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Water behavior and mantle metasomatism in the deep Earth

decoded from ultrahigh-pressure metamorphic rocks and

kimberlite-derived xenocrysts

Abstract

Mantle metasomatism is the concept introduced in the 1970s when studies on kimberlite-derived

materials started. Mantle metasomatism is caused by flux of H2O-rich fluids that have high mobility

and high solubility of various components at mantle conditions. Discovery of ultrahigh-pressure

metamorphic (UHPM) rocks and development of UHP experiments since the 1980s clarified that H2O

was

It is still unclear that mantle metasomatism which was caused by H2O transported by deep subduction

of crustal materials. Occurrence of deep Earth materials in the Earth's surface is limited to UHPM

rocks and kimberlite-delivered xenoliths/xenocrysts. In this study, water behavior and metasomatism

in mantle depths were clarified using natural samples of the Kokchetav UHPM rocks and the Colorado

Plateau kimberlite-delivered xenocrysts.

This thesis consists of 8 chapters.

Chapter 1 is the introduction that presented significance of UHPM rocks and kimberlite-

delivered xenocrysts for detailed study on water behavior and metasomatism in mantle depths. UHPM

rocks originate in crustal materials that were subducted toward the deep mantle settings of at least the

coesite stability and then were exhumed to the shallow crustal levels. The Kokchetav UHPM rocks

experienced the highest metamorphic pressure >6 GPa in the world. Previous studies demonstrated

evidence of H2O-rich fluid conditions during formation of the Kokchetav UHPM rocks; so, the

Kokchetav UHPM rocks are the best for study on water behavior and fluid-mediated metasomatism

in deeply subducted materials. The Colorado Plateau kimberlite is one of

kimberlites and derived mantle materials from upper mantle depths. Lowsonite-eclogite xenoliths

occurs in this area. The kimberlite-delivered xenoliths/xenocrysts contain evidence for metasomatism

and water storage in the upper mantle underneath the Colorado Plateau.

Chapter 2 described supersilicic titanite and the host diamond-free garnet-clinopyroxene

rock from the Kumdy-Kol area of the Kokchetav Massif. This rock looks like a low-P skarn and has

constituent minerals of grossular, K2O-bearing clinopyroxene, calcite, supersilicic titanite, quartz, and

K-feldspar, showing a granoblastic texture. Titanite has exsolved coesite needles and plates indicating

excess Si in the six-coordinated site (supersilicic titanite) under UHP conditions. This supersilicic

titanite is the second report in the world. A protolith of this rock was estimated at Al2O3-bearing

siliceous limestone. Micro-FTIR analyses identified structural OH and submicroscopic fluid

inclusions (molecular H2O) in garnet, clinopyroxene, and structural OH in supersilicic titanite. These
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structural OH and submicroscopic fluid inclusions in these minerals indicate that this rock formed

under H2O-rich fluid and UHP conditions.

Chapter 3 presented crystallization of the coarsest Kokchetav diamond from flux of H2O-

rich fluids and fluid-mediated formation of diamond-bearing garnet-clinopyroxene rock from the

Kumdy-Kol area. Diamond-bearing garnet-clinopyroxene rock is one of the first reported diamond-

bearing metamorphic rocks. This rock is composed of monomineralic layers of garnet and K2O-

bearing clinopyroxene with rutile and diamond. The size of diamond . A

protolith of this rock was estimated at Al2O3-bearing siliceous dolomitic limestone. Micro-FTIR

analyses identified submicroscopic fluid inclusions was identified in separated coarse-grained

diamonds, in addition to structural OH and submicroscopic fluid inclusions in host garnet and

clinopyroxene. These pieces of evidence of H2O suggest that diamond was precipitated from H2O-rich

fluids as at the same stages as formation of the host rock.

