fractionation of olivine and clinopy-
roxene, which is corresponding to minor olivine and clino-
pyroxene phenocrysts in the basalts. The negative correla-
tion between MgO and TiO2 argues against fractionation 
of Ti–Fe oxides. However, considering the existence of 

minor Ti–Fe oxides in our collected samples, fractiona-
tion of Ti–Fe oxides might be insignificant in the evolu-
tion of the Zhaotong high-Ti magma. Al2O3 decreasing 
with decreasing of MgO and the presence of lots of pla-
gioclase phenocrysts suggest extensive fractionation of 
plagioclase. Compared with other REEs that are highly 
incompatible for the plagioclase in basic magma with the 
partition coefficients are mostly <0.1, Eu is moderately 

Fig. 4   Plots of MgO versus major oxides and selected trace elements for the Zhaotong basalts
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incompatible (Dplagioclase/melts = 0.55) and Sr is compatible  
(Dplagioclase/melts  =  2.0) (McKenzie and O’Nions 1991). 
Therefore, the positive correlations between Eu/Eu* ver-
sus Sr/Sr* and Sr/Sr* versus MgO (Fig. 5) also suggest the 
extensive fractionation of plagioclase. The slightly positive 
Eu anomalies in these evolved lavas might reflect a high 
Eu3+/Eu2+ ratio in the magma (Frey et al. 1993; Xu et al. 
2001; Xiao et al. 2004). The negative Sr anomalies might 
be mainly caused by fractional crystallization of plagio-
clase in the magma chamber or during magma ascent and 
thus may not give information about source components.

Mantle source and partial melting

Understanding the petrogenesis of basaltic magmas 
involves estimating their source compositions, degrees of 
partial melting and the processes that took place during 

their ascent and eruption (Qi and Zhou 2008). The Zhao-
tong high-Ti basalts have elemental patterns (Fig.  3a, b) 
and εNd(t) values (−0.74 to +2.86, Fig.  6) typical of an 
OIB mantle source. Besides, the Zhaotong basalts have 
higher Nb (26.6–51.2  ppm) and Zr (201–491  ppm) con-
tents, which are comparable with those of OIB (Nb = 48, 
Zr  =  280  ppm), but much higher than those of the 
N-MORB (Nb = 2.33, Zr = 74 ppm), suggesting that these 
basalts were derived from an OIB-like mantle source.

The degree of partial melting is difficult to estimate 
because the source composition is unknown. However, REE 
abundances and ratios of the basalts are still helpful to esti-
mate the composition of the mantle source and degree of 
partial melting. The partition coefficients between garnet 
and melt increase steadily from highly incompatible for the 
LREE to moderately compatible for the HREE (Hellebrand 
et  al. 2002), so that Sm versus Sm/Yb and La/Sm versus 
Sm/Yb diagrams can be used to distinguish between melt-
ing of spinel and garnet peridotite. When a spinel perido-
tite undergoes partial melting, the ratios of La/Sm and Sm/
Yb are only slightly fractionated. In contrast, small degrees 
of partial melting of a garnet peridotite source will pro-
duce melts with significantly high La/Sm and Sm/Yb ratios 
(Aldanmaz et al. 2000). The La/Sm and Sm/Yb values for 
the Zhaotong basalts are extremely high (La/Sm: 3.5–4.8; 
Sm/Yb: 2.5–4.5). In the diagram of Sm versus Sm/Yb, the 
rocks of the high-Ti series are displaced from the spinel-
lherzolite melting trend to higher Sm/Yb ratios and plot 
between the melting trajectories for garnet-lherzolite and 
garnet + spinel-lherzolite, indicating that the high-Ti series 
was derived from a garnet-dominated bearing mantle source 
(Fig. 8a). The trend shown by the La/Sm versus Sm/Yb plot 
(Fig. 8b) also agrees with a garnet-lherzolite mantle source.

