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Fluid and melt inclusions in mantle xenoliths are thought as direct samples to study mantle liquids. Here we apply Raman mi-
crospectroscopy and microthermometry to fluid/melt inclusions in lherzolite xenoliths in Qiaoshan basalts, a Miocene volcano in 
Linqu, Shandong Province, eastern China. These inclusions include (1) early CO2 fluid inclusions, (2) early carbonate melt inclu-
sions, (3) late CO2 fluid inclusions, and (4) late silicate melt inclusions. Among the early CO2 fluid inclusions, most consist of 
high-density pure CO2, while others have small amounts of other components besides of CO2, including graphite, magnesite, 
Mg-calcite, CO and N2. The lowest trapping pressures are estimated to be 1.42 GPa and 0.80 GPa for the early and the late fluid 
inclusions, respectively. Because orthopyroxene is the main host mineral for the early carbonate melt inclusions, we propose that 
the formation of these carbonate melts is genetically associated with the interactions between CO2 fluids and silicate minerals, e.g. 
olivine and clinopyroxene. The diversity of minor components in the early CO2 fluid inclusions indicates that mantle peridotites 
had undergone redox reactions with penetrating fluids/melts. These observations suggest that the compositions of the lithospheric 
mantle beneath the studied area had been changed by asthenosphere-derived CO2-rich fluids/melts. 
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Earth’s mantle fluids not only influence phase transforma-
tion of mantle minerals, rheology of mantle, but also affect 
melting behaviour of mantle peridotites [1,2]. Fluid inclu-
sions in mantle xenoliths provide the most direct mean to 
improve our understanding of the nature and the physic- 
chemical condition of mantle fluids [3]. 

The eastern part of the North China Craton (NCC) had 
experienced major lithosphere transformation (thinning) 
during the Phanerozoic. Since Mesozoic, intensive astheno-
sphere-lithosphere interactions and crust-mantle interactions 
occurred in this area, and are thought as associated processes 
of this transformation [4–9]. Peridotite xenoliths entrained 

by Cenozoic alkaline basalts along Tan-Lu fault show fertile 
compositions, representing juvenile lithospheric mantle [9] . 

The lithospheric mantle is sandwiched between the crust 
and the asthenospheric mantle. Peridotite xenoliths, which 
sampled the lithospheric mantle, might record information 
of mantle fluids/melts involved in asthenosphere-litho- 
sphere interactions and crust-mantle interactions. In previ-
ous studies, in-situ laser Raman microspectroscopy [10,11] 
and mass-spectrometry combined with step-wise heating 
volatile extraction method [12–17] are conducted on study-
ing of fluid inclusions in mantle xenoliths from eastern 
China (e.g. NCC). These inclusions are dominated by CO2, 
with minor of other volatile species, such as H2O, CO, H2, 
H2S, CH4, which are similar to fluid inclusions of mantle 
xenoliths elsewhere in the world. C, O and noble gas iso-
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topic compositions indicate that those fluids might be de-
rived from asthenospheric mantle with or without contribu-
tion of recycled crustal materials [12,15,17]. However, the 
data of mantle fluids from eastern China is still limited. Par-
ticularly, more attentions should be paid to the relationships 
between the compositional signatures of mantle fluids and 
the evolution of lithosphere. Here we conduct a case study 
of fluid/melt inclusions from Qiaoshan xenoliths, which 
represent fertile mantle of the NCC. In order to determine 
the chemical compositions of the trapped mantle liquids, 
explore the origin of different fluid/melt inclusions, and 
their potential inter-relationships, and discuss the possible 
relationships between the geochemical characteristics of 
mantle fluids and the evolution of the NCC, detailed petro-
graphical observation, microthermometry and laser Raman 
microspectroscopy analysis were carried out. 

1  Geological background and sample descrip-
tion 

NCC is one of the oldest Archean cratons in the world, 
which is located between two Phanerozoic metamorphic 
belts, the Qinling-Dabie-Sulu ultra-high pressure (UHP) 
belt and the Central Asia orogenic belt. There are two major 
longitudinal tectonic lines, the North-South gravity gradient 
line and the Tan-Lu fault, across this craton. Evidence from 
mantle xenoliths suggested that mantle lithosphere beneath 
the eastern NCC experienced thinning during Phanerozoic, 
and the Tan-Lu fault is the thinning centre [7,18]. 