Chapter 4 introduced the revised intraslab UHP metasomatism , which originally

proposed by Ogasawara (2004, 2009) and Imamura et al. (2013). This model explains deep subduction

of calcsilicate rocks and carbonate rocks, formation of diamond, supersilicic titanite, and K2O-bearing

clinopyroxene, change of water carrier, and metasomatism caused by H2O-rich fluid flux in deeply

subducted continental materials. The source of H2O-rich fluids that caused metasomatism was

dehydrating gneisses in the deeply subducted slab. The fluids dissolved some components such as C,

K2O, and TiO2 in gneisses, infiltrated surrounding rocks such as marbles and siliceous carbonate rocks,

and caused metasomatism. The fluid flux caused decarbonation in the adjacent carbonate-bearing

rocks to generate CO2. The CO2 largely changed (lowered) carbon solubility in the fluids. As a result,

carbon was precipitated as diamond. A part of the infiltrated fluids was incorporated into the generated

garnet and clinopyroxene as structural OH and submicroscopic metasomatism. The significant amount

of OH and H2O in garnet-clinopyroxene rock could be transported into deeper mantle, at least mantle

transition zone.

Chapter 5 described the first discovery of exsolved amphibole in pyrope xenocrysts from

the Garnet Ridge kimberlite, the Colorado Plateau. Exsolved amphibole has pargasitic compositions.

Amphibole exsolution in pyrope results -

composition (Mg, Nax)3(Al , Mgx)Si3O (OH)2x. T -

estimated at 6 8 GPa corresponding to the mantle depths of 200 250 km. Hydrous

Na-garnet was formed by metasomatic reactions between typical lherzolitic garnet and Na-rich

aqueous fluid in the deep upper mantle. The source of metasomatic Na-rich fluid is ancient oceanic

crust that was subducted before subduction of the Farallon Plate beneath the Colorado Plateau.

Chapter 6 described composite diopside-magnetite lamellae after hydrous ringwoodite

lamellae in olivine xenocrysts from the Colorado Plateau kimberlite. The composite lamellae were

first found in discrete olivine crystals at Buell Park and Green Knobs. The diopside-magnetite lamellae
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were recognized in relatively Fe-rich grains (Fo89 - 91.5). The lamellae that are composed of

diopside:magnetite = average 66:34. Raman mapping analyses showed that diopside and magnetite

were intergrown with each other in each isolated lamella. The Fe-rich compositions of host olivine

and volume fractions of diopside and magnetite in lamellae indicate that the lamellae were

decomposition products of former hydrous ringwoodite lamellae which intergrew with olivine at the

depths >300 km. During exhumation stages, hydrous ringwoodite lamellae were decomposed to

diopside plus magnetite with olivine and H2. The identified diopside-magnetite lamellae after hydrous

ringwoodite lamellae in olivine are evidence for water storage in the deep upper mantle > 300 km

underneath the Colorado Plateau.

Chapter 7 compiled the results of the Kokchetav UHPM rocks and the Colorado Plateau

kimberlite-delivered xenocrysts and described a model of water behavior and metasomatism in the

deep Earth. Subduction of crustal materials plays role of water In geologic

time between Archean and the end of Proterozoic, nominally anhydrous minerals (NAMs) such as

garnet, clinopyroxene, and SiO2 phases are major carriers of water into mantle. Water in NAMs could

be transported into deep upper mantle and mantle transition zone and would be dehydrated by heating

and decompressing at those levels. A part of the released fluids rose into the shallower mantle and

caused metasomatism of mantle peridotites; hydrous Na-garnet from the Colorado Plateau formed

during such mantle metasomatism. The significant amounts of water released from dehydrating NAMs

was stored deep upper mantle and mantle transition zone levels; the finding of precursor hydrous

ringwoodite lamellae in olivine indicates water storage in deep mantle > 300 km under the Colorado

Plateau. Since the end of Proterozoic when mantle temperatures sufficiently decreased, hydrous phases

such as phengite and lowsonite could be survived in deeply subducted slabs. Significant amounts of

water were transported by such hydrous phases up to 300 km, and then were decomposed to generate

H2O-rich fluids. The generated H2O-rich fluids infiltrated the surrounding subducted materials and

caused metasomatism; the Kokchetav garnet-clinopyroxene rock is the product of such metasomatic

events in deeply subducted continental materials. A part of the fluids was incorporated into the

generated garnet-clinopyroxene rock and could be transported into greater depths.

