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Abstract

Stability relations of phlogopite and phlogopitet+enstatite systems without additional water have been
experimentally determined at pressures of 4 - 8 GPaand at temperatures of 1200 - 1500°C by using a
uniaxia split-sphere apparatus. The phlogopite gradually dissociates into pyrope and AloO3-deficient
phlogopite at pressures above 5 GPa. The Al2O3 content in the phlogopite decreases from 14.4 wt% at

6 GPato 12.9 wt% at 8 GPa and concurrently the mode of pyrope increases from <5 modal % at 5.GPa
to 20 - 30 % at 8 GPa, in the phlogopite system. Thus increase in pressure enhances two cation
substitutions, Al+Al=Mg+Si and Mg+2Al=[]+2Si, in the phlogopite structure. The solidi of the
phlogopite and phlogopite+enstatite systems reach maximum temperatures of 1350°C and 1300°C,
respectively, at about 5 GPa. Pyropeis aresidual phase under hypersolidus conditions in both the
systems above 5 GPa.

The stabilities of phlogopite determined in the present study indicate that phlogopite can be stable
in garnet harzburgite in the subcratonic lithosphere down to 210 km depth. The observed
decomposition of the phlogopite into an assemblage of garnet and fluid or hydrous silicate melt
suggests that phlogopite can be secondarily formed by areaction of garnet and upwelling metasomatic
agents near the base of continental lithosphere.

1. Introduction

It has been recognized that the stability of phlogopite and reaction of phlogopite with K2O bearing

fluid or hydrous silicate melt play important roles in the mantle processes as follows; (1) fluid that is
released by break-down of phlogopite lowers the solidus temperature of peridotite and causes magma
generation [1], (2) fluid or hydrous silicate melt originated from deeper part of the mantle
metasomati zes peridotite and often forms secondarily phlogopite [2,3], and (3) ultrapotassic magma
would be produced by partial melting of phlogopite-bearing peridotites formed by the process (2) and
thus could be a source of ultrapotassic magma, such as lamproites [4,5]. With regard to the process (2),
phlogopite is often found in mantle xenoliths in various tectonic settings [3,6,7,8]. The phlogopite-
involving reactions described above are directory related to the pressure-temperature stability limit of
phlogopite. Therefore, the determination of stability of phlogopite under the wide range of mantle
conditions is of essentially importance to understand the distribution of phlogopite, melting processes
and metasomatic phenomenain the upper mantle.

Many workers experimentally investigated the stability of phlogopite under upper mantle conditions
[9, 10, 11, 12, 13, 14, 15, 16]. For example, Sudo and Tastumi [1] has reported that phlogopite reacts
with clinopyroxene and enstatite to produce K-amphibole (K 2CaMg5SigO22(OH)2), garnet and

forsterite at pressures of 6 - 7 GPain subsolidus condition, suggesting that the high pressure stability
of phlogopite in Iherzolite is limited by a univariant
reaction:

2phlogopite +diopside +2enstatite =K -amphibole +2garnet +2forsterite +fluid (1)

However, phase relations of phlogopite and phlogopitetenstatite systems above 4 GPa have been

still remained unclear. Without detailed information of melting relation of phlogopite, the following
processes and whereabouts in the mantle these processes take place cannot be discussed properly.
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First, phlogopite is often observed in garnet harzburgite xenoliths in kimberlites and is considered to
be formed secondarily by the reaction of metasomatic agents such as hydrous silicate melt or fluid and
peridotites [2,3,7]. Secondly, composition of liquid generated by low degree of partial melting of
phlogopite-bearing rocks are indispensabl e to understand the formation of ultrapotassic magmas.
Third, concerning with the stability of phlogopite, the phase relations of phlogopite +enstatite are
required to discuss how phlogopite decomposes or formsin Ca-rich pyroxene-free peridotites or
phlogopite-pyroxenites which may be presented in wedge mantle along subducting slab [17,18].

