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Abstract Petrographic investigations and electron mic-
roprobe analyses have been performed on a rare aggregate
of clinopyroxene megacrysts collected from Cenozoic
basalts in Yinfengling, Leizhou Peninsula of South China.
The aggregate, composed of several clinopyroxene
megacrysts, shows abundant exsolution lamellae of garnet
(Grt) and orthopyroxene (Opx), and granular texture.
Cr- and Ti-poor spinels are also present in this sample.
They occur predominantly as Sp—Opx—Grt clusters (Cr# =
0.025-0.034) at the interspace between different mega-
crysts, and subordinately as bleb-shaped (Cr# = 0.025-
0.034) or thin-lamella crystals (Cr# = 0.006-0.021) in
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clinopyroxene. Three different assemblages of exsolution
are identified, namely (1) Sp (high Cr/Al) and Opx; (2)
Grt-Opx; (3) Sp (low Cr/Al) and Opx. In addition, some
garnets were likely developed as response to breakdown of
the high-Cr/Al Sp. The homogeneous compositions in all
constituent minerals and the good agreement between
calculated Cpx/Grt partition coefficients (Ky’s) for trace
elements and reference data strongly suggest a chemical
equilibrium among coexisting minerals, probably attained
by diffusion after the exsolution. Thermobarometric cal-
culation based on exsolved assemblage yields a tempera-
ture of 900 + 30°C and a pressure of 12 + 2.2 kbar,
corresponding to the present-day thermal gradient in the
region. Much higher P-T estimates (7 = 1,210 + 30°C,
P =16.2 = 3.5 kbar) are obtained for the reconstructed
composition of cpx prior to exsolution. The contrast in
thermal state before and after the exsolution might reflect
the thermal evolution of the lithosphere beneath South
China during the Cenozoic.

Introduction

Exsolution of garnet in pyroxene has been widely reported
in pyroxene megacrysts and eclogite xenoliths within
kimberlites (e.g., Green 1966; Lappin and Dawson 1975;
Aoki et al. 1980; Clarke and Pe-Piper 1982; Sautter and
Hart 1988, 1990; Jerde et al. 1993; Schmickler et al. 2004)
and in eclogite in metamorphic complexes (e.g., Reiche
and Bautsch 1985; Zhang and Liou 2003). Such exsolution
phenomena are generally related to a change in the thermal
condition of the upper mantle where the sample resides
(e.g., Aoki et al. 1980; Sautter and Hart 1988, 1990; Jerde
et al. 1993; Zhang and Liou 2003) and thus can be used to
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reconstruct the thermal history of the lithosphere in a given
region. Comparatively, similar exsolutions are apparently
rare in pyroxene megacrysts in alkali basalt. Whether this
is related to different thermal conditions for kimberlite and
basalt generation or to different composition of host mag-
mas is an open question.

In this contribution, we report a rare aggregate (GYX-
29) of clinopyroxene megacrysts collected from a Ceno-
zoic basaltic breccia at Yingfengling in the Leizhou Pen-
insula, South China (Fig. 1). This sample shows typical
exsolution of garnet and orthopyroxene in clinopyroxenes,
and a variety of textures and subsolidus spinel-garnet
reactional features, thereby providing a good opportunity to
study the exsolution process in clinopyroxene and spinel—
garnet facies transition in an Fe-rich system. In addition,
previous studies on the peridotite xenoliths from Hainan
and Qilin suggest a polybaric melting process beneath the
mantle in South China, which was probably associated with
upwelling of a hot asthenosphere and subsequent cooling
(Xu et al. 2002). These arguments are largely based on
geochemical modeling and await confirmation from other
sources.

The objectives of this paper are:

(1) to describe the petrographic features of the exsolution
phenomena and reaction assemblage associated with
the spinel-garnet phase transition;

(2) to provide chemical analyses on host and exsolved
phases of the megacryst and to assess the chemical
equilibrium between them;

(3) to investigate the thermal variation associated with
exsolution processes and phase transitions and to
provide constraints on regional thermal evolution.

Geological background

The Leizhou Peninsula, together with the northern part of
the Hainan Island, is the largest province of exposed late
Cenozoic basalts in southern China (Fig. 1) (Ho et al.
2000; Yu et al. 2003). The volcanism began in the late
Oligocene, gradually increased during the Miocene and
Pliocene epochs and lasted in Holocene. Volcanism was
controlled by the east-west extensional tectonic environ-
ment that led to the formation of the South China Sea Basin
(Ho et al. 2000). The early volcanism was dominated by
flood-type fissure eruptions of quartz tholeiites and olivine
tholeiites, whereas the later phase was dominated by
eruptions from central volcanoes producing alkali olivine
basalts and basanite, which contain abundant ultramafic
xenoliths, minor granulite xenoliths and megacrysts (Fan
and Menzies 1992; Ho et al. 2000; Yu et al. 2003). The
Yinfengling volcanic breccia, located at the center of the
Leizhou Peninsula (Fig. 1), consists of four layers of dif-
ferent basaltic volcanic rocks interbedded with laterite;
from bottom to top these are massive basaltic lava, fine
pyroclastic rocks, basaltic tuff and breccia and basaltic
agglomerate (Yu et al. 2003). The “°Ar/*°Ar ages of the
three layers of volcanic rocks from bottom to top are 1.37,
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0.41-0.39 and 0.34 Ma, respectively (Xu et al. 1999).
Abundant peridotite and pyroxenite xenoliths and mega-
crysts are found mainly in the third and the fourth layers of
pyroclastic rocks (Yu et al. 2003).

