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Fluid Inclusions Trapped in Xenoliths from the Lower Crust/upper
Mantle Beneath Jeju Island (I): A Preliminary Study
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Abstract: This paper describes the textural relations of mantle xenoliths and fluid inclusions in mantle-
derived rocks found in alkaline basalts from Jeju Island which contain abundant ultramafic, felsic, and
cumulate xenoliths. Most of the ultramafic xenoliths are spinel-lherzolites, composed of olivine,
orthopyroxene, clinopyroxene and spinel. The felsic xenoliths considered as partially molten buchites
consist of quartz and plagioclase with black veinlets, which are the product of ultrahigh-temperature
metamorphism of lower crustal materials. The cumulate xenoliths, clinopyroxene-rich or clinopyroxene
megacrysts, are also present. Textural examination of these xenoliths reveals that the xenoliths are typically
coarse grained with metamorphic characteristics, testifying to a complex history of evolution of the lower
crust/upper mantle source region. The ultramafic xenoliths contain protogranular, porphyroclastic and
equigranular textures with annealing features, indicating the presence of shear regime in upper mantle of
the Island. The preferential associations of spinel and olivine with large orthopyroxenes suggest a previous
high temperature equilibrium in the high-Al field and the original rock-type was a Al-rich orthopyroxene-
beartng peridotite without garnet. Three types of fluid inclusions trapped in mantle-derived xenoliths
include CO,-rich fluid (Type I), multiphase silicate melt (glass £ devitrified crystals £ one or more
daughter crystals + one or more vapor bubbles) (Type II), and sulfide (melt) inclusions (Type 1II). CO,-rich
inclusions are the most abundant volatile species in mantle xenoliths, supporting the presence of a separate
CO,rich phase. These CO,rich inclusions are spatially associated with silicate and sulfide melts,
suggesting immiscibility between them. Most multiphase silicate melt inclusions contain considerable
amount of silicic glass, reflecting the formation of silicic melts in the lower crust/upper mantle. Combining
fluid and melt inclusion data with conventional petrological and geochemical information will help to
constrain the fluid regime, fluid-melt-mineral interaction processes in the mantle of the Korean Peninsula
and pressure-temperature history of the host xenoliths in future studies.
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Introduction

Various types of fluid inclusions are trapped in
minerals of the lower crust/upper mantle-derived
xenoliths in alkali basalts from Jeju Island. Such
inclusions represent accidentally trapped samples of
fluid- and melt phases present in the lower crust/
upper mantle. They provide important information for
the understanding of mineral-fluid-melt interaction
processes in the lower crust/upper mantle (Andersen
and Neumann, 2001). Such fluid inclusions together
with xenoliths in mafic volcanic rocks from the
lower crust/upper mantle can constrain geological
nature and evolution of the lower crust/upper mantle.
In South Korea, mantle xenoliths within Cenozoic
alkali basalts occur in several locations (Lee, 1995).
A few studies have been reported mainly focusing
on the geochemistry of mantle xenoliths from the
South Korea (Yun er al, 1998; Chot et al, 2001).
No work has been yet reported about fluid inclu-
sions trapped in mantle-derived rocks from the lower
crust/upper mantle of the South Korea.

This preliminary paper is a part of the project
which has been designed in order to constrain the
pressure-temperature history of the host xenoliths and
mineral-melt-fluid interaction process in the mantle
beneath the Korean Peninsula using fluid and melt
inclusions in the lower crust/upper mantle-derived
xenoliths. This paper investigates the textural charac-
teristics of the peridotites in the upper mantle
together with those of fluid inclusions in the mantle-
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derived xenoliths. It focuses on the significance of
fluid inclusions and its application to petrology, and
on the information that can be obtained by petro-
graphic analysis. Although the term “fluid inclu-
sion” is employed in some geologic literature to
refer to the inclusions trapped in the aqueous state,
it is generally used to refer to the state of the
trapped material at the time of trapping and not to
its condition as we observe it now. Thus, the con-
cept of “melt inclusion” is employed as a sub-type
of fluid inclusions which has been trapped in fluid

state at a high, magmatic temperature in this paper.