In the present study, the melting and subsolidus phase relations are experimentally investigated on
two systems, phlogopite and phlogopite + enstatite, without additional HoO at pressures of 4 - 8 GPa

and at temperatures of 1200 - 1500°C. Based on these results, stability and secondary formation of
phlogopite in the subcratonic mantle are discussed together with lamproite petrogenesis.

2. Experimental and analytical procedure
2.1. Sarting materials

Starting materials of phlogopite was natural specimen from Posu mine in Korean peninsula and its
chemical composition is shown in Table 1. Enstatite was crystallized at 1500°C for 48 hours from
MgSiO3 glass. Examinations of two phases by electron microprobe analysis and powder X-ray

diffractmetry confirmed that both were single phases. These crystalline phases were ground and then
dried at 110" C for more than 24 hours. A single phase of phlogopite and an even weight mixture of
phlogopite and enstatite were used as starting materials for the high-pressure and high-temperature
experiments. No water was added to the starting materials.

2.2. High-pressure experiments

High-pressure and high-temperature experiments were performed by utilizing a uniaxial split-
sphere apparatus [19]. Tungsten carbide cubes of 11 mm truncation were used with a semi-sintered
magnesia octahedron of 18 mm edge length as a pressure medium (11-18 system). Sample pressure
was calibrated against the oil pressure of the hydraulic press. Pressure calibration curve for the 11 -18
system was constructed by detecting phase the olivine - spinel transition in Fe;SiO4 [20] and the

olivine - modified spinel transition and the modified spinel - spinel transitionsin CopSiO4 [21] at
1300°.

Cell assembly is schematically shown in Fig. 1. Heating material was graphite with a straight
cylindrical shape. A cylindrical sleeve of ZrO» was placed outside the graphite heater as a thermal

insulator. The temperature was monitored using a W97%Re3%-W75%Re25% thermocouple with a
diameter of 0.2 mm, without any correction for the pressure effect on e.m.f. Sample was charged in a
sealed Pt capsule of 1.2 or 1.5mm outside diameter, 0.8 or 1.0 mm inside diameter and of 1 - 2 mm
length. Temperature distribution in the sample container was measured by simultaneous measurements
of temperatures at the hot and the cold ends of the sample container. The temperature difference
between both ends was about 50°C at 1300°C.

Pressure was applied first and then the sample was heated to a desired temperature. Experimental

temperature and pressure were controlled within + 10°C and + 0.05 GPa of the nominal values,

respectively. After kept for a desired duration, the sample was quenched by shutting off the electric
power under the working pressure. Temperature went down below 200°C within a second. The
recovered sample was mounted in epoxy resin and made a polished section parallel to the longitudinal
direction of the cylindrical heater.

Run durations were 60-120 and 30-90 minutes at temperatures below and above 1300°C,
respectively (Table 2). The attainment of equilibrium was tested by conducting two run durations of 1
and 10 hours on the phlogopitet+enstatite system at 6 GPa and 13000C. The mineral assemblage
and chemical composition of 1 hour duration were found to be identical to those of 10 hours duration
(Table 3). Thusit was concluded that equilibrium was attained in 1 hour running duration at
temperatures above 1300°C.

2.3. Analyses

Phases present were identified by means of electron microprobe analysis and micro-focused X-ray
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diffractmetry. Chemical compositions of the phases were analyzed by using JEOL JXA-8800 electron
probe microanalyzer, operated at 15 Kev accelerating voltage. The beam current and diameter were

2X10-8A and 1 nm, respectively.

A criterion for occurrence of melting was the existence of quench crystal of phlogopite which
exhibits needle texture (Fig. 2a,b). When the quench phlogopite coexisted with solid phlogopite in the
experimental charge, the former has lower AloO3 content than the latter. Therefore, the Al2O3 content

of phlogopite was also a good indicator to judge the occurrence of partial melting.
3. Results
3.1. Sability relations of phlogopite and phlogopite+ enstatite systems

Table 2 summarizes the experimental results on the systems of phlogopite and phlogopite +
enstatite. Figs. 3a and b show phase relations of the phlogopite and the phlogopitet+enstatite systems,
respectively.

