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and magnesium isotope fractionation between coexisting 
mantle minerals. In contrast, the garnet-bearing pyroxen-
ites, which are products of reactions between peridotites 
and silicate melts from an ancient subducted oceanic slab, 
exhibit larger iron isotopic variations, with δ57Fe ranging 
from 0.12 to 0.30. The δ57Fe values of minerals in these 
garnet-bearing pyroxenites also vary widely (−0.25 to 
0.08 in olivines, −0.04 to 0.25 in orthopyroxenes, −0.07 
to 0.31 in clinopyroxenes, 0.07 to 0.48 in spinels and 0.31–
0.42 in garnets). In addition, the garnet-bearing pyroxen-
ite shows light δ26Mg (−0.43) relative to the mantle. The 
δ26Mg of minerals in the garnet-bearing pyroxenite range 
from −0.35 for olivine and orthopyroxene, to −0.34 for 
clinopyroxene, 0.04 for spinel and −0.68 for garnet. These 
measured values stand in marked contrast to calculated 
equilibrium iron and magnesium isotope fractionation 
between coexisting mantle minerals at mantle temperatures 
derived from theory, indicating disequilibrium isotope frac-
tionation. Notably, one phlogopite clinopyroxenite with an 
apparent later metasomatic overprint has the heaviest δ57Fe 
(as high as 1.00) but the lightest δ26Mg (as low as −1.50) 
values of all investigated samples. Overall, there appears to 
be a negative co-variation between δ57Fe and δ26Mg in the 
Hannuoba garnet-bearing pyroxenite and in the phlogopite 
clinopyroxenite xenoliths and minerals therein. These fea-
tures may reflect kinetic isotopic fractionation due to iron 
and magnesium inter-diffusion during melt–rock interac-
tion. Such processes play an important role in producing 
inter-mineral iron and magnesium isotopic disequilibrium 
and local iron and magnesium isotopic heterogeneity in the 
subcontinental mantle.

Keywords  Iron and magnesium isotopes · Pyroxenite 
xenoliths · Melt−rock interaction · Lithospheric mantle · 
North China Craton

Abstract  We present high-precision iron and magnesium 
isotopic data for diverse mantle pyroxenite xenoliths col-
lected from Hannuoba, North China Craton and provide the 
first combined iron and magnesium isotopic study of such 
rocks. Compositionally, these xenoliths range from Cr-
diopside pyroxenites and Al-augite pyroxenites to garnet-
bearing pyroxenites and are taken as physical evidence for 
different episodes of melt injection. Our results show that 
both Cr-diopside pyroxenites and Al-augite pyroxenites of 
cumulate origin display narrow ranges in iron and magne-
sium isotopic compositions (δ57Fe = −0.01 to 0.09 with 
an average of 0.03 ± 0.08 (2SD, n = 6); δ26Mg = − 0.28 
to −0.25 with an average of −0.26 ± 0.03 (2SD, n = 3), 
respectively). These values are identical to those in the nor-
mal upper mantle and show equilibrium inter-mineral iron 
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Introduction

Iron (Fe) and magnesium (Mg) are two of the major 
constituent chemical elements of common upper mantle 
minerals and, hence, the Fe and Mg isotope systematics 
of ultramafic rocks have received wide attention. Pre-
vious studies demonstrated that detectable Fe isotope 
fractionation could occur (up to 1.6‰) in mantle rocks 
and their minerals (Zhu et  al. 2002; Beard and Johnson 
2004; Williams et  al. 2004, 2005, 2009, 2012; Schoen-
berg and Blanckenburg 2006; Weyer and Ionov 2007; 
Zhao et  al. 2010, 2012, 2015; Huang et  al. 2011; Poi-
trasson et  al. 2013; Macris et  al. 2015; An et  al. 2017). 
This isotopic fractionation could have been controlled 
by mineral structures (Macris et  al. 2015; Roskosz 
et  al. 2015), changes in the oxidation state of Fe (Wil-
liams et al. 2004, 2005; Dauphas et al. 2009, 2014; Sossi 
et al. 2012), melt extraction (Williams et al. 2004, 2005; 
Weyer and Ionov 2007; Teng et  al. 2008; Schuessler 
et  al. 2009; Hibbert et  al. 2012), the effect of metaso-
matism (Beard and Johnson 2004; Williams et  al. 2005; 
Weyer and Ionov 2007; Dauphas et al. 2009; Zhao et al. 
2010, 2012, 2015; Poitrasson et  al. 2013) and/or kinetic 
isotopic fractionation caused by diffusion (Teng et  al. 
2011; Weyer and Ionov 2007; Huang et al. 2011; Weyer 
and Seitz 2012; Zhao et  al. 2012, 2015, 2017; Poitras-
son et  al. 2013). By contrast, analysis of most oceanic 
basalts and mantle peridotites has shown that the terres-
trial mantle has a homogeneous Mg isotopic composi-
tion (average δ26Mg = −0.25 ± 0.07, 2SD) (Teng et al. 
2007, 2010, 2017; Handler et al. 2009; Yang et al. 2009; 
Bourdon et al. 2010; Dauphas et al. 2010; Bizzarro et al. 
2011; Huang et  al. 2011; Pogge von Strandmann et  al. 
2011; Liu et al. 2011; Xiao et al. 2013; Lai et al. 2015) 
and that the fractionation of Mg isotopes during partial 
melting and magma-differentiation processes is limited in 
the mantle (<0.07‰ for δ26Mg, Teng et  al. 2007, 2010, 
2017). However, recent studies have shown that chemi-
cal diffusion generates Fe and Mg isotope fractionation 
in komatiite, zoned olivine and strongly metasomatized 
mantle xenoliths that exceeds potential equilibrium iso-
tope fractionation by an order of magnitude (Dauphas 
et al. 2010; Teng et al. 2011; Weyer and Seitz 2012; Sio 
et al. 2013; Huang et al. 2011; Zhao et al. 2012, 2015; Hu 
et al. 2016). Therefore, combined analyses of Fe and Mg 
isotopic compositions from the same sample could pro-
vide new insights into mantle processes.

Pyroxenites are an important mantle lithology and 
are commonly considered important for basalt genera-
tion and mantle refertilization (e.g., Bodinier et al. 1990; 
Hirschmann and Stolper 1996; Sobolev et al. 2005; Beyer 
et al. 2006; Pilet et al. 2008; Zhang et al. 2009a; LeRoux 

et  al. 2007, 2009; O’Reilly and Griffin 2012). They are 
commonly believed to have been formed through perido-
tite–melt interaction in the lithospheric mantle, or to rep-
resent remnants of subducted oceanic crust or the product 
of mafic magma underplating, e.g., cumulative origin in 
the crust-mantle transitional zone (Dawson et  al. 2001, 
2007; Xu 2002; Pearson et  al. 2004; Liu et  al. 2005; 
Ackerman et  al. 2009; Dantas et  al. 2009; Zhang et  al. 
2012; Ying et  al. 2013). Therefore, pyroxenite xenoliths 
entrained in mafic magmas are ideal samples to study in 
order to elucidate melt migration, infiltration, or circu-
lation in the subcontinental lithosphere. Recently, Wil-
liams and Bizimis (2014) found that Fe in garnet pyrox-
enites from Hawaii was (on average) isotopically heavy 
(δ57Fe  =  0.10–0.27) compared to depleted peridotites 
(δ57Fe  =  −0.34 to 0.14). They attributed the origin of 
relatively heavy Fe isotope values in Hawaiian pyrox-
enites versus peridotites to fractional crystallization and 
cumulate forming processes near the base of the oceanic 
lithosphere. Hu et al. (2016) carried out the first study on 
Mg isotopic systematics of pyroxenite xenoliths from the 
North China Craton (NCC). They found large Mg iso-
topic variations on both the bulk rock and mineral scales 
in pyroxenite xenoliths and interpreted this to reflect Mg 
isotope fractionation during mantle metasomatism.

While Fe and Mg isotopic characterization of pyroxen-
ites can enhance our understanding of mantle processes, a 
systematic, coupled Fe and Mg isotopic study of pyroxen-
ite xenoliths and their constituent minerals has not previ-
ously been done. The impact of Fe and Mg isotopic vari-
ations in pyroxenite xenoliths on isotopic heterogeneity 
in the mantle and in related volcanic rocks has not been 
well-constrained.

Here, we present, to our knowledge, the first combined 
Fe and Mg isotopic study of a suite of well-characterized 
pyroxenite xenoliths from Hannuoba, North China Craton 
(NCC) (Supplementary Fig. 1). These xenoliths have been 
interpreted as physical evidence for different episodes of 
melt injection (Chen et al. 2001; Xu 2002; Fan et al. 2005; 
Liu et al. 2005, 2010; Hu et al. 2016) and, therefore, pro-
vide a unique opportunity to constrain the origins of pyrox-
enites and to study the influence of mantle metasomatism 
on generating Fe and Mg isotopic variation in the upper 
mantle.

Geological setting and petrography of pyroxenite 
xenoliths

The NCC is a large Archean shield with crustal remnants 
as old as 3.8  Ga (Liu et  al. 1992). It can be divided into 
three regions: Eastern Block, the Western Block and the 
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intervening Trans-North China Orogen (Central Orogenic 
Belt), based on geochronological data, lithological assem-
blages, tectonic evolution and P–T-t paths (see insert in 
supplementary Fig. 1) (Zhao et al. 2005). The craton expe-
rienced widespread tectonothermal reactivation during the 
Late Mesozoic and Cenozoic as indicated by the emplace-
ment of voluminous Late Mesozoic granites and extensive 
Tertiary alkali basalt volcanism (Zhi et  al. 1990; Zheng 
et  al. 1998; Fan et  al. 2000; Xu 2001; Zhang et  al. 2002; 
Yang et  al. 2003; Zhang et  al. 2005). Studies of mantle 
xenoliths and xenocrysts entrained in Paleozoic kimber-
lites and Cenozoic basalts from the NCC have revealed 
that the lithosphere beneath the NCC was not only consid-
erably thinned, but also compositionally changed from a 
Paleozoic cold, thick and refractory lithospheric mantle to 
a Cenozoic hot, thin and fertile mantle (Griffin et al. 1992, 
1998; Menzies et  al. 1993, 2007; Menzies and Xu 1998; 
Fan et  al. 2000). Though the idea of lithosphere thinning 
is widely accepted, the mechanism responsible for such a 
thinning process still remains hotly debated (Xu 2001; Gao 
et al. 2004; Zhang et al. 2005; Zheng et al. 2007).

