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a  b  s  t  r  a  c  t

Despite  the occurrence  of  highly  variable  lithium  (Li) elemental  distribution  and  isotopic  fractionation  in
mantle  mineral,  the  mechanism  of  Li  heterogeneity  and  fractionation  remains  a  controversial  issue.  We
measured  Li  contents  and isotopic  compositions  of  olivine  and  clinopyroxene  xenocrysts  and  phenocrysts
from  kamafugite  host  lavas,  as well  as  minerals  in  melt  pockets  occurring  as  metasomatic  products  in
peridotite  xenoliths  from  the  Western  Qinling,  central  China.  The  olivine  xenocrysts  in the  kamafugites
show  compositional  zonation.  The  cores  have  high  Mg#  (100  × Mg/(Mg+Fe);  91.0–92.2)  and  Li abun-
dances  (5.63–21.7  ppm),  low  CaO  contents  (≤0.12  wt%)  and  low  ı7Li values  (−39.6  to  −6.76‰),  which
overlap with  the compositional  ranges  of  the olivines  in  the melt  pockets  as  well as  those  in  peridotite
xenoliths.  The  rims  of  the  olivine  xenocrysts  display  relatively  low  Mg#  (85.9–88.2),  high  CaO  contents
(0.19–0.38  wt%)  and  high  ı7Li  values  (18.3–26.9‰),  which  are  comparable  to  the  olivine  phenocrysts
(Mg#: 86.4–87.1;  CaO:  0.20–0.28  wt%;  Li:  12.4–36.8  ppm; ı7Li:  18.1–26.0‰)  and  the  silicate-melt  meta-
somatized  olivines.  The  clinopyroxene  phenocrysts  and  clinopyroxenes  in the  melt  pockets  have  no
distinct  characteristics  with  respect  to the  Li abundances  and  ı7Li values,  but show  higher  and  lower
CaO  contents,  respectively,  than  the  clinopyroxenes  from  silicate  and  carbonatite  metasomatized  sam-
ples. These  features  indicate  that Li  concentration  and  isotopic  signatures  of  the  cores  of  the  xenocrysts
recorded  carbonatite  melt-peridotite  reaction  (carbonatite  metasomatism)  at  mantle  depth,  and  the vari-
ations in  the  rims  probably  resulted  from  xenocryst–host  magma  interaction  during  ascent.  Our results
reveal  that  the  interaction  with  carbonatite  and  silicate  melts  gave  rise  to  an  increase  in  Li abundance  in

7
minerals  of  peridotite  xenoliths  at mantle  depth  or during  transportation.  In  terms  of ı Li,  the  carbonatite
and  silicate  melts  produced  remarkably  contrasting  ı7Li variations  in olivine.  Based  on the  systematic
variations  of Li abundances  and  Li isotopes  in olivines,  we suggest  that  the  ı7Li  value  of  olivine  is a more
important  indicator  than  that  of  clinopyroxene  in discriminating  carbonatite  and  silicate  melt  interaction
agents  with peridotites.
. Introduction

The large mass difference between lithium (Li) isotopes, 6Li
nd 7Li, and its high diffusivity make it a powerful tracer of
ow-temperature weathering and water-rock interactions (Richter
t al., 2003; Coogan et al., 2005; Teng et al., 2006; Vigier et al.,

009), whereas equilibrium Li isotope fractionation is expected
t high temperatures (Tomascak et al., 1999; Magna et al., 2006;
effcoate et al., 2007), since no fractionation of Li isotopes was
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observed during basalt and granite differentiation at magma  tem-
peratures >1050 ◦C (Tomascak et al., 1999) and > 600 ◦C (Teng et al.,
2006), respectively. Diffusion modeling results indicate that at
mantle temperatures, 50 m-scale heterogeneities may  disappear
after few million years under certain conditions, however, at lower
temperatures these heterogeneities may  survive (Halama et al.,
2007; Vlastélic et al., 2009). The range of ı7Li in basalts, includ-
ing mid-ocean ridge basalts, arc basalts and intra-plate basalts,
and in peridotites is remarkably restricted (ı7Li = 3–5‰),  which
suggests that the mantle may  be fairly homogeneous in terms

of its Li isotope composition (Chan et al., 1992, 2002; Chan and
Frey, 2003; Elliott et al., 2006; Magna et al., 2006; Jeffcoate
et al., 2007; Tomascak et al., 2008; Pogge von Strandmann et al.,
2011).
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Fig. 1. (a) Generalized tectonic framework of China showing the major blocks and the location of the study area. (b) Geological map  showing the distribution of Cenozoic
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amafugites in the Western Qinling and sample locality.

odified after Yu et al. (2004).