Phlogopite: Up to 4.5 GPa, phlogopite is stable under subsolidus conditions, and incongruently melts
into liquid+forsterite. Above 4.5 GPa, pyrope is present under both the subsolidus and hypersolidus
conditions. Under subsolidus conditions of 5 - 8 GPa, the starting phlogopite dissociates into an
assemblage of Al>O3z-deficient phlogopite, pyrope and fluid. The amount of pyrope increases with

increasing pressure; less than 5 modal % at 5 GPato 20-30 modal % at 8 GPa. Water drops were
actually observed in the run products under the subsolidus conditions, indicating the presence of fluid
in the conditions. An assemblage of phlogopite +pyrope melts to forsterite+pyropetliquid at pressures
between 5 and 8 GPa. However, forsterite disappears at temperatures 50 - 100°C higher than the
solidus. The assemblage startsto melt at 1350°C and 5 GPa, and at 1300°C and 8 GPa, respectively.
Thus solidus curve has a negative dT/dP slope above 5 GPa. It is also noted that MgAl204 spinel

coexists with pyrope and forsterite in the limited hypersolidus condition around 5 GPa and 1400°C
(Fig. 3a).

Phlogopite + enstatite: Main features of the phase relations in this system are similar to those of the
phlogopite system. For example, pyrope occurs both in the subsolidus and hypersolidus conditions
above 5 GPa, and the solidus curve has a negative dT/dP slope above 6 GPa. The solidus curvein

this system is about 50°C lower than that of the phlogopite system at pressures of 4 - 6 GPa, but both
are very close at 8 GPa. Coexisting phases with melt just above the solidus are as followings; enstatite,
forsterite and phlogopite at 4 GPa, enstatite, forsterite, pyrope and phlogopite at pressure of 5 - 7 GPa,
and enstatite, pyrope, and phlogopite above 7 GPa. Coexistence of solid and quench phlogopites was
observed in the four runs conducted at 1350°C and pressures of 4 GPa, 5 GPaand 6 GPa, and in that at
8 GPaand 1300°C (Fig. 3b), indicating that partial melting of phlogopite occursin this system just
above the solidus conditions. The partial melting of phlogopite in the system of phlogopite+enstatite
was confirmed at pressures of 1 - 2.5 GPa, and the temperature range in which melt and phlogopite
coexist was reported to be 30-40°C [11]. The melting interval of phlogopite was found to be certainly
less than 100°C as shown in Fig. 3. However, more specification was impossible, because the
temperature variation in the sample was about 50°C in this study. Thus the melting interval is assumed
to be about 40°C by extrapolation of those at the lower pressures [11] (Fig. 3b). An occurrence of very
small amount of forsterite at 5 GPaand 1300°C, which is marked in the field of enstatite+phlogopite
+pyrope +fluid, is dueto the thermal gradient through the sample and the running condition should
have been very close to the solidus.

3.2. Variation in the composition of phlogopite under subsolidus conditions

Chemica compositions of phlogopite are shown in Table 3. Figs. 4a and b show negative
correlation between Al+Al and Mg+Si and that between Mg+2Al and V (vacancy) +2Si in the
phlogopites, respectively. The change in phlogopite composition due to the cation substitutions are
shown in Fig. 5. Number of vacancy was calculated by subtracting the cation sum of Si, Al, Mg, Fe, Ti
and Mn in the phlogopite (represented as #1 in Table 3) from the total number of tetrahedral and
octahedral sitesin the phlogopite structure. With increasing pressure, the cation numbers of Sl and Mg
of phlogopite in both systems increase, while that of Al decreases. Therefore, two substitutions, Al+Al
-> Mg+S and Mg+2Al -> []+2Si control the change in composition of phlogopite with pressure. In the
phlogopite system, these compositional changes in phlogopite are corresponding to the exsolution of
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pyrope, because Mg:Al:Si ratio is 3:2:3 in pyrope and 3:1:3 in phlogopite. Namely, the exsolution of
pyrope reduces the relative abundance of Al to Mg and Si in phlogopite. In the phlogopitet+enstatite
system, the degree of deficiency of AloO3 component in phlogopite is higher than those of the

phlogopite system at the same pressure (Fig. 5). This would be responsible to the larger amount of
pyrope crystallization in the phlogopite +enstétite system. In the former system, crystallization of
pyrope is prompted by the presence of enstatite.

