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Slab-derived fluids play an important role in heat and material
transfer in subduction zones. Dehydration and decarbonation
reactions of minerals in the subducting slab have been investi-
gated using phase equilibria and modeling of fluid flow. Neverthe-
less, direct observations of the fluid chemistry and pressure–
temperature conditions of fluids are few. This report describes
CO2-bearing saline fluid inclusions in spinel-harzburgite xenoliths
collected from the 1991 Pinatubo pumice deposits. The fluid inclu-
sions are filled with saline solutions with 5.1 ± 1.0% (wt) NaCl-
equivalent magnesite crystals, CO2-bearing vapor bubbles, and
a talc and/or chrysotile layer on the walls. The xenoliths contain
tremolite amphibole, which is stable in temperatures lower than
830 °C at the uppermost mantle. The Pinatubo volcano is located at
the volcanic front of the Luzon arc associated with subduction of
warm oceanic plate. The present observation suggests hydration
of forearc mantle and the uppermost mantle by slab-derived CO2-
bearing saline fluids. Dehydration and decarbonation take place,
and seawater-like saline fluids migrate from the subducting slab to
the mantle wedge. The presence of saline fluids is important be-
cause they can dissolve more metals than pure H2O and affect the
chemical evolution of the mantle wedge.
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In addition to H2O (1), CO2 can play an important role in the
magma genesis and the volatile recycling in subduction zones (2).

Carbonates can be major sources of CO2, but they can be stable in
the slab pressure–temperature (P–T) conditions beneath sub-
duction zones. Consequently, they can survive to the deep mantle
(2). However, carbon dissolution can occur into aqueous fluids, if
they are present, even within carbonate stability P–T conditions.
This mechanism can liberate CO2 from the slab into the overriding
mantle via fluid migration (2, 3). Aqueous fluid inclusions have
been reported in subduction-zone peridotite xenoliths from Lihir
in the Papua New Guinea forearc (4) and from Avacha at the
Kamchatka volcanic front (5, 6). These inclusions provide evi-
dence for the supply of aqueous fluids from the slab or hydrous
magmas (7). H2O-rich inclusions in the peridotites are formed by
the addition of aqueous fluids or by separation of aqueous fluids
from H2O-saturated melt inclusions (7). However, the character-
istics of the fluid chemistry remain poorly understood.
We observed amphibole-bearing spinel-harzburgite xenoliths

collected from the dacite pumice fall and the pumice flow de-
posits of the 1991 Pinatubo eruption (8) (Fig. 1 A and B). These
harzburgite xenoliths are characterized by the presence of
abundant fluid inclusions. In addition to the ultramafic xeno-
liths, a variety of other rock types, including granite, gabbro,
and amphibolite, are observed. The Pinatubo volcano is located
at the volcanic front in the Luzon arc, which is associated with
eastward subduction of the South China Sea plate along the
Manila Trench. The South China Sea plate is young and
warm with an age of 31–15 Ma (9). The 1991 Plinian erup-

tion effused >3 × 1012 kg of dacitic rocks (8, 10). The 1991
eruption was triggered by an injection of basaltic magma. The
erupted dacitic magma can be formed through hybridization of a
felsic magma and the basaltic magma before the eruption (11).