The studied area, the Changle-Linqu Cenozoic volcanic 
rift basin, which is located in the Yishu fault zone, the part 
of Tan-Lu fault in Shandong Province. In the Miocence, 
there are two stages of alkaline basaltic volcanism in this 
basin: Niushan period (21.7–15.8 Ma) and Yaoshan period  

(14.3–15.8 Ma) [19]. A lot of mantle peridotite xenoliths, as 
well as megacrysts of feldspar, pyroxene, and titanomagnet-
ite, were found in the Miocence basalts. The petro-     
geochemical and isotopic characteristics of the mantle 
xenoliths show that the lithospheric mantle beneath the 
studied area is juvenile [20,21]. Zhang et al. [22] reported 
many clinopyroxene xenocrysts in the Cenozoic basalts 
from this area, which include large amounts of silicate melt 
inclusions. They claimed that there might be genetic link 
between these xenocrysts and the crust-mantle interactions 
in the Mesozoic [22] . 

The studied mantle xenoliths were sampled from the 
volcanic crater of Qiaoshan (36°33'23"N, 118°47'45"E) of 
Yaoshan Group (Figure 1). Mantle xenoliths consist mainly 
of lherzolite and minor of harzburgite with protogranular, 
mosaic or blastoporphyritic texture. Black pyroxenite veins 
are popular in Qiaoshan xenoliths, which are difficult to be 
distinguished from the host basalts in hand specimen. The 
pyroxenite veins are mainly consisted of black clinopyrox-
ene. These clinopyroxenes contain many oxide minerals 
with magmatic origin, which indicate that the pyroxenite 
veins may be produced by interactions or crystallizations of 
the host magma. In this study, on the basis of petrographical 
observation on thin sections, peridotite xenoliths without 
pyroxenite veins were selected to prepare fluid inclusion 
wafers for analysis. 

2  Fluid inclusion petrography 

Seven fresh samples from dozens of Qiaoshan peridotite 
xenoliths were selected for doubly polished wafer prepara-
tion. Among these wafers, there are only two samples con 
taining abundant fluid inclusions which were chosen for 
fluid inclusions observation and analysis. After microsc- 
opic observation, microthermometric and laser Raman  

 

Figure 1  The sketch map of samples location, modified after Luo et al. [23].
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microspectroscopic analysis, two generations (four types) of 
fluid inclusions were identified in Qiaoshan xenoliths: the 
early CO2-rich fluid inclusions, the early carbonate melt 
inclusions, the late silicate melt inclusions and the late 
CO2-rich fluid inclusions. In this paper, the early inclusions 
are those distributed randomly or along the intragranular 
healed fractures, while the late inclusions are those distrib-
uted along the late factures cross-cutting mineral boundaries. 
Detailed descriptions of these inclusions are given below: 

The early CO2 fluid inclusions can be found either in 
pyroxene or in olivine. At room temperature, most of them 
are single-phase (liquid) (Figure 2(a), (d)), while others are 
composed of two phases (liquid + vapour/solid) (Figure 2(e), 
(f)). The early CO2 fluid inclusions occur along intragranu-
lar healed fracture and the edge growth zone of host miner-
als, or as isolated single-phase (high-density pure CO2) fluid 
inclusions randomly within host minerals. They are spheri-
cal (Figure 2(a), (b)), elliptical (Figure 2(f)), tubular (Figure 
2(e)) or negative crystal shape (Figure 2(d)), with diameters 
ranging from 1 m to 20 m. 

The early carbonate melt inclusions coexist with the 
early CO2-rich inclusions (Figure 2(g)), and show a typical 
high birefringence under crossed-polarized light. They oc-
cur randomly and in cluster in pyroxene, showing spherical 
or droplet-like shape, which suggests that they were origi-
nally trapped as liquid phase [24]. Some carbonate melt 
inclusions are cut by late fluid inclusions (Figure 2(g)). 