Analytical techniques

Compositions of silicates (Etable 1) were obtained at
Nanjing University with a JEOL JXA-8800M Superprobe.
All traverse analyses and back-scattered-electron imaging
were carried out at the Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences (GIG-CAS) with a
JEOL JXA-8100 Superprobe. The operating conditions are
as follows: 15 kV accelerating voltage, 20 nA beam cur-
rent, 1-2 pum beam diameter, 10 s counting time and ZAF
correction procedure for data reduction. For the same
mineral, the analytical results from two laboratories were
compatible, which could be deduced from the small stan-
dard deviations listed in Etable 2.

Two thin sections were cut along different orientations.
The modes of host clinopyroxene and exsolved garnet and
orthopyroxene in three parts (Regions G-a, L-a, and L-b) of
these two thin sections were estimated by using an image-
processing software. We first took the digital photos of the
two thin sections and then identified the constituent min-
erals (garnet, clinopyroxene, orthopyroxene and spinel)
under microscope and mapped on the sketch diagram
(Fig. 2). The image-processing software (Adobe Photoshop
6.0) was used to calculate the pixel proportions of minerals
in terms of distinct colors of each mineral in Fig. 2. The
error was lower than 5%.

In situ trace element analyses of garnet and clinopyroxene
were performed by laser-ablation-inductively coupled
plasma mass spectrometry (LA-ICP-MS, Agilent 7500a) at
the State Key Laboratory of Geological Processes and

Fig. 2 Line-drawing of two
thin sections of GYX-29 cut
along different orientations. G-
a, L-a, L-b, and L-s are regions
of granular part-a, lamellae part-
a, lamellae part-b, and thin
lamellae spinel part,
respectively. The squares of 4a—
d are enlarged in Fig. 4a—d

Mineral Resources, China University of Geosciences. The
laser-ablation system is a GeoLas 2005 (MicroLas, Gottin-
gen, Germany), which is equipped with a 193 nm ArF-ex-
cimer laser and a homogenizing, imaging optical system.
The conditions of 60 pm spot size and 80 Hz energy density
were adopted. External calibration was performed using
NIST 610. Ca was used for internal standardization. Anal-
yses of the USGS standards (BHVO-2g and BCR-2g) indi-
cated precision and accuracy both better than 4%. For
clinopyroxene, the relative standard deviations (RSD) of Ba,
HREE, Hf, Nb, Ta, Pb, Th and U were reduced to 5-10%.
For garnet, RSDs of Ce, Pr, Nd and Sr varied in the range of
5-20%, while those of La, Nb, Ta, Pb, Th and U were high at
20—40% because of very low concentrations of garnet.

Petrographic observation

The studied sample GYX-29 is an aggregate (4 X 4 X
6.5 cm?) consisting of several clinopyroxene megacrysts
and some spinels (Fig. 2). Clinopyroxene megacrysts con-
tain exsolved garnets and orthopyroxenes (Figs. 2, 3).
Garnets commonly show retrograde alteration in the rim
area (Fig. 3), probably due to rapid transport by host basalts
to the surface. Most of the exsolved garnets in GYX-29 are
red dust in plain polarized light and display heteromorphism
in cross-polarized light. Fresh garnet is observed in the core
of some thick lamellae or coarse-grained crystals. The
aggregate displays two distinct textural zones (Figs. 2, 3),
namely a lamellar zone and a granular zone. Spinel is
present in both the lamellar and granular zones.

Lamellae zone

Parallel lamellae of garnet and orthopyroxene are present
throughout the host clinopyroxene (Fig. 2). As a whole,

[JCpx [] Gt
I Opx I Sp

10 mm

@ Springer



694

Contrib Mineral Petrol (2007) 154:691-705

Fig. 3 Back-scattered-electron
images of GYX-29: a lamellae
exsolution of Grt and Opx in
Cpx; b garnet lamellae showing
retrograde feature along the rim
area; ¢, d Opx, Grt, and Cpx
developed a granular texture,
and the bleb-shaped spinel at the
junction of granular Cpx, Opx,
and Grt. Line A-B marks the
traverse analyses by electron
microprobe

garnet lamellae are more common than Opx lamellae. The
single lamellae are sometimes entirely composed of garnet
or orthopyroxene (Figs. 2, 3a, b), but most often contain
both minerals. The occurrence of two minerals in single
lamellae is complicated. For instance, in some cases, garnet
is cut by orthopyroxene, but in other cases Opx is enclosed
by garnet or vice versa. Sometimes, the two minerals run
parallel (Figs. 2, 3a). The complex spatial relationship
between Grt and Opx makes it difficult to define the
exsolution order of these minerals. Most likely, they were
exsolved simultaneously.

The wavelength of the lamellae is variable from crystal
to crystal and even within a single crystal, but the spacing
between thick lamellae is always larger than that between
thin lamellae (Fig. 2). Lamellar orientations are always
controlled by the crystallographic structure of the host
clinopyroxene. The growth of lamellae in sub-Fe Cpx is
along planes close to (100) and (001), which is due to
minimization of strain energy between the host and
lamellae (Weinbruch et al. 2003). The orthopyroxene
lamellae are always formed along (100) with the host
clinopyroxene than exsolved garnet (Desnoyers 1975; Sa-
utter and Hart 1988; Weinbruch et al. 2003). The lamellae
of garnet-orthopyroxene in GYX-29 are also along the
plane (100) of the host clinopyroxene, because they are
almost parallel to the cleavage in the sections of lamellae
part-a and part-b (Fig. 2).

Granular zone

Along the interspace between different clinopyroxene
megacrysts, orthopyroxene, garnet, and clinopyroxene be-
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come significantly coarser, resulting in a granular texture
(Figs. 2, 3c), which is similar to that observed in other
mantle xenoliths (Mercier and Nicolas 1975). Among the
minerals in the granular zone, Cpx is the largest in grain
size. Garnet is generally of elongated shape and runs par-
allel to the exsolved lamellae in the host megacrysts.