The Hannuoba basalts occur along the northern margin 
of the Trans-North China Orogen (Supplementary Fig.  1) 
and comprise an alternating series of alkaline and tholeiitic 
basalts (Zhi et al. 1990). They have been dated at 14–27 Ma 
by the K–Ar method (Zhu 1998) and are related to wide-
spread Cenozoic rifting in the NCC (Basu et al. 1991). The 
alkaline basalts carry a remarkable variety of deep-seated 
xenoliths from both the lower crust and upper mantle. 
These xenoliths vary from ultramafic to mafic to felsic with 
peridotites being dominant, pyroxenites and mafic granu-
lites subordinate and felsic granulites rare. They have been 
studied to varying extents (Song and Frey 1989; Tatsumoto 
et  al. 1992; Chen et  al. 2001; Gao et  al. 2002; Xu 2002; 
Liu et al. 2004, 2005, 2010; Rudnick et al. 2004; Tang et al. 
2007; Choi et  al. 2008; Zhang et  al. 2009b; Zheng et  al. 
2009; Zhao et al. 2010; Hu et al. 2016).

The xenoliths investigated in this study were collected 
from the Damaping and Jieshaba localities (Supplementary 
Fig. 1). They are generally fresh, rounded or ellipsoidal in 
shape and range from 5 to 20 cm in diameter, with granu-
lar to granuloblastic textures and a variable mode (Table 1). 
They can be divided into three types following the classi-
fication of Wilshire and Shervais (1975): (1) Cr-diopside 
pyroxenites, which are either spinel-bearing or spinel free 
(Cr-pyroxenites); (2) Al-augite pyroxenites (Al-pyroxen-
ites); and (3) garnet pyroxenites.

The Cr-pyroxenite group includes three websterites and 
one olivine clinopyroxenite (JSB06-36). They are bright 
green in hand sample and are texturally well equilibrated 
(Fig.  1a, b). The Cr-diopside websterites are dominantly 
composed of clinopyroxene (52–57%) and subordinate 
orthopyroxene (34–48%), and in some cases, rare spinel 

and olivine are also present (Table 1). They are character-
ized by medium- to coarse-grained protogranular texture 
of clinopyroxene and orthopyroxene, and some websterites 
exhibit lamellar microstructure with exsolution of orthopy-
roxene lamella in clinopyroxene (Fig. 1a, b). Olivines are 
usually anhedral, small (0.3–0.5  mm) and sparse. Spi-
nels occur as small intergranular grains at pyroxene grain 
boundaries (Fig.  1a, b). Application of the two-pyroxene 
thermometer of Wells (1977) yields higher equilibration 
temperatures (1012–1073  °C) for spinel pyroxenites than 
for the spinel-free pyroxenites (884 °C) (Table 1). There are 
no discernible differences in temperature between perido-
tites (839–1072 °C, Chen et al. 2001; Rudnick et al. 2004; 
Tang et  al. 2007; Zhao et  al. 2010) and Cr-diopside web-
sterites, indicating a mantle origin for the pyroxenite xeno-
liths. The olivine clinopyroxenite is mainly composed of 
clinopyroxene (~56%), with less olivine (~44%) (Table 1, 
Fig.  1c, d). It is medium- to coarse-grained and exhibits 
protogranular texture with medium- to coarse-grains of 
clinopyroxenes (1–3  mm) and medium to small grains of 
olivine (Table 1, Fig. 1c, d).

The Al-augite pyroxenite group comprises two web-
sterites and one phlogopite clinopyroxenite. The webster-
ites are black in hand sample, are spinel-free and primar-
ily consist of clinopyroxene (54–56%) and orthopyroxene 
(44–46%). Most websterites show granoblastic texture of 
medium- to coarse-grained (1–3  mm) (Fig.  1e, f). Both 
pyroxenes contain exsolution lamellae of the other min-
eral, implying sub-solidus re- equilibration. These Al-
augite websterites yield lower equilibrium temperatures 
(888–893  °C) than that of Cr-diopside pyroxenites using 
the two-pyroxene thermometer of Wells (1977). These 
estimates agree with the estimates reported by Xu (2002) 
and Chen et al. (2001) for Al-augite pyroxenites from Han-
nuoba. The phlogopite clinopyroxenite is composed of 
dominant deep grey (hand specimen) clinopyroxene with 
about 18% phlogopite and trace amounts of spinel. Phlo-
gopite is anhedral and intergranular (Fig. 1g, h). Spinel in 
the phlogopite clinopyroxenite is pale greenish, contrast-
ing with its brown colour in the other pyroxenites and is 
heterogeneously distributed throughout the rock (Fig. 1g, 
h).

The garnet pyroxenites consist of variable modal propor-
tions of clinopyroxene (usually the major phase), olivine, 
orthopyroxene, spinel and garnet (Table 1, Fig. 1i–n). They 
are characterized by medium- to coarse-grained porphy-
roclastic texture. Garnet often occurs in coronas around 
spinel, giving rise to classic spinel-cored garnets (Fig.  1i, 
j). The observation that garnet progressively replaces spi-
nel suggests that garnet was formed at a later stage, at the 
expense of spinel (Keshav et  al. 2007). Garnet may also 
occur as euhedral and rounded crystals without spinel rel-
icts (Fig. 1k, l). In addition, few samples are composite and 
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consist of garnet pyroxenite in contact with spinel peri-
dotite (Fig.  1m, n). Garnet grains display dark kelyphitic 
rims, identical in bulk chemical composition to the primary 

garnet (Liu et  al. 2005). Most garnet pyroxenites equili-
brated at 983–1077 °C and 12–16 kbar using the Grt-Opx 
thermometer of Brey and Köhler (1990) and barometer of 

Fig. 1   Thin-section photomicrographs (a, c, e, i, k, m) and representative microphotographs (plane-polarized light) (b, d, f, h, j, l, n) of differ-
ent types of Hannuoba pyroxenite xenoliths
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Nickel and Green (1985), (Table  1), respectively. These 
estimates are consistent with previous estimates (e.g., Chen 
et al. 2001; Xu 2002; Liu et al. 2005, 2010; Fan et al. 2005; 
Hu et al. 2016) and overlap with the T range for Hannuoba 
spinel peridotites.

Fifteen pyroxenite xenoliths and associated 47 min-
eral separates were selected for Fe isotopic measurements 
to cover the wide range of texture and modal/composi-
tional mineralogy of a larger sample collection. Hu et  al. 
(2016) reported Mg isotopic compositions of diverse man-
tle pyroxenite xenoliths and their separated minerals from 
Hannuoba. They found that pyroxenite xenoliths from Han-
nuoba have variable Mg isotopic compositions and mantle 
metasomatism likely play an important role in producing 
inter-mineral Mg isotopic disequilibrium and local Mg 
isotopic variation in the lithospheric mantle. In this study, 
we analysed five additional pyroxenite xenoliths (two Cr-
diopside pyroxenites, two Al-pyroxenites and one garnet 
pyroxenite) and associated 13 mineral separates from this 
area for comparison and discussion.

Analytical methods

The xenoliths were cut into slabs and the central parts 
were used for bulk-rock analyses and for mineral separa-
tion. Mineral separates (olivine, orthopyroxene, clinopy-
roxene, spinel, phlogopite and garnet) were handpicked 
under a binocular microscope, cleaned with Milli-Q water 
and dilute hydrochloric acid in an ultrasonic bath and then 

powdered with an agate mortar in preparation for chemical 
dissolution.

Major and trace element chemical analysis were con-
ducted at the Institute of Geology and Geophysics, Chinese 
Academy of Sciences (IGGCAS). Whole-rock major ele-
ments were determined by X-ray fluorescence (XRF), min-
eral major elements were determined by electron micro-
probe (EPMA), and clinopyroxene trace elements were 
determined by an inductively coupled plasma mass spec-
trometer (ICP-MS). More details of the analytical methods 
can be found in Zhao et al. (2015). The results are given in 
Supplementary Table 1, 2, 3.

Strontium and Nd isotope analyses of whole rock, 
including chemical separation and measurements 
on IsoProbe-T thermal ionization mass spectrom-
eter (GV instruments, England), were performed at 
IGGCAS. Details of the analytical procedures are simi-
lar to those described by Chu et  al. (2009). 87Sr/86Sr and 
143Nd/144Nd ratios were corrected for instrumental mass 
fractionation by normalizing to 86Sr/88Sr  =  0.1194 and 
146Nd/144Nd  =  0.7219, respectively. During the period 
of data collection, the measured values for NBS987-Sr 
standards was 87Sr/86Sr =  0.710,245 ±  7 (n =  10), iden-
tical to the accepted value 0.710250 and the JNdi-Nd was 
143Nd/144Nd = 0.512111 ± 5 (n = 8), overlapping within 
error the value of 0.512115 ±  7 (2σ) obtained by Tanaka 
et al. (2000). BCR-2 yielded 143Nd/144Nd = 0.512674 ± 13 
(2σ). The procedural blanks were 10, 49, 10 and 19 pg for 
Rb, Sr, Sm and Nd, respectively, which were less than 0.1% 
of the amount of samples loaded. The results are given in 
Supplementary Table 4.

Fig. 1   continued
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Fe and Mg isotopic ratios were measured at the Chinese 
Academy of Sciences Key Laboratory of Crust-Mantle 
Materials and Environments, University of Science and 
Technology of China (USTC). Detailed analytical proce-
dures, including sample dissolution, column chemistry and 
instrumental analysis, are similar to that reported in Huang 
et al. (2011); An et al. (2014); Li et al. (2016a). Approxi-
mately 2–20 mg of 200 mesh whole rock or mineral (oli-
vine, orthopyroxene, clinopyroxene, garnet and phlogopite) 
powders were dissolved using 5:1 mixtures of concentrated 
HF and HNO3 in 15  ml Teflon beakers on a hot plate at 
120  °C while spinels were dissolved using a mixture of 
1:1 HF and HCl in 5  ml steel-jacketed bomb in an oven 
at 180 °C for a week. After complete dissolution, the final 
solution was treated with concentrated HCl repeatedly to 
convert the cations into chlorides. At least two reference 
materials were processed as unknown samples for each 
batch of column chemistry to access accuracy and repro-
ducibility. For some samples, replicate analyses on dif-
ferent aliquots were performed where there was adequate 
powdered material.