The late melt inclusions are distributed mostly in olivine 
and minor in pyroxene. At room temperature, they are 
multi-phase (or two-phases), consisting with glassy melt (Gl) 
± daughter mineral (Dm) ± liquid CO2 (L) ± CO2 vapor (V) 
(Figure 2(h)). They occur in groups or in clusters along 
healed facture cutting across the host minerals (Figure 2(i)), 
with irregular shape, e.g. dendritic, tubular and oval shape. 
Their sizes range from 10 m to 50 m in diameter.  

The late fluid inclusions are distributed in both olivine 
and pyroxene. They are single-phase or two phases with 
dark appearance at room temperature (Figure 2(h)), and 
often associated with the late melt inclusions in the same 
healed fracture. Sometimes they occur in healed mi-
cro-fissures surrounding early fluid inclusions (Figure 2(j)), 
which indicates that they are genetically associated with 
decrepitation of the early fluid inclusions. These fluid inclu-
sions have irregular shape, showing worm-like, tubular, 
oval-shaped and so on, with a size of 1–20 m in diameter. 

3  Analytical methods 

All experiments were accomplished in the State Key Labo-
ratory for Mineral Deposit Research (Nanjing University). 
After detailed petrographical observation, suitable fluid 
inclusions were selected for microthermometric measure-
ment. The compositions and trapped pressures of fluid in-
clusions are determined by their measured phase transition 

temperatures [25,26]. Microthermometric measurements were 
carried out on a Linkam THMS 600 heating/freezing stage. 
The measurement range is –196°C to +600°C. The tem-
perature measurements can be reproduced within ±0.2°C in 
the range of –196°C to 0°C, within ±1.0°C in the range of 
0°C to 40°C, respectively. At last, basing on the measured 
homogenization temperatures and selecting a suitable equa-
tion of state, we use the FLINCOR software [27] to calcu-
late the density of each fluid inclusion. Isochores for fluid 
inclusions with maximum and minimum density (in one 
assemblage), can be estimated, respectively. 

High-temperature homogenization experiments were con- 
ducted on the late silicate melt inclusions. Here we use 
Linkam TS1500 high-temperature heating stage combined 
with LEICA microscopy. The temperature measurements 
can be reproduced within ±2°C in the range of 25 to 600°C, 
within ±5°C in the range of 600 to 1000°C, within ±8°C in 
the range of 1000 to 1500°C, respectively.  

Representative fluid inclusions were chosen for laser 
Raman analysis to identify the compositions of vapour, liq-
uid and solid phases in fluid inclusions. Raman spectrums 
were collected on a Renishaw RM2000 laser Raman micro-
probe fitted with an air-cooled CCD detector. Excitation was 
achieved using an Ar+ laser tuned to 514 nm. Wave number 
measurements were done at 25°C and have an accuracy of  
1 cm 1. The slit-width is 50 m, grating is 1800, the spec-
trums collecting time is 30–60 s with each measurement 
being scanned twice. The molar fraction of every gaseous 
volatile in fluid inclusions was calculated using the peak 
area and the related Raman coefficient for species [28]. 

4  Results 

4.1  Microthermometric data 

(i) Low-temperature microthermometry. Microthermometric 
measurements were carried out on CO2-rich inclusions. 
During heating-back process after cooling to 196°C, two 
phase transitions were observed: disappearance of solid CO2 
at triple-point temperature and disappearance of vapor/  
liquid CO2 at homogenization temperature. The results are 
given in Figure 3 and Table 1. 