Chapter 8 is the conclusion that summarized water behavior, water storage, and mantle

metasomatism in the deep Earth decoded from the Kokchetav UHPM rocks and the Colorado Plateau

kimberlite-delivered xenocrysts.
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1

1970

(modal metasomatism)

(cryptic metasomatism) H2O

1980

Kokchetav

(SiO2 )

(Chopin, 1984) 1990

Kokchetav

(Sobolev and Shatsky, 1990) Kokchetav

200 km

Kokchetav

Kokchetav

(Katayama et al . , 2006)

( )

(Sobolev and Shatsky, 1990; Sakamaki and Ogasawara, 2014) Kokchetav

Kokchetav
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(e.g., Aines and Rossman 1984b)

1-1 Kokchetav

-

1984 Dora Maira (Chopin, 1984)

Western Gneiss Region (Smith, 1984)

Kokchetav

(Sobolev and Shatsky, 1990)

(Fig. 1-1)

Western Gneiss Region

(Dobrzhinetskaya et al. , 1995) Saxonian Erzgebirge (Massone, 1999)

Rhodope (Mposkos and Kostopoulos, 2001) Tso Morari

et al . , 2001) Bohemian (Kotkova et al ., 2011)
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Fig. 1-1. (Liou et al . , 2004 )

Lago di Cignana (Frezzotti et al . , 2011) (Fig. 1-

1) Kokchetav

Kokchetav

K

(e,g.,

Ogasawara, 2005; Schertl and Sobolbev, 2013)

( )

(e.g., Liou et al ., 1997, 2004) Maruyama et al . (1996)

(slab break-off)

( 2 km )
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Kokchetav

(Kaneko et al . , 2000; Terabayashi et al . ,

2002) Kokchetav

Kokchetav

Kokchetav 80

km 17 km (Dobretsov et al . , 1995)

-

(Maruyama et al . , 2002)

Fig. 1-2. Kokchetav Kaneko et al . (2000)
2 3

Kumdy-Kol
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1990 Kokchetav 7

(e.g.,

Dobretsov et al ., 1995) 1997

Kokchetav

8000

(Kaneko et al . , 2000) Kokchetav 5

(Unit I IV Daulet suite)

Unit II Kokchetav

Sensitive high resolution ion

micro-probe (SHRIMP) U-Pb 537±9 Ma (Katayama et

al ., 2001, 2003)

Kokchetav

(Sobolev and Shatky, 1990; Ogasawara et al . , 2000) (Parkinson and

Katayama, 1999; Katayama et al . , 2000) Si (Ogasawara et al . , 2002;

Sakamaki and Ogasawra, 2014) K (Ota et

al .. 2008; Shimizu and Ogasawara, 2013; Lussier et al . , 2016) K2O

(e.g., Ogasawara et al ., 2002; Bindi et al . , 2003; Mikhno and Korsakov, 2013;

Sakamaki and Ogasawara, 2014) Kokchetav

>6 GPa >1000 °C (Ogasawara et al . , 2000, 2002; Okamoto et al . ,

2000; Katayama et al . , 2001; Mikhno and Korsakov, 2013)

Kokchetav Kumdy-Kol (Unit II)

( , 2009) Kokchetav

(Schertl and Sobolev, 2013)

Kokchetav

2700 carat/t

(Yoshioka et al. , 2001)

5 20 2

(Ishida et al ., 2003; , 2009; Imamura et al . , 2013)

2

( ,

2009)

100 m Kokchetav

( )



6

(10 m)

(Schertl et al . , 2004; Schertl and Sobolev, 2013)

Sobolev and Shatsky (1990)

Kokchetav (e.g., De Corte et al . , 1998; Hwang

et al . , 2004, 2013; Schertl et al . , 2004; Shatsky et al . , 2005; Mikhno and Korsakov,

2013)

(e.g., Perchuk et al. , 1996; Inoue and Ogasawara, 2003)

( ) ( , 2009)

2

(Inoue and Ogasawara, 2003;

Sakamaki and Ogasawara, 2014)

6 Ti Si

(Knoche et al ., 1998; Ogasawara et al ., 2002) Si

Kokchetav

/ Na

(Sobolev and Shatsky, 1990; Sakamaki and

Ogasawara, 2014)

Sobolev and Shatsky (1990)

2 Si

(nominally anhydrous minerals, NAMs) OH

H2O OH

OH H2O
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1-2

Garnet Ridge

(Navajo Volcanic

Field)