Iron was purified on an anion exchange resin (Bio-
Rad AG1-X8, 200-400 mesh) in HCl using established 
procedures (Huang et  al. 2011; Li et  al. 2016a). The Fe 

isotopic composition was obtained using the sample-
standard bracketing method on a Thermo-Finnigan Nep-
tune MC-ICP-MS in medium-resolution mode (Huang 
et al. 2011; Li et al. 2016a). Iron isotope data are reported 
in standard δ notation in per mil relative to reference 
material IRMM-014: δXFe  =  [(δXFe/54Fe)sample/(δ

XF
e/54Fe)IRMM-014 −  1] ×  1000, where X refers 57 or 56. 
53Cr, 54Fe, 56Fe, 57Fe, 58Fe, and 60 Ni were measured 
in a static mode on the L3, L1, H1, H2, and H4 Fara-
day cups, respectively. The total procedural blank was 
<10  ng and is negligible compared to Fe loaded on the 
column (~50  μg of Fe). The long-term external repro-
ducibility of the 56Fe/54Fe ratio measurements at medium 
-resolution modes is better than 0.05‰ amu−1 at the 2SD 
level based on replicate measurements of in-house GSB 
Fe and UI Fe solutions against IRMM-014. Two USGS 
standards, BHVO-2 and BCR-2, yield average δ57Fe val-
ues of 0.16 ± 0.05 (2SD; n = 6) and 0.11 ± 0.07 (2SD; 
n  =  8), respectively. Our values for these rock stand-
ards are identical to the values (δ57Fe = 0.17 ± 0.02 for 
BHVO-2 and δ57Fe =  0.13 ±  0.01 for BCR-2) recom-
mended by Craddock and Dauphas (2011) and references 
therein when the equivalent 2 SD errors are considered. 
Duplicate δ57Fe analyses of DMP09-21 clinopyroxene 

Table 3   Mg isotope 
compositions of pyroxenites and 
their minerals from Hannuoba

WR whole rock, Ol olvine, Opx orthopyroxene, Cpx clinopyroxene, Spl spinel, Grt Garnet, Phl phlogopite
a  Re-analysis from chemical separation to isotopic analysis, starting from the new digestion of same sam-
ple powder

Sample Rock type Mineral δ26Mg 2SD δ25Mg 2SD N

BCR-2 Basalt (USGS) WR −0.23 0.04 −0.11 0.02 10

BHVO-2 Basalt (USGS) WR −0.26 0.03 −0.13 0.02 3

DMP09-02 Cr-websterite Opx −0.29 0.04 −0.14 0.01 3

Cpx −0.25 0.03 −0.13 0.02 3

WR −0.28 0.04 −0.14 0.03 3

JSB06-36 Cr-clinopyroxenite Ol −0.26 0.04 −0.13 0.01 3

Cpx -0.23 0.04 -0.11 0.01 3

WR −0.25 0.04 −0.13 0.04 3

DMP09-06 Al-websterite Opx −0.28 0.05 −0.14 0.03 3

Cpx −0.22 0.03 −0.11 0.02 3

WR −0.26 0.05 −0.13 0.02 3

JSB09-05 Garnet-websterite Ol −0.35 0.02 −0.17 0.03 3

Opx −0.35 0.03 −0.17 0.02 3

Cpx −0.34 0.04 −0.17 0.02 3

Sp 0.04 0.03 0.02 0.02 3

Grt −0.68 0.03 −0.34 0.01 3

WR −0.43 0.04 −0.21 0.02 3

DMP09-21 Phl-pyroxenite Cpx −1.54 0.04 −0.77 0.03 3

Phl −1.50 0.03 −0.75 0.03 3

Phla −1.50 0.03 −0.75 0.01 6

Average −1.50 0.01 −0.75 0.01 9

WR −1.53 0.04 −0.77 0.03 3
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from two sample aliquots also show good reproducibility 
(1.00 ± 0.09 vs. 1.00 ± 0.05).

Approximately 0.5 ml aliquots of the stock bulk solution 
were dried down, evaporated with concentrated HNO3, and 
then dissolved in 0.5  ml 1  N HNO3 for chromatographic 
separation. Magnesium purification was achieved by cation 
exchange chromatography with Bio-Rad AG50  W-X12 
(200–400 mesh) resin followed the established procedure of 
An et al. (2014). Ultrapure reagents were used for all steps, 
and the total procedural blank was <10 ng, which is insig-
nificant relative to the amount of Mg processed through the 
whole chemical procedure (~30 μg). Purified Mg sample 
solutions (~2 ppm Mg in 2% HNO3) were introduced into 
the “wet” plasma using a quartz dual cyclonic-spray cham-
ber and an ESI 50 μL/min PFA Teflon nebulizer. Samples 
were analysed using the Neptune MC-ICPMS in medium-
resolution mode with 24Mg, 25Mg, and 26Mg detected on the 
L3, C, and H3 Faraday cups simultaneously. Runs of sam-
ple and standard were separated by washes using 3% HNO3 
for 2 min to avoid cross-contamination. Magnesium isotope 
data are reported in standard δ notation in per mil relative 
to reference material DSM3 (Galy et al. 2003), defined as 
δXMg = [(XMg/24Mg) sample/(

XMg/24Mg)DSM3 − 1] × 1000, 
where X is either 25 or 26. The long-term external preci-
sion was evaluated by analysis of international Mg solu-
tion standards and rock standards and is generally better 
than ±0.05 for δ26Mg (An et  al. 2014). Analyses of the 
well-characterized USGS Mg rock standards in this study 
yield δ26Mg = − 0.26 ± 0.03 (2SD, n = 3) for BHVO-2, 
and −0.23 ± 0.03 (2SD, n = 10) for BCR-2, respectively 
(Table 3), which are in excellent agreement with the recom-
mended values within error (δ26Mg = −  0.24 ±  0.08 for 
BHVO-2 and δ26Mg = −  0.27 ±  0.02 for BCR-2; Teng 
et al. 2017 and references therein). One sample (phlogopite 
from DMP09-21) analysed in duplicate on separate aliquots 
and the Mg isotopic composition shows good reproducibil-
ity (Table 3).

Results

Whole‑rock chemistry

Major element abundance for pyroxenites is given in Sup-
plementary Table 2 and illustrated in Fig. 2. Available data 
for Hannuoba basalts, pyroxenites and peridotites from 
previous studies are also shown for comparison. As seen 
in Fig.  2, Hannuoba pyroxenites exhibit a much wider 
range in composition compared with Hannuoba perido-
tites, reflecting their more varied mineralogy. The whole-
rock mg-numbers [Mg# = 100 × atomic Mg/(Mg + Fe2+)] 
for Cr-diopside pyroxenites range from 87.6 to 91.5, while 
the Al-augite pyroxenites have significantly lower values 

(76.3–83.3). Both Cr-diopside pyroxenites and Al-augite 
pyroxenites have higher Al2O3, CaO and SiO2 contents 
compared to the peridotites (Fig. 2a–c); however, they have 
lower Ni concentrations than the peridotites (Fig. 2d). The 
garnet pyroxenites differ from the Cr-diopside pyroxenites 
and Al-augite pyroxenites in having significantly higher 
K2O, Al2O3 and Ni contents with Mg#s range from 84.7 
to 90.6 (Fig.  2, Supplementary Table  1). The phlogopite 
clinopyroxenite has the highest Al2O3, CaO and TiO2 but 
the lowest Ni contents among the samples studied in this 
work (Fig. 2a–c). The major element compositions of Han-
nuoba pyroxenites plot off the extension trends between 
the Hannuoba peridotites and calculated equilibrium melts 
(Fig. 2a, b), arguing against their origin as in situ melting 
products of the host peridotites. All the pyroxenites have 
higher MgO and Ni concentrations than those of Hannuoba 
basalts, including MORB (Fig. 2).

Mineral compositions

Olivine

Olivines from Cr-diopside pyroxenites generally have 
homogeneous major element compositions (Supplemen-
tary Table  3). The olivines in two websterite xenoliths 
have restricted Fo (89.0–90.8) and NiO (0.37–0.40 wt.%) 
contents (Supplementary Table 2, Supplementary Fig. 2a), 
approaching the composition of olivines from mantle peri-
dotitic xenoliths entrained in Hannuoba Cenozoic basalts 
(Supplementary Fig.  2a). Olivine in the olivine clinopy-
roxenite (JSB06-36) has lower Fo (87.2) and NiO contents 
(0.15 wt. %) than the olivines of the Cr-diopside webster-
ites (Supplementary Table 2, Supplementary Fig. 2a).

Olivines in the garnet pyroxenite xenoliths display large 
compositional variations with Fo ranging from 86.1 to 
91.2, which partly overlaps values in the Hannuoba perido-
tites (Supplementary Fig. 2a). Olivine in JSB09-20 is het-
erogeneous, with Mg# =  90.0 in the cores of grains and 
Mg#  =  86.7 in the rims (Supplementary Table  2). CaO 
contents for olivines of both Cr-diopside pyroxenites and 
garnet pyroxenites are low (0.04–0.11 wt. %) and similar to 
those estimated (CaO: 0.05–0.1 wt. %) by Brey and Köhler 
(1990) for rocks of mantle origin.