Geological Setting

Jeju Island (Fig. 1) is located at the southernmost
part of the main Korean Peninsula. It is elliptical in
shape and is about 35km wide by 75km long. The
island was formed by hot spot activity from 1.2 Ma
to recent and is composed of mainly lava flow of
alkali basalt-trachyte series with a minor amount of
pyroclastic rocks and tholeiitic basalt (Yun er al,
1986; Won er al., 1993, 1995; Park er al., 1996).
Basement of the island consists of Jurassic-Creta-
ceous granites and Cretaceous-Tertiary rhyolitic tuff,
which can be observed only as xenoliths in lapilli
tuff, basaltic lava or in drill cores (Lee et al,
1994). Several stages of wvolcanism are recognized,
including basal lava flow, lava plateau, volcanic edi-
fice and parasitic scoria cone.

Alkali basalts from Jeju Island contain various
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Fig. 1. Simplified map of Jeju Island showing samples
locations.

mantle-derived ultramafic, felsic and cumulate xeno-
liths, mostly showing sharp contacts (Fig. 2). The
host basalts belong to the alkaline series, having
normative hypersthene and rarely normative nepheline
(Yun et al, 1998) and show fine-grained and holoc-
rystalline~cryptocrystalline textures. They consist of
olivine (Fo,4) phenocrysts in the matrix of plagio-
clase (An,,,) lath, intersertal augite, granular oliv-
ine (Fop,g) and dark brown glass (Choi, et al,
2001). A smaller amount of plagioclase and augite
phenocrysts also occur.

Mantle Xenoliths

Ultramafic xenoliths

Most of the ultramafic xenoliths are spinel lherzo-
lites with lesser amount of spinel harzbergite and
dunite. Spinel lherzolites mainly contain 50-60vol%
of light green olivine (Foy), 30-40vol% of black or
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Fig. 2. Photographs of various mantle-derived xenoliths
from the Sinsanri area in Fig. 1.

dark brown orthopyroxene (Wo, Eng-Fs,)), 5-10 vol%
of grass green clinopyroxene (WO,-Eny-Fsy), and 1-
2vol% of black spinel (mg#75.9, cr#102) (Yun et
al., 1998). All samples show metamorphic textures
with annealing features. They consist of mainly pro-
togranular texture with small amounts of porphyro-
clastic and equigranular textures (Fig. 3). At contact
between xenoliths and host basalts, orthopyroxenes
affected by reaction with the enclosing magma show
fine-grained symplectic rims that are composed of
olivine plus silica-rich glass (Fig. 3a), probably
formed by incongruent reaction melting. Spinels at
the contact between mantle xenolith and host basalt
display a reaction zoning showing gradual darken-
ing color toward the host basalts (Fig. 3b). These
optical characteristics are interpreted as a reflection
of chemical zoning implying increase of Fe** and Ti
contents as magmatic fractionation occurred (Tracy,
1980). Three textural groups have been defined in
the spinel lherzolite.

The protogranular texture presents typically coarse
orthopyroxene and olivine crystals (Fig. 3c). Olivine

J. Petrol. Soc. Korea



Fluid Inclusions Trapped in Xenoliths from the Lower Crust/upper Mantle Beneath Jeju Island (I) 37

Fig. 3. Photomicrographs of ultramafic xenoliths showing textural relations in spinel lherzolites. (a, b, ¢) Protogranular
texture. (d) Porphyroclastic texture. (e, f) Equigranular texture. The same scale bar is applied for all pictures except

for Fig. 3f. OPX = orthopyroxene, Ol = olivine, Sp = spinel.

and orthopyroxene have kink band textures and
undulatory extinction, reflecting either thermal shock
due to incorporation of xenoliths into hotter basaltic
magma, or solid state deformation in the mantle
(Tracy, 1980). The clinopyroxene and spinel are

smaller in size than olivine and orthopyroxene. Sym-
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plectite melting sometimes occurs inside of large oli-
vine crystals which are highly embayed by basaltic
magma. Spinels and small olivine blebs in peripheral
parts of spinel are almost always in contact with
the large orthopyroxene grains (Fig. 3c). This texture
may have developed first in Al-rich orthopyroxene-
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bearing peridotite, probably due to a recrystalliza-
tion process which is regarded as occurring during
partial melting. In addition, the spinels sometimes
occur in elongated or vermicular forms inside the
orthopyroxenes, reflecting decomposition of Cr- and
Alrich phases either during metamorphism in the
mantle or during decomposition as  xenoliths
ascended to the surface (Tracy, 1980).