Low degree of partial melting to form the basalts could 
be constrained by the high concentrations of incompatible 
elements in the Zhaotong high-Ti basalts. Meanwhile, the 
basalts have low Al2O3/TiO2 ratios (2.5–4.7 compared with 
~20 in primitive mantle) and high (Sm/Yb)N ratios (2.7–5.0), 
indicating small degrees of partial melting of relatively deep 
mantle source. Xu et  al. (2001) proposed that the parental 
magmas of the HT lavas were produced by a small degree 
(1.5 %) of partial melting. Further, Zhang et al. (2006) stud-
ied Lijiang high-Ti picritic lavas that are commonly con-
sidered to be directly extracted from the mantle reservoir 
without significant subsequent differentiation and suggested 
they melted in the presence of garnet and with rather small 
amounts of partial melting of ~2–7 %. As shown in Fig. 8a, 
our samples suggest the degree of partial melting is <8 %.

Geochemical features of the high‑Ti basalts in the ELIP

In the ELIP, the geochemical features of the high-Ti basalts 
are complex. For instance, Xu et al. (2001) suggested that 

Fig. 5   Plots of MgO versus Sr/Sr* and Eu/Eu* versus Sr/Sr*



625Int J Earth Sci (Geol Rundsch) (2017) 106:617–630	

1 3

the high-Ti basalts can be further divided into three sub-
types: HT1 (TiO2 > 3.6 %, Mg# < 45), HT2 (TiO2 < 2.5–
3.5 %, Mg# < 45–52) and HT3 (Mg# = 51–61, differ from 
low-Ti with higher TiO2 at comparable Mg#) and show 
distinct geochemical features in different zones. Mean-
while, He et  al. (2010) suggested that the high-Ti basalts 
in peripheral zone have slightly narrower ranges of εNd(t) 
values than the high-Ti basalts in the central and western 
zones. Hence, we attempt to integrate these previous stud-
ies (Qi and Zhou 2008; Qi et al. 2008; Lai et al. 2012; Fan 
et al. 2008; Xiao et al. 2004; Zi et al. 2010) along with our 
new data to provide more insights into the genesis of the 
Emeishan high-Ti basalts. We illustrate that a certain differ-
ence exists between the high-Ti basalts in the intermediate/
outer zones of the ELIP (e.g., Zhaotong, Guizhou, Guangxi 
and Dashibao) and those in the inner zone (e.g., Binchuan 
and Longzhoushan). The results are as follows:

1.	 The high-Ti basalts in the intermediate and outer zones 
mainly belong to HTI type (Xu et al. 2001) and share 
similar geochemical features characterized by consider-
able enrichment in LREE and LILEs, which are clearly 
different from typical N-MORB, but similar to OIB. 
Most of basalts show weak Nb–Ta depletion and obvi-

ously negative Sr anomalies. In addition, these high-Ti 
basalts have narrow Sr–Nd isotope ranges (εNd(t) from 
−0.74 to +3.68), indicating that they might originate 
from a homogeneous mantle source and experience 
limited crustal contamination. In plots of MgO versus 
major oxides and trace elements (Fig. 4), all the basalts 
have low MgO, Cr, Ni values and relatively high TiO2 
values. The values of Al2O3, Fe2O3, Cr and Ni show 
positive relationships with MgO values (except some 
samples in Dashibao) while SiO2 and TiO2 values cor-
relate negatively with MgO values, indicating that the 
high-Ti basalts in the intermediate and outer zones of 
the ELIP are controlled by fractional crystallization of 
olivine + clinopyroxene + plagioclase.