The melting temperatures (Tm) of the early CO2 fluid in-
clusions range from 61.1 to –56.6°C (Figure 3(a)), and 
their homogenization temperatures (Th) fall into the range 
of –49.2 to +29.6°C. Meanwhile, the Tm of the late CO2 
fluid inclusions ranges from –60.3 to –56.6°C and their Th 
ranges from –9.8 to +30.5°C (Table 1). The Th range of the 
early fluid inclusions is wider than that of the late fluid 
inclusions. In the histogram of Th, the Th of the early fluid 
inclusions falls into two regions, < –40°C and > –20°C 
(Figure 3(b)). Their high-Th range is overlapped by the Th 
range of the late fluid inclusions. Correspondingly,    
the calculated CO2 density of two generations of fluid  
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Figure 2  Photomicrographs of fluid and melt inclusions in pyroxene and olivine from Qiaoshan xenoliths. (a) Early CO2-rich fluid inclusions along intra-
granular healed fracture in clinopyroxene (black dashed line showing the trail of healed fractures, the white dashed line is the boundary of the host mineral); 
(b) high-density CO2 fluid inclusions; (c) early fluid inclusions along the growth zone of the host othopyroxene (pointed by thin white arrow); (d) magnified 
photomicrograph of single-phase N2-CO-CO2 fluid inclusion in (c); (e) magnified photomicrograph of two phases N2-CO-CO2 fluid inclusion in (c); (f) C 
(graphite)-CO-CO2 fluid inclusion and MgCO3(magnesite)-CO2 complex fluid inclusion coexisting in the same area in othopyroxene; (g) carbonate melt 
inclusions (pointed by black arrows) coexisting with early CO2 fluids (pointed by thin white arrow), wide white arrow pointing to late fluid inclusions along a 
healed fracture; (h) late fluid and melt inclusions at the edge of olivine; (i) late fluid and melt inclusions along intergranular healed fracture (the black dashed 
line is the trail of a healed fracture); (j) late fluid inclusions (pointed by wide white arrow) surrounding early fluid inclusions (pointed by thin white arrow). L, 
CO2 liquid; V, CO2 vapor; Gla, glassy melt; Gra, graphite; Mgs, magnesite; Car, carbonate melt; Dm, daughter mineral; opx, othopyroxene; cpx, clinopy-
roxene; ol, olivine. 
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Figure 3  The histograms of melting temperature (Tm) and homogenization temperature (Th) of two generation of fluid inclusions. (a) The histogram of 
melting temperature (Tm) of CO2 fluid inclusions; (b) the histogram of homogenization temperature (Th) of CO2 fluid inclusions. 

Table 1  The microthermometric data of the inclusions 

Types Host minerals 
Phases assemblage 

(at room temperature) 
Tm

a) (°C) Th
b) (°C) 

c)  

(g cm–3) 
T d)(°C) P e) (GPa) 

Early fluid inclusion (30)f  Ol, Opx, Cpx Mostly single-phase 61.1 56.6 49.2 29.6 0.66 1.15 0.28 1.42 

Late fluid inclusion (16) Ol, Opx, Cpx Single-phase/two phases 60.3 56.6 9.8 30.5 0.22 0.98 
1150 1250 

0.07 0.80 

Late melt inclusion (12) Ol, Opx, Cpx Two phases/multiphase   1150 1250g)  1150 1250 0.80 

a) Triple-point temperature of CO2 fluid inclusions; b) homogenization temperature; c) the density of the CO2 fluid inclusions; d) the equilibrium tem-
perature for mineral and fluids; e) estimated pressure for entrapment of the fluid at 1200°C using isochore method [25,26,32]; f) the number of measured 
fluid inclusions; g) the temperature at which the bubbles or daughter minerals disappeared. 
 
inclusions fall the ranges of 0.66 to 1.15 g/cm3 and 0.22 to 
0.98 g/cm3, respectively. 

The melting temperatures of some CO2 inclusions are 
lower than the triple point of pure CO2, which indicates that 
there should be some other volatile species beside of CO2, 
e.g. H2S, N2 and CO. These species have lower triple point 
than pure CO2. This is confirmed by laser Raman analysis 
in the next section. 

(ii) High-temperature homogenization. High-temperature 
homogenization experiments were conducted on the late 
multiple-phase melt inclusions. Most of the silicate melt 
inclusions begun melting at 600°C, and the daughter miner-
als begun melting at 900–1100°C. The daughter minerals 
and the bubbles disappeared at 1150°C to 1250°C, which is 
thought as the total homogenization temperature of the melt 
inclusions. The homogenization temperature (Th) could be 
estimated as entrapment temperature of melt inclusions 
[26,29] , so it is inferred that the late melt inclusions were 
trapped at the temperature of 1150–1250°C. 

