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Abstract Spongy textures are observed in mantle peri-
dotite xenoliths hosted in Cenozoic kamafugites from the
Western Qinling, central China. These textures are mainly
developed in clinopyroxenes and spinels, and occur as
spongy rims consisting of low-Na clinopyroxene, ilmenite,
and bubbles, enclosing nonspongy cores. The ilmenites and
bubbles exhibit shapes and sizes that vary with the width of
the spongy rims. The spongy-textured minerals preserve
primary shapes and well-defined grain boundaries and do
not show apparent interaction with contact minerals or
observed melts except the subsequent melts forming melt
pockets. The xenocrysts display reactive zoning textures
with host magmas rather than spongy textures. Composi-
tionally, the spongy rims are enriched in Ca, Ti, and most
trace elements, have high Cr#, and are depleted in Na, Al,
Fe, AIYY, and AI"Y/AIV! compared with the cores. These
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observations suggest that melts/host magmas did not play
any significant role in the formation of the spongy textures.
We therefore propose that spongy-textured clinopyroxenes
and spinels in Western Qinling peridotite xenoliths devel-
oped from a decompression-induced partial melting event
prior to formation of melt pockets and xenolith entrainment
in host magmas.

Keywords Decompression - Mantle peridotite -
Partial melting - Spongy texture - Western Qinling

Introduction

Spongy textures are often found in mantle xenolith min-
erals such as clinopyroxene, spinel, olivine, and orthopy-
roxene (Andersen et al. 1984; Griffin et al. 1984; Fan and
Hooper 1989; Ionov et al. 1995; Qi et al. 1995; Carpenter
et al. 2002; Coltorti et al. 2004; Shaw et al. 2006; Shaw
and Dingwell 2008; Dantas et al. 2009) and in mineral
phenocrysts (e.g., magnetite and plagioclase) from volcanic
rocks (Tsuchiyama 1985; Nelson and Montana 1992; Wark
and Stimac 1992; Hibbard and Sjoberg 1994; Tepley et al.
1999; Heaman and LeCheminant 2000; Streck 2008). The
spongy domains occur as porous or sieve-like rims or
coronae on “nonspongy” host grains and rarely as cross-
cutting veinlets, and are frequently associated with glass
patches (Franz and Wirth 1997; Carpenter et al. 2002;
Bonadiman et al. 2008); they have been described as
“sieved texture” in some reports (Larsen 1982; Nelson and
Montana 1992; Kepezhinskas et al. 1995, 1996; Shaw
2004; Shaw et al. 2006; Shaw and Dingwell 2008). Various
explanations for their possible origin have been proposed
on the basis of mineralogical observations, geochemical
datasets, and experimental results. Many authors have
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attributed the spongy textures to interaction of xenolith
with host magma during transport (e.g., Brearley et al.
1984; Qi et al. 1995; Shaw and Kliigel 2002; Shaw et al.
2006) or with exotic melts prior to entrainment, which
represents a type of mantle metasomatism (e.g., Liang and
Elthon 1990; Siena and Coltorti 1993; Franz and Wirth
1997; Coltorti et al. 1999; Bonadiman et al. 2008; Ionov
et al. 1995, 2005). Other authors also attribute the spongy
textures to incongruent partial melting induced by fluid
penetration (e.g., Ionov et al. 1995; Carpenter et al. 2002;
Guzmics et al. 2008) or to mineral breakdown induced by
decompression (e.g., Stormer 1972; Carswell 1975; Nelson
and Montana 1992).

The spongy textures in clinopyroxenes and spinels from
the Western Qinling (central China) have been reported by
Shi et al. (2003) and Su et al. (2007, 2009, 2010a), but
little attention was paid to their origin. In the present study,
we report results of a detailed petrographical, electron
microprobe, and laser-ablation inductively coupled plasma
mass spectrometry (LA-ICPMS) study of spongy-textured
clinopyroxenes and spinels in a suite of mantle xenoliths
from the Western Qinling, with the aim of placing con-
straints on the origin of the spongy textures.

Geological setting and sample descriptions

The Western Qinling is located in central China and is
subordinate to the Kunlun—Qilian—Qinling—Dabie Moun-
tains, a central orogenic belt in China (Zhang et al. 2001,
2002). The Cenozoic volcanic rocks in the Western Qinling
(7.1-23 Ma) are sparsely distributed in the Tianshui-Lix-
ian fault basin, which is related to extensional tectonics,
and are mainly comprised of Haoti and Baiguan occur-
rences of kamafugites and carbonatites (Yu et al. 2003,
2004; Su et al. 2006, 2009, 2010a; Dong et al. 2008). A
suite of 12 mantle xenoliths were collected from the Haoti
kamafugite location for this study.