Orthopyroxene

Orthopyroxenes are broadly homogeneous with no com-
positional zonation. Orthopyroxenes in the Cr-diopside 
pyroxenites are chromian enstatite, which have high Mg# 
of 85.2–91.2 and Al2O3 contents of 4.3–5.5 wt%. Their 
Cr2O3 content varies from 0.59 to 0.60 wt% (Supple-
mentary Table  2, Supplementary Fig.  2b). Orthopyrox-
ene in the Al-augite pyroxenites is Al-rich enstatite (En 



	 Contrib Mineral Petrol  (2017) 172:40 

1 3

 40   Page 10 of 26

72.2–76.1; Supplementary Table 2) with a Mg# of 73.0–
76.9. They have much lower CaO (0.46–0.53 wt%) and 
Cr2O3 (0.13–0.16 wt%) contents, but distinctly higher 
contents of MnO (0.25–0.27 wt%) when compared to 

Cr-diopside pyroxenites (Supplementary Table  2, Sup-
plementary Fig. 2b). Orthopyroxenes in the garnet pyrox-
enites have relatively higher Mg# (86.7–91.3), CaO 
(0.89–1.08 wt%) and Cr2O3 (0.18–0.48 wt%) and lower 
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Fig. 2   Plots of whole-rock MgO against Al2O3 (a), CaO (b), TiO2 
(c) and Ni (d) for the Hannuoba pyroxenite xenoliths. The smaller 
symbols represent data from the literature. Data for Hannuoba peri-
dotites (Song and Frey 1989; Chen et al. 2001; Rudnick et al. 2004; 
Fan et al. 2005; Choi et al. 2008; Zhang et al. 2009b) and pyroxenites 
(Chen et al. 2001; Xu 2002; Fan et al. 2005; Liu et al. 2005; Hu et al. 
2016) are plotted for comparison. The star denotes the composition of 
primitive mantle from McDonough and Sun (1995). Solid line repre-
sents an “extraction” line between the Hannuoba peridotites as a resi-
due and calculated equilibrium melt taken from Xu (2002). The grey 
dashed lines represent the compositional fields of typical cratonic 

peridotites defined by Tanzanian xenoliths (Lee and Rudnick 1999). 
The data for Hannuoba basalts are from Zhi et al. (1990); Basu et al. 
(1991); Fan and Hooper (1991); Liu et al. (1994); Qian et al. (2015); 
Hu et al. (2016). The fields of mid-ocean ridge basalt (MORB) in a 
and b are from Downes (2007) with data from Melson et al. (1976), 
Schilling et  al. (1983); Korenaga and Kelemen (2000), in c is from 
Bodinier and Godard (2014) with data from the PetDB database, and 
in d is from Yu et al. (2010) with data from Jacob (2004). Major ele-
ment data of Hannuoba pyroxenite xenoliths are from supplementary 
Table 1
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MnO (0.12–0.14 wt%) contents compared to those in the 
Al-augite pyroxenites and fall within the trend for the 
Hannuoba peridotite on a Mg# versus Cr2O3 plot (Sup-
plementary Table 2, Supplementary Fig. 2b).

Clinopyroxene

Clinopyroxenes from the Cr-diopside pyroxenites 
have no compositional zonation. Their compositions 
(En44.4–49.3Wo44.1–50.7Fs4.8–6.7) fall within the diopside 
field on a Wo–En–Fs diagram (Morimoto 1988). They are 
characterized by Mg# values of 86.9–91.3, higher than 
those of coexisting orthopyroxenes and olivines (Supple-
mentary Table 2). Clinopyroxene from the olivine clino-
pyroxenite (JSB06-36) contains lower Al2O3 (2.99 wt%) 
and TiO2 (0.06 wt%) and higher Na2O (1.77 wt%) than 
the Cr-diopside websterites (3.14–4.9 wt% Al2O3, 0.19–
0.32 wt% TiO2, 0.92–1.13 wt% Na2O) (Supplementary 
Table 2, Supplementary Fig. 2b).

Clinopyroxenes from the Al-augite pyroxenites are Cr-
poor augites or diopsides with Mg# ranging from 77.5 
to 84.9 (Supplementary Fig.  2). They have high Al2O3 
(5.3–9.1 wt%) and low Na2O (0.39–0.88 wt%) contents 
and Cr2O3 is usually below 0.3 wt%. They have a much 
higher TiO2 (0.74–0.81 wt%) content than the clinopy-
roxenes from Cr-diopside pyroxenites (Supplementary 
Table 2, Supplementary Fig. 2b).

Clinopyroxenes from garnet pyroxenites are all diop-
side with Mg# ranging from 86.9 to 91.3 (Supplementary 
Table  2, Supplementary Fig.  2b). They have high Al2O3 
(5.00–8.34 wt%), low to moderate TiO2 (0.34–0.64 wt%) 
and Na2O (0.58–1.96 wt%) contents (Supplementary 
Table 2, Supplementary Fig. 2b).

Spinel

Spinels in the Cr-diopside pyroxenites have high 
Mg# (72.9–75.0), typical of mantle spinels. Their Cr# 
[100 × Cr/(Cr + Al)] is in the range of 19.1–21.6, much 
lower than the Cr# of on-craton spinels (40–91, Grif-
fin et  al. 1998) but similar to that of off-craton spinels 
(11–23, Zheng et  al. 2006). For the Al-augite pyroxen-
ites, spinel only occurs in the phlogopite clinopyroxenite 
(DMP09-21). The green spinel in this phlogopite clino-
pyroxenite is characterized by much lower Cr# (0.2) and 
NiO (0.03 wt%) and higher Al2O3 contents (63.5 wt. %) 
with a lower Mg# (65.8) than spinels from the Cr-diop-
side pyroxenites and garnet pyroxenites (Supplementary 
Table 2, Supplementary Fig. 2b). Spinels from the garnet 
pyroxenites analysed here are Cr-poor and Al-rich, with 
moderate Mg# (71.3–80.5). Their Cr# values (1.4–14.4) 

are lower than those from Cr-diopside pyroxenites 
(Cr# = 19.1–21.6).

Garnet

All the garnets investigated display dark kelyphitic rims. 
However, these kelyphites possess an almost identical bulk 
chemical composition to the primary garnet, with only a 
few analyses yielding higher contents of Na2O, suggesting 
alkali ingress from metasomatic melts (Liu et al. 2010). In 
garnet pyroxenites, garnets are pyrope-rich (pyrope 67.5–82.2, 
almandine 3.0–20.2, grossular 12.2–15.5), consistent with their 
relatively high Mg# (71.3–80.3) and mantle origin. Their 
CaO and Cr2O3 contents fall within the websteritic field 
(Sobolev et al. 1973) (Supplementary Fig. 2d).

Phlogopite

The composition of phlogopite in the phlogopite clinopy-
roxenite is relatively homogeneous with high Mg# (89.5), 
high K2O (9.03 wt.  %) and TiO2 (3.52 wt. %). The Mg# of 
the phlogopite is much higher than that in coexisting clino-
pyroxene (Mg# = 84.9, Supplementary Table 2), indicating 
the minerals are not in chemical equilibrium.

Trace elements

Whole rock trace element data and REE contents in 
clinopyroxene and garnet are given in Supplementary 
Table  3 and illustrated in Supplementary Fig.  3. Pyrox-
enite xenoliths from Hannuoba have higher rare earth 
element (REE) contents than the residual spinel perido-
tites reported in the literature (Supplementary Fig.  3). 
For Cr-diopside pyroxenite and Al-augite pyroxenite 
samples, clinopyroxene REE patterns resemble those in 
bulk whole-rocks but absolute REE concentrations are 
higher in the former (Supplementary Fig.  3), suggest-
ing that clinopyroxenes are the dominant reservoir of 
REE for these two pyroxenites groups. Clinopyroxenes 
from Cr-diopside pyroxenites exhibit substantial vari-
ation in both absolute concentrations of trace elements 
(ΣREE  =  14–104  ppm) and diversity of chondrite-
normalized REE pattern (Supplementary Table  3, Sup-
plementary Fig.  3). Both LREE-depleted and LREE-
enriched patterns are observed in Cr-diopside pyroxenites 
(Supplementary Fig.  3). Clinopyroxene in the olivine 
clinopyroxenite (JSB06-36) has a higher REE abundance 
than other Cr-diopside pyroxenites and exhibits a convex-
upward REE pattern (Supplementary Fig. 3). In a primi-
tive mantle-normalized spider diagram (Supplementary 
Fig. 3), the clinopyroxenes in all Cr-diopside pyroxenites 
show obvious negative anomalies in HFSE (Nb, Ta, Zr, 
Hf) and positive anomalies in U and Sr.
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Clinopyroxenes from two Al-augite websterites exhibit 
uniform convex-upward REE patterns with an apex at Sm, 
typical of pyroxenite xenoliths in alkali basalts (McDon-
ough and Frey 1989). In a primitive mantle-normalized 
spider diagram (Supplementary Fig. 3), Al-augite pyrox-
enites have pronounced negative HFSE (Nb, Ta, Zr and 
Hf) anomalies and very low Rb and Ba contents. The 
phlogopite clinopyroxenite (DMP09-21) is distinguished 
from other Al-augite pyroxenites by a higher REE abun-
dance and Rb, Ba, Th, U enrichment (Supplementary 
Fig. 3).

In contrast, the REE are distributed between garnet and 
pyroxene in garnet pyroxenites and, therefore, the clinopy-
roxene REE pattern does not mirror that of the whole-rock 
(Supplementary Fig.  3). LREE-depleted, LREE-enriched 
and essentially flat patterns are observed in various gar-
net pyroxenites (Supplementary Fig. 3). The flat pattern of 
some garnet pyroxenites is simply a consequence of abun-
dant modal garnet. All garnet pyroxenites are characterized 
by positive Sr anomalies and no Eu anomaly (Supplemen-
tary Fig. 3). All clinopyroxenes from garnet pyroxenites are 
LREE enriched but have lower HREE contents, indicating 
equilibration with garnet. REE patterns in garnet from gar-
net pyroxenites display significant LREE depletion and 
MREE to HREE enrichment, with no Eu anomaly (Supple-
mentary Fig. 3).

Sr and Nd isotopic compositions

The Sr and Nd isotopic compositions for Hannuoba pyrox-
enites are given in Supplementary Table  4 and illustrated 
in Supplementary Fig. 4. The data for peridotite xenoliths 
(Song and Frey 1989; Tatsumoto et  al. 1992; Choi et  al. 
2008; Zhang et  al. 2009b) and a range of basalts (Song 
et al. 1990; Basu et al. 1991) are also shown for compari-
son. The Sr and Nd isotopic ratios have been corrected for 
radioactive decay to 135 Ma, which is the approximate age 
of most pyroxenites (Xu 2002).

Cr-diopside pyroxenites display variable isotopic ratios: 
87Sr/86Sr = 0.703335–0.705329 and 143Nd/144Nd = 0.512597–
0.513079 (εNd = −  1.1 to +9.2). In the Sr–Nd isotope dia-
gram (Supplementary Fig.  4), the Sr and Nd isotopic com-
positions plot within the field of data reported previously for 
the Hannuoba Cr-diopside series pyroxenites (Song and Frey 
1989; Tatsumoto et al. 1992; Xu 2002), which form a linear 
trend along the Sr–Nd mantle array, and also overlap with 
the field for Hannuoba peridotites (Supplementary Fig.  4). 
Al-augite pyroxenites are isotopically distinct, with higher 
Sr (87Sr/86Sr  =  0.706382–0.710140) and unradiogenic Nd 
(143Nd/144Nd = 0.511775–0.511866; εNd = − 14.9 to −16.8). 
These Sr and Nd isotopic compositions plot outside the iso-
topic compositional range defined by oceanic basalts and fall 
in the granulite area (Supplementary Fig. 4).