4.2  Laser Raman microspectroscopy 

Laser Raman analysis was carried out on each kind of fluid 
inclusions and carbonate melt inclusions. It is indicated that 
fluid inclusions in Qiaoshan xenoliths are dominated by 
pure CO2 inclusions, with a few CO2-rich inclusions con-
taining minor impurities of CO, N2 and H2S. The observa-
tion is consistent with their lower melting points than that of  

pure CO2 (see Section 4.1). In addition, crystallized graph-
ite is identified in some CO-CO2 fluid inclusions, which is 
coexisted with carbonate melt inclusions. The early fluid 
inclusions can be divided into four types: N2-CO-CO2, C 
(graphite)-CO-CO2, carbonate-CO2, and high-density pure 
CO2. The late fluid inclusions are mainly pure CO2 inclu-
sions; sometimes they contain a few of H2S. Detailed results 
of these inclusions are given below: 

(1) N2-CO-CO2 fluid inclusions. In the Raman spectrum 
of these fluid inclusions, in addition to the typical vibration 
at 1388 cm 1 and 1285 cm 1 for CO2, CO and N2 signal has 
been detected at 2140 cm 1, 2329 cm 1, respectively (Figure 
4(a)). N2 from the air would influence the determination for 
N2 in fluid inclusions, so the method used by Andersen et al. 
[30] was applied to test possible air N2. The result suggests 
that the N2 concentration in air at the laboratory condition is 
below the detection limit, so the N2 signal is raised from 
fluid inclusion. The homogenization temperature for this 
type of inclusions suggests that they have high density, 
similar to their coexisting high-density pure CO2 inclusions. 

The Raman quantitative data are shown in Table 2. There 
are ~3.5 mol% CO and ~1.6 mol% N2 in this type of fluid 
inclusions. Some inclusions have only 95.8 mol% CO2, 
which is consistent with their lowest melting tempera-
tures(as low as –61.1°C). 

(2) C (graphite)-CO-CO2 fluid inclusions. In addition to 
the CO peak at 2139 cm 1, but strongly vibration at 
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Figure 4  Raman spectrums of fluid/melt inclusions. (a) Raman spectrum of early N2-CO-CO2 fluid inclusion in othopyroxene; (b) Raman spectrum of 
C(graphite)-CO-CO2 fluid inclusions; (c) Raman spectrum in the region 200 1500 cm 1 of magnesite (1094 cm 1) within a CO2 fluid inclusion; (d) Raman 
spectrum in the region 200 1600 cm 1 of Mg-calcite within CO2 fluid inclusion; (e) Raman spectrum of dolomite melt inclusion; (f) Raman spectrum of 
H2S-CO2 fluid inclusion in clinopyroxene. Asterisks indicate carbonate mineral contribution to the Raman spectrum. 

Table 2  Data of laser Raman compositions and final melting temperature of individual CO-bearing fluid inclusions 

Mole (%) Tm CO2(°C) 
Fluid inclusion  

CO N2 CO2 S+V L+V 

QS02X0102a2 3.19   96.81  –58.4 

QS02X0101c2 3.36   96.64  –59.1 

QS02X0101a3 3.53   96.47  –58.7 

QS0102 1.61  0.72  97.67  –60.1 

QS0104 2.61  1.61  95.77  –61.8 

 
1590 cm 1 is identified, which suggests the presence of 
high-temperature graphite (Figure 4(b)). The graphite signal 
is not from outside the inclusions, as it disappears on mov-
ing the laser beam into the surrounding host mineral. The 
graphite signal is not raised from upper surface of the wafer, 
because there is no carbon coating on these wafers and the 
confocal capability of the analytical system allows a vertical 

resolution within 10 m from the focus depth. 
Highly crystalline graphite has only one typical Raman 