Spinels

Three different types of spinels are distinguished. Coarse
spinels up to 5 mm usually occur in the transitional zone
between the lamellar and granular parts. They show
irregular shapes (Fig. 4a—d) and disaggregated aureoles
(Fig. 4c). In most cases, these spinels are enveloped by
orthopyroxenes (Figs. 2, 4b—d), which are further enclosed
by garnet, forming spinel-orthopyroxene—garnet clusters
(Fig. 2). In a rare case, spinel is directly enclosed by garnet
with only minor Opx occurring between the garnet and
spinel (Fig. 4a). It is noted that garnet enclosing spinel is
somehow connected to the exsolution lamellae (Fig. 2).
The second type of spinel is closely associated with
garnet—orthopyroxene lamellae in clinopyroxene. Com-
monly of bleb shape, it appears in association with garnet
(Fig. 4e—g). These spinels have an irregular reaction rim,
composed of Opx and olivine (Figs. 3c, d, 4e—g). Anhedral
olivines are distributed nearby as irregular crystals at the
interface between granular Opx, Cpx, and Grt (Fig. 3c, d).
The third type of spinels occur as isolated and parallel
lamellae in the interior of clinopyroxene (Figs. 2b, 4f-h).
A small amount of fine-strip spinels in host clinopyrox-
enes are parallel to exsolution lamellae of garnet—ortho-
pyroxene (Fig. 4f). The fine-strip spinels all cut thin
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Fig. 4 a-d Showing the
different stages of development
of Sp—Opx—Grt clusters: a
spinel enclosed by garnet with
local appearance of Opx
between them; b Opx was
developed to completely
enclose spinel; garnet showing
reaction rims; ¢ spinel is
disintegrated to small
aggregates in growing
orthopyroxene; d further
resorption of spinel; e-g bleb-
shaped spinel included in
exsolution lamellae of Grt—Opx
and irregular reaction rim and
olivine; f fine strip spinel is
parallel to exsolution lamellae
of Grt—Opx in Cpx; h fine-strip
spinel coexisting with
orthopyroxene included in Cpx.
Line C-D-E marks the traverse
analyses by electron microprobe

lamellae of orthopyroxene (Fig. 4h). This type of spinel
shows no direct contact with garnet lamellae (Region L-s
in Figs. 2b, 4h).

Results

Mineral chemistry

In order to evaluate the intracrystal and intercrystal
chemical homogeneity, EMP analyses were carried out for

Opx
JEOL COMP

both core and rim areas of the minerals. The results show
no compositional difference in the minerals from the
lamellar and granular zones (Etable 1; Figs. 5, 6, 7). No
compositional gradients were observed among the host Cpx
and exsolved Grt and Opx (Figs. 3b, 5a). This contrasts
with the diffusive gradients of compositions for Si, Al, Mg,
Fe, Ca, and Na at the region near the exsolution lamellaes
in unequilibrated samples (Sautter and Hart 1990; Jerde
et al. 1993; Becker 1997; Xu et al. 2004). Therefore, it can
be concluded that the sample GYX-29 attained chemical
equilibrium after exsolution.
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Fig. 5 a Traverse analyses of

lamellae exsolution of Grt and

Opx in Cpx (line A-B shown in
Fig. 3b). b Traverse analyses of
Sp—Opx—Grt cluster (line C-D-E
shown in Fig. 4d) 2
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Fig. 6 Compositional characteristics of host clinopyroxenes, ex-
solved orthopyroxenes and reconstruction clinopyroxene of GYX-29.
Data of pyroxenite xenoliths from Leizhou Peninsula and Qilin are
from Yu et al. (2003), Lin et al. (2003), and Xu et al. (1996)

Clinopyroxene and orthopyroxene

The host clinopyroxenes (Engy_46FS7_sWo046_4g8) in GYX-29
are Na-bearing (1.1-1.4 wt.% Na,0) diopsides with jadeite
(Jd) contents of 4-8%. In most cases, Cpx are composi-
tionally homogeneous. The only exception is the clinopy-
roxene in the region L-s (Fig. 2b) where parallel spinel
lamellae occur. This Cpx is characterized by slightly lower
Al,O3 (6.28 wt.% in average) and higher SiO, (51.2 wt.%
in average) (Etable 2) compared to the majority of analyses
of the host Cpx (Etable 1).
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The exsolved orthopyroxenes (Eng;_g4Fs;5s_16W0;_,) are
enstatite. Similar composition is found in Opx grains in the
granular zone and Opx enveloping spinel in the Sp—Opx—
Grt clusters. The traverse analyses (Line C-D-E in Fig. 4d)
reveals that minerals in the Sp-Opx-Grt clusters are
compositionally homogeneous from the core toward the
rim (Fig. 5b), and the undulation of garnet adjacent to
spinel is most probably due to cracks in the rim area
(Fig. 5b).

Both clinopyroxenes and orthopyroxenes in GYX-29 are
compositionally similar to others in the pyroxenite xeno-
liths from the Cenozoic basalts of SE China (Fig. 6) (Xu
et al. 1996; Yu et al. 2003; Lin et al. 2003).