The porphyroclastic texture (Fig. 3d) presents two
kinds of olivine and orthopyroxene crystals: large
and strained grains (porphyroclasts) and small gener-
ally polygonal strain-free ones (neoblasts). Large
orthopyroxene  porphyroclasts are often deformed
probably by plastic flow, revealing a shear regime in
the upper mantle (Mercier and Nicolas, 1975).
Orthopyroxene often contains exsolution lamellae of
clinopyroxene, indicating the xenoliths cooled down
before they were trapped in host basaltic magma.
Compared to the

protogranular  texture, more

advanced polygonization and recrystallization are
present in the porphyroclastic texture. However, there
is no strong foliation or any strong flow direction.

The equigranular texture presents fine-grained tabu-
lar to mosaic equigranular grains plus some rare
porphyroclastic relics indicating a transition from por-
phyroclastic texture in some samples (Fig. 3e). Sam-
ples showing the equigranular texture can be simply
recognized even at hand samples because of strong
foliations and the elongated spinel crystals. The grain
boundaries show well-developed 120° angles in tri-
ple points, especially in this equigranular texture
(Fig. 3f). The spinel displays a holly-leaf shape
defining a lneation. The spinel crystals do mnot in
contact with orthopyroxene any more in the
equigranular texture (Fig. 3e). It seems like that the
equigranular texture was developed after more inten-
sive recrystallization. of rocks in protogranular and

porphyroclastic textures.

Cumulate xenoliths and felsic xenoliths

We briefly describe these cumulate and felsic
xenoliths here, which will be studied in the other
paper. Although these xenoliths are significant for
providing information about the evolution of the
lithosphere beneath Jeju Island (Torok, 2002; Zajacz

and Szabo, 2003), less attention has been paid to
them (Yun et al., 1998; Choi et al., 2001).

The cumulate xenoliths, which are clinopyroxene-
rich or clinopyroxene megacrysts with more than 3-4
cm long, are composed of only clinopyroxene (Fig.
4a) or clinopyroxene and plagioclase (Fig. 4b).
Xenoliths in the host basalt displays sharp bound-
aries (Fig. 4a). Although these xenoliths are consid-
ered as cumulates of underplated basaltic magmas
which intruded into the lower part of the crust,
there will be other possibilities, such as products of
magmatic veining, metamorphic segregations owing to
anatexis of the host mantle portion, or fragments of
subducted oceanic crust streaked out into layers by
mantle convection (Kovacs, et al., 2003).

The felsic xenoliths considered as a partially mol-
ten buchite are white in color and composed of
quartz and plagioclase with black veinlets (Fig. 4c,
d, e, and f). Their sizes are usually less than 5 cm
in the longest dimension. They are round or ovoid
in shape. The boundary with the enclosing basalt is
sometimes brecciated (Fig. 4c, d, and e), showing
recrystallized small quartz crystals (Fig. 4d). Quartz
grains also show partial melting, and contain many
glass inclusions with several bubbles. The black
veinlets contain brownish glass with hair-like crys-
tals (Fig. 4f). These hair-like minerals are very
small in size and can only be studied by electron
microprobe, The hair-like minerals in the veinlets are
presumably formed by the ultrahigh temperature
transformations (Torok, 2002).

Fluid Inclusions

Based on the phase behavior and chemical compo-
sitions of fluid inclusions at the room temperature,
three types of fluid inclusions have been recog-
nized in olivine, orthopyroxene, and clinopyroxene
from the mantle xenoliths, quartz and plagioclase
from the felsic xenoliths, and clinopyroxene from the
cumulate xenoliths.