Four Corners 300 km Monument

upwarp 125 km 80

(Semken, 2003)

(minette) (serpentinized

ultramafic microbreccia SUM)

(Allen and Balk, 1954)

(Semken,

2003)

Garnet Ridge Four Corners 50 km

(Smith et al . , 2004) Garnet Ridge

(Usui

et al . , 2003)

(Schmidt and Poli, 1994; Pawley, 1994; Schmidt, 1996; Okamoto and

Maruyama, 1999)

13 (Tsujimori et al . , 2006)(Fig. 1-3)

800 km

(Usui et al ., 2003)

(Smith, 2013; Schulze et al . , 2014; Behr and Smith, 2016)
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Fig. 1-3. (Tsuj imori et al . , 2006 )

Garnet Ridge

(e.g., Gregory, 1916; Switzer, 1975; Wang et al ., 1999; Smith et

al ., 2004)

- (e.g., Wang et al . ,

1999, 2000; Sato and Ogasawara, 2013; Sato et al . , 2014)

OH

(Aines and Rossman, 1984b; Wang et al . , 1999; Ogasawara et al ., 2012,

2013) OH H2O

Garnet Ridge

Na



9

Na Na OH

(Song et al. , 2005) Na

(>1 wt% Na2O)

(e.g., Moore and Gurney, 1985; Sautter et al . , 1991)

Na (Sobolev

and Lavrent 'ev, 1971; Bishop et al ., 1978) Na

Na OH

Na- Na-

H2O

Buell Park Green Knobs

Buell Park Green Knobs Garnet Ridge 250 km

Buell Park Green Knobs

(Aoki et al . , 1976; Behr and Smith, 2016)

(Green and Burnley, 1988) (Gooley et al . ,

1974; Bell et al . , 1975) (Greshake et al . , 1998; Mikouchi et al . , 2000)

Ca Fe3+

( )

300

km

OH

(Ohtani, 2005)
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Table 1-1.

( )

Alm almandine

Cal calcite

Coe coesite

Cpx ( ) clinopyroxene

Crm carmichaelite

Crn corundum

Cr-Spl chromian spinel

Ctn crichtonite

Di diopside

Dia diamond

Fa fayarite

Fo forsterite

Grp graphite

Grs grossular

Grt ( ) garnet

Ilm ilmenite

Kfs K-feldspar

Mag magnetite

Mgs magnesite

Ol ( ) olivine

Phe phengite

Prp pyrope

Qz quartz

Rt rutile

Sri srilankite

Ti-Chu titanian clinohumite

Ttn titanite
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2

Kokchetav

2 Si

2-1 Kumdy-Kol

Kokchetav Kumdy-Kol

(Fig. 2-1) Kumdy-Kol Kaneko et al . (2000) Unit II

(Kaneko et al. , 2000; Sobolev et al. ,

2003; Sitnikova, 2010)

(e.g., Sobolev and Shatsky, 1990, Ogasawara, 2005 ) (Katayama et

al ., 2000a, b) (Ogasawara et al . , 2002; Sakamaki

and Ogasawara, 2014) (Ota et al . , 2008; Shimizu and Ogasawara, 2013)

(Bindi et al ., 2003; Sakamaki and Ogasawara, 2014)

(nominally anhydrous minerals, NAMs)

OH

(Langer et al . , 1993; Katayama et al . , 2006; Kikuchi

and Ogasawara, 2006; Sakamaki and Ogasawara, 2014) Kokchetav

1990 Kokchetav

<4 GPa, 1000 °C (Sobolev and Shatsky, 1990; Shatsky et al . , 1995;

Zhang et al . , 1997; Shatsky et al . , 1999) 2000

> 6 GPa, > 1000 °C

(Okamoto et al . , 2000; Katayama et al . , 2001; Ogasawara et al . , 2002; Mikhno

and Korsakov, 2013) Kokchetav Unit II Kumdy-Kol

Kokchetav

Schertl and Sobolev (2013)
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Fig. 2-1. Kokchetav Kumdy-Kol Kaneko
et al . (2000)

2-2

X

X

JXA-8900 X (JEOL Ltd.)