The solidus of the enstatite+phlogopite system between 5 and 6 GPais univariant curve on which 6
phases exist, provided that 5 components (Al203, SIO2, MgO, K20 and H20) comprise the system.

This means that K20 and H2O behave as independent components in the system. Thisis consistent

with the observation that number of K in phlogopite formulaincreases at 1300°C with elevating
pressure (Table 2).

3.3. Chemical composition of melt produced near solidusin the phlogopitet+ enstatite system

The compositions of melts produced by partial melting near solidus in the phlogopitetenstatite
system are necessary to understand the generation of ultrapotassic magmas. We can estimate
compositions of the melts produced near solidus in phlogopite +enstatite system by analyzing the
guench phlogopite which was the former liquid. All of Mg, Al and Si should be accommodated in the
guench crystal of phlogopite, because no other quench crystals than phlogopite was observed in the
run products. However, some excess potassium and water may not be accommodated in quench
crystals of phlogopite

Average chemical compositions at each pressure of quench crystals of phlogopite are shownin
Table 4, and are plotted on a MgO-SiO2-Al203 diagram as shown in Fig. 6. The compositions of melts

produced at 4 - 8 GPa[12] are more enriched in MgO, or more basic than those at 1 GPa, suggesting
that the compositions of melt is enriched in MgO component up to 6 GPa. In the pressure range of 6- 8
GPa, the melt composition becomes less aluminious according to pyrope fractionation.

4. Discussion
4.1. Sability of phlogopite In the mantle

The phase relations of the phlogopitet+enstatite system are applicable to assess the stability of
phlogopite in the mantle, because the mineral assemblage on solidus of the phlogopite +enstatite
system contains three major mantle minerals, forsterite, enstatite and garnet at pressures of 4 - 7 GPa.
As addition of other component such as FeO reduce the stability of phlogoplte however, the stability
of phlogopite determined in the present study should be regarded as 'maximum phlogopite stability'.

As phlogopite occurrence was reported in the mantle xenoliths from various tectonic settings, i.e.,
subcontinental lithosphere [3], the mantle beneath the back-arc region [4], and the oceanic mantle
beneath oceanic island [7], phlogopite is ubiquitously present in the mantle down to at least 200 km
depth. The phlogopite in the mantle is mostly caused by a secondary formation processin which
hydrous metasomatic agents scavenging potassium react with peridotites (e.g.,[3,7]). In order to
understand the process of formation of secondary phlogopite, the phlogopite stability in the mantles
beneath various tectonic settings has to be clarified.

The phlogopite was shown to be stable in Iherzolite up to about 6 GPa or 180 km depth by previous
studies[1, 11]. Based on the present experimental results, we here discuss the stability of phlogopitein
phlogopite-pyroxenites in the wedge mantle being dragged by a down going slab, and garnet
harzburgite in the subcratonic mantle. Phlogopite is expected to be more stable in these rocks than in
Iherzolite, because the geotherms for these regions are lower than that for oceanic mantle and these
rocks may not have so large amount of Ca-rich pyroxene as all of the coexisting phlogopiteis
converted into K-amphibole according to the reaction (1).