Type 1 is CO,rich fluid inclusions ranging in size
from 5-60um and distributed in clusters or along
microfractures (Fig. 5). They present two sub-types;
Type 1la inclusions do not show any association

J. Petrol. Soc. Korea
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Fig. 4. Photomicrographs of cumulate xenoliths (a, b) and felsic xenoliths (c, d, e, f). The same scale bar is applied for
all pictures except for 4f. CPX = clinopyroxene, Pl = plagioclase, Qtz = quartz.

with other types of inclusions (Fig. 5a and b),
while Type 1b inclusions are spatially associated
with silicate melt inclusions (Fig. 5¢) and/or sul-
fides (Fig. 5d), reflecting CO,-phase has been
trapped simultancously with sificate melt (now glass).
Most of Type Ia inclusions have leaked during
transport to the surface because of the high inter-

Vol. 13, No. 1, 2004

nal pressures in the inclusions. Minor, but unidenti-

fied, wvolatile species are present, which are

recognized  during  microthermometry.  Preliminary
microthermometry of the Type la inclusions indicates
the high densities of CO,rich inclusions homoge-
nized by disappearance of vapor bubble between -5
~31°C, indicating mantle characteristics. However,
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Fig. 5. Photomicrographs of fluid inclusions (Type I) trapped within the constituent minerals of ultramafic rocks in Jeju
Island. (a) Primary(?) CO,-rich inclusions (Type Ia). (b) Secondary CO,-rich inclusions (Type Ia). (c) CO,-phase trapped
simultaneously with silicate melt (now glass) in elongated shape in the center of the figure (Type Ib). (d) Two genera-
tions of fluid inclusions. (e) One of those inclusions in Fig. 5d, showing devitrified glass with a CO,-bearing vapor bub-
ble. (f) One of those inclusions in Fig. 5d.

they show the wide density variation, probably due in origin (Fig. 5c and d). The spatial coexistence
to reequilibration and different generations of inclu- between CO2-rich inclusions and silicate melt inclu-
sions. sions (Fig. 5c) and/or sulfides (Fig. 5d) presumably

Type 1b inclusions always show secondary textures indicates the presence of immiscibility between CO,
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and melt (silicates or sulfides). It is thought that
ascending mantle xenoliths captured simultaneously
melt and CO,rich fluid were in the lower depth
than the immiscibility phases. They are probably
trapped together with silicate melt forming glass and
a sulfide mineral grain. Some of the glass is devitri-
fied forming hair-like crystals (Fig. 5e) especially
around the contracting bubble. Inclusions containing
glass and sulfide grain are irregular in shape and
often observed at borders of major mantle mineral
silicates (Fig. 5f).

Type II inclusions are multiphase silicate melt
inclusions consisting of glass = devitrified crystals £
one or more daughter crystalstone or more vapor
bubbles = opaque minerals (Fig. 6). They range 5-150
um in size. Type Il inclusions are partially to
mostly crystallized (10-60% crystallization) (Fig. 6b,
d, e, and h). The crystallized daughter minerals may
be carbontes, micas, amphiboles, pyroxenes, or sul-
fides based on the crystal shape and birefrigence,
although they should be identified by electron micro-
probe. Most inclusions of the type are distributed
along microfractures in porphyroclast (Fig. 6a), indi-
cating secondary in origin, while those in neoblast
are randomly distributed or isolated (Fig. 6c¢), indi-
cating primary. Many primary silicate melt inclusions
have decrepitated to produce a halo or trail of CO,-
bearing inclusions, especially in porphyroblast. Most
silicate melt inclusions decrepitated before they had
reached the temperature of homogenization during
microthermometry using the vertical furnace. One
inclusion in the secondary fracture has shown bubble
disappearance at around 1230°C but opaque miner-
als stll existed.

Silicate melt inclusions in quartz from buchites are
distinctively  different from those in olivine and
pyroxenes of the ultramafic xenoliths. They com-
monly contain several contracting bubbles (Fig. 6f
and g), which may be due to viscosity of silica-rich
silicic melt (now glass). They also contain consider-
able amount of silicic glass showing an initial stage
of devitrification near the inclusion walls or next to
the bubbles (Fig. 6g). Silicate melt inclusions in pla-
gioclase also contain peculiar, but interesting phases
as shown in Fig. 6h and 6i. Daughter crystals or

Vol. 13, No. 1, 2004

solid inclusions in Fig. 6h may be apatite and sul-
fide or oxide crystals. Melt has been attached to
horsetail-like minerals (quenched plagioclase texture)
showing two segregated glass phases (Fig. 6i). This
texture may indicate an example of liquid immscibil-
ity between high and low silica-containing melts.