X

(Si Ti Al Cr Fe Mn Mg Ca Na K ±P ±F ±Ni ±Co)

LaB6 15 kV 20 nA

X 10

5
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X Table 2-1

Table 2-1. X

LabRAM300 (Horiba Jobin Yvon S.A.S.) 488

nm 514.5 nm Ar+ 632.8 nm He-Ne

(photoluminescence) MPlan

100x (Olympus Co., Tokyo, Japan)

Si ± 1 cm 1

(OH H2O)

(micro-FTIR)(Thermo Nicolet, Avatar 370 with

X

TiO2

Cr2O3

Fe2O3

MnO

MgO

KTiPO5
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KBr

MCT-A ( : 650 4500 cm -1) 4

8 cm -1

LabSpec 4.10

software (the Lorentzian-Gaussian function)

(full width at half

maximum FWHM)

2-3

( XX16)

(Fig. 2-2) 0.5 2 mm

Grs59-65 , Alm20 -24 , Prp6-8 (mol%) (Table 2-2)

Si 1

Shatsky et al .

(2005) Hwang et al . (2004)

(Fig. 2-3)

( 1 cm)

(Fig. 2-4) 284 468 513 cm 1

265 700 cm 1

(Fig. 2-2d-f)

Type A:

Type B:

Type C:
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Type A

(Fig. 2-2d)

(Table 2-2) Di64 -68Hd32-36 K2O 0.64 1.16

Fig. 2-2. ( XX16) (a)
( ) (b) (c) (d)type A

(e)type B
(f)t ype C
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wt% ( 0.87 wt% K2O)

Di66-67Hd33-34 K2O 0.53 0.74 wt% ( 0.63 wt%

K2O) Di65-66Hd34-35 K2O 0.04 wt%

Type B

(Fig. 2-2e) m

Di64-68Hd32-36 0.76 wt% K2O Di65-66Hd34-

35 K2O 0.02 wt%

Type C ( m) (Fig.

2-2 f) Type C

kokchetavite (Hwang et al . , 2004) K-cymrite (Fasshauer et al ., 1997;

Zhang et al . , 2009)

Type C

Di70Hd30 K2O 0.67 wt%

K2O

Table 2-2.

(core) (mantle) (rim) (core) (rim) Ex. Kfs Cpx host precursor

area% 4.5% 95.5%

SiO2 38.89 53.91 53.11 52.41 53.27 53.21 65.65 53.21 53.77

TiO2 0.61 0.07 0.04 0.05 0.03 0.02 0.04 0.02 0.02

Al2O3 20.19 1.96 1.55 0.94 2.22 1.27 19.15 1.27 2.08

Cr2O3 0.02 0.00 0.01 0.00 0.00 0.00 0.07 0.00 0.00

FeO* 13.35 10.21 9.90 10.19 8.72 8.72 0.27 8.72 8.34

MnO 1.77 0.18 0.16 0.15 0.12 0.13 0.04 0.13 0.13

MgO 0.83 10.01 10.92 11.30 10.91 11.59 0.02 11.59 11.07

CaO 24.86 21.98 23.15 24.38 22.93 24.84 0.18 24.84 23.72

Na2O 0.00 0.17 0.21 0.23 0.19 0.17 0.50 0.17 0.18

K2O 0.01 0.97 0.53 0.01 0.76 0.04 14.37 0.02 0.67

Total 100.53 99.46 99.58 99.65 99.15 99.99 100.29 99.97 99.98

Number of cations on the basis of oxygen

Oxygen 12 6 6 6 6 6 8 6 6

Si 3.000 2.030 2.003 1.985 2.005 1.993 2.994 1.993 2.006

Ti 0.035 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Al 1.835 0.087 0.068 0.042 0.098 0.056 1.029 0.056 0.091

Cr 0.001 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000

Fe3+ 0.129

Fe2+ 0.668 0.322 0.312 0.323 0.274 0.273 0.010 0.273 0.260

Mn 0.203 0.006 0.005 0.005 0.004 0.004 0.001 0.004 0.004

Mg 0.054 0.562 0.614 0.638 0.612 0.647 0.001 0.647 0.615

Ca 2.055 0.887 0.936 0.990 0.925 0.997 0.009 0.997 0.948

Na 0.000 0.012 0.015 0.017 0.014 0.012 0.044 0.012 0.013

K 0.001 0.047 0.025 0.000 0.036 0.002 0.836 0.001 0.032

Total 7.982 3.954 3.981 4.001 3.970 3.997 4.929 3.985 3.971

* Total Fe as FeO

type B type Cgarnet type A

clinopyroxene
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Fig. 2-3. (a ) (Fe 2 + +Mn)-Ca-Mg (b)