Results
We made thin sections of eight specimens. The size of seven
specimens is from 3.5 to 8 cm across, and one specimen (P1) is
14 cm across. The harzburgite xenoliths are composed mainly of
olivine, orthopyroxene, and spinel (Fig. 1 A and B). Calcic am-
phibole (magnesiohornblende and tremolite; Fig. 1 C–F and Fig.
2A) and phlogopite (Fig. 1 E and F) or clinopyroxene (only in
a single specimen) are also found. The harzburgite xenoliths
show more or less modally metasomatized textures, which mainly
comprise amphibole and fine-grained orthopyroxene with and
without phlogopite. These textures develop either as pockets or
along grain boundaries of coarse olivine and orthopyroxene
grains (Fig. 1 C–F). Such a petrographical feature is similar to
those described in subduction-zone mantle xenoliths from
Avacha (5, 6, 12, 13) and Iraya (13–16). Amphibole consists of
magnesiohornblende and tremolite (Fig. 1 C–F, Fig. S1, and
Table S1). Tremolite occurs at the rim of magnesiohornblende
(upper middle of Fig. 1D), at the outermost edges of the veinlets
(right of Fig. 1D and middle of Fig. 1F), or in intergrowth with
magnesiohornblende (left of Fig. 1F). The chemical composition
of the magnesiohornblende and the tremolite shows continuous
variations (Fig. 2 A and B). Spinel shows chemical variations
from aluminous (Cr# = Cr/(Cr + Al) × 100 = 17, Mg# = Mg/
(Mg + Fe) × 100 = 80) to chromian (Cr# = 59, Mg# = 57). The
aluminous spinel is inside of orthopyroxene, whereas the chro-
mian spinel associated with amphibole or phlogopite has a higher
Cr# and a lower Mg# [Cr# = 37, Mg# = 68 (Table S1) or Cr# =
45, Mg# = 64, respectively]. The compositional range of spinel
is similar to that observed in the Avacha harzburgite (12). The
composition of the major elements of minerals of the veinlets is
shown in Fig. S1 and Table S1.
Some xenoliths [P1 (14 cm across) and P4 (7 cm across)] have

zoned selvages between the harzburgite and the host dacites. The
outer zone of the selvages consists of calcic amphibole, phlogo-
pite, and plagioclase, and the inner zone consists of fibrous
orthopyroxene, olivine, and phlogopite growing perpendicular to
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the contact surfaces. These selvages are interpreted as a re-
action aureole that developed between the host dacites and
the harzburgite xenoliths (17), because Al−Mg/(Mg + Fe)

compositions of amphiboles in the selvages are similar to those
of phenocrysts in the host dacites (18) (Fig. 2B). Similar zoned
selvages are observed in other peridotite xenoliths from the
Canary Islands (17). Hornblende selvages also occur in ultra-
mafic xenoliths of the Iraya andesite and the Monglo dacite of
the Luzon arc, Philippines (14, 19), and in Avacha basaltic
andesite of the Kamchatka arc (13). The amphibole inside the
harzburgite xenoliths has major element chemistry that is dif-
ferent from that in the selvages, suggesting that these hydrous
minerals were formed primarily in the harzburgites before en-
trapment into the erupted magma (Fig. 2 A and B). The phlo-
gopites in the fine-grained orthopyroxene-rich parts have Mg/
(Mg + Fe) values similar to the amphibole inside the xenoliths
(Table S1), showing chemical equilibrium with each other.
The coarse-grained olivine of the harzburgites contains abun-

dant fluid inclusions (mostly <30 μm across). We chose the least
metasomatized harzburgite [P3 (7 cm across); Fig. 1 A and B]
and studied the fluid inclusions using Raman microscopy and
microthermometry. The fluid inclusions are distributed as iso-
lated small clusters or trails (Fig. 1G–I). Trails of fluid inclusions
often reach to a grain boundary and locally cut grain boundaries.
Raman spectroscopy revealed that the fluid inclusions in olivine
are composed mainly of liquid H2O (Fig. 3A), magnesite, and a
vapor bubble. Graphite inclusions were found in an olivine crystal,
but their relation to the H2O–CO2 inclusions remains unclear
(Figs. 1J and 3B). Raman spectra indicate the presence of hydrous
minerals on the walls of the host olivine, which may be talc and/or
chrysotile (Fig. 3 A and C–E). Some of the vapor bubbles contain
detectable amounts of CO2. In such inclusions, CO2 clathrate
[CO2·8(H2O)] crystallizes during cooling experiments (20).
There is no indication of the presence of CaCl2 during micro-
thermometry. No sulfide inclusion was found.
We calculated salinities in the H2O–NaCl system using freezing

point depression relationships (21). We observed the melting
temperature of clathrate (20) in some fluid inclusions with CO2
in a gaseous phase. Results showed that the salinities in the
H2O–CO2–NaCl system are almost identical to those in the H2O–