Garnet pyroxenites have the following isotopic 
compositions: 87Sr/86Sr  =  0.703940–0.707731 and 
143Nd/144Nd  =  0.512880–0.513066 (εNd  =  +  5.3 to 
+7.4). These isotopic compositions largely overlap with 
the ranges of Sr–Nd data obtained by Xu (2002) on a dif-
ferent set of garnet pyroxenites (Supplementary Fig.  4). 
They have relatively high 87Sr/86Sr ratios at given εNd 
relative to the general trend defined by Hannuoba Cr-
diopside pyroxenites and two Al-augite pyroxenites.

Iron isotopes

Fe isotopic compositions of reference materials, individ-
ual minerals and pyroxenite xenolith whole rocks from 
Hannuoba are presented in Table 2 and plotted in Fig. 3.

Cr‑diopside pyroxenites and Al‑augite pyroxenites

With the exception of one phlogopite clinopyroxenite, 
the four Hannuoba Cr-diopside pyroxenites and two Al-
augite pyroxenites define a narrow Fe isotopic variation 
(δ57Fe = −0.01 to 0.09) with an average of 0.03 ± 0.08 
(2SD, n = 6) (Table 2, Fig. 3). These values mainly fall 
within the range reported previously for Hannuoba peri-
dotite xenoliths within error (δ57Fe  =  −  0.19 to 0.08; 
Zhao et  al. 2010) but fall significantly below the value 
of oceanic basalts (0.15 ± 0.01, 2SD/√n, n = 234) (Poi-
trasson et al. 2004; Schoenberg and Blanckenburg 2006; 
Weyer and Ionov 2007; Teng et al. 2008, 2013; Williams 
and Bizimis 2014; Konter et al. 2016).

Similar to whole rocks, the mineral separates from both 
the Cr-diopside pyroxenites and Al-augite pyroxenites also 
display a narrow range of Fe isotopic variations (Table 2, 
Fig. 3). The δ57Fe values range from −0.02 to 0.04 in the 
olivines, −0.04 to 0.05 in the orthopyroxenes, 0.04 to 0.11 
in the clinopyroxenes and 0.19 to 0.20 in the spinels. The 
average mineral δ57Fe values (based on all analyses) is 
0.01 ± 0.06 (n = 3, 2SD) for olivine, 0.02 ± 0.08 (n = 5, 
2SD) for orthopyroxene, 0.08  ±  0.07 (n  =  6, 2SD) for 
clinopyroxenes and 0.19 ± 0.02 for spinels (n = 2, 2SD). 
The order of 57Fe/54Fe for constituent minerals from the 
Cr-diopside pyroxenites and Al-augite pyroxenites is  
δ57FeSpl > δ57FeCpx > δ57FeOpx ≥ δ57FeOl (Table 3, Fig. 3).

It is noted that the phlogopite clinopyroxenite 
(DMP09-21) yields δ57Fe values of 0.99, which are the 
heaviest found in this study or reported in the literature 
for mantle rocks. Clinopyroxene and phlogopite from the 
phlogopite clinopyroxenite also have much heavier Fe 
isotopic compositions (δ57Fe =  1.00 and δ57Fe =  0.95, 
respectively) than typical mantle clinopyroxene and phlo-
gopite. These values are, however, consistent with the 
corresponding extremely heavy whole-rock δ57Fe values 
(Table 3, Fig. 3).
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Garnet‑bearing pyroxenites

Compared to Cr-diopside pyroxenites and Al-augite pyrox-
enites, seven garnet-bearing pyroxenites have variable Fe 

isotopic compositions (δ57Fe =  0.12–0.30), with an aver-
age of δ57Fe =  0.20 ±  0.11 (n =  7, 2SD), which is dis-
tinctly heavier than the average δ57Fe values of the Han-
nuoba peridotite xenoliths, Cr-diopside pyroxenites and 

Fig. 3   Comparison of Fe 
isotopic data for the Hannuoba 
pyroxenite xenoliths and their 
associated minerals with pub-
lished peridotite data (Williams 
et al. 2005, 2014; Schoenberg 
and Blanckenburg 2006; Zhao 
et al. 2010; Poitrasson et al. 
2013; Craddock and Dauphas 
2011; Macris et al. 2015). The 
smaller symbols represent data 
from the literature. The dash 
vertical line and grey band at 
δ57Fe = 0.09 ± 0.04 is the fer-
tile upper-mantle value inferred 
peridotites without evidence 
of previous melt depletion and 
metasomatism from Yangyuan, 
NCC (Zhao et al. 2015). Data 
are from Table 2. Error bars 
are 2 SD
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Al-augite pyroxenites (Fig.  3), but indistinguishable 
δ57Fe values for the Hannuoba basalts (0.18 ± 0.03, 2SD, 
n = 2; Zhao et al. 2012) and oceanic basalts (0.15 ± 0.01, 
2SD/√n, n = 234) (Poitrasson et al. 2004; Schoenberg and 
Blanckenburg 2006; Weyer and Ionov 2007; Teng et  al. 
2008, 2013; Williams and Bizimis 2014; Konter et  al. 
2016). Relative to minerals from the Cr-diopside pyrox-
enites and Al-augite pyroxenites, the δ57Fe values for the 
minerals separated from the Hannuoba garnet-bearing 
pyroxenites also display larger variations: −0.25 to 0.08, 
−0.04 to 0.25, −0.07 to 0.31, 0.07 to 0.48 and 0.31 to 

0.42 for olivine, orthopyroxene, clinopyroxene, spinel and 
garnet, respectively (Table 2, Fig. 3). Overall, the order of 
57Fe/54Fe values for constituent minerals from the garnet-
bearing pyroxenites is δ57FeGrt  >  δ57FeSpl  >  δ57FeCpx  >  
δ57FeOpx > δ57FeOl (Table 2 and Fig. 3).

Magnesium isotopes

Magnesium isotopic compositions of reference materi-
als, five whole-rock samples and 13 mineral separates are 
reported in Table 3 and plotted in Fig. 4.

Fig. 4   Compilation of Mg 
isotopic data for the Hannuoba 
pyroxenite xenoliths and min-
eral separates with published 
pyroxenite data (Hu et al. 2016). 
The smaller symbols represent 
data from the literature. The 
solid vertical line and grey band 
at δ26Mg = −0.25 ± 0.07 is the 
mantle value (Teng et al. 2010). 
Data are from Table 3. Error 
bars are 2 SD
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Whole rocks

The δ26Mg values of five pyroxenite whole rocks vary from 
−1.53 to −0.25 (Table  3, Fig.  4). Both the Cr-diopside 
pyroxenites and Al-augite pyroxenites display a limited 
range (−0.28 to −0.25 with an average of −0.26 ±  0.03 
(2 SD, n = 3)), consistent with values previously reported 
for the Hannuoba Cr-diopside pyroxenites and Al-augite 
pyroxenites (Hu et  al. 2016; Fig.  4), and the estimated 
δ26Mg value of the mantle (−0.25 ± 0.07, 2SD; Teng et al. 
2010).

In contrast, the garnet-bearing pyroxenite xenolith has 
a light Mg isotopic composition (δ26Mg = − 0.43 ± 0.04, 
2SD) relative to the mantle (Fig.  4) and falls into the 
range reported for the Hannuoba garnet-bearing pyroxen-
ites (−0.48 to −0.10; Hu et  al. 2016). The most surpris-
ing result is that the phlogopite clinopyroxenite (DMP09-
21) shows a significantly light Mg isotope signature 
(δ26Mg = −1.53), which is the lightest δ26Mg value deter-
mined in this study (Table 3, Fig. 4).

Mineral separates

Olivines and pyroxenes from the Hannuoba Cr-diopside 
pyroxenites and Al-augite pyroxenites also have mantle-
like δ26Mg values (Table 3, Fig. 4) with δ26Mg ranging from 
−0.29 to −0.28 in orthopyroxenes, and −0.25 to −0.22 in 
clinopyroxenes. Olivine from the Cr-diopside pyroxenites 
has a δ26Mg of −0.26 ±  0.04 (2SD) (Fig.  4). These new 
data are in agreement with those previously reported for 
these minerals from Hannuoba Cr-diopside pyroxenites 
and Al-augite pyroxenites (average δ26Mg  =  −0.25; Hu 
et  al. 2016; Table  3, Fig.  4). The order of 26Mg/24Mg for 
constituent minerals from the Cr-diopside pyroxenites and 
Al-augite pyroxenites is δ26MgCpx ≥ δ26Mg Opx = δ26MgOl 
(Table 3, Fig. 4).

In contrast to the Hannuoba Cr-diopside pyroxenites 
and Al-augite pyroxenites, the mineral separates in the 
garnet-bearing pyroxenite span a total δ26Mg range of 
0.72‰, from −0.68 in garnet to 0.04 in spinel, in agree-
ment with the data reported by Hu et  al. (2016). Garnet 
yields an isotope composition of −0.68 in δ26Mg, which 
is systematically lighter than co-existing olivine and 
pyroxene (Fig.  4). Coexisting olivine and pyroxenes in 
the garnet-bearing pyroxenite are isotopically irresolvable 
in δ26Mg within analytical uncertainty (−0.35 for olivine, 
−0.35 for orthopyroxene, and −0.34 for clinopyroxene, 
respectively) and slightly lighter than the mantle Mg iso-
topic composition. The Mg isotopic composition of spi-
nel (δ26Mg = 0.04) from this garnet-bearing pyroxenite is  
significantly heavier than those of coexisting silicate  
minerals (Table  3, Fig.  4). The 26Mg/24Mg of constitu-
ent minerals from this garnet-bearing pyroxenite resolves 

as δ26MgSpl  >  δ26MgCpx  =  δ26MgOpx  =  δ26MgOl  >  
δ26MgGrt (Table 3, Fig. 4), which is consistent with a pre-
vious study (Hu et  al. 2016). In addition, clinopyrox-
ene (δ26Mg  =  −1.54  ±  0.04) and phlogopite separates 
(δ26Mg  =  −1.50  ±  0.03) from the phlogopite clinopy-
roxenite (DMP09-21) have magnesium isotope composi-
tions which are identical to their corresponding whole rock 
(δ26Mg = −1.53 ± 0.04) within analytical uncertainties.