Concerning the phlogopite pyroxenites, Sekine and Wyllie [17,18] advocated that the discrete
masses of phlogopite-orthopyroxenite or garnet-phl ogopite-websterite are formed in the mantle just
overlying subducting slabs by hybridization of cool hydrous magma from down going slabs into
hotter overlying harzburgite or [herzolite, respectively. These phlogopite-bearing rocks are candidates
to transport water and potassium into the deep mantle along with the subducting slab. In phlogopite-
orthopyroxenite under the thermal conditions of the normal subducting slab [22], phlogopite would
begin to break down gradually and to produce garnet and fluid at about 5 GPa or 150 km depth.
However, phlogopite could survive to at least 240 km depth, so that the present experimental results
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indicate that H2O and K20 could be transported to 240 km depth by phlogopite. In the garnet-

phlogopite-websterite, phlogopite reacts with Ca-rich pyroxene according to the reaction (1) at 6GPa
or 180 km depth. However, if the amount of phlogopiteis so large that phlogopite cannot be consumed
by the reaction (1), the remained phlogopite could survive to the depth as in the phlogopite
orthopyroxenite. Thus, both the rocks can be transporters of H2O and K20 and potential source rocks

of potassic magmain the deep mantle as well. Actually the phlogopite-orthopyroxenite in paleo
subduction zones is regarded as a source rock of phlogopite-lamproite which erupted in continental
marging[23].

Phlogopite is often found in diamond-bearing harzburgite which is considered to constitute near the
base of subcratonic lithosphere of 150 - 200 km depths [7,24,25]. Thisis consistent with the present
experimental results as following. The stability of phlogopite in harzburgite constituting the
subcratonic mantle is defined by the intersection of the solidus of the phlogopite +enstatite system and

subcratonic geotherms (Fig. 7). For atypical geotherm for surface heat flow of 40 mWm-2[26], the
stability limit of phlogopiteis 7 GPaor 210 km (point A in Fig. 7). However, it should be noted
that the stability of phlogopite islimited to a shallower depth for a higher temperature distribution;

e.g., 180 km depth for that of 44 mWm-2 surface heat flow (point B in Fig. 7).
4.2. Exsolution of garnet and production of fluid

Present study demonstrates that pyrope is present in both the subsolidus and hypersolidus conditions
at pressures above 5 GPa. The reaction to form pyrope is not univariant: the amount of pyrope
exsolved in the phlogopite and phlogopite + enstatite systems under subsolidus conditions increases
with increases in both pressure and temperature. Dehydration proceeds with the exsolution of pyrope
as the following schematic reaction;

Starting phlogopite=Al20z-deficient phlogopite + pyrope + K20 +fluid (H20) (2
Occurrence of the dehydration was confirmed by observation of water drops in the sample charges.
Part of expelled potassium from phlogopite should be dissolved in the fluid phase (H20) because H20

fluid leaches K20 component together with SiO2 and Al2O3 [27,28], and the remainder of

potassium would be in the grain boundary. The concentration of potassium along grain boundary was
confirmed in arun of phlogopite+enatatite system (6GPa, 1300°C and 10 hours). Increases in pressure
and temperature proceed the reaction (2) to the right hand side; e.g., increase in the amounts of pyrope
and released H20O fluid phase.

4.3. Secondary formation of phlogopite in the continental lithosphere

Replacement of garnet to phlogopite has been petrographically observed in the metasomatized
mantle xenoliths, which suggests phlogopite in peridotites from continental lithosphere are formed
secondarily (e.g., [3,7]). The metasomatizing agents rise adiabatically from underlying asthenosphere
(Fig. 8b) and therefore should be enriched in potassium during upwelling through the undepl eted
asthenosphere. These agents are inferred to be hydrous silicate melt in high-temperature conditions or
afluid in low temperature conditions. The present study reveals that phlogopite melts incongruently
into garnet and hydrous silicate melt and partially break down to garnet and fluid containing K20

under subsolidus conditions. Thus the metasomatic agents may react with garnet in garnet peridotites
and then the secondary phlogopite is formed when they encounter the solidus of the
phlogopitet+enstatite system. As shown in Figs. 7aand b, the solidus and the typical geotherms for the

continental mantle represented by the surface heat flows of 40 and 44 mWm-2 cross at about 6 GPa or
around 190 km depth, which corresponds to the base of subcratonic lithosphere. However, it should be
noted that the negative slope (dT/dP<0) of the solidus curve indicates deeper formation of secondary
phlogopite for the lower geotherms (Figs. 8aand b).