Garnet

The cores of garnet show a homogeneous composition
(Fig. 5a). However, FeO and MgO contents become ele-
vated and Al,O3, CaO and SiO, contents are lower toward
the rims. This compositional variation may be due to ret-
rograde alteration. The unaltered core of garnets in GYX-
29 has high MgO and Al,O;5 content, but low CaO, TiO,
and Cr,O;5 content (Etable 1). The end-member composi-
tions are dominated by pyrope (61-69%), and contain
subordinate almandine (16-23%), grossulars (12—15%) and
andradites (~2%). They are distinctively different from the
high contents of grossular and almandine in exsolved
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pyroxenite xenolith (Xu et al. 1996); Mingxi garnet peridotite
xenolith (Qi et al. 1995)

garnets in Al-rich pyroxenes of eclogites (Fig. 7; Sautter
and Hart 1988, 1990; Jerde et al. 1993; Zhang and Liou
2003). Garnets in GYX-29 are also slightly different from
those in peridotite xenoliths of Mingxi, southeastern China
(Qi et al. 1995), which contain higher pyrope contents
(Fig. 7). However, they show compositional similarities to
the exsolved garnets in the clinopyroxene megacrysts from
the Frank Smith mine of South Africa (Aoki et al. 1980),
and to those in the pyroxenite xenoliths from the Cenozoic
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0.0 1 L

1.4 1.5
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Fig. 8 a Cr—Al plot showing that the composition of spinel in GYX-
29 resembles that of pyroxenite xenoliths, but differs from the
peridotite xenoliths in the Cenozoic basalts of SE China (Xu et al.
1996, 2002; Yu et al. 2003). b Plot showing that fine-strip spinels

Cr(apfu)

basalts of Leizhou Peninsula and Qilin, SE China (Xu et al.
1996; Yu et al. 2003) (Fig. 7).

Spinel

All three types of spinels (i.e., fine strip, bleb-shaped, and
cluster) are characterized by very low Cr;0; TiO,
(<0.2 wt.%), NiO (<0.4 wt.%) and MnO (<0.1 wt.%)
(Etable 2). They are compositionally different from those
in peridotites xenoliths entrained by Cenozoic basalts of SE
China (Xu et al. 1996, 2002; Yu et al. 2003) (Fig. 8a).
Coarse spinels and spinel associated with garnet-Opx
lamellae are similar in composition, with Al,O5; content
ranging from 61.3 to 62.8 wt.% and Cr,0O; content from
234 to 3.21 wt.% (Cr# = 0.025-0.034). The fine-strip
spinels show slightly lower Cr,O5 (1.32-1.95 wt.%) and
higher Al,O3 (62.7-64.3 wt.%) contents (Cr# = 0.006—
0.021) (Fig. 8b; Etable 2).

The reaction rims of bleb-shaped spinels have high
Al,O5 and CaO (Etable 2) and exhibit great variations in
Si0,, Al,03, MgO and CaO.

Trace elements compositions

In situ trace element analyses have been carried out for
both core and rim areas of the minerals in the lamellar and
granular zones. Clinopyroxenes are homogeneous in terms
of elemental concentrations (Table 1, Fig. 9a, b). Likewise,
garnets are compositionally homogeneous with no differ-
ence in REE concentration between core and rim analyses
(Fig. 9a, b). Relatively large variation in composition is
noted for the elements (Th, U, Nb, Ta, and La) whose
concentrations in garnet are close to the detection limit
(Table 1). Clinopyroxene and garnet of GYX-29 display
essentially reverse distribution patterns of REE and most
trace elements (Fig. 9a, b; Table 1). Specifically, garnet
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contain lower Cr and higher Al contents than the bleb-shaped spinels
and the spinels in the spinel-orthopyroxene—garnet cluster. Apfu
atoms per formula unit, calculated on the basis of four atoms of
oxygen
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Fig. 9 a Chondrite-normalized
REE patterns and b primitive
mantle-normalized spider
diagrams of host Cpx, exsolved
garnet, and the reconstructed
“‘initial”” Cpx (calculated using
76% Cpx and 24% garnet) in
GYX-29; ¢ partitioning of REEs
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partitioning of trace elements
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shows an enrichment in HREE and a depletion in LREE,
whereas clinopyroxene has flat LREE and HREE-depleted
patterns (Fig. 9a). The REE patterns of garnet and clino-
pyroxene cross at the middle of the REE section (Eu to
Gd). In the primitive mantle-normalized spider diagram,
clinopyroxene shows depletions of Rb, Ba and HREE,
whereas garnet is enriched in HREE but depleted in Rb,
Ba, Th, U, Nb, Ta, Sr, Ti and LREE (Fig. 9b). Partition
coefficients (i.e., Ky values) of trace elements between
clinopyroxene and garnet can be calculated using trace
element data of coexisting minerals and the results are
shown in Fig. 9c, d. The calculated K4 values of REE are
comparable with those determined on natural garnet
pyroxenites (Zack et al. 1997), in eclogite xenoliths from
kimberlite pipe (Harte and Kirkley 1997) and by experi-
mental synthesis (Johnson 1994). The K4 values for other
trace elements are also similar to those reported by Zack
et al. (1997) (Fig. 9d) except for elements with high RSD
in garnets (such as Rb, Th, U, Nb and Ta) or clinopyrox-
enes (such as Rb, Ba, Th, U, Nb and Ta).

Discussion
Exsolutions in clinopyroxene

Parallel lamellae of garnet and orthopyroxene in clinopy-
roxene most likely resulted from exsolution from high-Al
clinopyroxene megacrysts. The exsolution can be ascribed
to the following reactions in the CaO-MgO-Al,05-Si0,
(CMAS) system (Sen and Jones 1988; Sautter and Hart
1988):

SmEuGdTh DyHo ErTmYb Lu

Rb Th Nb La Pr Nd Zr Eu Tb ¥ Yb V
Ba U Ta Ce Sr Sm Hf Gd Dy Er Sc

CaAlAlSiOg + 2 Mg,Si»O¢ = Mg; AL Si301,
+ CaMgSi,Og,(Initial Al - rich Cpx)
= (Pyrop Grt) 4 (Cpx host),

(1)

CaAlAlSiOg + 2 CaMgSi206 = CazAl,Si30(,
-+ Mg, Si,0g, (Initial Al - rich Cpx)
= (Gross Grt) + (Opx).