Discussion

Origin of the Hannuoba pyroxenites

The Hannuoba pyroxenites have been variably interpreted 
to be the products of modal metasomatism/melt–rock reac-
tion (Song and Frey 1989; Liu et al. 2005), high-pressure 
cumulates from basaltic magmas (Fan et  al. 2001; Xu 
2002) or subsolidus differentiates produced by modal 
segregation of different minerals within the upper mantle 
(Chen et  al. 2001). Based on geochemical features, Xu 
(2002) and Liu et  al. (2005) argued that modal segrega-
tion is unlikely for either type of pyroxenites. In this study, 
both the Cr-diopside pyroxenites and Al-augite pyroxenites 
show cumulate texture, highly variable Mg#, low Ni and 
Cr contents, and convex REE abundance patterns with very 
low abundances of incompatible elements such as Rb, Ba, 
Th and U (Figs. 1, 2; supplementary Fig. 3). These charac-
teristics are similar to the Al- and Cr-pyroxenites from the 
Hannuoba reported by Xu (2002), Liu et al. (2005) and Hu 
et  al. (2016), which were ascribed to high-pressure frac-
tional crystallization from parental melt. Based on the REE 
compositions of clinopyroxenes and the partition coeffi-
cients of REE between clinopyroxene and melt (Hart and 
Dunn 1993; Hauri et  al. 1994; Johnson. 1998), parental 
melt compositions can be estimated. In a primitive man-
tle normalized diagram (Supplementary Fig.  5), the melts 
display apparent HFSE depletion, a feature not seen in the 
host basalts. Therefore, the host basalts can be precluded 
as the precursor melts of the Cr-diopside pyroxenites and 
Al-augite pyroxenites. Moreover, the Cr-diopside pyrox-
enites and Al-augite pyroxenites exhibit extremely vari-
able Sr and Nd isotopic compositions compared to the host 
basalts (Supplementary Fig. 4). These observations further 
preclude the cognate origin of the majority of pyroxenites 
and host basalts. The highly variable REE concentrations 
of the parental melts of the Hannuoba Cr-diopside pyrox-
enites and Al-augite pyroxenites suggest that they cannot 
have been formed through crystallization from a single 
progressively fractionating mafic liquid (Supplementary 
Fig.  5). In other words, they likely represent crystalliza-
tion products of two different precursor melts. The sig-
nificant difference between the Cr-diopside pyroxenite and 
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Al-augite pyroxenite Sr–Nd isotopic compositions further 
supports this conclusion (Supplementary Table 4 and Sup-
plementary Fig. 4). The relatively higher Mg# and slightly 
higher temperature estimates determined for clinopyroxene 
from the Cr-diopside pyroxenites (Table  1) suggest that 
they could have crystallized at greater depth than the Al-
augite pyroxenites, possibly within the lithospheric mantle. 
The majority of the Cr-diopside pyroxenites show Sr–Nd 
isotopic compositions that overlap the Mantle Array. They 
are isotopically similar to the Hannuoba peridotites, which 
are thought to be generated from asthenospheric mantle. 
This implies that the parental magmas of most Cr-diopside 
pyroxenites were derived from an asthenospheric mantle 
source. However, the relatively high 87Sr/86Sr and low εNd, 
along with marked HFSE depletion in a few Cr-diopside 
pyroxenites indicate the involvement of continental crust 
components in their mantle source.

Most Al-pyroxenites plot below the MORB-OIB-IAB 
trend on a 87Sr/86Sr versus εNd plot, falling in the granu-
lite area (Supplementary Fig. 4). They are negatively cor-
related and are confined to the field of enriched mantle 
(Supplementary Fig.  4). The ubiquitous HFSE depletion 
and extremely enriched Sr and Nd isotopic compositions 
require the involvement of continental crust in their mantle 
sources. Based on these petrological and geochemical fea-
tures, Xu (2002) interpreted the the Sm–Nd compostions 
of the Al-pyroxenites as representing a mixing array and 
suggested that they were generated by mixing an astheno-
spheric melt with variable amounts of delaminated lower 
crustal materials. The relatively low Mg# number and high 
Al and Fe contents in these Al-augite pyroxenites, coupled 
with the low Cr content in the clinopyroxene and the geo-
thermobarometric estimations, show that they may have 
originated as ultramafic cumulates, close to the crust-man-
tle boundary.

Melts parental to pyroxenites are frequently considered 
as important agents of mantle metasomatism (Menzies 
et  al. 1985; Bodinier et  al. 1990). However, pyroxenites 
themselves may also be metasomatized (Garrido and Bodi-
nier 1999). The phlogopite clinopyroxene (DMP09-21), 
which has a high modal phlogopite content, provides clear 
evidence that the pyroxenites from Hannuoba were modally 
metasomatized (Fig. 1g, h). Sample DMP09-21 also has the 
highest K2O, TiO2, A12O3 contents and highest degree of 
light-REE enrichment relative to the other samples (Fig. 2, 
supplementary Fig.  3). The Mg#s of clinopyroxene and 
phlogopite from this sample are unrelated (Supplementary 
Table 2), indicating that phlogopite formed later due to the 
reaction of a fractionated, K, Ba, Ti and REE rich melt with 
pre-existing clinopyroxene. The clinopyroxenes probably 
formed originally as cumulate minerals, whereas the phlo-
gopites crystallized during percolation of the melt through 
the clinopyroxenite.

In contrast to the Hannuoba Cr-diopside pyroxenites 
and Al-augite pyroxenites, the garnet pyroxenites from 
Hannuoba have high and uniform Ni contents and Mg# 
(85–90) (Supplementary Table  1, Supplementary Fig.  2), 
overlapping the values for the wall rock peridotites. The 
clinopyroxenes from the garnet pyroxenites are enriched 
in incompatible elements (e.g., Rb, K, Na, Sr, Ba, Th, U 
and LREE) (Supplementary Fig. 3). In addition, composite 
xenoliths consisting of peridotite veined by garnet pyrox-
enite also occur (Fig.  1i, j). The grain size and orthopy-
roxene/clinopyroxene mode in these composite xenoliths 
gradually increase from the peridotite wall into the pyrox-
enite vein (Fig.  1m, n). Garnet pyroxenite xenoliths from 
Hannuoba have highly variable Sr isotopic compositions 
(Supplementary Fig. 4). The majority of garnet pyroxenites 
exhibit relativly higher 87Sr/86Sr values at a given εNd than 
the other two groups of pyroxenite (Supplementary Fig. 4). 
Based on these petrological and geochemical features, and 
zircon U–Pb dating of composite xenoliths of garnet pyrox-
enite +  peridotite, Liu et  al. (2005, 2010) proposed that 
the garnet pyroxenites are products of the interaction of 
the lithospheric peridotites with underplated melts, which 
resulted in formation of pyroxene at the expense of olivine. 
In some cases, garnet would also form at sufficiently high 
pressures and/or water fugacities. The garnet and clinopy-
roxene-rich features suggest that the underplated melt, rich 
in Al2O3 and CaO, was probably derived from an ancient 
subducted oceanic slab. This has been confirmed in recent 
experiments by Wang et al. (2010) and Zhang et al. (2010), 
which successfully reproduced similar garnet pyroxen-
ites by reacting a Hannuoba spinel peridotite with a quartz 
eclogite from central China.

Fe and Mg isotopic variations

The results presented in “Iron isotopes” and “Magnesium 
isotopes” section demonstrate that considerable Fe and Mg 
isotopic heterogeneity exists at both mineral and bulk rock 
scales in the mantle pyroxenites from Hannuoba. This fea-
ture suggests a genetic link between the pyroxenites and 
different episodes of melt activity in the Hannuoba lith-
ospheric mantle. In the following sections we first address 
whether Fe and Mg isotope equilibrium was achieved 
among minerals in the studied samples and then discuss the 
origins of the observed variations and their broader impli-
cations for the Fe and Mg isotopic geochemistry of the 
mantle.

Inter‑mineral Fe and Mg isotope fractionation

Equilibrium inter-mineral isotope fractionations are theo-
retically driven by differences in the bonding environment. 
In general, a lower coordination number (CN) will lead to 
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stronger bonds favouring the incorporation of heavy iso-
topes (e.g., Urey 1947; Bigeleisen and Mayer 1947; Schau-
ble 2004). This theoretical prediction has been used to 
explain inter-mineral stable isotope fractionation in perido-
tite and pyroxenite xenoliths for Fe and Mg isotopes (Liu 
et al. 2011; Xiao et al. 2013; Zhao et al. 2015; Macris et al. 
2015; Roskosz et al. 2015; Hu et al. 2016). As discussed 
in Young et al. (2015), the coordination of Fe bonded to O 
in mantle minerals varies (e.g., CN =  6 for olivine (Ol), 
orthopyroxene (Opx), clinopyroxene (Cpx) and phlogopite 
(Phl) but CN =  4 in spinel (Spl) and CN =  8 for garnet 
(Grt)). In addition, cation substitution has been suggested 
to exert a secondary control on the Fe isotopic composi-
tion of spinel (Young et  al. 2015; Macris et  al. 2015; 
Roskosz et al. 2015), as it has both tetrahedral and octahe-
dral sites available for Fe. Macris et al. (2015) and Young 
et al. (2015) predicted a sequence of enriched δ57Fe in the 
following order: Spl > Cpx > Opx ≥ Ol > Grt in typical 
mantle xenoliths based on the ionic model. Among mantle 
minerals, the Mg coordination number in Ol, Opx, Cpx, 
Phl and hornblende is the same (CN =  6), but the value 
is different in Spl (CN = 4) and Grt (CN = 8). Therefore, 
garnets are enriched in light Mg isotopes while spinels 
have a greater affinity for heavy Mg isotopes than coexist-
ing silicate minerals (OL, Opx, Cpx, Phl and hornblende) 
when equilibrium Mg exchange is achieved (Liu et  al. 
2011, Schauble 2011; Huang et al. 2013; Wu et al. 2015). 
A theoretical relative ordering of 26Mg/24Mg enrichment is 
Spl > Cpx ≥ Opx ≥ Ol > Grt, which has been confirmed 
by the analysis of natural samples (Li et al. 2011, 2016b; 
Liu et  al. 2011; Wang et  al. 2012, 2014a, 2014b, 2015a, 
2015b; Xiao et  al. 2013). Below, we examine the nature 
of inter-mineral Fe and Mg isotope fractionations in Han-
nuoba pyroxenites in detail by comparing our mineral data 
with that derived in theoretical studies (Young et al. 2009, 
2015; Schauble 2011; Huang et al. 2013; Wu et al. 2015; 
Macris et al. 2015; Roskosz et al. 2015; Li et al. 2016b).