However, other studies have revealed extremely large Li iso-
opic variation within individual phenocrysts (Parkinson et al.,
007) and at intragranular, intergranular and intersample scales

n mantle-derived rocks (Seitz et al., 2004; Nishio et al., 2004;
effcoate et al., 2007; Aulbach and Rudnick, 2009; Su et al., 2012a).
lthough large Li isotopic variation has been ascribed to man-

le heterogeneity of Li isotopes and secondary processes such as
elt/fluid metasomatism (Rudnick and Ionov, 2007; Wagner and
eloule, 2007; Vlastélic et al., 2009; Zhang et al., 2010; Tang et al.,
011; Krienitz et al., 2012; Su et al., 2012a; Ackerman et al., 2013),

t has also been argued that the variation could also be caused
y Li isotopic fractionation during cooling process (Coogan et al.,
005; Ionov and Seitz, 2008; Gallagher and Elliott, 2009; Caciagli
t al., 2011) and xenolith/xenocryst–host magma interaction dur-
ng ascent (Aulbach and Rudnick, 2009). There remain, however, a
umber of controversial issues and key among them has to do with
hich mechanism dominates the Li isotope variation recorded in

he samples.
In this study, we present in situ Li isotopic data of zoned

enocrysts and phenocrysts in kamafugites as well as carbon-
tite metasomatic products in host peridotite xenoliths from the
estern Qinling, central China. The results show large Li and

7Li variations in individual xenocrysts whose rims and cores are

sotopically correlated to phenocrysts and metasomatic products,
espectively. Thus, the primary composition could be preserved in
he cores. This study also demonstrates distinct Li isotope frac-
ionation trends of mantle materials that have experienced silicate
and carbonatite metasomatism under mantle conditions and their
interaction with host magmas during ascent.

2. Samples

The Western Qinling in central China is a unique locality where
kamafugite and associated carbonatite outcrops occur as volcanic
cones (Fig. 1; Yu et al., 2004; Su et al., 2009). These Cenozoic vol-
canic rocks (7–23 Ma)  are distributed in the Tianshui-Lixian fault
basin in the Western Qinling (Fig. 1B; Yu et al., 2004; Su et al., 2009,
2010a). Kamafugite is a potassic silica-undersaturated igneous rock
consisting of matrix and phenocrysts including olivine, clinopyrox-
ene, melilite, nephelite, phlogopite, calcite, apatite, etc. (Yu et al.,
2004). Abundant xenocrysts and peridotite xenoliths are mainly
entrained in the Haoti and Baiguan kamafugite cinder cones and
have been studied extensively to decipher the nature and deep pro-
cesses of the lithospheric mantle beneath the Western Qinling (Su
et al., 2006, 2009, 2010a,b, 2011).

The xenocrysts and phenocrysts in the kamafugites from the
Western Qinling can be recognized based on their distinct morpho-
logical and chemical features (Su et al., 2006). Olivine xenocrysts are
commonly characterized by rounded and embayed crystal shape
and well-developed cracks. Their sizes are mostly within the range

of 200–900 �m and display apparent compositional zonations
(Fig. 2a–c). The zoned texture was  probably formed through rapid
reaction with the host melt. The cores of the olivine xenocrysts
have compositions (e.g., Mg#  (100 × Mg/(Mg+Fe)) = 90–92) similar
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Fig. 2. Back-scattered images of olivine and clinopyroxene phenocrysts and xenocrysts in the Haoti kamafugites from the Western Qinling, central China, Ol  Pheno, olivine
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henocrysts; Ol Xeno, olivine xenocryst; Cpx Pheno, clinopyroxene phenocryst. Th
he  numbers represent the spot number corresponding to those in Table 1. See deta

o those of olivines from mantle peridotite xenoliths entrained
n the kamafugites from the Western Qinling, whilst their rims
Mg# = 80–86) are compositionally identical to those of the olivine
henocrysts from the host kamafugites (Su et al., 2006). The text-
ral characteristics as well as compositional features demonstrate
hat these olivine xenocrysts were disaggregated from the litho-
pheric peridotites (Zhang, 2005; Su et al., 2006). In contrast, the
livine phenocrysts are relatively fine-grained (<100 �m)  and dis-
lay well-defined boundaries with rare zoning texture (Fig. 2d). The
linopyroxene phenocrysts on the other hand, have variable sizes
nd rarely show zoning textures (Fig. 2a and d). These phenocrysts
re rich in CaO, Al2O3 and trace elements, and depleted in Mg#  (Su
t al., 2006, 2011).