Among the studied xenoliths, 11 samples are type 1,
according to previous classification [type 1, olivine forste-
rite content (Fo) > 90; type 2, Fo < 90; Su et al. 2009].
These samples include four garnet lherzolites, one garnet
wehrlite, and six spinel-bearing/free lherzolites. One, a
spinel lherzolite (HT-24), is type 2. The investigated xeno-
liths display clearly deformed features such as elongated
mineral orientation and undulose extinction or kink band.
All garnets are partially decomposed and are characterized
by fresh core with an outer coronal assemblage consisting of
aluminous spinel, orthopyroxene, and clinopyroxene grains,
and occasionally some garnet grains are completely broken
down (Su et al. 2007, 2009, 2010a). There is low modal
abundance (<13% by volume, Su et al. 2009) of orthopy-
roxenes, most of which exhibits reactive features (Su et al.
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2010a). Melt pockets are observed in all samples, compris-
ing fine-grained olivine, clinopyroxene, and/or feldspar,
phlogopite, amphibole, and glass. Spongy textures occur
within most clinopyroxene grains and some spinels.

Analytical methods

Major element compositions of minerals were obtained by
wavelength-dispersive spectrometry using JEOL JXA8100
electron probe operating at accelerating voltage of 15 kV
with 12 nA beam current, 5 um beam spot, and 10-30 s
counting time. The precision of all analyzed elements was
better than 1.5%. Natural minerals and synthetic oxides
were used as standards, and a program based on the ZAF
procedure was used for data correction.

Clinopyroxenes were separated from six samples and
mounted in epoxy, which was then polished to section the
crystals in half for analysis. In situ trace elements were
measured using laser-ablation inductively coupled plasma
mass spectrometry (LA-ICPMS). Detailed analytical pro-
cedures are described elsewhere (Gao et al. 2002). Helium
was used as the carrier gas to enhance transport efficiency
of ablated material. The helium carrier gas inside the
ablation cell was mixed with argon as a makeup gas before
entering the ICP to maintain stable and optimum excitation
conditions. Measurements were carried out using time-
resolved analysis, operating in a fast, peak-hopping
sequence in dual-detector mode. A 40 pm spot size was
used in this study. Each spot analysis consisted of
approximately 30 s background acquisition followed by
60 s data acquisition from the sample. Calibration was
performed using NIST SRM 610 as an external calibration
sample in conjunction with internal standardization using
Ca. Both analyses were done at the Institute of Geology
and Geophysics, Chinese Academy of Sciences. We ana-
lyzed the spongy rims in clinopyroxene grains where
possible, and these results are referred to as “spongy
rim + outer core” below and in illustrations.

Spongy textures of clinopyroxene and spinel

Spongy-textured clinopyroxenes and spinels mostly display
nonspongy cores and spongy rims of various widths, and
we refer to these features as inner core, outer core, and
spongy rim, from interior to exterior. In general, the widths
of the spongy rims vary from several microns to 300 pm,
and clinopyroxenes in garnet peridotite display relatively
thin spongy rims (Fig. la, b) compared with those in spi-
nel-bearing/free lherzolites, in which the spongy texture
extends into the outer core and occasionally into the inner
core (Figs. 1, 2).
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Fig. 1 Back-scattered images
of spongy-textured
clinopyroxenes and spinels in
Western Qinling peridotite
xenoliths. a HT08-1 garnet
lherzolite: clinopyroxene with
very thin spongy rim contacts
with zoned olivine and
breakdown garnet, and together
with olivine and orthopyroxene
exhibits triple junction. b HT08-
10 garnet lherzolite: spongy
rims are developed around the
host clinopyroxene as well as its
fractures. ¢ HT08-2B garnet
lherzolite: the spongy-textured
clinopyroxene consists of
nonspongy homogeneous core
and wide spongy rim, which
does not show interaction with
contact carbonate vein. d HT08-
7-2 spinel lherzolite: the
clinopyroxene preserves well its
primary shape and clear
boundaries with contact
olivines, and the spongy zone
tends to develop in free space,
including triple junction and
wider fracture between mineral
grains. e HT08-5 spinel
lherzolite: the spongy-textured
clinopyroxene is characterized
by zoned core and wide-spread
spongy rim, and does not show
interaction with the melts,
which probably reacted with
zoned olivine. f HT08-7-2
spinel lherzolite: the relict core
of the spongy-textured
clinopyroxene displays zoning
texture, and the spongy rim is
extremely wide. g HT08-5
spinel lherzolite: the spongy-
textured spinel consists of
bright, thin spongy rim and
relatively grey core. h HT08-5
spinel lherzolite: the sieved
spinel does not show interaction
with surrounding carbonate
vein. Ca carbonate, Cpx
clinopyroxene, Grt garnet,