The inter-mineral Fe fractionation (Δ57FeX–Y  =  
δ57FeX  −  δ57FeY, where X and Y refer to the different 
minerals) varies from −0.03 to 0.02‰, with an average 
of −0.01 ±  0.06‰ (2SD, n =  2), between Opx and Ol: 
from −0.00 to 0.13‰, with an average of 0.03 ±  0.13‰ 
(2SD, n = 3) between Cpx and Ol and from 0.04 to 0.08‰, 
with an average of 0.06 ±  0.05‰ (2SD, n =  8) between 
Cpx and Opx in Hannuoba Cr-diopside pyroxenites and 
Al-augite pyroxenites. These inter-mineral fractionation 
values all fall very close to, or on the equilibrium frac-
tionation lines of, olivine-pyroxenes at mantle temperatures 
(800 ~ 1000 °C, Macris et al. 2015) (Fig. 5a–c), suggest-
ing possible Fe isotopic equilibrium fractionation between 
olivine and pyroxenes in the Hannuoba Cr-diopside pyrox-
enites and Al-augite pyroxenites. The following Δ57Fe val-
ues have been determined: Δ57FeSpl-Ol varies from 0.15 to 

0.18‰, with an average of 0.16 ±  0.04‰ (2SD, n =  2); 
Δ57FeSpl-Opx varies from 0.15 to 0.18‰, with an average 
of 0.17 ±  0.04‰ (2SD, n =  2); Δ57FeSpl-Cpx varies from 
0.13 to 0.15‰, with an average of 0.14 ±  0.04‰ (2SD, 
n = 2). These values also fall very close to or on the equi-
librium fractionation lines of spinel-silicate minerals at 
mantle temperature (800  ~  1000  °C, Macris et  al. 2015) 
(Fig. 5d–f), which suggests an equilibrium Fe isotope frac-
tionation between spinel and these silicate minerals in the 
Hannuoba Cr-diopside pyroxenites and Al-augite pyroxen-
ites. Over all, the constituent minerals from the Cr-diopside 
pyroxenites and Al-augite pyroxenites have 57Fe/54Fe that 
fall in the following order: δ57FeSpl > δ57FeCpx > δ57FeOpx ≥  
δ57FeOl (Table  2, Fig.  3). This is consistent with expecta-
tions based on the coordination and valence state of iron  
as described in the ionic model (Macris et al. 2015). Thus, 
Fe isotopes are likely in equilibrium among most olivine, 
clinopyroxene, orthopyroxene and spinel, at hand-sample 
scale, for the Hannuoba Cr-diopside pyroxenites and Al-
augite pyroxenites.

Phlogopite from the phlogopite clinopyroxenite has a Fe 
isotopic composition similar to the clinopyroxene suggest-
ing that phlogopite-clinopyroxene Fe isotope fractionation 
is in equilibrium. This is also in agreement with predictions 
from theoretical considerations based on Fe–O bonding 
strengths (Fe bonded to O in clinopyroxene and phlogopite 
is the same, e.g., CN = 6). However, elemental composi-
tions and mineralogy suggest that phlogopite was produced 
by later metasomatic processes as it is not in chemical 
equilibrium with clinopyroxene. Therefore, kinetic frac-
tionation associated with mantle metasomatism cannot be 
ruled out.

Compared to the Cr-diopside pyroxenites and Al-augite 
pyroxenites, large degrees of Fe isotope fractionation 
(Δ57FeOpx-Ol  =  −0.01 to 0.37‰; Δ57FeCpx-Ol  =  0.11 to 
0.42  ‰ and Δ57FeSpl-Ol = 0.16 to 0.58‰) occur between 
the olivine and other minerals in the Hannuoba garnet-
bearing pyroxenites. These observed data stand in marked 
contrast to the calculated equilibrium Fe isotope fractiona-
tion between olivine and other minerals at mantle tem-
peratures (800  ~  1000  °C, Macris et  al. 2015), (Fig.  5), 
indicating disequilibrium isotope fractionation. Large 
Fe isotope fractionation (Δ57FeSp-Ol  =  0.16 to 0.58‰; 
Δ57FeSp-Opx  =  −0.05 to 0.39‰; Δ57FeSp-Cpx  =  0.05–
0.14‰) also occurs between the spinel and silicate miner-
als (olivine and pyroxenes) in the Hannuoba garnet-bearing 
pyroxenites. The measured inter-mineral fractionation in 
most Hannuoba garnet-bearing pyroxenites falls outside the 
theoretical calculation of Fe isotope fractionation between 
spinel and silicate minerals (800 ~ 1000 °C, Macris et al. 
2015), (Fig.  5c, e, f), suggesting that the spinel and sili-
cate minerals in most garnet-bearing pyroxenites have not 
reached Fe isotopic equilibrium. Compared to the sixfold 



	 Contrib Mineral Petrol  (2017) 172:40 

1 3

 40   Page 18 of 26

coordinated Fe in olivine and pyroxene, Fe is eightfold 
coordinated in garnet and fourfold coordinated in spinel. 
Therefore, all else being equal, olivine, pyroxene and spinel 
should have higher 57Fe/54Fe ratios than garnet at equilib-
rium, by virtue of shorter Fe–O bond lengths (Young et al. 
2015). However, all garnets analysed in this work have 
significantly heavier Fe isotopic compositions relative to 
coexisting Ol, pyroxenes and spinels (Table 2): Δ57FeGrt-Ol 
varies from 0.34 to 0.66‰; Δ57FeGrt-Opx varies from 0.17 to  
0.37‰; Δ57FeGrt-Cpx varies from 0.04 to 0.37‰; Δ57FeGrt-Spl  
varies from −0.02 to 0.47‰. The 57Fe/54Fe for constituent 
minerals from the garnet-bearing pyroxenites is ordered as 
follows: δ57FeGrt > δ57FeSpl > δ57FeCpx > δ57FeOpx > δ57FeOl  
(Table  2, Fig.  3). This is inconsistent with theoretical 

calculation (Young et  al. 2015), indicating disequilibrium 
isotope fractionation. Petrological and geochemical stud-
ies further support disequilibrium processes, as shown by 
the classic spinel-cored garnets in these samples (Fig. 1i, j), 
indicating late-stage mineral reactions. Therefore, the iso-
tope disequilibria between mantle minerals in these garnet-
bearing pyroxenites may result from late-stage processes 
that affected the isotopic compositions of minerals in the 
garnet-bearing pyroxenites.

Mg isotope fractionation (Δ26MgX–Y  =  δ26MgX  −  
δ26MgY, where X and Y refer to the different minerals) 
between most coexisting pyroxene and olivine in this study 
is barely analytically resolvable, with Δ26MgCpx-Ol = 0.01–
0.03‰ (n  =  2), Δ26MgOpx-Ol  =  0.03‰ (n  =  1) and 
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Δ26MgCpx-Opx =  0.01 to 0.06‰ (n =  3). This is consist-
ent with previous observations made on pyroxenites  
(Hu et  al. 2016) and is also broadly consistent with theo-
retical predictions for inter-mineral equilibrium fractiona-
tion at high temperature (Young et  al. 2009; Schauble 
2011; Huang et  al. 2013). This suggests that Mg isotopes 
are in equilibrium between pyroxene and olivine at the 
hand sample scale. However, large Mg isotope fractiona-
tions (Δ26MgCpx-Grt  =  0.35‰; Δ26MgOpx-Grt  =  0.34‰; 
Δ26MgOl-Grt  =  0.34‰) occur between garnet and other 
silicate minerals in the garnet-bearing pyroxenite (Table 3, 
Fig.  6a, b). This is consistent with previously published 
inter-mineral Mg isotope variations between garnet and 
other silicate minerals from the Hannuoba garnet-bearing 
pyroxenite (Hu et  al. 2016). However, these observations 
stand in marked contrast to the theoretical predictions of 
equilibrium inter-mineral fractionation factors at mantle 
temperatures (e.g., Δ26MgCpx-Grt = 0.60‰; Δ26MgOpx-Grt =  
0.59‰ and Δ26MgOl-Grt = 0.50‰ at 1000 °C, Huang et al. 
2013; Li et  al. 2016b), (Fig.  6a, b), indicating disequilib-
rium isotope fractionation. Therefore, we conclude that 
these garnets had not yet reached isotopic equilibrium with 
the co-existing olivine and pyroxene, consistent with previ-
ous work (Hu et al. 2016). Large Mg isotope fractionations 
(Δ26MgSp-Ol = 0.39‰; Δ26MgSp-Opx = 0.39‰; Δ26MgSp-Cpx  
=  0.38‰; Δ26MgSp-Grt =  0.72‰) also occur between the 
spinel and silicate minerals (olivine, pyroxenes and gar-
net) in the garnet pyroxenite. The inter-mineral fractiona-
tion in this garnet pyroxenite fall outside the theoretical 
calculation of the Mg isotope fractionation between spi-
nel and silicate minerals (0.5–0.6‰, 1000  °C, Schauble 

2011), suggesting that the spinel and silicate minerals in 
the garnet pyroxenite had not reached Mg isotopic equilib-
rium. Clinopyroxene and phlogopite from the phlogopite 
clinopyroxenite (DMP09-21) have similar Mg isotopic 
compositions (Table 3, Fig. 4), consistent with the impli-
cations suggested from Fe isotope analysis. However, as 
mentioned above, phlogopite in this sample appears to be 
a secondary product of metasomatism. Therefore, kinetic 
fractionation associated with mantle metasomatism cannot 
be fully excluded.

Homogeneity of Fe and Mg isotopes in Cr‑diopside 
pyroxenites and Al‑augite pyroxenites

Both the Cr-diopside pyroxenites and Al-augite pyroxen-
ites from Hannuoba analysed here show a limited variation 
in δ57Fe (−0.01 to 0.09) even though they are chemically 
diverse. This value overlaps the range of spinel perido-
tites from Hannuoba (Table  2, Fig.  2). The average δ57Fe 
of the Cr-diopside pyroxenites and Al-augite pyroxenites 
studied is 0.03 ± 0.08 (2SD, n = 6) (Table 2). This value 
overlaps (within uncertainty) the fertile upper-mantle value 
(δ57Fe = 0.09 ± 0.04, Zhao et al. 2015) inferred from peri-
dotites without evidence of previous melt depletion and 
metasomatism from Yangyuan, NCC and the mean mafic 
Earth reference value (δ57Fe  =  0.10  ±  0.03, Poitrasson 
et al. 2013). The narrow δ57Fe range yielded by the whole 
rocks and the equilibrium inter-mineral Fe isotope frac-
tionations between the co-existent mineral phases in the 
Cr-diopside pyroxenites and Al-augite pyroxenites are con-
sistent with the implications of Mg isotope signatures for 
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Hannuoba Cr-diopside pyroxenites and Al-augite pyroxen-
ites (Hu et al. 2016).