The Western Qinling peridotite xenoliths had been metasom-
tized by carbonatite melts before their entrainment, with melt
ockets occurring as one of the metasomatic products (Fig. 3; Su
t al., 2009, 2010a,b). The melt pockets are composed of secondary
inerals such as olivine, clinopyroxene, feldspar, amphibole, cal-

ite and ilmenite, and interpreted as the breakdown products of
rthopyroxenes after interaction with melts (Fig. 3; Su et al., 2009,
010b, 2012b). The mineral grains in the melt pockets are small in
ize (mostly less than 60 �m;  Fig. 3) and have compositions distinct
rom those of the primary minerals in the peridotite xenoliths (Su
t al., 2010b, 2012b).

. Analytical methods

Major element compositions of minerals were determined by
avelength dispersive spectrometry using JEOL JXA8100 elec-
ron probe microanalyzer operating at an accelerating voltage
f 15 kV and 10 nA beam current, 5 �m beam spot and 10–30 s
ounting time on peak. The precisions of all analyzed elements
ere better than 1.5%. Natural (jadeite [NaAlSiO6] for Na, Al and
se indicates the analyzed spot of electron microprobe and ion probe analyses, and
escription in the text.

Si, rhodonite [MnSiO3] for Mn,  sanidine [KAlSi3O8] for K, garnet
[Fe3Al2Si3O12] for Fe, Cr-diopside [(Mg, Cr)CaSi2O6] for Ca, olivine
[(Mg, Fe)2SiO4] for Mg)  and synthetic (rutile for Ti, 99.7% Cr2O3
for Cr, Ni2Si for Ni) minerals were used for standard calibration,
and a program based on the ZAF procedure was used for matrix
corrections.

Lithium contents and isotopic compositions were measured on
gold-coated thin-sections using Cameca IMS-1270 ion microprobe
in CRPG, Nancy, France. The primary beam was 16O− (15–30 nA,
30 �m diameter). Positive secondary ions with excess kinetic ener-
gies of 0 ± 20 eV were detected in pulse counting mode. A 180-s
presputtering without raster was applied before analysis. The mass
spectrometer was operated at a mass resolving power of 1500
(M/�M). The primary beam position in the contrast aperture,
the magnetic field and the energy offset were automatically cen-
tered before each measurement. Thirty cycles were measured with
counting times of 12, 4 and 4 s for 6Li, background at the 6.5
mass, and 7Li, respectively. The counting rate for 7Li ranged from
30,000 to 100,000 cps, depending on the Li content of the sam-
ple and the primary beam intensity. Olivine sample OlBZ29 and
clinopyroxene sample CpxBZ226 (Decitre et al., 2002) were used as
standards. The external 2� errors of the isotope compositions for
both the standards and the samples were less than 2‰. Li isotopes
are given as ı7Li (=[(7Li/6Li)sample/(7Li/6Li)l-SVEC − 1] × 1000) rela-
tive to the standard NIST SRM 8545 (l-SVEC with 7Li/6Li = 12.0192;
Flesch et al., 1973; Decitre et al., 2002). The analyses of stan-
dard minerals in this study yielded homogeneous compositions
and their �7Li values are −4.6 ± 0.7‰ (CpxBZ226),+4.4 ± 1.3‰
(OlBZ29) and −4.2 ± 0.5‰ (OpxBZ226), consistent with the pre-

viously reported values (Brooker et al., 2004; Zhang et al., 2010;
Su et al., 2012a; Tang et al., 2012) and the recommended val-
ues of −4.1‰,  +4.4‰ and −4.2‰,  respectively (Decitre et al.,
2002).
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ig. 3. Back-scattered images of olivine and clinopyroxene grains in the melt pockets
rom  the Western Qinling, central China.