Stability of phlogopite is sensitive to change of the thermal state of continental lithosphere. For

example, if athermal gradient increases from the surface heat flow of 40 mMWmr-2 to 44 mWmr2, then
phlogopite in the region of 170 - 200 km depths are melted out, as depicted by an area marked with a
crossed patternin Fig. 8c. As schematically illustrated in Fig. 8d, when temperature of a certain depth
rise from Ta to T, the following processes proceed: (1) at temperatures from Ta to Tg, phlogopite

decomposes gradually into garnet+ Al-depleted phlogopite+fluid to release fluid,
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without melting and (2) at temperature Tg, on the other hand, phlogopite begin to melt out.

These released fluid and silicate melt could serve as new metasomatic agents in the mantle:
Released fluid reduce the solidus temperature of a metasomatized peridotites to cause alkaline and
hydrous magmas (e.g., kimberlite or lamproite magmatism); Released hydrous silicate melts make
secondary enrichment to form phlogopite and other minerals for the sources of alkaline magmas in the
shallower part of the mantle.

4.4. Implication to lamproite petrogenesis

Lamproites are ultrapotassic rocks and some of them (olivine lamproite and leucite lamproite) have
diamonds [29]. It isinferred from their potassium rich composition that phlogopite should have been
in their source materia [8].

Recently, K. Sato [30] has revealed that (1) the olivine lamproite with 6 wt% H20 is saturated with

olivine, orthopyroxene and garnet at 5.3 GPa and 1370°C, and that (2) the magmawith 12 wt% H20 is

saturated with orthopyroxene and garnet at 5.7 GPaand 1340°C. As these conditions are higher than
the solidus of the phlogopitet+enstatite system determined in the present study, phlogopite in the
sources should have been consumed during the partial melting process before magma segregation.
Thus, either phlogopite-bearing garnet harzburgite or phlogopite-bearing garnet orthopyroxenite can
be the source of olivine lamproite. The problem which rock is the source of the olivine lamproite can
be solved by a comparison of melt composition produced near solidi of two rocks with that of the
olivine lamproite.

Asseen in Fig. 6, the composition of melts produced just above the boundary curve of phlogopite-
out in phlogopite-enstatite system at pressures from 5 to 8 GPa, under which conditions the system
represents phlogopite-garnet-orthopyroxenite, are different from that of olivine lamproite (point A).
On the other hand, the composition of melt produced near solidus from phlogopite harzburgite at
pressures from 5 to 8 GPa has not been reported. However, Inoue [31] determined that the Mg/Si ratio
of theinitial melt produced by a partial melting of hydrous harzburgite up to 15 GPa. His results
approximately indicate the melt composition produced by partial melting of phlogopite harzburgite,
because phlogopite in the olivine lamproite source is not residual phase. The Mg/Si ratio in partial
melt of hydrous harzburgite under 5-6 GPaisin agreement with that of the olivine lamproites [29].
Therefore, the olivine lamproite magma s produced by partial melting of phlogopite-bearing garnet
harzburgite, but not by that of phlogopite-garnet-orthopyroxenite.

5. Conclusions

Meéelting and subsolidus phase relations in the systems of a natural phlogopite and the
phlogopitet+enstatite were investigated using the uniaxial split-sphere apparatus in the pressure range
of 4 - 8 GPa and in the temperature range of 1200 - 1500°C. Pyrope garnet forms in subsolidus and
hypersolidus conditions above 5 GPa in both the systems. Fluid phase gradually forms under
subsolidus conditions, and the amount of fluid increase with elevating pressure and temperature in
both systems. Solidus temperatures of both the systems have maxima at about 5 GPa and reach
negative dP/dT slopes above the pressure. Phlogopite can be stable down to 180-210 km depth in
subcalcic garnet harzburgite which constitute the subcratonic lithosphere mantle. Phlogopites could be
produced by the interaction between upwelling metasomatic agents and garnet in the host garnet
harzburgite near the base of continental lithosphere. If once secondary phlogopite has been formed in
the lower part of the subcontinental lithosphere, a metasomatic agent of fluid or hydrous silicate melt
could be produced by decomposition of phlogopite on athermal event which raises temperature. These
metasomatic agents would induce volcanism or metasomatized peridotitesin the shallower parts of the
subcontinental lithosphere.
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Teble 1. Starting composition of phiogepite and the
ideal phlogopita for comparison.
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Tabkle 2. Summary of condilions of experimenls.