vibration nearby 1580 cm 1, while some natural amorphous 
graphite has a second significant vibration at 1350 cm 1 [28]. 
The unique vibration at 1590 cm 1 (Figure 4(b)) suggests 
that the graphite in the C-CO-CO2 inclusion is highly-  
ordered and high-temperature crystal. 
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(3) (Mg, Ca) CO3 (carbonate)-CO2 fluid inclusions and 
carbonate melt inclusions. Carbonate-bearing fluid inclu-
sions and carbonate melt inclusions are mainly identified in 
orthopyroxene. As illustrated in Figure 2(f) the carbonate- 
bearing fluid inclusion (at left bottom of Figure 2(f)) occurs 
in the same area with the C (graphite)-CO-CO2 fluid inclu-
sion (at right top of Figure 2(f)). Its typical vibrations at 
1094 cm 1, 738 cm 1 and 325 cm 1 (Figure 4(c)) is identical 
to those of magnesite, so the rounded mineral in this fluid 
inclusion (Figure 2(f)) is magnesite. The wide halfwidth of 
the Raman peak at 738 cm 1 can be interpreted as the low 
crystallinity of micron-size magnesite, or influence by 
Si-O-Si vibrational bond of host othopyroxene at 736 cm 1 
[31]. In addition, Mg-calcite is identified in another fluid 
inclusion by the typical Raman vibration at 1089 cm 1, 715 
cm 1 and 285 cm 1 (Figure 4(d)). Carbonate melt inclusions 
(Figure 2(g)) show dolomite vibrations at 1098 cm 1, 726 
cm 1 and 300 cm 1 (Figure 4(e)). And the vibration at 329 
cm 1 may be due to the band of magnesite in the melt inclu-
sion. Therefore, the carbonate minerals in fluid inclusions 
are magnesite and Mg-calcite, while the compositions of 
carbonate melt inclusions range between dolomite and mag-
nesite. 

(4) Late H2S-CO2 fluid and melt inclusions. Raman 
analyses indicate that most of the late fluid inclusions are 
pure CO2, only a few samples contain minor H2S besides 
CO2 (Figure 4(f)), which is consistent with the microther-
mometric observation (see Section 4.1). According to petro-
graphical and thermometric observations, we think that the 
late melt inclusions were likely trapped simultaneously as 
the late fluid inclusions. There is no detailed discussion in 
this paper for these late melt inclusions. 

In conclusion, the early inclusions consist of carbonate 
melt inclusions and high-density CO2 fluid inclusions. The 
early fluid inclusions contain some impurities of N2, CO, 
graphite and carbonate. The late inclusions are silicate melt 
inclusions and low- to mediate-density CO2 fluid inclusions. 
H2S is the only specie of impurity in the late fluid inclusions. 
Both of them are likely to be trapped at the temperature of 
1150–1250°C, which is inferred from the homogenization 
temperatures of the late silicate melt inclusions. 

5  Discussion 

5.1  Entrapment pressure and temperature of fluids 

The late (silicate) melt inclusions, coexisting with the late 
CO2 fluid inclusions, have an average homogenization 
temperature of 1200°C. Given this temperature represents 
the entrapment temperature of the two generations of fluid 
inclusion, their internal pressures can be estimated by iso-
chors method [3,32]. The calculated pressures are 0.29–1.42 
GPa, 0.07–0.80 GPa for the early and the late fluid inclu-
sions, respectively (Table 1). Fluid inclusions formed at 

high temperature and pressure in mantle xenoliths inevita-
bly suffer various kinds of secondary processes [3], e.g. 
leakage, decrepitation and interactions with host mineral, 
which induce changes in their density and/or composition. 
Therefore, the maximum pressure calculated from the maxi-
mum density from one fluid inclusion assemblage represents 
the minimum entrapment pressure. The minimum pressure 
of early high-density CO2 fluid inclusion is 1.42 GPa ( 47.3 
km depth). The late CO2 fluid inclusions have a lower 
minimum pressure of 0.80 GPa ( 26.4 km depth). The 
difference in entrapment pressures suggest that the early flu-
ids and the late fluids are entrapped in the depth of litho-
spheric mantle and in the vicinity of the Moho, respectively. 