. Results

.1. Olivine

Three analyzed olivine xenocrysts in the kamafugites show
ompositional variations from core to rim. Their cores have high
g#  (91.0–92.2), low CaO contents (≤0.12 wt%) and low ı7Li val-

es (−39.6 to −6.76‰), whereas the rims display relatively low
g# (85.9–88.2), high CaO contents (0.19–0.38 wt%) and high

7Li values (18.3–26.9‰)  (Fig. 4 and Table 1). Lithium abundance
aries considerably in core-to-rim profiles: decreasing from core
22 ppm) to rim (7 ppm) in two grains and increasing from core

6 ppm) to rim (39 ppm) in another grain (Fig. 4). Three olivine phe-
ocrysts exhibit homogeneous compositions of Mg#: 86.4–87.1,
aO: 0.20–0.28 wt%, Li: 12.4–36.8 ppm, and ı7Li: 18.1–26.0‰,
hich are similar to those of the rims of the olivine xenocrysts

ig. 4. Mg#, CaO, Li and �7Li compositions of olivine xenocrysts, phenocrysts and those in
 carbonatite-metasomatized peridotite xenoliths entrained in the Haoti kamafugites

(Fig. 4 and Table 1). The olivines in the melt pockets have large vari-
ations in Li abundances (1.80–64.0 ppm) and ı7Li values (−8.10 to
16.7 ‰),  and relatively restricted Mg#  (91.1–93.0) and CaO contents
(0.07–0.15 wt%, except one grain having 1.41 wt%) (Table 1), all of
which overlap with the compositional ranges of the cores of the
olivine xenocrysts (Fig. 4).

4.2. Clinopyroxene

Two clinopyroxene phenocrysts show homogeneous composi-
tions (Fig. 5). One grain has restricted ranges of Mg#  (85.3–86.3),
SiO2 (50.3–50.7 wt%), Al2O3 (3.29–3.53 wt%), TiO2 (1.87–1.89 wt%),

CaO (23.5–23.9 wt%) and Na2O (0.38–0.47 wt%) (Table 1). How-
ever, the other grain shows low Mg#  (78.8–81.9) and SiO2
(44.5–48.9 wt%), and high contents of Al2O3 (3.57–6.33 wt%), TiO2
(2.50–4.34 wt%), and Na2O (0.57–0.70 wt%). Two clinopyroxene

 the melt pockets in the Haoti kamafugites from the Western Qinling, central China.
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Table 1
Major (wt%) and Li elemental and Li isotopic compositions of olivine (Ol) and clinopyroxene (Cpx) xenocrysts and phenocrysts in the Haoti kamafugites from the Western Qinling.

Sample Mineral Position Spot �7Li/‰ 2� Li/ppm SiO2 TiO2 Al2O3 Cr2O3 FeO MnO  MgO CaO Na2O K2O NiO Total Mg#

HT24 Ol phenocryst 1 23.9 1.7 17.7 40.3 0.06 0.04 0.04 13.0 0.22 46.1 0.28 0.06 0.00 0.26 100.4 86.4
HT16  Ol phenocryst 1 18.1 2.1 12.4 40.3 0.03 0.05 0.02 13.0 0.18 46.3 0.21 0.00 0.00 0.25 100.3 86.5
HT08-4-1 Ol phenocryst 1 26.0 2.0 36.8 39.5 0.04 0.05 0.06 12.4 0.14 46.5 0.20 0.00 0.00 0.25 99.2 87.1
HT16 Ol  xenocryst rim 1 20.6 1.8 8.96 39.6 0.01 0.02 0.04 13.3 0.13 45.5 0.38 0.04 0.00 0.25 99.2 86.0

2  −4.27 1.8 15.6 40.8 0.04 0.01 0.03 8.34 0.11 50.0 0.10 0.00 0.00 0.33 99.8 91.5
core 3  −11.1 1.9 13.7 41.1 0.04 0.01 0.06 7.74 0.16 50.9 0.10 0.04 0.00 0.34 100.5 92.2

4  7.32 1.8 11.5 41.2 0.00 0.01 0.03 7.81 0.13 50.7 0.06 0.07 0.02 0.39 100.4 92.1
rim  5 20.6 2.3 7.31 39.8 0.04 0.01 0.02 12.92 0.16 47.1 0.37 0.00 0.02 0.23 100.7 86.8

HT08-4-1 Ol  xenocryst rim 1 18.3 2.3 14.7 39.9 0.05 0.02 0.09 11.3 0.17 46.7 0.19 0.05 0.02 0.35 98.8 88.2
2  8.66 2.3 19.0 40.2 0.04 0.02 0.03 8.76 0.09 49.0 0.10 0.03 0.00 0.40 98.7 91.0

core  3 −6.76 2.1 21.7 40.8 0.00 0.01 0.01 8.84 0.12 50.0 0.11 0.01 0.03 0.36 100.3 91.0