Ca-Mg-Fe 2 +

Fig. 2-4. (a ) (b) K-cymri te
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Shatsky et al . (2005)

(Di48Hd52) Sobolev and

Shatsky (1990) (Di85Hd15)

(Fig. 2-3)

1.5 mm

( ) (Fig. 2-5)

524

cm-1 (Fig. 2-5b)

10 30 m

(100) (110)

5 10 m

(Ogasawara et al . , 2002)

2

Ti 6 Si

Si

(Ogasawara et al . , 2002) Si (CaSiSiO 5)

Knoche et al . (1998) 8.5 GPa 1350 °C

(< )

Si

Si

(Table 2- 3)
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Fig. 2-5. (a ) ( ) (b)
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Table 2-3.

core rim

SiO2 30.69 30.42

TiO2 35.09 35.03

Al2O3 2.10 2.48

Cr2O3 0.00 0.00

FeO* 0.65 0.58

MnO 0.03 0.02

MgO 0.07 0.05

CaO 28.51 28.75

Na2O 0.03 0.03

K2O 0.01 0.00

P2O5 0.21 0.22

F 1.89 2.23

O=F -0.80 -0.93

Total 98.48 98.87

Si 1.012 1.000

Ti 0.870 0.866

Al 0.081 0.096

Cr 0.000 0.000

Fe3+ 0.016 0.014

Mn 0.001 0.001

Mg 0.003 0.003

Ca 1.008 1.013

Na 0.002 0.002

K 0.000 0.000

0.006 0.006

Total 3 3

F 0.209 0.249

* Total Fe as FeO

Number of ions

on the basis of total cation = 3
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2-4

OH H2O

Micro-FTIR OH H2O

(Fig. 2-6) 150

(10000 ) (Fig. 2-6b)

200

( ) (Fig. 2-6)

( ) ( ) (

1.2 mm) (Fig. 2-6a)

(10000 ) (Petropoxy 154,

Burnham Petrographics LLC)

(Toshinriko Co., Ltd. )

3600 cm -1 2200 3600 cm -1

2200 cm -1

Si-O

2875 2935 cm -1 C-H

3200 3700 cm - 1 H2O

OH H2O

OH H2O (3000 3800 cm -1)

2700 4500 cm 1

2700 4500 cm 1

S/N

1000

OH H2O
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Fig. 2-6. (a ) (b)

OH H2O

(the Beer-Lambert law)

C = 18000 x I /

C : (ppmw) I : d : (cm)

(L/mol/cm2) (g/cm3) =

3000 3700 cm -1

Katayama et al . (2006)

8770 L/mol/cm2

3.68 g/cm3 (Deer et al. , 1992)

OH H2O

Bell et al . (1995)

38300 ± 1700 L/mol/cm2 Beran (2002)

30300 L/mol/cm2 3.22

g/cm3 (Deer et al . , 1992) 2.83 g/cm3 ( )

1/3
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OH H2O

5.8 % (Katayama et al . , 2006) 4.4 % (Bell et al . , 1995)

(the Gaussian error propagation)

(

) ( ) 8 % (

) 14 %

OH

OH

OH

3500 3700 cm - 1 3400 3550

cm-1 1000

4 cm-1

OH H2O

3400 cm - 1 3555 cm -1

3200 3590 3640 cm -1 (Fig. 2-

7) 3555 cm -1 3400 cm -1

(Table 2-4) 3555 cm -1 4

OH (Amthauer and Rossman, 1998; Sheng et al . ,

2007) 3555 cm -1

(e.g., Matsyuk et al .,

1998) 3400 cm -1 (ca. 150 cm -1) 3200

cm-1 3400 cm -1 OH

H2O 3200 cm -1

H2O (Libowitzky and

Rossman, 1997)