5.2  Origin of carbonate minerals in fluid inclusions 

Carbonates within CO2 fluid inclusions in mantle rocks are 
often interpreted as a secondary assemblage formed by in-
teractions of CO2 fluids with host minerals [33]. The result-
ing mineral is related to the composition of host mineral, i.e. 
magnesite occurs in othopyroxene, and dolomite/Mg-calcite 
only occurs in clinopyroxene. However, for Qiaoshan xeno-
liths, both magnesite (Figure 4(c)) and Mg-calcite (Figure 
4(d)) are identified not only in fluid inclusions in othopy-
roxene, but also in fluid inclusions in clinopyroxene. Above 
observations do not support a genesis via CO2 fluid-host 
mineral reactions. They might be trapped at the same time 
as the formation of the early fluid inclusions (see Section 
5.3). 

5.3  Origin of carbonate melt inclusions 

Carbonate in melt inclusion from mantle rocks commonly 
consists of dolomite or magnesite, which are considered as 
existing carbonatitic melts in mantle [3]. The carbonate melt 
inclusions from Qiaoshan mantle xenoliths show rounded 
shape (or droplets) (Figure 2(g)), suggesting that they were 
originally trapped as liquids. The calculated pressure for the 
coexisting high-density CO2 inclusions indicate that they 
are from the depth of >47 km. Carbonate melt has been ex-
plained as a kind of metasomatic agent [34–38]. Most man-
tle carbonate melts are ephemeral due to their reactions with 
the mantle rocks [36], or rapid decarbonation upon decom-
pression [37,39]. As a result, the origin of mantle carbonate 
melts is the subject of vigorous debate. Present models in-
clude: (1) partial melting processes of a carbonated peri-
dotite [34]; (2) local immiscible processes in carbonate-rich 
silicate melts [40,41]; and (3) metasomatic reactions be-
tween silicate-carbonate fluids/melts and mantle peridotite 
[42]. Although the genetic link between late CO2 fluid in-
clusions and late silicate melt inclusions is observed, there 
is no silicate in early fluid and melt inclusions, and the im-
miscibility model is not favored here. In addition, me-
tasomatic silicate-carbonated melt/fluid is rich in alkali 
elements [42], contrasting with the fact that carbonate melt 
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dominate by Ca, Mg-rich carbonate. Similarly, partial melt-
ing of carbonated peridotite will produce not only carbonate 
melts, but also Al, Na-rich silicate melts [34,42]. Therefore, 
the carbonate melt cannot be produced by melting of car-
bonated peridotite. It is noted that early carbonate melt in-
clusions are commonly present in othopyroxene, indicating 
the carbonate melts have formed before or during the crys-
tallization of othopyroxene. In mantle condition, major re-
actions associated with both of othopyroxene and carbonate 
melts include [43,44]: 

Mg2SiO4(ol) + CaMgSi2O6(cpx) + 2CO2 

= 4Mg2Si2O6(opx) + CaMg(CO3)2(dol),        (1) 

2Mg2SiO4(ol) + 2CO2 = 

Mg2Si2O6 (opx) + 2MgCO3(mgs).            (2) 

When CO2 is oversaturated, these reactions occur from left 
to right and othopyroxene and carbonate melts are continu-
ously formed. The phenomenon that some of early CO2-rich 
fluid inclusions occur along the growth zone of othopyrox-
ene (Figure 2(c)) support that the CO2 was involved in an 
orthopyroxene-growing reaction. In these reactions, otho- 
pyroxene and carbonate melt are both products, so the car-
bonate should be trapped when the othopyroxene was 
growing. If it is true, the compositional decoupling of car-
bonate in fluid inclusion and the host mineral can be inter-
preted (see Section 5.2). 