HT4 Ol  xenocryst rim 1 26.9 1.7 38.7 40.6 0.00 0.03 0.01 13.5 0.24 45.7 0.38 0.01 0.03 0.31 100.8 85.9
2  14.4 1.7 27.1 41.6 0.00 0.00 0.00 8.81 0.16 50.0 0.09 0.03 0.00 0.35 101.0 91.1
3  −8.04 1.7 22.0 41.3 0.01 0.01 0.05 8.77 0.05 49.6 0.12 0.00 0.02 0.41 100.4 91.1

core  4 −39.6 1.9 5.63 41.0 0.00 0.10 0.06 8.67 0.11 49.2 0.12 0.06 0.05 0.30 99.7 91.1

HT08-2B Ol1  in melt pocket 1 11.5 2.1 1.80 40.8 0.00 0.00 0.10 8.71 0.18 49.6 0.08 0.01 0.03 0.18 99.7 91.1
Ol2  in melt pocket 1 4.41 0.5 64.0 41.3 0.00 0.01 0.10 8.38 0.19 49.5 0.10 0.04 0.01 0.25 99.8 91.4

HT08-5 Ol1  in melt pocket 1 −8.10 0.9 60.2 41.0 0.01 0.01 0.13 8.23 0.15 49.6 0.08 0.07 0.02 0.19 99.5 91.6
Ol2  in melt pocket 1 −7.59 1.1 23.0 41.1 0.02 0.01 0.12 8.41 0.15 49.1 0.08 0.05 0.00 0.16 99.1 91.3

HT16  Ol in melt pocket 1 11.9 1.8 63.9 41.6 0.09 0.00 0.04 7.01 0.17 51.4 0.15 0.00 0.04 0.23 100.7 93.0
HT08-4-1 Ol1  in melt pocket 1 11.1 2.7 21.8 43.0 0.00 0.24 0.74 6.30 0.14 46.6 1.41 0.67 0.16 0.10 99.4 93.0

Ol2  in melt pocket 1 16.7 3.7 3.84 41.4 0.00 0.01 0.09 7.18 0.13 50.7 0.07 0.07 0.03 0.22 99.9 92.7

HT08-5 Cpx1  in melt pocket 1 8.55 1.6 4.22 54.3 0.42 0.18 4.11 2.02 0.09 16.7 18.3 2.04 0.00 0.06 98.2 93.7
Cpx2  in melt pocket 1 7.78 2.5 3.31 54.9 0.13 0.15 4.56 1.89 0.14 16.1 19.0 2.19 0.04 0.00 99.1 93.9

HT24 Cpx  phenocryst rim 1 9.56 1.9 2.59 50.7 1.89 3.46 0.45 4.63 0.10 14.9 23.7 0.38 0.00 0.00 100.2 85.3
2  11.9 1.6 6.99 50.6 1.89 3.29 0.47 4.28 0.03 15.0 23.9 0.44 0.00 0.05 99.9 86.3

core  3 6.02 1.6 4.65 50.3 1.87 3.53 0.43 4.58 0.06 15.2 23.5 0.47 0.03 0.03 100.1 85.7

HT08-4-1 Cpx  phenocryst rim 1 9.60 3.0 1.08 45.1 3.86 6.33 0.12 6.24 0.03 12.9 23.6 0.67 0.02 0.01 98.8 78.8
2  5.98 2.6 1.08 44.5 4.34 6.63 0.07 5.99 0.04 12.9 23.5 0.57 0.01 0.00 98.5 79.5

core  3 4.80 2.8 1.37 48.9 2.50 3.57 0.00 5.55 0.10 13.9 23.7 0.70 0.03 0.00 99.1 81.9

Note: Mg#  = 100 × Mg/(Mg+Fe).
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Fig. 6. SiO2 versus Li (a) and SiO2 versus �7Li (b) correlation diagrams for olivine and
ig. 5. Al2O3, TiO2, Na2O, Mg#, SiO2, Li and �7Li compositions of clinopyroxene phe-
ocrysts and those in the melt pockets in the Haoti kamafugites from the Western
inling, central China.

rains in the melt pockets are compositionally different from the
henocrysts, particularly with respect to their high Mg#  (93.7,
3.9), SiO2 (54.3 wt%, 54.9 wt%), Cr2O3 (4.11 wt%, 4.56 wt%), and
a2O (2.04 wt%, 2.19 wt%), and low Al2O3 (0.18 wt%, 0.15 wt%),
iO2 (0.42 wt%, 0.13 wt%), and CaO (18.3 wt%, 19.0 wt%) (Fig. 5 and
able 1). Their enrichments in Na and Cr, high Mg#  and depletions
n Ti and Al are consistent with the metasomatic origin (Su et al.,
009, 2010a, b, 2011). However, Li concentrations (1.08–6.99 ppm)
nd Li isotopic compositions (4.80–11.9‰)  of the clinopyroxenes
o not correlate with their major element compositions (Table 1).