NaCl system, which suggests that CO2 in vapor bubbles is de-
tectable using Raman microscopy, but the contents are too small
to affect salinity through crystallization of CO2 clathrate. Melting
temperatures of H2O ice indicate that total salt of 5.1 ± 1.0%

Fig. 1. Photographs of harzburgite xenoliths in the 1991 Pinatubo eruption. (A)
Plane light image scan of a thin section of Pinatubo harzburgite (P3) composed of
olivine (clear), orthopyroxene (pale brown), spinel (black), calcic amphibole, and
phlogopite. P3 is the least modally metasomatized specimen. (B) Cross-polarized
light image scan of P3 shown inA. (C and E) Photographs of a veinlet surrounded
by olivine crystals under cross-polarizing light microscopy. The locations are
shown in A and B. The veinlet is composed of olivine (Ol), fine-grained ortho-
pyroxene (Opx), magnesiohornblende (Hb), tremolite (Tr), and spinel (Sp) with or
without phlogopite (Phl). (D and F) Backscattered electron images of the veinlet
shown in C and E. Compositions of themajor elements of these crystals are shown
in Fig. S1 and Table S1. (G, H, and I) Photographs of fluid inclusions in olivine of
Pinatubo harzburgite (P3) under polarizing light microscopy. Dark-colored bub-
bles comprise vapor H2O (H2O

v) or CO2-bearing vapor H2O (H2O +CO2
v) inH, and

smaller transparent materials are magnesite (Mgs) in saline solutions (H2O
L). The

bubble shown inH has CO2 gas in its Raman spectrum. (J) Photograph of graphite
inclusion (Gr) in olivine (P3) using polarizing light microscopy.

Fig. 2. Chemical compositions of amphibole in harzburgite xenoliths in the
1991 Pinatubo dacitic volcanic ejecta. (A) Classification of calcic amphibole of
Pinatubo harzburgites following the system of Leake et al. (55). P3 is the
least modally metasomatized harzburgite. P1 is more modally metasomat-
ized than P3 and has a selvage. Amphiboles in the selvage of harzburgite
(P1) differ from the amphiboles inside the xenolith (P1). (B) Al formula as
a function of Mg/(Mg + Fe) of amphiboles in Pinatubo harzburgites (P3 and P1),
1991 Pinatubo dacite (18), and Avacha harzburgites (13, 56). Amphiboles in the
selvage of P1 resemble those of Pinatubo dacite. Amphiboles in the selvage of
Avacha harzburgites are also different from those inside Avacha harzburgites.
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(wt) NaCl-equivalent is dissolved in the aqueous fluids (Fig. 3F).
Because the fluid inclusions contain magnesite and talc and/or
chrysotile, the obtained salinity represents residual fluids after
the crystallization of magnesite and talc and/or chrysotile;
therefore, the values can be the maximum of the original fluids.

Discussion
Fluid Inclusion-Rich Harzburgite Xenoliths from the Mantle Wedge.
Pinatubo is located south of the Masinloc massif and east of the
Cabangan massif of the Eocene Zambales ophiolite complex (8).
The Zambales ophiolite complex also contains harzburgitic rocks;
however, they lack amphibole and are heavily serpentinized (22).
The ultramafic xenoliths of the Monglo dacite, which is located
130 km north of Pinatubo, show more or less serpentinization;
therefore, it is suggested that these spinel/dunites, serpentinites,
and gabbros are sampled from the ophiolite complex surrounding
the magma chamber (19). In contrast, most Pinatubo harzburgite
xenoliths do not include serpentine minerals except for the chrys-
otile crystals formed along the walls of the fluid inclusions and
host olivine crystals. We suggest that it is likely these amphibole-
bearing spinel-harzburgite xenoliths were brought up from the
mantle wedge by the basaltic magma, as has been proposed for