Our new Mg isotopes data confirm the findings of a 
previous study, that most Cr-diopside pyroxenites and 
Al-augite pyroxenites from Hannuoba have homogenous 
mantle-like Mg isotopic composition, with equilibrated 
clinopyroxene-orthopyroxene pairs (Fig.  4). These Cr-
diopside pyroxenites and Al-augite pyroxenites are inter-
preted as crystallization products of high-pressure basaltic 
melts passing through the lithospheric mantle, as discussed 
in “Origin of Hannuoba pyroxenites” section. There is no 
correlation between δ57Fe and δ26Mg in Cr-diopside pyrox-
enites and Al-augite pyroxenites (Fig.  7). No clear co-
variations between the whole-rock or mineral Fe isotope 
compositions of the peridotites from the Cr-diopside pyrox-
enites and Al-augite pyroxenites and the petrologic or geo-
chemical parameters (e.g., Al2O3 and FeO in whole rocks 
or minerals and Cr#s in clinopyroxene or spinel) could be 
observed (Fig.  8). All of these features suggest that high-
pressure, cumulate-forming processes investigated here 
do not cause significant Fe and Mg isotopic fractionation 
in the Hannuoba Cr-diopside pyroxenites and Al-augite 
pyroxenites and that the Hannuoba Cr-diopside pyroxen-
ites and Al-augite have homogenous Fe and Mg isotopic 
compositions.

A metasomatic origin for Fe–Mg isotopic variations 
in garnet‑bearing pyroxenites and phlogopite 
clinopyroxenite

Seven garnet-bearing pyroxenites and their constitu-
ent minerals have variable and heavy Fe isotopic values 
(Table  2, Fig.  3). Most of them display significant inter-
mineral isotopic variations, well beyond that expected 
from equilibrium isotope fractionation at high temperatures 
(Fig.  5), indicating disequilibrium Fe isotope fractiona-
tion. Petrological and geochemical studies have shown that 
the Hannuoba garnet-bearing pyroxenites were produced 
by interaction of peridotites with ancient subducted oce-
anic slab, which resulted in the formation of pyroxene and 
garnet at the expense of olivine (Liu et  al. 2005, 2010). 
In particular, these garnet-bearing pyroxenites and miner-
als show increasing δ57Fe with increasing Al2O3 and FeO 
contents (Fig. 8). They also display the strongest deviation 
toward heavier Fe isotope ratios associated with the lower 
Cr# in clinopyroxene and spinel (Fig. 8). All of these lines 
of evidence suggest that the variable and heavy Fe isotopic 
composition in the bulk rocks and the disequilibrium inter-
mineral Fe isotope fractionation in the Hannuoba garnet-
bearing pyroxenites were produced through melt-rock 
interaction. Similar incomplete isotopic exchange processes 
during melt–rock interaction have been invoked for the 
inter-mineral Mg isotope disequilibrium found in garnet-
bearing pyroxenites from Hannuoba (Hu et al. 2016). Our 
new data on the garnet pyroxenite from Hannuoba yield 
a δ26Mg value of −0.43, falling with the range observed 
for the Hannuoba garnet-bearing pyroxenites (−0.48 to 
−0.10, Hu et al. 2016). The constituent minerals from this 
garnet-bearing pyroxenite yield 26Mg/24Mg values that can 
be ordered as follows: δ26MgSpl > δ26MgCpx = δ26MgOpx =  
δ26MgOl > δ26MgGrt. This is similar to the recent observa-
tion by Hu et al. (2016) that garnet minerals have a lighter 
Mg isotopic composition than co-existing olivine, clino-
pyroxene, orthopyroxene and spinel. Notably, the order 
of 57Fe/54Fe for constituent minerals from the Hannuoba 
garnet-bearing pyroxenites is δ57FeGrt > δ57FeSpl > δ57FeCpx 
> δ57FeOpx > δ57FeOl as mentioned above. Taken together, 
these findings imply that the Hannuoba garnet-bearing 
pyroxenites and the garnets therein have much heavier Fe 
but lighter Mg isotopic compositions than the expected 
values assuming equilibrium (Young et  al. 2015). Overall 
there appears to be a negative co-variation between δ57Fe 
and δ26Mg in Hannuoba garnet pyroxenites, including in 
the mineral separates (Fig. 7). Several studies have shown 
that negatively coupled Mg–Fe isotopic compositions are 
associated with chemical diffusion as these elements inter-
diffuse, and the light isotopes of one element always dif-
fuse faster than their heavier counterparts (Dauphas et  al. 
2010; Teng et al. 2011; Sio et al. 2013). Likewise, we infer 
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that diffusive processed have resulted in the large Fe and 
Mg isotopic variations in bulk rocks and disequilibrium 
inter-mineral Fe and Mg isotope fractionations in the Han-
nuoba garnet pyroxenites. As mentioned above, the Han-
nuoba garnet-bearing pyroxenites were products of inter-
action between multiple silicic melts and peridotite, which 
resulted in the conversion of olivine to pyroxene and gar-
net, generating garnet pyroxenites (Liu et al. 2005). In this 
case, Fe and Mg will be exchanged in mantle minerals dur-
ing incomplete melt-rock interactions that produced these 

garnets. As mentioned above, the light isotopes of one ele-
ment always diffuse faster than the heavier isotopes (Rich-
ter et al. 2008, 2009), so Mg–Fe inter-diffusion process will 
result in a negative co-variation between Fe and Mg iso-
topic composition.

The phlogopite clinopyroxenite (DMP09-21) analysed 
here yielded consistent heavy δ57Fe values for the whole 
rock, clinopyroxene and phlogopite fragments, which are 
also the heaviest values reported for mantle rocks to date. 
In particular, the phlogopite clinopyroxenite also has 
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Fig. 8   a δ57Fe values of Hannuoba pyroxenite xenoliths against 
their Al2O3 content, b δ57Fe values of clinopyroxenes in Hannuoba 
pyroxenite xenoliths against their FeO content. δ57Fe values of 
clinopyroxenes (c) and spinels (d) against their Cr#. The horizontal 
dash line and grey band at δ57Fe = 0.09 ± 0.04 is the fertile upper-

mantle value inferred from peridotites without evidence of previous 
melt depletion and metasomatism from Yangyuan, NCC (Zhao et al. 
2015). Data are from Table 2, supplementary Tables 1 and 2. Error 
bars are 2 SD
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the lightest δ26Mg (−1.50) values for clinopyroxene and 
phlogopite fragments and displays the strongest devia-
tion towards a heavier Fe isotope ratio, associated with 
extremely higher Al2O3, FeO but much lower Cr# in the 
clinopyroxene (Fig. 8). The extremely heavy Fe and light 
Mg isotopic compositions of the phlogopite clinopyrox-
enite are likely generated by kinetic effects due to Fe–Mg 
inter-diffusion during percolation of the melt through the 
clinopyroxenite.

Implications for a heterogeneous Fe and Mg isotopic 
composition in the lithospheric mantle

Pyroxenites, a minor but important type of xenolith 
entrained in both kimberlites and basalts worldwide, are 
generally regarded as a physical manifestation of mantle 
heterogeneity. Here, we have shown that considerable Fe 
isotopic heterogeneity exists at both the mineral and bulk-
rock scales in the strongly metasomatized garnet pyrox-
enites and phlogopite clinopyroxenite from Hannuoba 
(Fig. 3, Fig. 5). Previous analyses of most oceanic basalts 
and mantle peridotites yielded consistent δ26Mg values 
(−0.25  ±  0.07) within the uncertainty of current ana-
lytical methods and hence suggest a homogeneous man-
tle (Handler et al. 2009; Yang et al. 2009; Bourdon et al. 
2010; Teng et al. 2010; Huang et al. 2011; Liu et al. 2011; 
Lai et al. 2015). However, more recent studies on strongly 
metasomatized peridotites, particularly wehrlites, found 
that δ26Mg values deviated from the nominal mantle range 
(Yang et al. 2009; Pogge von Strandmann et al. 2011; Xiao 
et  al. 2013), indicating that the mantle is not completely 
homogeneous in terms of Mg isotopes. Our new Mg iso-
topic data on garnet pyroxenites and phlogopite clinopy-
roxenites, together with previously published data on gar-
net pyroxenites from the Hannuoba area (Hu et al. 2016), 
also demonstrate large variations in bulk-rock δ26 Mg 
with evidence for disequilibrium inter-mineral fractiona-
tion (Figs. 4, 6). Although garnet pyroxenite and phlogo-
pite clinopyroxenite make up a relatively small volume of 
mantle constituents, the substantial variations in δ57Fe and 
δ26Mg observed implies Fe and Mg isotope heterogeneity 
in the lithospheric mantle resulting from mantle metaso-
matism, at least locally.

Conclusions

This study presents the first high-precision, combined Fe 
and Mg isotopic data for mantle pyroxenites, coupled with 
whole rock and mineral chemical compositions. The fol-
lowing conclusions can be drawn:

1.	 Both Cr-diopside pyroxenites and Al-augite pyroxen-
ites display limited Fe and Mg isotopic variations with 
δ57Fe ranging from −0.01 to 0.09 and δ26Mg ranging 
from −0.28 to −0.25, respectively. These values are 
indistinguishable from the normal upper mantle, indi-
cating that there is no significant Fe–Mg isotopic frac-
tionation during the high-pressure, cumulate-forming 
processes investigated here.

2.	 The garnet-bearing pyroxenites have heterogeneous Fe 
and Mg isotopic compositions, consistent with their 
origin as reaction products between mantle peridotites 
and melts from a subducted oceanic slab. The large 
and negatively correlated Mg and Fe isotopic composi-
tions in the Hannuoba garnet-bearing pyroxenites most 
likely reflect kinetic isotopic fractionation during melt-
peridotite reaction.

3.	 The phlogopite clinopyroxenite and mineral separates 
from Hannuoba show extremely heavy δ57Fe (0.99) 
and light δ26Mg (−1.50). Such a negative correlation 
between Fe and Mg isotopic compositions in phlogo-
pite clinopyroxenite and mineral separates is strongly 
linked to kinetic isotope fractionation due to Fe–Mg 
inter-diffusion, occurring during when the reacting 
melt percolates through the rock.
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