(2)

All fine-strip spinels within host clinopyroxene are
parallel (Region L-s in Fig. 2b) and some are parallel to the
garnet—orthopyroxene exsolution lamellae (Fig. 4f). This
observation strongly suggests that these spinels also rep-
resent exsolution products of clinopyroxene. Moreover, the
fine-strip spinels in GYX-29 are commonly associated with
orthopyroxenes, the latter is cut by the former (Fig. 4h).
Because the exsolution of new material must not traverse
the earlier lamellae (Clarke and Pe-Piper 1982), such tex-
tural relationship suggests that the fine-strip spinels are
“‘older’’ than the lamellae of orthopyroxene they cross-cut.
Accordingly, the exsolution of spinel from clinopyroxene
follows the reaction in the CMAS system (Sen and Jones
1988):

CaAlAlSiOg + MgAIAISiO4 + 2 Mg, Si04 = Mg,Si,04
+ 2 MgAl,04 + CaMgSi,Og, (Initial Al - rich Cpx)

= (Opx) + (Sp) + (Cpx host). (3)

Spinel and garnet are the main aluminous minerals in
the upper mantle. Their occurrence depends on the depth
and pressure at which the sample was situated. Similarly,
whether the exsolved aluminous phase in Cpx is garnet or
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spinel depends on the stability field in which the Al-rich
clinopyroxene recrystallizes as temperature or pressure
drops (Green 1966). In general, the garnet stability field has
higher pressure than the spinel field. Therefore, the
simultaneous exsolution of spinel and garnet from the same
Cpx is difficult to justify.

Exsolution of contrasting minerals (spinel versus garnet)
in clinopyroxene may be due to the different primary
compositions of clinopyroxene (Sen and Jones 1988). This
is apparently supported by the slightly low Al,O; content
in the host clinopyroxene in Region L-s (spinel exsolution,
Fig. 2b; Etable 2) compared to that in the Grt exsolution
area. The fine-strip spinels might have unmixed from re-
crystallized clinopyroxene after Grt—Opx exsolution. It is
possible that the early exsolution of Grt—Opx lowered the
Al content in Cpx, which was followed by the exsolution of
spinel. The fine-strip spinels are all associated with orth-
opyroxenes, but show no direct contact with garnet
lamellae (Region L-s in Figs. 2b, 4h), suggesting that they
may be genetically different from Grt—Opx exsolution.
Therefore, the contrasting aluminous phases (spinel versus
garnet) in GYX-29 are exsolved at different times and
probably from different ‘‘primary’’ compositions. Given
the different equilibrium condition of spinel and garnet in
the mantle, this exsolution order might be accompanied by
decrease in pressure. Nevertheless, the co-existence of
garnet and spinel in GYX-29 suggests the final P-T con-
ditions very close to the Sp—Grt transition zone.

Origin of Sp—Opx—Grt cluster

The compositional difference between the fine-strip spinels
and the coarse spinels (i.e., in the Sp—Opx—Grt cluster)
(Fig. 8; Etable 2) suggests that these spinels may not be
genetically related. Coarse spinel is commonly enclosed by
Opx and garnet (Figs. 2, 4a—d), which is connected to
exsolution lamellae. Possibly, it was already present prior
to the exsolutions of Opx and garnet. Similar conclusions
can be drawn for the bleb-shaped spinels in the lamellar
texture zone, which are always included by garnet
(Fig. 4e—g). All these suggest that spinel has experienced
resorption to varying degrees. The coarse spinels could
have crystallized simultaneously with Cpx megacrysts
from a parental magma. In this case, the megacrysts were
formed in the stability field of spinel pyroxenites. How-
ever, the reconstructed composition of Cpx before the
exsolution of garnet and Opx is suggestive of a pressure
higher than that of the spinel stability field (see discussions
in next sections). Alternatively, these coarse spinels may
represent recrystallized products of exsolution from an
“‘original”” Al-rich clinopyroxene (Sen and Jones 1988;
Field and Haggerty 1994; Becker 1997). The reason why
coarse spinels are mostly distributed at the boundary of
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differently textured clinopyroxene megacrysts is that the
decomposition of ‘‘initial’”’ Al-rich clinopyroxene, which
led to the formation of spinel, preferentially took place in
the rim areas of megacrysts. Similar phenomena have been
observed in the upper mantle xenoliths (Field and Haggerty
1994).

These coarse spinels become unstable and are progres-
sively enclosed by exsolved garnet. Thin Opx was devel-
oped around the resorbing spinel. This reaction is
apparently different from the spinel-garnet transition with
which olivine is commonly associated. For example, the
subsolidus transition from spinel to garnet, which may be
related to temperature decrease or pressure increase could
be described as follows (Field and Haggerty 1994; Klemme
and O’Neill 2000; Walter et al. 2002):

MgA1204 +3 CaMgSizO6 = Ca3A128i3012
+ Mg, Si,06 + Mg,S104, (Sp) + (Cpx) (4)
= (Gross Grt) + (Opx) + (Fo),

or

MgA1204 +2 Mg28i206 = Mg3A12$i3012 5

+ Mg, SiOy4, (Sp) + (Opx) = (Pyrop Grt) + (Fo). )

The traverse analyses of Sp—Opx—Grt cluster (Figs. 4d,
5b) reveals no compositional gradients between orthopy-
roxene, spinel and garnet, suggesting that the transforma-
tion interface is grain boundary controlled, where diffusion
is typically orders of magnitude faster than volume diffu-
sion (Field and Haggerty 1994). No compositional differ-
ence exists between Grt lamellae and those surrounding
resorbing spinel in cluster, implying that the reaction may
have taken place simultaneously with the exsolution of
Grt—Opx lamellae. Therefore, exsolution of spinel from
“‘original’’ Al-rich clinopyroxene may have occurred be-
fore the exsolution of Grt—Opx lamellae.