the peridotite xenoliths in calc-alkaline andesite to dacite ejecta
from the Ichinomegata volcano of the Northeast Japan arc (23).
Mantle peridotite xenoliths have been reported not only from
maars or monogenetic eruptions but from eruptions of composite
volcanoes in arcs: the Oshima-Oshima volcano in northeastern
Japan (24), the Avacha volcano in Kamchatka (5, 6), and the Iraya
volcano in the Luzon arc of the Philippines (14–16). However, the
volume of the 1991 Pinatubo eruption is estimated to be much
larger than in the other cases (8, 10). Injection of basaltic
magma is suggested to have occurred just before or during the
eruption (25). The harzburgite xenoliths may have been
brought up then. This suggests that the harzburgite xenoliths did
not undergo much heating and chemical reactions at the base of
a magma chamber.
Hirai and Arai (26) report serpentine + talc + magnesite

inclusions in olivine in Horoman, an orogenic-type peridotite
massif, and interpret them as remnants of fluid inclusions of an
H2O–CO2 mixture. For the fluid inclusions of this study, the
reaction can be olivine + H2O–CO2 = talc + chrysotile + mag-
nesite + H2O. The chrysotile [<610 °C at 1 GPa (27)] and talc +
forsterite [<660 °C at 1 GPa (28)] could have been formed after
entrapment in magmas or eruption to the surface. We suppose
that the fluid inclusions of the Pinatubo harzburgites represent
hydration in the mantle wedge by the CO2-bearing saline solutions.
Pinatubo harzburgite xenoliths have (i) CO2-bearing saline

fluid inclusions; (ii) calcic amphiboles (magnesiohornblende and
tremolite); and (iii) fine-grained, orthopyroxene-rich parts. These
characteristics are observed in the peridotite xenoliths from the
Avacha volcano, Kamchatka (5, 6), apart from CO2- and chlorine-
bearing features, which have not been reported in these previous
works. The fine-grained, orthopyroxene-rich parts and fluid in-
clusions are also reported from the peridotite xenoliths in the
Bearpaw Mountains in the Wyoming Craton in the United States
(29). In the Iraya volcano, the Philippines, the fine-grained ortho-
pyroxene parts are present (14–16); however, the H2O-richinclu-
sions are thought to have formed through separation of H2O from
hydrous melt inclusions (7). These processes, through which
aqueous fluid inclusions are formed, are interpreted to operate
through open-systemmelting with an influx of slab-derived aqueous
fluid/silicate melt (5–7, 13–16, 29) or through deserpentinization of
hydrated peridotite (15, 29, 30). Processes like deserpentinization
may not be plausible to explain the formation of the Pinatubo fluid
inclusions bearing harzburgite. This is because the Mg/(Mg + Fe)
value of the olivine has a limited range of 0.91–0.92, whereas
that of olivine in the previously studied deserpentinized meta-
peridotites is characterized by higher values or much variation
(26–28). The magnesian feature of the deserpentinized olivine
due to the formation of magnetite during serpentinization
remains in the deserpentinized metaperidotites. The deserpenti-
nized metaperidotites are also characterized by the presence of
magnetite, which is not found in the Pinatubo harzburgite.

Hydration by Slab-Derived CO2-Bearing Seawater-Like Fluids. Aque-
ous fluids can dissolve a large amount of silicates as the tem-
perature increases. For example, in the SiO2–H2O system, 35%
(wt) SiO2 can be dissolved in H2O fluid at 1,000 °C and 1.5 GPa,
whereas only 15% (wt) SiO2 is dissolved at 900 °C (31). The
temperature at the time of formation of the fluid inclusions be-
neath Pinatubo cannot be estimated. However, the fluids are
unlikely to be silicate melts and more likely to be aqueous fluids
with a limited amount of dissolved silicate, because the phase
assemblage of the fluid inclusions does not require any silicate
component other than olivine and the H2O and CO2. Therefore,
we suggest that the agent forming fluid inclusions was an H2O-
rich fluid. In contrast, the fine-grained orthopyroxene-rich parts
found in the Pinatubo xenoliths are characterized by a silica-rich
composition. In a temperature range between 810 °C and 1,050 °C
at 2–3 GPa, the aqueous fluids dissolve much of the silicate
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Fig. 3. Raman spectra of H2O-rich fluid inclusion, graphite inclusion, and
frequency diagram showing salinity of fluid inclusions. (A) Raman spectrum
of a representative fluid inclusion showing molecular H2O and OH with
chrysotile, which can be on a wall of host olivine (P3). (B) Raman spectrum of
a graphite inclusion (Fig. 1H). (C–E) Raman spectra of representative talc
(red), chrysotile (Chr; blue), and talc + Chr (black) of fluid inclusions in olivine
hosts (P3). (F) Frequency diagram showing quantities of fluid inclusions in
Pinatubo harzburgite (P3) as a function of salinity (wt % NaCl-equivalent
value) estimated using microthermometry (n = 33).
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components (32–34). Such silicate components dissolved in the
aqueous fluids equilibrated with forsterite and enstatite are
silica-rich at 1–2 GPa (35). More silicate-dissolved fluids have
lower dihedral angles than less silicate-dissolved fluids; there-
fore, they may infiltrate more easily in the peridotite matrix (36).
We suppose that the fine-grained orthopyroxene-rich parts might
be formed at a later stage by the reactions between the in-
filtrating silicate-dissolved aqueous fluids and olivine grains in
the harzburgite. During or after the reaction with the silicate-
dissolved aqueous fluids, the temperature was lower than the
temperature stability limit of tremolite in the Moho discontinu-
ity, <830 °C at a depth of 33 km, equivalent to 0.86 GPa with the
assumption of 2.7 g/cm3 as the crustal density (19, 37).
The Pinatubo volcano is located at the volcanic front. The