P,GPFa T, Duration, Run producis

{min}
phlogopite
4 1200 120 Il
4 130] fii) Fh
4 1250 a0 I'h
o 1400 30 Fo, g-X1
o 1206) iy Ih, 'y
5 130K LW Fh, Py
L 1350) 3n Fh, Py
8 14060 a0 Fo, Py, 5p, g-XI1
& 12040 iy Th, 'y
8 1350 3n Ph, Py
f 140K 20 Py, q-X1
& 1500 an Fo, Py, g-Xl
8 12510 120 Fh, Py, Fo, q-X1
8 1300 1) Ph, Fy, Fa, g-XI
& 1350 a0 Py, Fo, g-X1
2 1400 0 Py, En, g-Ph
phlogopite + cnatatite
4 1200 120 Fh, En
4 1300 ] Ph, En
4 1350 30 I'l, En, Fo, g-X1
4 1400 30 En, Fa, g-XI
3 1200 ar I'li, En, Py
5 13000 fiil Ph, En, Py, Fo
5 1350 30 En, Py, Fo, +g-XI
3 1404 30 En, Py, Fo, y-Xl1
b 13[K1 fill FPh, En, Py
5 130K &40 Ph,En, Py
i 1350 I Fh, Ln, Fo, +g-XI
5 14410 an En, Py, q-XI
B 1250 120 En, Py, Ph
8 1300 il En, Py, Ph, g-XI
8 1350 L) En, Py, q-XI
B 14400 el En, Pv, q-XI

Fh= phlogopite; En= enstalite; Py=ptrope; Fp=forsterite
g-XlI= guanch crystal
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Tabie 4. Chamical campesiilan of phlogopita In the phlogopiie and the prlogoplte+ensiatliie system

it § tam
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Phiogopite in the phiggopite+8natalits 3y386m

4513005 1-sln=8) 531300 1-8{n=3] BG130001h] I-#({f=4] BG1390[100] 1:5|n=4) BE1250 1-sfm=dq)
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Fa a.n02r 00008 0.0612 00024 0.0008
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Ti 0.6338 00258 0.0281 VR a.01M6
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Table 4. Chemical camposition of qguanch phlogopite in phlogoplte-ansiatite sysiem.
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Figure 1. Cross section of the fumace assembly used for high-prassure
phase equilibrium expariments, The assembly Is Inserted into the MgO
octahadron prassura meadium.
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forsterite
* quench phlogopiles
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(d) 8GPa,1250°C
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Figura 2. Back-scattered microphotographs. (a) Run product of the
phlogopite systam quenched at 5GPa and 1400°C. Pyropea gamet, forstarite,
splnel and quenched phlogopite are observed, (b) Bun product in the
phlogopite +enstatite system guenched at 6GPa and 1350°C. Phanocnystal
phlagopite, quanched phlogopites, enstatite and garnet ara observed.
Coexistence of solid phlogopite and quench phlogapite (the fermer liguid) Is
evidence for occurrence of the interval melting. (¢) RBun product quenched at
BGPa and 1300°C of the natural phlogopite. Solid phlogopite, quenched
phlagopite, enstatite and garnot are coexisting. {d) Aun product quenched al
BGPa and 1250°C of the natural phlogopite, Phenocrystal phlegapite,
enstatite and garnat are ebsarvad, Malting is not obsarved.
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Figure 3a. Phase relations in the phlogopite system without additional weler,
FPhases present are shown by solid square in symbols. The boundary for
pyrope garnel occurrence is not univarlant curve. The data of tho lower
pressure conditions with rectangle are from Yoder and Kushire (1969) and
Modreski and Boettcher (1972).