. Discussion

.1. Li and Li isotopic variations in cooling process and fractional
rystallization

The diffusivity of Li isotopes, with 6Li diffusing about 2–3%
aster than 7Li (Richter et al., 2003; Coogan et al., 2005; Lundstrom
t al., 2005), is independent of physical factors and composi-
ion (i.e., temperature, pressure and melt composition). However,
he diffusion rate of Li is highly variable in different miner-
ls and may  change with temperature (Wunder et al., 2006;
onov and Seitz, 2008; Dohmen et al., 2010; Caciagli et al., 2011;
oogan, 2011; Yakob et al., 2012). Consequently, Li isotopic frac-
ionation will be accompanied by the preferential incorporation
f Li into minerals. A study by Ionov and Seitz (2008) showed
hat the anomalous and un-equilibrated Li isotopic compositions
n peridotite xenoliths may  be related to the re-distribution of
i between minerals, but the authors attributed it to the post-
ruptional cooling process. They argued that most peridotite
enoliths and xenocrysts display uniform distributions of Li content
i.e., Liolivine < Liorthopyroxene < Liclinopyroxene) and Li isotopic vari-
tions (i.e., ı7Liolivine > ı7Liorthopyroxene > ı7Liclinopyroxene) between
inerals because: (1) the rate of diffusion of Li in olivine is much

lower than in pyroxene under the same conditions (Parkinson
t al., 2007; Dohmen et al., 2010; Coogan, 2011; Yakob et al., 2012),
nd (2) Li partitioning changes with cooling as it diffuses from
livine into clinopyroxene with decreasing temperature (Ionov and
eitz, 2008). On the contrary, different trends in the variation of
i abundances and Li isotopic compositions in mantle peridotites,
articularly the reverse sequence in carbonatite metasomatized
amples, have been commonly observed (Woodland et al., 2004;
hang et al., 2010; Su et al., 2012a, 2014; Tang et al., 2012).
The petrographic characteristics and chemical compositions
i.e., high CaO, low Mg#) of olivine and clinopyroxene in the
aoti kamafugites indicate their magmatic origin and phenocrys-

ic nature (Fig. 2 and Table 1). Olivine phenocrysts show larger Li
clinopyroxene phenocrysts and those in melt pockets. Fractional crystallization line
is  defined by general crystallization sequence of olivine first and then clinopyroxene
in  magmas/melts.

abundance and isotopic variations than clinopyroxene phenocrysts
(Fig. 6). The olivine phenocrysts have consistently high Li abun-
dances and ı7Li values, whereas the clinopyroxene phenocrysts
are relatively low in both Li content and ı7Li with no significant
zonation (Table 1 and Figs. 4–6). The olivine and clinopyroxene in
the melt pockets in the peridotite xenoliths also show similar com-
positional features. Lithium abundance of the olivines in the melt
pocket is apparently higher than that in clinopyroxenes (Fig. 6a),
while these olivines have much larger ı7Li ranges than the clinopy-
roxenes (Fig. 6b). Moreover, the core-to-rim profiles of Li and ı7Li
are significantly different among the phenocrysts, xenocrysts and
olivines/pyroxenes in the peridotite xenoliths (Figs. 4 and 5 and
Su et al., 2012a, 2014). These features are in contradiction to the
cooling theory.

However, these compositional variations between olivine and
clinopyroxene are probably relevant to fractional crystallization. It
is known that olivine crystallizes prior to clinopyroxene in frac-
tional crystallization of both melt pocket at mantle depth and
magmas during ascent. The higher Li abundance in olivine than
clinopyroxene (Fig. 6a) indicates that Li is incorporated into min-
eral in the early stage of melt/magma fractionation. This inference
is consistent with the previous experimental and empirical results
that Li is a moderate compatible element for olivine (Chan et al.,
1992; Dohmen et al., 2010; Caciagli et al., 2011). The overall
decreasing ı7Li value from olivine to clinopyroxene implies that
fractional crystallization can result in Li isotopic fractionation of
the melts/magmas.