uppermost mantle lithosphere was hydrated by CO2-bearing sa-
line solutions and modally metasomatized by silica-rich aqueous
fluids. In contrast, the asthenospheric mantle wedge is locally
melted, and the overriding lithospheric mantle is occasionally
invaded by magmas derived from the asthenosphere beneath the
volcanic arc and the back-arc region (Fig. 4 A and B). In the

asthenospheric mantle, no aqueous fluid can be stable because
the solubility of H2O in the silicate melts is extremely high under
the pressure conditions (38). Partially molten asthenosphere
absorbs all aqueous fluids migrating there from below. Such
aqueous fluids, once trapped in the melts, can be the immediate
source of the subduction chemical recycling through magma
upwelling. The concentrations of CO2 and salts included in the
slab fluids are expected to control the mass transfer in the sub-
duction chemical recycling.
The CO2-bearing feature in the fluid inclusions in the

Pinatubo harzburgite can result from carbon dissolution into the
dehydrated aqueous fluids in the forearc by a subducting warm
plate (2). Saline fluids beneath the Pinatubo volcano have sal-
inities lower than 5.1% (wt) NaCl-equivalent, which can be
similar to that of seawater [about 3.5% (wt)]. This low salinity
suggests that the saline fluids might not be modified during
devolatilization from the subducting slab and further reaction
with serpentine regions (39) (Fig. 4 A and B). Such fluids can in-
filtrate the H2O–CO2-saturated serpentine regions without much
modification (39, 40). NaCl–CO2-type hot springs are observed in
the forearc region of the Southwest Japan arc (Fig. 4 A and B)
(41). These NaCl–CO2-type hot waters can also represent slab-
derived fluids through dehydration and decarbonation reactions in
the subducting Philippine Sea plate, which is young and warm.
The presence of highly saline solutions is important because

they are capable of dissolving greater amounts of metal ions than
pure H2O can (42). Brines are reported as fluid inclusions in
eclogite-facies metaperidotite associated with Cl-bearing ser-
pentinite in the Western Alps (43). Recently, Cl-rich CO2–H2O
inclusions have been described with trace element chemistry of
amphibole and clinopyroxene in peridotite xenoliths beneath the
Ethiopian plateau (44). This observation supports the experi-
mentally obtained results (42). If significant amounts of large-ion
lithophile elements must be input from the subducting slab to the
source of arc magmas, slab fluids beneath the volcanic arc are
expected to be highly saline fluids (42) or liquid-like supercritical
fluids (45), which can accommodate trace elements much like
silicate melts (46). The origin and the chemical evolution of saline
solutions in downgoing slabs and mantle wedges are important
for understanding the chemical differentiation in the subduction
zones. Hydrations by seawater in the midoceanic ridge circulation
systems or in the trench outer rise fractures are suggested to occur
in the oceanic crusts and the uppermost mantle (Fig. 4 A and B)
(47, 48). Sedimentary pore fluids can also play an important role as
a carrier of seawater to the deep mantle (49, 50). These processes
remain to be further investigated.