Ol olivine, Opx orthopyroxene,
Sp spinel

* thin spongy rim "

>

dom WD1inm

m WD11mm

Spongy-textured clinopyroxenes in garnet peridotites  zoning pattern (Fig. l1a—c). An exception is sample HT08-1,
display well-defined boundaries between the core and the  in which olivine in contact with fragmented garnet displays
spongy rim, and these nonspongy cores do not show any  a zoning pattern (Fig. 1a). However, the spongy rim of
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Fig. 2 Back-scattered images
of spongy-textured
clinopyroxenes and their spongy
rims in Western Qinling
peridotite xenoliths. a and b
HTO08-12 garnet wehrlite: the
thin spongy rim consists of
relatively bright clinopyroxenes,
ilmenites, and rounded bubbles.
¢ and d HTO08-5 spinel
lherzolite: the bubbles and
ilmenites have irregular shapes
and fine grain size, respectively.
e and f HT08-2B garnet
lherzolite: the relatively wider
spongy rim is characterized by
fine-grained ilmenites and
interstitial worm bubbles. g and
h HTO08-2B garnet lherzolite:
the grain size of ilmenites
becomes finer, and the worm
bubbles are connected to each
other. MP melt pocket, llme
ilmenite

Cpx
inner core

guiet

inner core
F)
o
e ey
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clinopyroxene in this sample is very limited and, therefore,
could not be analyzed (Fig. la). The well-developed
spongy-textured clinopyroxenes exhibit relatively wider
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boundaries with neighboring grains (Fig. 1b, c). The spongy
textures do not only develop along the rims of the grains but
also occur along cracks within the grains (Fig. 1b). Some
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carbonate veins around spongy-textured clinopyroxenes do
not display any interactive features with the spongy rim
(Fig. 1c).

Clinopyroxenes in spinel-bearing lherzolites have small
cores of variable shapes and wider (100-300 pm) spongy
rim (Fig. 1d—f). In back-scattered images, the cores display
a zoning pattern and are slightly darker than the rims
(Fig. le, f). The development of spongy rim depends on the
space between host and ambient grains. The spongy texture
tends to extend to the triple-junction point (Fig. 1d) and
free space such as wider grain boundaries (Fig. 1d—f).
Although spongy textures are well developed in these
clinopyroxenes, the inherited shapes and primary grain
boundaries are preserved (Fig. 1d, f). Some melt-like
materials present around zoned olivine show no sign of
interaction with the adjacent spongy-textured clinopyrox-
ene (Fig. le).

Most spongy-textured spinels are characterized by large
and nonspongy original cores and very thin (5-20 pum)
spongy rims. The cores are homogeneous in composition
and show sawlike boundaries with spongy rims (Fig. 1g).
Some spinel grains are completely transformed to spongy-
like structures without any relict core, and are interstitial to
neighboring carbonate veins (Fig. 1h). Within these sieved
spinels, worm-shaped bubbles are widespread and mostly
filled with very fine (<3 pm) unknown materials and could
not be analyzed by electron microprobe.

Photomicrographs of the spongy rims are shown in
Fig. 2. The spongy rims consist of brighter clinopyroxene,
ilmenite, and (unknown-material-filled) bubbles. The grain
size of the ilmenites and the shape of the bubbles vary with
the development of the spongy texture. In thin (<40 pm)
spongy rims, the ilmenite grains are relatively round-
shaped and coarser, ranging from 8 to 15 pum, and the
bubbles are mostly round in shape (Fig. 2a, b). Wider (40-
100 pm) spongy rims have irregular bubbles and ilmenite
grains which are usually smaller (less than 10 pm) (Fig. 2c,
d). In well-developed spongy rims (wider than 100 pum),
ilmenites are much smaller in size (less than 5 pm), and
worm-like bubbles (20 pum in length and 2—4 pm in width)
also occur (Fig. 2e, f). The worm-like bubbles are inter-
connecting and the ilmenite grains become finer (<2 pm)
in more developed spongy rims (Fig. 2g, h).

Mineral compositions

Major elements

Spongy-textured clinopyroxene grains are chromian diop-
side according to the classification of Morimoto et al.