2.	 In the inner part of the ELIP where the high-Ti basalts 
account for smaller portions than low-Ti basalts (Xu 
et al. 2001), the high-Ti basalts show several geochem-
ical features similar to high-Ti basalts in the interme-
diate and outer zones (Xiao et al. 2004). For instance, 
they show considerable LREE and LILEs enrichment 
(Fig. 3a, b). However, the high-Ti basalts in the inner 
zone (Binchuan and Longzhoushan) show some vari-
ably geochemical features. The Longzhoushan basalts 
have compositions closer to the primitive magma 

Fig. 6   εNd(t) (t = 260 Ma) 
values versus (87Sr/86Sr)i dia-
gram for the Emeishan high-Ti 
basalts from Zhaotong. DM 
(depleted mantle), mantle array 
and EMI and EMII trends are 
after Zindler and Hart (1986). 
OIB data are from Wilson 
(1989). The Yangtze upper/mid-
dle crust and lower crust data 
are from Gao et al. (1999), Ma 
et al. (2000) and Chen and Jahn 
(1998). The numbers indicate 
the percentages of participation 
of the crustal materials. The 
data of the Emeishan basalts are 
from Xu et al. (2001) and Xiao 
et al. (2004)
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according to their relatively higher values of MgO 
(7.4–11.3 %) and Mg# (66–53) as well as other com-
patible elements (Zhong et  al. 2006; Qi et  al. 2008). 
By contrast, the Binchuan basalts (HT1) with lower 
values of MgO (2.26–6.88  %) and Mg# (31–53) sug-
gest a higher evolution state of the high-Ti magma. The 
Longzhoushan basalts have lower Nb/La ratios (0.52–
1.05) than those (0.96–1.36) of the Binchuan high-Ti 
basalts and show obvious Nb–Ta negative anomalies 
and larger range of εNd(t) (−3.0 to +2.4), suggesting 
involvement of more crustal/SCLM materials. For the 
Longzhoushan basalts (Fig.  4), the positive correc-
tions between TiO2, Ni, Cr and MgO, and negative cor-
relation between Al2O3 and MgO, indicating that the 
Longzhoushan basalts may be controlled by fraction-
ation of olivine +  clinopyroxene + Ti–Fe oxide. For 
the Binchuan basalts, TiO2 and Al2O3 show positive 

relationship with MgO, while there is no clear relation-
ship between Cr, Ni and MgO, suggesting that the Bin-
chuan basalts mainly underwent plagioclase +  Ti–Fe 
oxide fractionation. Besides, the main phenocrysts in 
the Longzhoushan high-Ti basalts are clinopyroxene, 
while plagioclase phenocrysts dominate in the Bin-
chuan high-Ti basalts (Xiao et al. 2004; Qi et al. 2008).

Origin of the high‑Ti basalts in the ELIP

The origin and mantle source of continental flood basalts 
are not well constrained and remain the subject of intense 
debate (He et al. 2010). Numerous models have been pro-
posed to explain the origin of the typical continental flood 
basalts. For example, there are many authors who have 

Fig. 7   Plots of Nb/La versus MgO and Nb/La versus εNd (t) for the 
Zhaotong basalts, Binchuan basalts and Longzhoushan basalts. Data 
of the Binchuan samples are from Xiao et  al. (2004). The Long-
zhoushan samples are from Qi et al. (2008)

Fig. 8   a Plots of Sm/Yb versus Sm for the Zhaotong basalts, Long-
zhoushan basalts and Binchuan basalts. b Plots of La/Sm versus Sm/
Yb for the basalts mentioned above. The referred melt curves are 
after Aldanmaz et  al. (2000) and references therein. Primitive man-
tle (PM) and N-MORB compositions are from Sun and McDonough 
(1989). Data of the Binchuan samples are from Xiao et  al. (2004). 
The Longzhoushan samples are from Qi et  al. (2008). The symbols 
are the same as those in Fig. 7
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argued that LIPs are direct results of mantle plume head 
melting (White and McKenzie 1989; Campbell and Grif-
fiths 1990; Hill 1991), while others have proposed that they 
result from melting of SCLM which can be caused by heat-
ing from a plume (Hawkesworth et al. 1984; Gibson et al. 
1995).