Mantle fluids in the upper mantle are dominatedly com-
posed of CO2. These CO2 are mainly derived from the de-
carbonation of carbonate melts or minerals from the deeper 
upper mantle [3]. It is worthy of note that both early CO2 
fluid inclusions and early carbonate melt inclusions present 
in the same othopyroxene grains in Qiaoshan xenoltihs. 
This fact suggests that, due to CO2 oversaturation, the reac-
tions, which produced othopyroxene and carbonate melts 
with consumption of olivine and clinopyroxene, may have 
occurred in the subcontinental lithospheric mantle beneath 
the studied area. If the deduction is correct, it means that the 
young fertile mantle had undergone modification by flu-
ids/melts derived from asthenosphere mantle. Such a reac-
tion mechanism may be significant for understanding the 
Phanerozoic lithosphere thinning of the NCC. Some car-
bonate melt inclusion present in clinopyroxene can be ex-
plained that reaction (1) occurred from left to right. 

5.4  Origin and significance of complex fluids 

Fluid inclusions in mantle xenoliths worldwide are gener-
ally dominated by CO2 [3]. Although some exotic volatile 
species have been observed in some studies, but rarely ob-
servation of so many kinds of ‘exotic’ components in one 
single sample has been reported. Comparatively, early fluid 
inclusions from Qiaoshan xenoliths are more complex (see 
Section 4.2), carbon element in these fluid inclusions pre-
sent in variable valences of zero valence (graphite), divalent 

(CO) and tetravalent (CO2 and carbonate). Evidence from 
fluid inclusions in diamond from Paleozoic kimberlites 
[45,46] indicates that, mantle fluids in Paleozoic litho-
spheric mantle beneath the NCC consisted mainly CO2 and 
some abundant of reduced volatile species, such as CH4, 
H2S, NH3, H2. This suggests that the old lithospheric mantle 
had lower oxygen fugacity. However, the composition of 
fluid inclusions in Qiaoshan xenoliths (C-CO-CO2) show 
elevated oxygen fugacity, which indicates that the redox 
state of mantle fluids in lithospheric mantle changed sig-
nificantly when the lithosphere thinning occurred in 
Phaneorozoic. The process could be achieved by the fol-
lowing reactions: 

 CH4 + 2CO2 = 2H2O + C + 2CO,       (3) 

 C + CO2 = 2CO.                 (4) 

Cenozoic alkaline basalts from the studied area are 
thought to be derived from asthenosphere with OIB-like 
geochemistry, and their oxygen fugacity is relatively high 
and near FMQ buffer [47]. The high conductivities in the 
asthenosphere indicate the presence of small amounts of 
carbonate melts in peridotite [48]. During the lithospheric 
thinning, as well as the asthenosphere upwelling, carbonates 
will decompose into CO2 on the decompression [39]. In the 
lithospheric thinning setting, asthenosphere-derived fluids 
are dominated by CO2. On the way of moving upward, such 
oxidized fluids will inevitably react with reduced fluids and 
result in the formation of minor components of C and CO. 

Above discussions make us believe that both of the 
presences of early carbonate melt inclusions and the 
compositional complexity of early CO2-rich fluid inclu-
sions in Qiaoshan xenoliths are due to the modification of 
lithospheric mantle by fluids derived from the astheno-
sphere. They serve as respondence for asthenosphere-
lithosphere interactions in a lithosphere thinning setting. 
The late fluids (melts) have low entrapment pressure, and 
might be entrapped liquids exsolved from host magma 
when mantle xenoliths move upward [49] .  

6  Conclusions 

Two generations of fluid (melt) inclusions are identified in 
Qiaoshan mantle xenoliths: early high-density CO2 fluid 
inclusions and minor amount of carbonate melt inclusions, 
late low- to mediate-density CO2 inclusions and silicate 
melt inclusions. On basis of microthermometric data, the 
entrapment temperatures of two generations fluid inclusions 
are about 1200°C, and their minimum entrapment pressure 
are 1.42 GPa and 0.80 GPa, respectively. 

The genetic link of early carbonate melt inclusions with 
othopyroxene suggests that they may be produced via inter-
actions of CO2 fluids with other mantle silicate minerals 
(such as olivine, clinopyroxene). Moreover, complex com-
ponents in early CO2 fluid inclusions also support that the 
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origin of host mineral may be related to the reaction with 
CO2-rich fluids In conclusion, the compositional signatures 
observed in the fluid/melt inclusions of Qiaoshan xenoliths 
reflect recent asthenosphere-lithosphere interactions in this 
area. 
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