Materials and Methods
Major element compositions of the minerals in the harzburgite xenoliths
were obtained using an Oxford energy dispersive X-ray spectrometer at-
tached to a JEOL JSM-5310 scanning electron microscope at the Institute of
Geothermal Sciences, Kyoto University, using a 0.5-nA current, analysis time
of 200 s, and ZAF correction. Unpolarized Raman spectra of fluid inclusions
were collected with a Raman spectrometer consisting of a 532-nm yttrium
aluminium garnet laser, holographic transmission gratings, and CCD de-
tector of 2,048 pixels over 180–4,500 cm−1 spectral range (HoloLab 5000
system; Kaiser Optical Systems, Inc.) at Kyoto University. An excitation laser
beam was focused on spots with a diameter of 2 μm using a 50× objective
lens. The accumulation time was typically 300 s. We identify Raman spectra
by means of the use of published references for serpentine minerals, talc,
and anthophyllite (51–53) and the other minerals and phases* (54). Using
Raman microscopy, we also observed fluid inclusions on a heating/cooling
stage (THM600; Linkam Scientific Instruments Ltd.) at Kyoto University. The
temperature is calibrated with standard fluid inclusions in a temperature
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Fig. 4. Schematic diagram of a subduction zone showing distribution of ser-
pentine, trapped CO2-bearing saline fluid inclusions, infiltrating CO2-bearing
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48). (A) Thermal structure assuming isoviscous rheology (57). The stabilities of
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such conditions are reached, the fluids can infiltrate in the peridotite among
grain boundaries (2, 39, 40). Underneath the volcanic arc, sediment-derived
supercritical fluids from the subducting slab change to high-Mg andesite
(HMA)/basalt-bearing supercritical fluids; consequently, they are separated into
aqueous fluids and silicate melts forming double magmatism (45). (B) Thermal
structure assuming temperature-dependent dry olivine rheology and decou-
pling between the slab and mantle wedge at the forearc (61). In this model, the
question mark indicates a place of supersolidus of H2O-saturated mantle peri-
dotite, while there is no volcano located directly above it (45). If this is the case,
such magmas may not erupt directly there or the mantle wedge may be dry.

*Downs RT (2006) The RRUFF Project: An integrated study of the chemistry, crystallogra-
phy, Raman and infrared spectroscopy of minerals. Program and Abstracts of the 19th
General Meeting of the International Mineralogical Association, pp O03–O13. Available
at http://rruff.info.
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range from −56.6 °C (melting point of CO2) through 0 °C (melting point of
H2O) to 371 °C (homogenization temperature of H2O vapor).
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Fig. S1. Photographs of harzburgite xenoliths in the 1991 Pinatubo eruption with analysis numbers shown in Table S1. (A and C) Backscattered electron
images of the veinlet shown in B and D. Major element compositions of these crystals are shown in Table S1. (B and D) Photographs of the veinlet surrounded
by olivine crystals under cross-polarizing light microscopy. These are the same photographs as in Fig. 1 (C and E).
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Table S1. Major element composition of minerals in fine-grained orthopyroxene-rich parts shown in Fig. S1 of the 1991 Pinatubo harzburgite xenolith (P3)

Composition, % (wt)