Reaction aureole surrounding bleb-shaped spinel

The irregular reaction rims of bleb-shaped spinels and
coexisting olivines and garnets in GYX-29 (Figs. 3c, d, 4e—
g) can be ascribed to the reactions of (4) and (5), which
involve breakdown of spinel (Field and Haggerty 1994;
Klemme and O’Neill 2000; Walter et al. 2002).

The great variations in SiO,, Al,O3, MgO, and CaO in
reaction rims of bleb-shaped spinels suggest that the
breakdown of bleb-shaped spinels was taking place while
being sampled as a xenolith. In addition, the embayment
and vermicular shape of spinel suggest that the spinels of
the cluster may have been partially reacted and consumed.
Both orthopyroxene and garnet may have been involved in
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the reaction, given the close association with orthopyrox-
ene—garnet (Fig. 4a—d) at the interspace between host
clinopyroxene megacrysts (Fig. 2).

Textural development: a petrogenetic link to pyroxenite
xenoliths

Based on the wavelength of the exsolution lamellae,
Weinbruch et al. (2003) suggested that the exsolution in
clinopyroxene could be divided into the early stage of
exsolution sensu stricto and the subsequent coarsening
process. If the exsolution (sensu stricto) takes place in a
manner of spinodal decomposition (Buseck et al. 1980), the
average wavelength of the lamellae remains constant.
Coarsening is diffusion controlled and is time- and tem-
perature-dependent (Weinbruch et al. 2003). The fact that
the wavelength of the lamellae in GYX-29 is not constant
points to the involvement of coarsening processes, which
develop with annealing time (McCallister 1978; Weinb-
ruch et al. 2003). In particular, recrystallization of the
lamellar zone of megacrysts gave rise to the formation of
the granular texture. In the granular zone, Cpx is the largest
in grain size, and garnet is generally of elongated shape and
runs parallel to the exsolved lamellae in the host mega-
crysts (Fig. 2). This suggests that the granular zone is an
integrated part of the Cpx megacryst and may have been
developed from lamellar texture by partial textural re-
equilibration, probably as a result of reduction of surface
free energy along the lamellae (Clarke and Pe-Piper 1982).
Hence, GYX-29 has attained the present textural state by a
process of multiple exsolution and subsequent recrystalli-
zation. The textural development in GYX-29 likely starts
with lamellar garnet—orthopyroxene, through orientated
bleb-shaped garnet—orthopyroxene, and finally evolves to
crack-filled and intergranular garnet—orthopyroxene. This
feature is important, as it implies a possible genetic rela-
tionship between exsolved clinopyroxene megacrysts and
normal granular pyroxenite xenoliths (Clarke and Pe-Piper
1982; Griffin et al. 1984). The exsolved Opx, Cpx, Grt, and
Sp in GYX-29 compositionally resemble the respective
minerals in the pyroxenite xenoliths from South China (Xu
et al. 1996, 2002; Yu et al. 2003) (Figs. 6—8a). Therefore,
at least some pyroxenite xenoliths may have originated
from Cpx megacryst through exsolution and subsequent
recrystallization.

P-T estimation

Garnet exsolution is common in eclogite xenolith from
kimberlites, such as Roberts Victor of South Africa
(Sautter and Hart 1988, 1990) and Yakutia in Russia (Jerde
et al. 1993). Significant compositional gradient between
exsolution lamellae is interpreted as a result of a rapid

cooling rate in the mantle and a short residence time fol-
lowing garnet exsolution (Sautter and Hart 1988, 1990;
Jerde et al. 1993). In contrast, no compositional diffusion
gradient has been observed in the host Cpx adjacent to Grt
and Opx in the case of GYX-29. This suggests a relatively
slow cooling rate in the mantle and a relatively long resi-
dence time after the Grt—Opx exsolution. The extensive
garnet exsolution from clinopyroxene indicates a large
temperature decrease or a possible pressure increase (e.g.,
Harte and Gurney 1975; Zhang and Liou 2003).

Reconstructed composition of original clinopyroxene
and pre-exsolution P-T condition

The initial compositions of clinopyroxene prior to exsolu-
tion can be reconstructed in three ways: (1) chemical
analysis of the powder of whole megacrysts including host
clinopyroxene and exsolution lamellae (Zhang and Liou
2003); (2) calculation using the individual mineral analyses
and the modal abundances obtained by point counting in
thin sections (Clarke and Pe-Piper 1982); and (3) point
reintegration by using electron microprobe with a large
probe beam (Liu et al. 2003). The third method is not
suitable for GYX-29 because of the large thickness of
exsolution lamellae in this sample. GYX-29 is made of
several megacryst aggregates, making it difficult to sepa-
rate the single megacryst for chemical analyses. EMP
analyses demonstrate that chemical equilibrium had been
reached among the host clinopyroxene and exsolved gar-
net—orthopyroxene. Trace element data provide additional
evidence for the chemical equilibrium between the hosts
and exsolved materials in GYX-29 (Fig. 9c, d). It is
therefore appropriate to adopt the second method to
reconstruct the composition of ‘‘initial’’ unexsolved clin-
opyroxene. The proportions of host clinopyroxene and
exsolved garnet and orthopyroxene are estimated in three
parts of two thin sections. The results (Etable 3) are sim-
ilar: clinopyroxene 72.2-74.8%, orthopyroxene 3.3-5.5%
and garnet 19.6-23.5%. The fine-strip spinel and the bleb-
shaped spinel are not taken into account in these calcula-
tions because of their very low-mode percentage. The
reconstructed bulk composition of the ‘‘initial’’ clinopy-
roxene shows distinctively high Al,O; content (ca.
10.5 wt.%, Etable 3), and has end-members of Ens.
Fs;1Wo3o and Jd content of ~5.7%. A higher Al,O5 esti-
mate can be obtained if the spinels in cluster are considered
to be early exsolution products as well. Consequently, the
results in Etable 3 may represent minimum estimates of the
original composition of unexsolved Cpx.