(1988; Table 1). In lherzolite, clinopyroxenes have Mg#
[Mg# = 100 x Mg/(Mg + Fe)] ranging from 89.6 to 92.7,

whereas in garnet wehrlite (HT08-12), they tend to be less
magnesian, with Mg# in the range of 89.2-90.3. The cores
and spongy rims have very similar Mg# but differ in other
major elements, particularly Na,O, Al,O3, CaO, TiO,, and
FeO contents (Table 1; Fig. 3). The compositional differ-
ences from the core to the spongy rim show a consistent
pattern of zoning, which is exhibited as a systematic
decrease in Na,O, Al,O3, and FeO, and a slight decrease in
SiO, and MgO from core to rim, coupled with a distinct
increase in CaO, TiO,, Cr,0Os3, and Cr# [Cr# = 100 x Cr/
(Cr 4+ Al)] (Table 1; Fig. 3). The cores of clinopyroxenes
displaying well-developed spongy textures show similar
compositional zoning to the rims, whereas the cores of
clinopyroxenes with more poorly developed spongy tex-
tures are compositionally homogeneous (Table 1).

Spongy-textured spinel shows obvious compositional
variations, particularly in TiO,, Al,03, FeO, and MgO.
From inner core to outer core and to spongy rim, TiO,
increases from 0.60 wt% to 2.32 wt% and then to
435 wt% in the rim. Similarly, FeO increases from
13.2 wt% to 15.3 wt% up to 21.4 wt% in the rim. Con-
versely, Al,O3 and MgO, respectively, decrease from
36.2 wt% to 27.5 wt% and from 17.2 wt% to 14.4 wt%.
Sieve-textured spinel has the highest contents of TiO,
(8.02 wt%), Cr,03 (34.7 wt%), and FeO (33.9 wt%), and
the lowest Al,O3 (11.8 wt%) and MgO (8.30 wt%) con-
tents. Accordingly, the spinel has the lowest Mg# (30.4)
and highest Cr# (66.3) (Table 1).

Secondary clinopyroxenes in the melt pockets have
lower Al,O5 (<0.30 wt%), CaO (16.4-20.0 wt%), and FeO
(1.85-2.84 wt%), higher SiO, (53.5-56.2 wt%), Cr,O3
(1.50-6.00 wt%), and Na,O (0.90-2.73 wt%), and similar
TiO, (<0.5 wt%) contents (Su et al. 2010c) compared with
the spongy-textured clinopyroxenes, and are therefore
considered completely separately.

Trace elements

In the studied clinopyroxenes, although there is variation
among samples, individual samples have similar normalized
trace-element patterns for the core, rim, and spongy struc-
ture (Fig. 4; Table 2). The spongy rims of clinopyroxenes
(except HT-24) from the type 1 xenolith display higher
trace-element abundances compared with the cores. The
spongy rims, especially in HT08-2B clinopyroxene, are
extremely enriched in light rare-earth elements (LREE) and
large-ion lithophile elements (LILE; Rb, Ba, Th, U, Sr, Pb)
(Fig. 4a, b, c, d, e, f). From the core to the spongy region,
there are increases in ) REE, (La/Yb)y, Nb/Ta, and Ba/Th,
coupled with decreases in Y/Nb, Zr/Nb, Sm/Ba, La/Sm, and
Nd/Rb and slight variations in Ti/Eu and Th/Nb (Table 2).

Clinopyroxene in HT-24 has the highest trace-element
abundances (e.g., > REE = 41-70 ppm) (Fig. 4c, d;
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% %ﬁn 2|5 Table 2). In contrast to other spongy-textured clinopyrox-
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HTO08-3 SLH
Spongy Cpx

Spongy Cpx

HTO08-12 GW
Spongy Cpx

Table 1 continued

Sample
Mineral
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0.089
0.081
0.035
0.088
0.003
0.922
0.809
0.062
4.008
91.3

IC

0.092
0.078
0.036
0.086
0.003
0.936
0.803
0.059
4.009
91.6

oC

Spongy
0.063
0.011
0.041
0.086
0.002
0.925
0.898
0.035
4.010

91.5

0.100
0.134
0.033
0.096
0.002
0.882
0.738
0.123
4.017
90.2

IC

0.096
0.144
0.034
0.094
0.003
0.877
0.730
0.115
4.006
90.3

oC

Spongy
0.013
0.010
0.066
0.091
0.002
0.834
0.866
0.052
3.957

90.2

0.163
0.036
0.104
0.004
0.872
0.688
0.105
3.980

0.076
89.4

0.083
0.160
0.036
0.105
0.003
0.865
0.696
0.113
3.988
89.2

ocC

0.008
0.002
0.066
0.102
0.001
0.856
0.864
0.087
3.994
89.3

GLH garnet lherzolite, Lh lherzolite, SLH spinel lherzolite, GW garnet wehrlite, OC outer core, IC inner core; Mg# = 100 x Mg/(Mg + Fe); Cr# = 100 x Cr/(Cr + Al). Bulk composition of

kamafugite is from Dong et al. (2008)

Position  Spongy

AV
AIV!
Cr
Fe
Mn
Mg
Total
Mgt
Cr#

signatures are mainly recorded in mineral recrystallization,
zoning textures, melt pockets, and particularly composi-
tional variations in clinopyroxenes (e.g., Lloyd 1987;
Coltorti et al. 1999; Shaw et al. 2005, 2006; Zheng et al.
2005; Ying et al. 2006; Su et al. 2009, 2010a).