No. in Fig. S1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Mineral Mg-Hb Tr Tr-Mg-Hb Tr Ol Ol Ol Ol Opx Opx Opx Sp Sp Tr Tr Tr Tr Tr Phl Phl Ol Ol Ol Ol Ol Opx Opx Opx
Data name Amp-a16 Amp-a17 Amp-b13 Amp-a15 Ol-b24 Ol-a8 Ol-a1 Ol-b22 Opx-a6 Opx-a9 Opx-b16 Sp-b3 Sp-b2 Amp-b10 Amp-b9 Amp-b8 Amp-b11 Amp-b6 Phl-a2 phl-a3 Ol-b8 Ol-b17 Ol-b15 Ol-b10 Ol-b11 Opx-B10 Opx-b14 Opx-b15
SiO2 48.32 55.08 53.14 55.01 40.85 41.21 41.74 40.74 56.44 57.53 57.68 0.32 0.31 54.32 56.67 58.00 57.04 55.87 42.37 41.29 41.52 40.82 41.22 41.29 41.51 56.12 56.52 57.85
TiO2 0.31 b. d. l. 0.23 b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. 0.16 b. d. l. b. d. l. b. d. l. 0.15 b. d. l. b. d. l. b. d. l. 0.20 b. d. l. 0.26 b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l.
Al2O3 9.72 3.10 4.59 2.31 b. d. l. b. d. l. b. d. l. b. d. l. 2.74 0.92 b. d. l. 34.58 30.84 3.17 3.22 1.10 1.19 2.65 16.19 15.64 b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. 1.79 2.08 1.78
Cr2O3 1.95 0.47 0.87 0.62 b. d. l. b. d. l. b. d. l. b. d. l. 0.64 b. d. l. b. d. l. 26.83 31.66 0.44 0.37 b. d. l. b. d. l. 0.30 0.86 1.09 b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. 0.40 b. d. l. 0.23
MnO b. d. l. b. d. l. b. d. l. b. d. l. 0.24 0.22 b. d. l. 0.22 0.24 b. d. l. b. d. l. 0.20 0.20 b. d. l. 0.16 b. d. l. 0.15 0.20 b. d. l. b. d. l. 0.12 0.12 0.21 b. d. l. 0.27 0.15 0.18 b. d. l.
FeO* 3.07 2.42 2.65 2.32 8.13 7.77 8.18 8.01 5.08 5.42 5.34 11.23 12.56 2.57 2.40 2.20 1.92 2.70 3.15 2.78 8.71 8.69 8.94 8.29 8.45 5.95 6.04 5.72
Fe2O3 1.95 1.33
MgO 19.59 23.20 21.28 23.18 49.53 51.39 52.12 49.20 35.46 35.87 35.53 14.98 14.03 22.26 23.33 24.10 23.82 22.94 25.51 25.03 50.54 49.84 50.32 50.11 51.21 34.40 34.63 35.32
CaO 12.23 12.34 12.39 12.18 b. d. l. b. d. l. b. d. l. b. d. l. 0.42 b. d. l. b. d. l. b. d. l. b. d. l. 12.40 12.67 12.67 12.42 12.57 0.20 0.25 b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. 0.21
Na2O 1.56 0.60 0.68 0.48 b. d. l. b. d. l. b. d. l. b. d. l. 0.39 0.32 b. d. l. 0.47 0.35 0.61 0.61 0.21 0.42 0.54 1.51 1.59 b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. 0.23 b. d. l. b. d. l.
K2O b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. 7.24 7.29 b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l. b. d. l.
NiO 0.11 0.10 b. d. l. 0.36 0.60 0.38 0.55 0.22 0.15 b. d. l. 0.16 0.45 0.24 0.16 0.19 b. d. l. 0.30 b. d. l. 0.10 0.45 0.55 0.47 0.63 0.36 b. d. l. b. d. l. b. d. l. b. d. l.

Total 96.87 97.32 95.82 96.45 99.35 100.97 102.59 98.38 101.71 100.06 98.71 91.01 91.67 95.93 99.62 98.28 97.45 97.78 97.38 95.42 101.43 99.94 101.32 100.05 101.44 99.04 99.45 101.10
100 Mg/(Mg + Fe) 91.91 94.47 93.46 94.68 91.57 92.18 91.90 91.63 92.56 92.18 92.23 70.39 66.56 93.90 94.54 95.12 95.68 93.80 93.52 94.13 91.18 91.09 90.94 91.50 91.53 91.15 91.08 91.68
100 Cr/(Cr + Al) 34.22 40.78

Mg-Hb, magnesiohornblende; Ol, olivine; Opx, orthopyroxene; Phl, phlogopite; Sp, spinel; Tr, tremolite; b. d. l., below detection limit; FeO*, total iron as FeO except for FeO in spinel.
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