Type III inclusions are sulfide inclusions, which
are monosulfide bleb- or tube-shaped solid inclu-
sions showing no association with other types of
inclusions (Fig. 7), This type of sulfide inclusions is
found as primary (Fig. 7a and b) or secondary (Fig.
7c and d) in origin. Primary sulfide inclusions tend
to be more abundant in clinopyroxene. Sulfide inclu-
sions all show bright silver reflectance. The bleb- or
tube-shaped sulfide inclusions are likely formed from
a sulfide melt coexisting with a silicate melt, which
was the source of host clinopyroxene-rich cumu-
lates. The sulfide inclusions will be able to provide
a better understanding of upper mantle processes
such as mantle depletion and enrichment, as well as
the origin of Fe-Ni-Cu sulfide ore deposits when the
detailed investigations on the texture and chemistry

are provided (Zajacz and Szabo, 2003).

Discussion and Summary

Fluid inclusions in mantle xenoliths may preserve
important information on the nature and evolution of
the lower crust/upper mantle not easily available
from their host xenoliths. Fluid and melt inclusions
arc integral parts of the phase assemblages of their
host xenoliths which are the components of the
upper mantle. Therefore, the geological processes in
the mantle can be more tightly constrained by study
of fluid and melt inclusions together with the lower
crust/upper mantle xenoliths hosted in mafic volca-
nic rocks.

As expected in any field of studies, fluid inclu-
sion studies in mantle xenoliths have many possibili-
ties and limitations. Fluid inclusions in mantle
xenoliths can provide significant information such as
the oxidation state of the upper mantle, mantle
degassing processes, immiscibility relationships, the
mantle metasomatism and so on (Anderson and Neu-
mann, 2001; Frezzotti, 2001), which are not easily
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Fig. 6. Photomicrographs of fluid inclusions (Type II) trapped in the ultramafic rocks (a, b, ¢, d, ) and buchites (f, g,
h, I) in Jeju Island. (a) Secondary silicate melt inclusions trapped in olivine porphyroclast. (b) One of inclusions in 5a.
(¢) Primary silicate melt inclusions in olivine neoblast. (d, ¢) Two of inclusions in 5a have been magnified, containing
crystallized daughter minerals with a vapor bubble, glass, and epitaxial daughter crystals. (f) Primary silicate melt (now
glass) inclusions (small arrows) in quartz from buchite. (g) One of inclusions in 5f. (h) A peculiar fluid inclusion
trapped in plagioclase from buchite. (i) Another percular inclusion attached to horsetail-like minerals (quenched plagio-

clase texture) with two segregated glass phases.

available from their host xenoliths. On the other
hand, more sophisticated and sensitive analytical
techniques, coupled with a better understanding of
the phase properties of fluids and silicate melts are

required for successful results. Nevertheless, a large
amount of important information can be obtained
from observation with a petrographic microscope,
which is believed to be the most important and

J. Petrol. Soc. Korea
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Fig. 7. Photomicrographs of sulfide melt inclusions (Type III) trapped in clinopyroxene megacryst. (a, b) Primary sulfide
blebs or tube-shaped sulfide melt inclusions in the clinopyroxene megacryst. (¢, d) Secondary sulfide inclusions along

the microfractures or in the fracture plane.

basic features. Thus, this preliminary study focuses
on the textural characteristics of fluid and melt
inclusions in mantle xenoliths and their host xeno-
liths.