Spongy textures are common features reported in
clinopyroxene and spinel, and occasionally in olivine and
orthopyroxene (e.g., Streck 2008). Most studies attribute
the spongy texture to peridotite—melt interaction (e.g.,
Liang and Elthon 1990; Siena and Coltorti 1993; Carpenter
1996; Franz and Wirth 1997; Coltorti et al. 1999; Bona-
diman et al. 2008; Ionov et al. 1995, 2005; Shaw et al.
2006). Consequently, spongy-textured minerals could be
excellent materials to understand the detailed interaction
process between peridotite and melt, since they preserve
reacted spongy rims and unreacted cores. On the other
hand, partial melting has been suggested to be responsible
for the formation of harzburgite and dunite from clinopy-
roxene-rich lherzolite, and its driving mechanism and
imprints have been documented by many studies (e.g.,
Tsuchiyama 1986; Johnson et al. 1990; Chazot et al. 1994;
Seyler and Bonatti 1997; Morgan and Morgan 1999;
Laurora et al. 2001; Dawson 2002; Xu et al. 2003; Das-
gupta and Hirschmann 2006; Stracke and Bourdon 2009).
On the basis of experimental studies and analysis of natural
samples, melting has been proposed as a process respon-
sible for producing spongy textures (e.g., Stormer 1972;
Carswell 1975; Nelson and Montana 1992; Ionov et al.
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Fig. 3 Bivariate plots of spongy-textured clinopyroxenes from
Western Qinling peridotite xenoliths in terms of oxides versus
Na,O (wt%). Same symbol filled with different colors represents a

single grain. Solid line connects the inner core, outer core, and spongy
rim of clinopyroxene from HTO08-2B as an example to show

compositional variations
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Fig. 4 Chondrite-normalized REE and primitive mantle-normalized

trace-element patterns of spongy-textured clinopyroxenes from
Western Qinling peridotite xenoliths. Chondrite normalizing values

1995; Carpenter et al. 2002; Guzmics et al. 2008). Con-
sequently, the spongy texture can be used to investigate
melting process and its mechanism, as well as the gener-
ation of some low-degree partial melting magmas because
high-degree melting usually dissolves clinopyroxene
completely.

We will discuss the origin of spongy textures, taking
into account petrographical, compositional, and theoretical
aspects of Western Qinling xenoliths.

Peridotite—melt interaction at mantle depth?

Assuming that peridotite—melt interaction produces the
spongy texture, additional reaction features and/or relict

@ Springer

Ba U Ta Ce Pr Nd Hf Eu Gd Ho Y Lu

are from Anders and Grevesse (1989) and primitive mantle normal-
izing values from Sun and McDonough 1989

melt besides spongy texture should be partly left within the
studied xenoliths. Zoned olivines are observed in the
Western Qinling xenoliths, but their contacts with spongy-
textured clinopyroxenes are poorly developed (Fig. 1a, e).
Carbonate veins and spongy minerals display well-defined
contacts without any apparent interaction (Figs. Ic, h and
2a). Melt pockets are good indicators for the existence of
melts which might result in spongy textures. Although
clinopyroxenes in contact with neighboring melt pockets
exhibit spongy textures, spongy rims between their con-
tacts have been dissolved, possibly by reaction with melts.
In particular, the spongy texture along the contact between
the clinopyroxene and the melt pocket has been dissolved
(Fig. 5e). In contrast, the clinopyroxene spongy rims in
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HT-24 SLH
oC IC Spongy  OC IC

HTO08-11 SLH

IC Spongy

HTO08-5 SLH
Spongy + OC

IC

HTO08-4-1 LH
Spongy + OC

IC

HTO08-3 SLH
Spongy + OC

IC

oC

HTO08-2B GLH

Spongy

Table 2 continued

Sample
Position
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0.06
48.0

0.03
69.7

0.03

0.02
41.1

19.2

0.03 0.02 0.20 0.03 0.05 0.03 0.09 0.01 0.03 0.05
20.1 62.4 19.0 25.9 233 343 28.2