5.2. Li elemental variations in mantle metasomatism and

xenocryst–host magma interaction

The low CaO contents (<0.10 wt%) of olivines in the Haoti and
Hannuoba peridotite xenoliths which plot within the field defined
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Fig. 7. Li and �7Li versus CaO and Na2O correlation diagrams for olivines (a and d) and clinopyroxenes (b, c, e and f). Data for minerals in the Haoti (Western Qinling) and
Hannuoba (North China Craton) xenoliths are from Su et al. (2012a), (2014). The samples from the Haoti and Hannuoba had been metasomatized by carbonatite and silicate
melts,  respectively. The gray field (CaO < 0.10 wt%) is defined for mantle olivines, whereas those olivines with CaO ≥ 0.10 wt% are of a magmatic origin (Thompson and Gibson,
2000). Both carbonatite and silicate metasomatic agents can increase the Li abundance, which is significant in the former, but does not change the CaO contents of the olivines.
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he  interaction with host magmas during ascent increased the Li abundances as w
alues of olivines, whereas silicate metasomatism and phenocryst-host silicate ma
mong the effect of the three agents in the clinopyroxenes.

y the CaO contents of mantle olivines (Fig. 7a; Thompson and
ibson, 2000) suggest that Li enrichment and isotopic fractionation
resent in these samples occurred at mantle depth. Notably, the
livine xenocryst grain from sample HT4 displays different core-
im profiles for Li and ı7Li, compared to the other two  grains (Fig. 4),
ut exhibit identical Li compositions to the olivines in the peri-
otite xenoliths (Fig. 7a) probably due to its large grain size and

ack of well-developed zonation (Fig. 2b). This olivine grain is ca.
000 �m in diameter and did not experience considerable chem-

cal exchange with the host magma  during ascent. Considering
he lower Li diffusion rate relative to Fe–Mg exchange in olivine
Parkinson et al., 2007), although the rim of the grain records the
e–Mg reaction with the host magma, primitive Li signatures of
arbonatite metasomatism at mantle depth are preserved in the
hole grain (Fig. 7a). On the other hand, the Fe–Mg as well as

i composition of the other smaller grains is likely to be reset
y the reaction with the host magma. In the following discus-
ion, emphasis will be placed on the small-grained olivines with
ell-developed zonations to constrain the peridotite–host magma

nteraction.
Seitz and Woodland (2000) showed that olivines from equili-

rated unmetasomatized peridotite xenoliths have Li abundances
anging between 1 and 2 ppm, while pyroxenes have Li contents
rom sub-ppm to 1.3 ppm. Metasomatized peridotites show highly
ariable Li content in both olivines and pyroxenes, such that
i distributions between olivine and clinopyroxene do not com-
only achieve equilibrium (Seitz and Woodland, 2000; Aulbach

nd Rudnick, 2009; Zhang et al., 2010; Tang et al., 2011). The nature
f the melt involved in mantle metasomatism plays a key role in
referential enrichment of Li in minerals (Seitz and Woodland,
000; Seitz et al., 2004; Mallmann et al., 2009; Su et al., 2012a,

014).

A general consensus is reached that mantle metasomatism
auses an increase in Li abundances and isotopic re-distribution
n mantle peridotites (Seitz and Woodland, 2000; Wagner and
 CaO of the olivines. Carbonatite metasomatism resulted in a decrease in the �7Li
nteraction increased the �7Li values remarkably. There is no significant difference

Deloule, 2007; Mallmann et al., 2009; Zhang et al., 2010; Tang
et al., 2007, 2011, 2012; Su et al., 2012a). Compared to silicate
metasomatism, carbonatite metasomatism can yield greater Li
enrichment, particularly in olivine (Fig. 7a). Notably, the secondary
olivine from the residual metasomatic melts in the melt pock-
ets has up to 64 ppm Li that is extremely high compared with
the coexisting clinopyroxene in the melt pocket and the primary
olivine (Table 1 and Fig. 7a; Su et al., 2014). The Li abundances
in the clinopyroxenes are variable in both metasomatic agents
(Fig. 7b). The positive correlation between Na2O and Li (Fig. 7c)
suggests both silicate and carbonatite metasomatism could eval-
uate Li content of clinopyroxene as Na2O is one of the important
metasomatic parameters for peridotite (Su et al., 2010a). The dis-
tinct distribution of Li in minerals indicates that Li is preferentially
incorporated into olivine relative to clinopyroxene during carbon-
atite metasomatism, which is different from silicate metasomatism,
therefore corroborating the inferences made in previous stud-
ies (Seitz et al., 2004; Woodland et al., 2004; Jeffcoate et al.,
2007; Tang et al., 2007; Zhang et al., 2010; Ackerman et al.,
2013).