The high-Ti basalts in the ELIP have been convinced 
to form by a mantle plume head. Considerable discussion 
about these basalts surrounds the extent of contribution of 
the SCLM and continental crust or recycled crustal mate-
rials (Song et  al. 2001, 2008; Xiao et  al. 2004; Xu et  al. 
2007; Zhang et al. 2008). Xu et al. (2007) studied Os, Pb 
and Nd isotope geochemistry in five different areas and 
proposed that the high-Ti basaltic magmas with low γOs(t) 
from −0.8 to −1.4 were most likely derived from a SCLM 
reservoir or were contaminated by a significant amount of 
lithospheric mantle material during plume-related magma 
ascent through the SCLM. Further, Lai et  al. (2012) sug-
gested the Guangxi basalts represent partial melting of the 
subcontinental lithospheric mantle and experienced minor 
crustal contamination during their ascent. However, other 
workers (e.g., Song et al. 2001, 2008; Xu et al. 2001, 2004; 
Wang et  al. 2007) argued that the high-Ti basalts were 
generated by low degrees (<8  %) partial melting of the 
Emeishan mantle plume in the garnet stability field with-
out assimilating subcontinental lithosphere mantle (SCLM) 
materials.

Our geochemical data are compatible with the idea that 
the Emeishan high-Ti basalts have a mantle plume origin. 
However, different geochemical characteristics (as men-
tioned above) between the high-Ti basalts in the interme-
diate/outer zones of the ELIP (e.g., Zhaotong, Guizhou, 
Guangxi and Dashibao) and those in the inner zone (e.g., 
Binchuan and Longzhoushan) suggest different magmatic 
processes or mantle sources.

The intermediate and outer zones of the ELIP represent 
the waning stage of volcanism with a lower mantle tem-
perature and thicker lithosphere, far from the axis of man-
tle plume, corresponding to their small degrees of partial 
melting (Xu et al. 2001). Thus, there was not enough heat 
added to the SCLM to induce SCLM melting and may pro-
duce uniform high-Ti basalts with little SCLM contamina-
tion (He et al. 2010). All these high-Ti basalts having OIB-
like isotopic characteristics and high concentrations of the 
LREE and LILEs, weak Nb–Ta depletions and invariable 
εNd(t) among the different areas suggest that the intermedi-
ate and outer high-Ti basalts from a homogeneous mantle 
plume head at garnet-stable depths. There are only minor 
crustal compositions involved in the magma during their 
ascent and eruption. Besides, these high-Ti lavas may have 
experienced extensive plagioclase fractionation in a crus-
tal magma chamber or en route to the surface. This also 
precludes the possibility of lamproitic melts derived from 

enriched SCLM as a contaminant of the high-Ti basalts 
lava in the intermediate and outer zones of the ELIP (Ellam 
and Cox 1991; Xu et al. 2001).

The high-Ti basalts in the inner zone have more com-
plex geochemical features than those in the intermediate 
and outer zones of the ELIP. For example, the Binchuan 
and Longzhoushan basalts are near the center of the ELIP, 
and they both share OIB-like features (e.g., enrichment of 
LREE and LILEs), suggesting a deep mantle plume ori-
gin. However, they show some distinct geochemical fea-
tures of major, trace elements and Sr–Nd isotopes as men-
tioned above. Some Longzhoushan high-Ti basalts show 
obvious depletions in Nb (Nb/La: 0.52–1.05) while the 
Binchuan basalts show no negative Nb anomalies (Nb/La: 
0.96–1.36), which could be attributed to difference in their 
mantle source regions or crustal contamination. Both Nb/
La versus MgO and Nb/La versus εNd(t) diagrams of the 
Longzhoushan basalts show no correlations (Fig. 7), indi-
cating a rather heterogeneous mantle source incorporated 
by crustal/SCLM components rather than crustal contami-
nation during magma ascent. Moreover, the Longzhoushan 
basalts belong to the HT3 type that show different com-
positional variations and have been suggested a different 
mantle source involving crustal/SCLM materials (Xu et al. 
2001). Thus, whether the SCLM or crustal materials were 
involved in the mantle source is important to understand 
the genesis of the high-Ti basalts in the inner zone (Fig. 8).