19.3

3.04
41.7

~REE

3,733
13.0

3,027
7.20
13.2

3,674

6,725
491

10.1

5,206
8.42
10.4

4,695
14.0

5,109
0.19
14.8

111

2,922
3.79
20.6
234

4,108
3.62
7.21
3.98
0.30
13.6

3,578
7.30
13.6
451

4,877
4.80
9.83
7.37

0.11

6,043

4,690
7.46
6.33
1.21
0.27
7.95
33.0

4,515
7.12
8.98
322
0.20
6.87
32.8

4,662

13.7

Ti/Eu

12.8

11.9
23.5

(La/Yb)yn
Nb/Ta
Ba/Th
Th/Nb
Y/Nb

Zr/Nb

12.0

13.1

695

11.6

16.8

16.6

49.6

2.83
0.11

67.6

20.2

141

0.07
0.84
6.88
0.03
3.54
3.45

289

0.16
2.54
15.5

0.12
7.03
25.7

0.10
4.90
22.8

0.21
2.37
15.4

0.10
1.67
13.8

0.04
38.4
109

0.14
4.00
15.0

0.20
4.94
229

0.14
1.86
9.36
0.01
3.34
3.36

2.38
15.2

2.77
16.2

64.5

0.80
1.06
8.07

0.62
1.52
8.34

0.06

2.97
2.04
16.9

0.06
3.11
2.95

0.02
2.71
1.59

4.37
1.20
16.7

0.01
3.10
13.9

1.26
2.36
12.5

6.59
1.60
13.9

343
1.52
14.9

Sm/Ba

1.02
6.02

2.97
3.32

0.16
6.38

La/Sm

Nd/Rb

contact with other primary minerals are well preserved
(Figs. 2c, 5a—d). Furthermore, orthopyroxene and garnet in
HTO8-2B display reaction features, suggesting that these
minerals had previously undergone reaction with melts;
however, neighboring clinopyroxene grains have no
apparent spongy texture (Fig. 5f). Most spongy-textured
minerals display well-preserved primary crystal shapes and
clear boundaries with surrounding grains (Figs. 1, 2),
which are inconsistent with the strong infiltration and
destruction mechanism of melt interaction. These petro-
graphical features suggest that the spongy textures had
formed prior to the formation of melt pockets, and that the
effect of peridotite—melt interaction could not have
impacted significantly on the Western Qinling xenoliths.

Metasomatized melts, whether silicate or carbonatitic
within the mantle, are rich in highly mobile and incom-
patible elements such as K, Na, and LREE, and poor in
more compatible elements such as Cr, Mg, and heavy rare-
earth elements (HREE). During peridotite—melt interaction,
element exchanges generally lead to enrichment in Na and
LREE, and depletion in Cr# and Mg#. These elements and
their ratios have been defined as indicators for metasoma-
tism (e.g., Frey and Prinz 1978; Henry and Thomas 1984;
Preb et al. 1986; Kepezhinskas et al. 1995, 1996; Xu et al.
1998, 2003; Zheng et al. 2001; Ying et al. 2006; Su et al.
2010a). For example, Ti/Eu and (La/Yb)y ratios are con-
sidered as indicators of carbonatitic metasomatism if Ti/Eu
is <1,500 and (La/Yb)y is typically >3-4, whereas they
reflect silicate metasomatism with values of >1,500 and
<34, respectively (Rudnick et al. 1993; Klemme et al.
1995). The spongy rims in the Western Qinling clinopy-
roxenes show extremely low (relative to the cores) Na,O
(<0.9 wt%) and high CaO (>20 wt%), TiO, (>0.30 wt%),
Cr;053 (>1.30 wt%), Cr# (>18), (La/Yb)n (>7.30, except
one rim at 3.79), and Ti/Eu (>3,000) relative to the cores
(Fig. 3; Table 2). These compositional features are incon-
sistent with those of previous studies and could, therefore,
not be ascribed to any of the metasomatic processes pro-
posed by such studies.

Theoretically, if indeed peridotite—melt interaction had
occurred, there could probably be two stages involved in
the activity of melts: the development of the spongy tex-
tures, and subsequent formation of the melt pockets. Melts
in melt pockets are represented by fine-grained crystals
rather than quenched glass (Figs. 2c, Sa—c, e), suggesting a
long duration of crystallization. Since the melt pockets
commonly occur in all xenoliths, the melt volumes should
be large. Therefore, the duration and melt volume for the
peridotite—melt interaction were effective in completely
decomposing clinopyroxene grains or gradually zoning the
clinopyroxenes without producing spongy textures. In fact,
spongy rims only occur in host grains, and the cores, rims,
and spongy rims generally show clear boundaries and
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Fig. 5 a HT08-2B garnet
lherzolite and b HTO08-5 spinel
lherzolite: the spongy-textured
clinopyroxenes set among the
melt pockets show interaction
between them. ¢ and d HT08-4-
1 lherzolite: the spongy rim is
partly consumed by the
subsequent melts forming melt
pocket. e HT08-7-2 spinel
lherzolite: the clinopyroxene set
among the melt pockets does
not develop spongy texture. f
HTO08-2B garnet lherzolite:
garnet and orthopyroxene
exhibit reaction textures, but
clinopyroxene does not. g and h
Clinopyroxene and spinel
xenocrysts show zoning texture
and ilmenite rim, respectively,
suggesting interaction with the
host magmas