The cores of the olivine xenocrysts in the Haoti kamafugites
show identical composition to the olivines in the peridotite xeno-
liths, indicating that these cores maintained the compositional
signatures of carbonatite metasomatism at mantle depth, implying
that cooling process did not significantly alter their mantle sig-
natures. The presence of well-developed zoning texture, coupled
with high-CaO and low-Mg# features indicate that the rims of the
olivine xenocrysts recorded signatures of the interaction with the
host magmas. The different core-to-rim profiles displayed in the
three olivine xenocryst grains (Figs. 4 and 5) may imply that the
variation trend in Li abundance and isotope compositions depends

on the compositional differences between the xenocryst and the
host magma. Thus, the xenocrysts preserve deep metasomatic sig-
natures in the cores whilst their interaction with ascending host
magmas is recorded in the rims.
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.3. Li isotopic variations in mantle metasomatism and
enocryst–host magma interaction

As discussed above, minerals experiencing the preferential
ncorporation of Li would have low ı7Li values (Lundstrom et al.,
005; Wagner and Deloule, 2007; Teng et al., 2007; Wunder et al.,
007). This inference is clearly illustrated in Fig. 7d and e, in which
he Haoti olivines metasomatized by carbonatite melt exhibit
ecreasing ı7Li values with correspondingly high Li enrichment,
hereas the Hannuoba olivines metasomatized by silicate melt are

haracterized by slight Li enrichment and high ı7Li values (Fig. 7d).
t has been established that metasomatic processes readily pump
i into mantle minerals from the melts, resulting in the depletion
f 6Li relative to 7Li in the residual melts (Seitz and Woodland,
000; Wagner and Deloule, 2007; Zhang et al., 2010; Tang et al.,
011). As a consequence, the olivines as well as clinopyroxenes

n the melt pockets (representing residual melts) show generally
igh ı7Li values (Table 1 and Fig. 7d and e). However, there is no
istinction between Li isotopes in clinopyroxenes caused by car-
onatite and silicate metasomatic agents (Fig. 7e and f). This may  be

nterpreted by the modeling results of Aulbach and Rudnick (2009)
hich showed that ı7Li of olivine can inherit the ı7Li signature of

he melt during peridotite–melt interaction, whilst clinopyroxene
ags behind.

Similar to the Li abundance, the ı7Li values in the cores of
he olivine xenocrysts also overlap the compositional range of the
livines in the Haoti peridotite xenoliths, and the increasing trend
f ı7Li toward to the rims reflects the interaction between the
enocryst and the host magma  (Fig. 7d), which is consistent with
igh ı7Li values for host alkaline lavas containing mantle xeno-

iths reported by Magna et al. (2008) and Ackerman et al. (2013).
nterestingly, the Li isotopic compositions in the rims of the olivine
enocrysts are very similar to those of the silicate-metasomatized
livines, although there are marked differences with respect to
he CaO content and Li abundance (Fig. 7d). Considering the sili-
ate nature of the host magmas, we suggest that the interaction
ith silicate melt would lead to an increase of ı7Li in olivines,

rrespective of mantle depth or ascending process, whereas the
everse trend would result from interaction between olivine and
arbonatite melt. On the basis of the indistinguishable chemical
ompositions between clinopyroxenes and olivines that have expe-
ienced different levels of interactions, we suggest that compared
o clinopyroxene, olivine records and preserves higher ı7Li levels
aused by different metasomatic agents.

. Conclusions

The olivine xenocrysts entrained in the Haoti kamafugites from
he Western Qinling exhibit systematic Li elemental and iso-
opic zonations. Their cores are characterized by significant Li
nrichment and very low ı7Li values, similar to the olivines in
arbonatite-metasomatized peridotite xenoliths, while the rims
re also rich in Li but with considerably high ı7Li values which
re comparable to the phenocrysts and those in the silicate-
etasomatized peridotites. Integrating the zoning texture and
ajor element chemistry, we infer that the Li elemental and iso-

opic signatures of the cores of the xenocrysts record carbonatite
etasomatism at mantle depth, while the variations in the rims

re attributed to xenocryst–host magma  interaction during ascent.
he distinct Li elemental and isotopic features in olivines compared
o those in clinopyroxenes indicate that olivine is a better indica-

or than clinopyroxene in discriminating carbonatite and silicate

etasomatic agents. We  further conclude that the peridotite–melt
nteraction resulted in increased Li abundance that subsequently
mparted variations to Li isotopes in the peridotite, whilst the
de 74 (2014) 705–713

carbonatite and silicate melts produced contrasting �7Li variations
in olivine.
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