Because of its small mode and low concentration of
incompatible elements, orthopyroxene is not considered in
the reconstruction of trace element composition. The cal-
culation with 76% Cpx and 24% Grt shows a nearly flat
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Table 2 P-T results of exsolved clinopyroxene megacrysts and reconstructed clinopyroxene

Regions Reconstruction Cpx Re-equilibration after the exsolution
T1 T2 P1 T3 T4 TS T6 P2 P3 P4 P5
Cpx Cpx(Grt) Cpx  Opx-Cpx Opx—Cpx Grt—Cpx Grt—Cpx Grt-Opx  Grt-Opx  Opx(Grt)  Opx
Granular part-a 1,220 1,227 164 878 925 864 886 12.3 11.6 124 12.2
Lamellae part-a 1,202 1,201 159 888 920 877 910 12.7 12.1 12.8 12.0
Lamellae part-b 1,208 1,209 16.2 881 928 890 917 12.4 11.6 12.5 12.2

T1 Nimis and Taylor (2000); 72 Mercier (1980); P Nimis (1999); T3 Bertrand and Mercier (1986); 74 Wells (1977); T5 Ellis and Green (1979);
T6 Krogh (1988); P2 Nickel and Green (1985); P3 Wood (1988); P4 Mercier (1980); P5 Brey and Kohler (1990)

REE pattern with weak depletion in LREE (Fig. 9a) and
strong depletion in Rb, Ba, Th, U, Nb and Ta (Fig. 9b).
This pattern resembles that of the N-type MORB (Sun and
McDonough 1989), though at a concentration level
(Fig. 9b).

The P-T conditions can be inferred from the recon-
structed compositions of original clinopyroxene by using
single-pyroxene geothermometry (Mercier 1980; Nimis
and Taylor 2000) and geobarometry (Nimis 1999). Nimis
and Taylor (2000) thermometer yields virtually the same
temperatures for reconstructed compositions of pre-exso-
lution Cpx in three different regions (1,202-1,220°C, Ta-
ble 2) with an average of 1,210°C. Similar temperature
estimates (1,201-1,227°C, Table 2) are obtained by Mer-
cier (1980) geothermometry. The uncertainty associated
with thermometric calculation involves intrinsic error of
thermometer calibration and that of reconstructed compo-
sition propagated from mode estimation. The error asso-
ciated with the calibration of the thermometer is +30°C
(Nimis and Taylor 2000). The error propagating from the
uncertainty associated with mode estimate (5%) is £25°C.
It is important to note that temperature estimates obtained
from three different reconstructed compositions (i.e., dif-
ferent mode estimates) are rather similar, with a standard
deviation of only 9°C. This suggests that error linked to
mode estimate may be fairly small. Given the fact that the
thermometer error already partly takes into account com-
positional uncertainty of experimental calibration, it can be
reasonable to infer that the error of temperature estimation
of GYX-29 is no more than 30°C.

The clinopyroxene megacryst aggregate may be derived
from a MORB-type high-degree melt based on the trace
element pattern (Fig. 9b); thus, the single-pyroxene geo-
barometer for tholeiitic system of Nimis (1999) is adapted
to calculate the pressure of unexsolved clinopyroxene. An
estimate of pressure of ~16.2 kbar (Table 2) is obtained by
this structural geobarometer. An error of 30°C in temper-
ature estimation will translate to an uncertainty of
~1.3 kbar in calculated pressure. The compositional
uncertainty conveyed from 5% error in mode estimation
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will also yield an uncertainty of ~0.4 kbar. These uncer-
tainties are all within the geobarometer error of +1.8 kbar
(Nimis 1999). It is unclear how all these errors are accu-
mulated. A conservative estimate is +3.5 kbar. To sum up,
unexsolved clinopyroxene of GYX-29 was likely equili-
brated at 1,210 + 30°C and 16.2 + 3.5 kbar.

Equilibrium P-T after the exsolution

A number of geothermometers and geobarometers are
available for the P-T estimation for the Grt—Cpx-Opx
assemblage, including two pyroxene thermometers (Wells
1977; Bertrand and Mercier 1986), Grt—Cpx thermometers
(Ellis and Green 1979; Krogh 1988), Grt—Opx geobarom-
eters (Nickel and Green 1985; Wood 1974) and the Al-in-
Opx barometer of Brey and Kohler (1990). All these
thermometers yield similar estimates of 900 + 30°C (Ta-
ble 2). Application of Grt—Opx geobarometers (Nickel and
Green 1985; Wood 1974), single-pyroxene geobarometer
of Mercier (1980) and the Al-in-Opx barometer of Brey
and Kohler (1990) give pressure values of 11.6—12.8 kbar
(Table 2). Although the estimate range is quite narrow, the
implicated pressure is likely to be 12 + 2.2 kbar, consid-
ering 2.2 kbar uncertainties associated with the Al-in-Opx
barometer of Brey and Kohler (1990). A combination of
the Brey and Koéhler (1990) Al-in-Opx barometer and the
Krogh (1988) Grt—Cpx thermometer is capable of repro-
ducing experimental conditions (Brey and Kohler 1990).
Therefore, the exsolved garnet—orthopyroxene and host
clinopyroxene were finally re-equilibrated at 900 + 30°C
and 12 + 2.2 kbar. These estimates are consistent with the
present-day thermal gradient in the Leizhou Peninsula
(Fig. 10; Yu et al. 2003; Lin et al. 2003), again attesting the
full equilibration of this sample with the ambient mantle.
Although the pressure estimate of pre-exsolution
(16.2 = 3.5 kbar) and the post-exsolution (12 + 2.2 kbar)
overlap within error, petrologic evaluation suggests pre-
exsolution megacryst was equilibrated within the garnet
pyroxenite stability field, while exsolution of spinel sug-
gests a stage within the spinel pyroxenite stability field.
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Fig. 10 Schematic diagram illustrating the thermal evolution of
GYX-29. Leizhou geotherms (1) and (3) from Yu et al. (2003)
constructed using different thermometer—barometer combinations,
Leizhou geotherm (2) from Lin et al. (2003), Qilin geotherm from Xu
et al. (1996). The spinel pyroxenite—garnet pyroxenite boundary is
from Herzberg (1978)