HTOR-2B [pissiy

HT08-4-1 AN

Grt

HTO08-2B B[R 15.0k0

Gy

zoned

compositional zonation (Figs. 1, 2 and 5; Table 1) and difficult to explain the shape and size variations of the
differ in composition from the secondary clinopyroxenes in  bubbles and ilmenites with the development of spongy rims
the melt pockets (Fig. 3; Su et al. 2010c). Also, it seems (Fig. 2).
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Fig. 6 Plot of Al"Y versus Al'" of spongy-textured clinopyroxenes
from Western Qinling peridotite xenoliths. The defined lines between
eclogite, xenolith in basaltic rocks, and igneous rocks are from Aoki
and Kushiro (1986)

Peridotite—host magma interaction during ascent?

It has been proposed that interaction with host magma
during xenolith transport induces the spongy texture in
mineral (e.g., Arai et al. 1994; Shaw and Kliigel 2002;
Shaw et al. 2006; Bonadiman et al. 2008). In the host
kamafugite rocks in the Western Qinling, olivine, clino-
pyroxene, and spinel xenocrysts were observed (Su et al.
2006; Fig. 5g, h). These xenocrysts show no spongy texture
but distinct zonation (Fig. 5g, h) due to reaction with their
host magmas (Su et al. 2006).

Compositionally, the host kamafugites from the Western
Qinling have higher Al,O3 (7.88-13.61 wt%), total Fe,O3
(10.88-13.51 wt%), and Na,O (1.18-3.78 wt%), and lower
CaO (9.54-13.35 wt%) contents (Dong et al. 2008) than
the clinopyroxenes of the Western Qinling xenoliths
(Table 1). Assuming that peridotite—host magma interac-
tion occurred, the compositional differences between host
magmas and clinopyroxenes could not have produced the
observed compositional features, and hence the spongy
textures could not have originated from interaction with the
host magmas.

Partial melting induced by decompression

Hibbard and Sjoberg (1994) suggested that incongruent
direct partial melting produced a spongy framework of
sodian clinopyroxene and the partial melts chemically
equivalent to low-sodian clinopyroxene, plagioclase, oliv-
ine, and titaniferous magnetite. The sodian clinopyroxene
was transformed to low-sodian clinopyroxene by diffu-
sional exchange of Na, Fe, and Mg (into the melt) for
calcium (into the solid phase). Other studies have revealed

@ Springer

that spongy-textured clinopyroxene is significantly deple-
ted in Na and Al relative to “intact” clinopyroxene,
whereas the glass patches within the “spongy” clinopy-
roxene, in contrast, are highly enriched in these elements
(e.g., Carswell 1975; Carpenter et al. 2002; Guzmics et al.
2008) as well as TiO, (Lee et al. 1993). The compositions
of the spongy-textured clinopyroxenes from the Western
Qinling are depleted in Na,O, Al,O3, and FeO, and enri-
ched in TiO, (Fig. 3; Table 1). Cr# increase and Al,O3
content decrease have been distinguished as indicators of
partial melting (Frey and Prinz 1978; Henry and Thomas
1984; Preb et al. 1986). The spongy-textured spinels in the
Western Qinling xenoliths display Cr# varying from 35.8
to 43.2 and Al,O5 from 36.2 wt% to 27.5 wt% from the
cores to the spongy rims. These features are in agreement
with the results of experiments and natural sample studies
mentioned above, suggesting a partial melting agent.

Partial melting might result from decreasing pressure
and an increase in temperature. High-pressure piston-cyl-
inder experiments by Nelson and Montana (1992) indicated
that decompression is a simple mechanism to produce
spongy texture, as it requires no addition of heat or mass.
Petrographical and compositional observations of experi-
ments and natural sample studies also suggested that
decompression partial melting is responsible for the for-
mation of spongy texture (Tsuchiyama 1986; Faure et al.
2001). The spongy-textured minerals in this study display
interstitial features and clear primary contact relations with
ambient grains or carbonate veins. Many clinopyroxenes
consist of nonspongy cores and thin spongy rims which
have no reaction signature with exotic melts including
carbonate or melt pockets (Figs. 1, 2, 5). The spongy tex-
ture tends to expand its development to triple junction and
wider grain boundaries (Figs. 1b—e and 2c, e, g), where
space is available for decompression. Clinopyroxenes from
the spinel-bearing peridotites in shallow lithospheric
mantle have wider spongy rims than those from garnet
peridotites at deep levels, suggesting that the decompres-
sion occurred at higher levels and that the garnet peridotites
were less affected by this decompression.