Some workers interpret the Emeishan basalts as the 
products of a Middle/Late Permian mantle plume con-
taminated by the SCLM beneath the Emeishan large igne-
ous province (ELIP) (Song et  al. 2001; Xiao et  al. 2003) 
or mixed with lamproitic magmas from the SCLM (Chung 
and Jahn 1995). The Re–Os isotopic system is a potentially 
powerful tool for tracing the origin of magmas in conti-
nental settings, because the SCLM typically has lower Os 
isotopic compositions than the hypothetical primitive upper 
mantle (Meisel et  al. 2001). Besides, both ancient upper 
and lower crust can be significantly enriched in radiogenic 
Os. Compared with mantle-derived magmas, γOs values of 
the Earth’s crust have much higher positive values. Hence, 
the addition of minor crustal materials would therefore 
be expected to impart positive γOs values to the magmas 
(Zhang 2009). Based on Re–Os isotopic compositions, Xu 
et al. (2007) proposed that subcontinental lithospheric man-
tle (SCLM) source was involved in the formation of the 
Longzhoushan high-Ti basalts according to their low γOs(t) 
from −0.8 to −1.4. Consequently, the high-Ti basaltic 
magma was either derived from partial melting of SCLM or 
contaminated by a significant amount of lithospheric man-
tle material during plume-related magma ascent through 
the SCLM. Although we have no information about the 
exact composition of the SCLM in the inner ELIP, Os iso-
topic data for harzburgitic mantle from Nushan (Anhui 



628	 Int J Earth Sci (Geol Rundsch) (2017) 106:617–630

1 3

Province) and Panshishan (Jiangsu Province) in the Yang-
tze craton suggest the SCLM underlying the ELIP might 
have strongly negative γOs (t = 259 Ma) values as low as 
−10 (Zhi and Qin 2004). Zhang et al. (2008) implied the 
Lijiang high-Ti/Y picrites (γOs (t): −0.4 to −2.4) involved 
minimal amounts of SCLM contamination. They assumed 
an Emeishan SCLM with 3.4  ppb Os and a γOs of −10, 
and picritic melt composition with 2.1 ppb Os and a γOs of 
−0.4. The mixing calculations suggest that ~14 % SCLM 
contamination can account for the entire range in Os iso-
topic composition of their high-Ti/Y picrites (Zhang et al. 
2008). Depleted Os isotope signatures have also been used 
in other ocean island provinces to indicate involvement of 
the SCLM. For example, Debaille et  al. (2009) measured 
Os isotopes in lavas from Iceland and Jan Mayen, and 
found γOs values similar to those found in the ELIP (as low 
as −2.1), and they attributed to the presence of the North 
Atlantic SCLM in the melting zone. Therefore, we believe 
that SCLM melting remains the most likely way to con-
tribute depleted Os isotope signatures in the ELIP. Moreo-
ver, lithospheric signatures for the Longzhoushan high-Ti 
basalts (γOs: −0.8 to −1.4) could be more likely involving 
small amounts of SCLM materials in their mantle source 
rather than directly melting of the SCLM.

Other workers (Kieffer et  al. 2004; Wang et  al. 2007) 
questioned melting of the SCLM. They argued that the 
lithospheric mantle was not considered to give rise to mag-
mas with diverse chemical characteristics because it is the 
coldest part of the mantle. Besides, the nature of the SCLM 
beneath the ELIP is not well constrained, and the degree of 
melting of the SCLM is not clear. However, recently, Song 
et al. (2008) studied the Dongchuan area that is closed to 
the inner zone of the ELIP and suggested that the teph-
rites in Dongchuan provide first unambiguous evidence 
for melting of the SCLM in the EILP. They proposed that 
the tephrites were derived from magmas formed when the 
base of the previously metasomatized, volatile-mineral-
bearing subcontinental lithospheric mantle was heated by 
the upwelling mantle plume of initial stage. Therefore, the 
melting of SCLM in the ELIP did occur, and the melting of 
SCLM should satisfy the following geological conditions: 
(1) extension and thinning of lithosphere to cause decom-
pression melting; (2) extremely high geotherm; (3) the 
presence of volatile that can lower the solidus (Kieffer et al. 
2004; Xiao et al. 2004).