Three textures described in the previous chapter
are related to each other showing gradually smaller
grain sizes and higher degree of polygonization from
protogranular through porphyroclastic to equigranular
textures. This relation implies that the degree of
deformation has been increased in the mantle or
during ascending to the surface after trapped in the
host basaltic magma or solid state deformation in
the mantle (Tracy, 1980). The occurrence mode of
spinel crystals showing three textures also indicates
the increased degree of deformations toward the
equigranular texture (Mercier and Nicolas, 1975).
Spinels are always in contact with orthopyroxene in
protogranular textures, while they are scattered and
no longer in contact with the orthopyroxene in the
equigranular textures. The presence of these various
textures reveals the presence of shear regime in the
upper mantle of the island. It suggests that the

Vol. 13, No. 1, 2004

mantle xenoliths were recrystallized probably accom-
panying plastic flow (Mercier and Nicolas, 1975).

The preferential associations of spinel and olivine
immediately adjacent to large orthopyroxene can be
interpreted as an exsolution from a previous Al-rich
orthopyroxene. This association was observed for
almost all of the ultramafic xenoliths in the pro-
togranular and porphyroclastic textures. It is probably
due to a recrystallization process which is regarded
as occurring during partial melting. This texture
leads to assumption that the original rock-type was
a Al-rich peridotite (harzbergite?) without garnet.

Considerable amount of silicic glass in most sili-
cate melt inclusions suggests formation of silicic
melts in the mantle. There are considerable evi-
dences that silicic melts form at mantle depth and
the origin of silicic glass in mantle xenoliths has
been the subject of debate (Andersen and Neu-
mann, 2001). It suggests that the most likely model
for the formation of silicic melts in the mantle
results from very low degrees of in situ partial
melting, and reactions between infiltrating basaltic
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melts and mantle peridotite.

The fluid contained in inclusions in its minerals
represents a fluid phase which was present at some
stage of its history from its initial residence in the
upper mantle to its ejection at the surface of the
earth. The worldwide occurrences of CO,rich inclu-
sions in upper mantle minerals have reported (e.g.,
Roedder, 1965, 1984; Pasteris, 1987; Hansteen et al.,
1991; Frezzotti et al., 1994; Schiano and Clocchiatti,
1994). CO,rich inclusions are also the most abun-
dant inclusions in the mantle xenolith from Jeju
Isalnd, supporting the presence of a separate CO,-
rich phase. However, most CO,-rich inclusions do
not preserve a density representing their initial trap-
ping conditions in the upper mantle since they have
leaked during transport to the surface because of the
high internal pressures in the inclusions. Thus, many
complicated  problems  coupled with  temporal
sequences of the inclusions have to be answered.
The most basic question is what fluid in the inclu-
sions represents? In other words, is this CO,rich
fluid the complete, original metasomatic fluids that
were present in the mantle, or does it represent a
fraction of the original fluid remaining following
some chemical and/or physical process? These ques-
tions will be explored in future works.

This is probably the first paper to report that the
felsic xenoliths enclosed in the alkali basalts from
Jeju Island are buchites which are the middle crust
xenoliths. The buchites composed of quartz and pla-
gioclase, and veinlets may have resulted from very
high-temperature metamorphism of the middle crustal
materials although minerals in the veinlets have to
be analysed. The presence of brownish glass in the
veinlets (Fig. 4f) and no daughter crystals in the
glass inclusions trapped in buchites suggest that the
duration of the heating process was not long enough
to extract the melt from the rock and admix it with
the a alkaline basaltic melt. Homogenization tempera-
ture of primary CO, inclusions and mineral equilib-
rium of hair-like minerals in the veinlets can
constrain the pressure and temperature of formation
of buchites.

In conclusion, various fluids and melt trapped in
mantle xenoliths from Jeju Island represent acciden-

tally trapped samples of fluid- and melt phases
present in the lower crust/upper mantle. They are
indicators of fluid regime in the lower crust/upper
mantle and will provide unique information for the
understanding geological processes, such as mantle
metasomatism, mantle depletion and enrichment, oxi-
dation state of the upper mantle, and mantle degas-
sing in the mantle (Andersen and Neumann, 2001)
in futre studies. Thus, combining fluid and melt
inclusion data with conventional petrological and
geochemical information will help to constrain the
fluid regime, fluid-melt-mineral interaction processes
in the mantle of the Korean Peninsula and pressure-
temperature history of the host xenoliths.
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