Wass (1979) showed that there are compositional dif-
ferences between high- and low-pressure clinopyroxenes
based on trends of decreasing AI'Y at the expense of silica
and the increase in the AI'Y/AI'' ratio, coupled with
increase in TiO,. The AI'Y/AIY! ratio in clinopyroxene is a
function of the silica activity of the melt from which it
crystallizes, thus changes in this ratio may reflect pressure
differences (Wass 1979; Aoki and Kushiro 1986). The AI"Y
versus AlY! diagram (Fig. 6) shows a decrease in both A1Y"
value and AI'"Y/AIY! ratio from the cores to the spongy
rims, in conjunction with the high TiO, and low SiO, of the
spongy rims (Table 1; Fig. 3), demonstrating a significant
decompression trend. Ilmenite lamellae are usually
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exsolved from clinopyroxenes during decompression (e.g.,
Zhang and Liou 1999; Zhang et al. 2003; Liou et al. 2007;
Patel et al. 2009), which could explain the occurrence of
ilmenite grains within the spongy rims.

The decompression event is probably related to the
tectonic extension in the Western Qinling and the forma-
tion of the Tianshui-Lixian fault basin (Zhang et al. 2001;
Yu et al. 2003, 2004, 2005; Dong et al. 2008; Su et al.
2007, 2009, 2010a), which may be why the occurrence of
peridotite xenoliths in these magmas is limited to this fault
basin.

However, the trace-element features, particularly the
enrichment in Sr, Ba, Nb, Zr, and LREE and the depletion
in Ni, could not be interpreted as decompression melting.
These trace-element features were probably caused by laser
analysis. As mentioned in the analytical methods section,
for each analysis of the spongy part, the laser beam had a
spot diameter of 40 pm. Some spongy rims in clinopy-
roxene grains could not be independently determined since
they were smaller than the beam spot size. The spongy
parts consist of different materials such as clinopyroxene,
ilmenite, and (melt-filled) bubbles. The beam size appears
to be too large to confidently resolve the clinopyroxene part
alone. For example, electron probe analysis of the spongy
rims of the HT08-2 clinopyroxenes yielded TiO, contents
of 053 wt% (Ti, 3,177 ppm) and 0.55 wt% (Ti,
3,297 ppm), which are different from the laser-analyzed
result of 2,816 ppm in Ti (Tables 1, 2). Therefore, the laser
data is a “bulk analysis” of the spongy parts and does not
represent the real compositions of the pure clinopyroxenes
in the spongy rims. The above trace-element features,
particularly enrichment in Sr, Ba, and LREE, may have
been contributed by carbonates which occur as veins
around the spongy clinopyroxenes (Fig. 1c). However, the
trace-element compositions of the cores record the signa-
tures of the primary clinopyroxenes.

Where were the partial melts going?

High-degree partial melting within the upper mantle could
generate large-volume melts for magma activity. The
spongy textures may reflect decompression melting. The
small volume of partial melts generated in the spongy rims
could not gather to generate magmas and instead remained
around the host grain or migrated only very short distances
away. During migration, the more active elements such as
Na and Al preferentially migrate, leaving behind the less
active elements such as Ca, Ti, and Cr, and the present
spongy compositions depend on the extent of migration
and/or retention of these elements.

The bubbles occurring in the spongy rims are likely to
be the partial melt container in the earlier stages of partial
melting. With the advancing development of spongy

textures, the bubble shape varies from round, irregular,
interstitial, worm-like shapes to a network of bubbles
(Fig. 2), suggesting a vivid scenario involving generation,
gathering, and migration of partial melts. However, most
bubbles are empty at present, and glass is rarely observed
around spongy-textured grains. Therefore, it is difficult to
infer the final gathering point of the partial melts. However,
considering subsequent melt activity forming the melt
pockets, we speculate that the partial melts from the
spongy-textured minerals possibly provided some contri-
butions to the formation of melt pockets.

Conclusions

Clinopyroxenes and spinels in Western Qinling peridotite
xenoliths have developed spongy textures consisting of
nonspongy cores and spongy rims. The spongy rims
include low-Na clinopyroxene, bubbles, and ilmenites,
with the latter two displaying shapes and sizes that vary
with the width of the spongy texture. Compositionally, the
spongy rims are enriched in Ca, Ti, Cr#, and most trace
elements, and depleted in Na, Al, Fe, AIYY and AITYV/AIV!
compared with the cores. Based on petrological and
chemical compositions of the minerals, we propose that the
spongy-textured clinopyroxenes and spinels in the Western
Qinling xenoliths developed from a decompression-
induced melting event occurring under mantle conditions
prior to xenolith entrainment in the host magma.
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