Shellnutt and Jahn (2011) studied the Emeishan basalts 
and a mafic dyke in Panzhihua, and they suggested that the 
high-Ti basalts were intruded by the ~260  Ma Panzhihua 
gabbroic complex. Thus, these high-Ti basalts may erupt 
slightly earlier than the mafic intrusion. In the Longh-
zoushan area, the high-Ti basalts were underlain by low-Ti 
basalts (Xu et al. 2007; Qi and Zhou 2008), indicating the 
high-Ti basalts might erupt earlier than the low-Ti basalts. 

The high-Ti basalts are considered to be the parental mag-
mas of the Fe–Ti oxide bearing gabbros, while the low-Ti 
basalts are thought to be the parental magmas of Ni–Cu 
sulfide deposits (Wang et  al. 2007; Zhou et  al. 2008). 
Besides, the ELIP Fe–Ti oxide deposits are merely con-
centrated within the inner zone, while the Ni–Cu sulfide 
deposits are located within the whole ELIP. Shellnutt and 
Jahn (2010) have successfully modeled the genesis of two 
Fe–Ti oxide deposits using high-Ti basalts. Therefore, 
high-Ti basalts in the inner zone may have erupted dur-
ing the early stages of the ELIP volcanism rather than the 
waning stages (Shellnutt and Jahn 2011). Thus, the high-Ti 
magma in the inner zone may have much higher geotherm 
than that in the intermediate and outer zones. Moreover, 
Xu et al. (2001) suggested the high-Ti magmas were prob-
ably volatile-rich, as evidenced by the presence of primary 
biotite in these rocks. The rising mantle plume head could 
also cause extension and thinning of lithosphere, and fur-
ther decompression melting of the SCLM. Therefore, these 
features fulfilled the conditions required for melting of 
small quantities of SCLM in the inner zone of the ELIP, 
and the different geochemical characteristics of these high-
Ti basalts might be due to the heterogeneous mantle source 
that entrapped some melting SCLM materials.

Overall, the high-Ti basalts in the ELIP originated from 
the mantle plume head. At the periphery of the Emeishan 
plume head, where the mantle source is rather homoge-
nous, the lithospheric lid was thicker and the temperature 
was lower, low degrees of melting in the garnet stability 
field formed the uniform Emeishan high-Ti basalts in the 
intermediate and outer zones of the ELIP. By contrast, 
the high-Ti basalts in the inner zone are near the center of 
the ELIP, where the lithospheric lid was thinner and geo-
therm was higher, thus the heterogeneous mantle source 
that involved some SCLM materials contributed to variably 
geochemical characteristics of the basalts. However, we 
cannot entirely rule out the involvement of the crustal mate-
rials in the formation of the inner high-Ti basalts, because 
only limited Os data have been obtained in the ELIP, and 
interaction processes between the Emeishan mantle plume 
and lithosphere are more complex than we thought. Thus, 
further more studies (e.g., Re–Os isotopes) in the ELIP are 
required to better understand whether the geochemical dif-
ferences of these basalts are controlled by these dependent 
or independent processes that took place in different parts 
of the plume and SCLM.

Conclusions

All samples collected from Zhaotong belong to the high-
Ti group basalts. Petrological and geochemical character-
istics of the Zhaotong basalts indicate that they originated 
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from less than 8 % partial melting of a garnet-dominated 
peridotite, OIB-like mantle source and experienced limited 
crustal contamination. The high-Ti basalts in the intermedi-
ate and outer zones of the ELIP share many similarities in 
elemental and Sr–Nd isotopic geochemistry, indicating that 
they originated directly from the Emeishan mantle plume 
and formed by large scale and low degrees of partial melt-
ing. In contrast, the basalts in the inner zone of the ELIP 
exhibit different characteristics and suggest that these high-
Ti basalts represent partial melting of a mantle plume head 
that entrapped some SCLM materials when the upwelling 
of plume triggered partial melting of the SCLM.
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