Figure 30, Phasza ralations in the phlogopite+anstatite system without
additional water. The upper curve with dashed line indicates the solidus, The
upper curve indicates the disappearance of phlogapite. The data of the lowser
prassure condilions are from Modreski and Boatteher (1972) [10].

(&) {by
LT H : 11
' I ' |
! i
i b
o fk i
§ F—f gt N 0.5 nl:'.l
| 87O | : i
Sl o
: ! A
+ ol KR 2 et o e s J = g 4
= 4.5 T r-JE ﬁ 10 ¥
1 :
= !
1 i mE o5 __._.__,.._._-_-.......---...-._; ...........
Oc
E.E ------------------- - g | N : ......... =
[
| !
gl L AR - ik
1 1 4.3 g ' e
it 1.2 114 1168118 12 2.2 ﬂ-|-,|||3 12 12.9 128 13.2
Mo+ Si 25i+V
phlogopite syatem
aAGE130070
b: 5G1300°C
¢ BOHasn"d
phlogopite-enstatite
system
A A51300°C
B; 5G1300°C
e GE1AR07C
Figure 4.

Figure 4, The correlations belwaan Mo+2Aland Vivacancy)+25) and
between Al+Al and Mg+35iin the phiogopites produced in systems; phlogopite
end enstatite+phlogopite.
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Figure 5. Compositional change of phlogopite due to cation substitutions of
25i+V=2Al+Mg and Mg+Si=Al+Al at 1300°C. Numbers attachad to tha plattad
points denate pressure (GPa), W vancancy,
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Figure 6. Compositians of tha mailt that is formed by small degreo of partial-
melting in the enstatite + phlogapite system, plotted on the plana MgO-AlzOa-
Si02, Tha numbers attached to tha plotted points indicate experimantal
pressure in GPa {left) and temperature (°C} (right). The data of 1GPais from
Modreski and Bosttcher [11). Solid triangles A end B indicate plotled of
composition of alivine lamproite and leusite lamproite, respectively, One

standard deviation of analyzed chemical composition of is representad by tha
ellipse.
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Flgura 7. Pressure-temperature projection of reactions relatad to the stability
of phlagopite and the gectherms for oceanie mantle and stable continental
mantle. The anhydrous solidus of a paridotite is from Zhang and Herzberg
{1994) [32]. Boundaries; (1): stability limit of phiogopita in the
phlogopite+enstatita system (present study and Modreski and Boettcher
[100), {2): stability imit of phlogopite in the phlogopite systam (present study
and Modreskl and Boattcher [10]), and (3):stabilly of phlogopite in lherzolite
(Sudo and Tatsumi, 1990) [1]. Point A stability [imit of phiogopita In Gpx-fres
garnet harzburgite for a geotherm of 40 mWm -2 for surface haat flow [33].
Palrt B: that for with a geotherm of 44 mWm = [33].
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Figure B. Potential region for phlogopite formation by infiltration of upwelling
matasomatic agents into peridetites at the base of continental lithosphere, (a)
possibla phlaogopita forming region in the continental lithosphera with various
geotharms, Extension of potential region for phlogopite formation to more
deeper region with the cooler geotherm is shawn. (b} Schematic depicticn of
secendary formation of phlogopite at the base of continental lithosphere by
Intaraction of upwelling metasomatic agents with garnet in clinopyroxens free
garnet harzburgite. {c},(d) A swept-away process of phlegopites in the ragion
contalning secondary formed phlogopites caused by the temperature
Increase in the region. In a region with crossroad-pattern in the lower part of
the square in Fig.(c), phlogoplte gradually decomposes with fluid release al
lemperature T, - Ty (point A in Fig.d) and begins to melt al Ty with release of

slllcate melt (paint B).
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