Thermal evolution of the sample GYX-29

Considerable difference is noted between the pre-exsolu-
tion condition (1,210 = 30°C and 16.2 + 3.5 kbar) and the
post-exsolution equilibrium condition (900 + 30°C and
12 + 2.2 kbar). Similar results have been found in xeno-
liths and megacrysts from many other locations; for
example, Clarke and Pe-Piper (1982) showed that clino-
pyroxene megacrysts from the Frank Smith mine of South
Africa, which was initially equilibrated at ~1,500°C and
37 kbar, re-equilibrated at 900°C and 35 kbar after exso-
lution. Cooling from near-solidus conditions toward nor-
mal mantle lithosphere temperature has also been invoked
to explain the exsolution in ecologite xenolith from Roberts
Victor kimberlite pipe, South Africa (Harte and Gurney
1975; Sautter and Hart 1988, 1990). Tremendous changes
in temperature and pressure were also invoked to explain
the garnet exsolution in clinopyroxene from the Sulu
ultrahigh-pressure terrane, eastern China (Zhang and Liou
2003). All these observations suggest that change in P-T
condition may be the driving force of exsolution in Cpx
megacrysts (Aoki et al. 1980; Clarke and Pe-Piper 1982;

Sen and Jones 1988; Sautter and Hart 1988; Zhang and
Liou 2003; Xu et al. 2004).

The P-T of reconstructed ‘initial’’ clinopyroxene makes
GYX-29 to be situated to the right of the Qilin geotherm
and the present-day Leizhou geotherm (position I, Fig. 10).
Although a single sample does not allow to define a geo-
therm, the high temperature (>1,200°C) at the modest
pressure (~16 kbar) is probably indicative of a very high
thermal gradient. The post-exsolution P-T of GYX-29 is
plotted along the Leizhou geotherm (position III of
Fig. 10), indicating the full re-equilibrium of this sample
with the ambient lithosphere. The contrast in thermal state
before and after the exsolution in clinopyroxene mega-
crysts of GYX-29 mirrors the thermal evolution of the
lithosphere beneath South China during the Cenozoic.
Specifically, the evolution of GYX-29 may be composed of
the following stages:

(a) The clinopyroxene megacryst aggregate was initially
stable at 1,210 + 30°C and 16.2 + 3.5 kbar in the
garnet-pyroxenite stability field (i.e., position I,
Fig. 10). They may have crystallized from a MORB-
type magma derived from the asthenosphere by large
degree melting at high temperature.

(b) This high-Al clinopyroxene megacryst aggregate was
then partially re-equilibrated within the spinel-
pyroxenite stability field (position II or II’, Fig. 10).
Some orthopyroxenes and high Cr/Al coarse spinels
may have been formed at this stage by exsolution
from ‘‘initial’” high-Al clinopyroxene megacrysts. If
the megacryst aggregate was part of the astheno-
sphere, then the transition from I to II involves nearly
isothermal decompression. If it was part of the lith-
osphere, then decompression must have been
accompanied by heating (from position I to I,
Fig. 10) because of the hotter asthenosphere. In any
case, the transition was probably accompanied by the
upwelling asthenosphere, which protruded into the
stretched and decompressed lithosphere (Xu et al.
2002; Yu et al. 2003).

(c) Exsolution of Grt—Opx in clinopyroxene occurred as a
consequence of temperature decrease during the
transition from the spinel-pyroxenite field to the
garnet—pyroxenite field (from position I or II" to III,
Fig. 10). Specifically, the garnet—orthopyroxene re-
sulted from exsolution of the high-Al clinopyroxene
megacrysts. The Sp—Opx—Grt cluster was formed at
the expense of spinel (Fig. 4a—d). This transition
likely took place during the thermal decay of the
lithosphere as a result of downwelling of the
asthenosphere (Yu et al. 2003; Lin et al. 2003). This is
compatible with surface heat flow modeling in the
northern margin of South China Sea (He et al. 2001),
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where the basement heat flow increased during crustal
extension and decreased when extension stopped
since Miocene.

(d) The exsolved orthopyroxene—garnet and host clino-
pyroxene reached chemical equilibrium through dif-
fusion and thermally re-equilibrated with ambient
mantle. This is indicated by the fact that the post-
exsolution P-T conditions correspond to the current
Leizhou thermal gradient (position III of Fig. 10).
The granular texture was probably developed during
this thermal equilibration from lamellae part along the
margins of clinopyroxene megacrysts. Some fine-strip
spinels coexisting with orthopyroxenes could have
exsolved from re-equilibrated host clinopyroxene as
the P-T condition approached that of the Sp-Grt
transition zone.
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