OH H2O 360 1655 ppmw

(ppm wt as H2O) 20 1203 ppmw OH H2O

OH H2O (Fig. 2-7)

OH vs H2O OH H2O H2O/OH 1
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(Fig. 2-7b) H2O OH

OH H2O

400 ppmw

Fig. 2-7. (a )

(b) OH H2O
OH H2O

OH H2O H2O /OH = 1 H2O OH
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Table 2-4. OH H2O
OH H2O OH

H2O

OH H2O

Type B ( )

3425 cm -1 3615 cm - 1 3200 cm -1

(Fig. 2-8a) 3615 cm -1

OH (Sakamaki and Ogasawara, 2014) 3200 cm -1 3425 cm -1

H2O H2O

(Libowitzky and Rossman, 1997)

OH

OH

Type C ( ) 3200, 3425,

3560, 3645 cm -1 4 (Fig. 2-8) 3560 3645 cm -1

2 M2-site OH Si-site

OH (e.g., Gatzemeier and Wright, 2006;

Kikuchi and Ogasawara, 2006) OH

OH

type A (

) OH

OH ( : 3000

3750 cm -1) OH OH

sample No. grain No. spot No. assignment
band

position
intensity FWHM

area

intensity
water content

[cm-1] [cm-1] [cm-1] [cm-1] [ppm wt. H2O] [ppm wt. H2O]

XX16 1 1 OH 3565 12.90 116 1595.1 912 1537

H2O 3387 6.44 159 1092.7 625

3 1 OH 3573 11.07 113 1330.9 761 1141

H2O 3400 4.28 146 664.3 380

4 1 OH 3571 8.42 111 993.4 568 753

H2O 3394 2.15 141 323.5 185

7 1 OH 3570 13.60 119 1716.7 981 1852

H2O 3394 7.64 187 1522.5 870

total water
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(Fig. 2-9) OH

(Fig. 2-9)

OH K

Type C OH H2O

613 1199 ppmw 441 1929 ppmw

OH H2O Type

B OH H2O

525 1111 ppmw 2111 3479 ppmw

Fig. 2-8. (a ) type B

( ) (b)t ype C (
)
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Fig. 2-9. Type A ( A-1) OH
Si- Al- K- X OH
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OH

3485 cm 1 (Fig 2-10)

OH (Hammer et al . , 1996)

OH (3299 3459 3523 3573

3606 cm 1; Mosenfelder, 2000)

H2O

3485 cm 1

OH Al F (Fig.

2-11) OH OH

80

Fig. 2-10.
OH H2O
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Fig. 2-11. OH Si- Al- K-
X OH Al F

2-5

(Table 2-5) 5 vol% ( )

(XX16)

(29.2 area%) (45.0 area%) (25.7 area%)

OH H2O

OH H2O

989 ppmw 3067 ppmw

SiO2 CaO 2/3

CO2 FeO Al2O3 MgO CO2

K2O ( 1.16 wt%)

K2O 0.39 wt%
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Table 2-5. CO2

2-6

CaO SiO2

/

CaO

Ca SiO2

Al2O3

MgO

Ogasawara (2014) CaO-MgO-SiO2-TiO2(-CO2) +

+ P-T-X

+ +

CaO-MgO-SiO2-TiO2(-CO2)

( ) (

) +

+

sample No. XX16

SiO2 34.08

TiO2 0.26

Al2O3 6.26

Cr2O3 0.07

FeO* 9.07

CaO 33.05

MnO 0.44

MgO 5.03

Na2O 0.04

K2O 0.39

CO2 11.31

H2O [x104] 1714

* total Fe as FeO
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(Schertl and Okay, 1994; Zhang and Liou, 1996)

SiO2 Al2O3

CaO-MgO-SiO2-TiO2(-CO2)

Al2O3

+ + +

(SiO2)

CaO-MgO-SiO2-TiO2(-CO2)

( ) CaO-MgO-SiO2-TiO2 (-CO2)

MgO/CaO

(Prp6-8) MgO

MgO MgO

CaO SiO2 MgO Al2O3 CaO 56 wt%

CaO 30 wt% MgO 22 wt% SiO2 100 wt%

Al2O3 40 wt% SiO2 47 wt%

( )14 mol%

Cal42Dol20Qz24 (in mol%) Al2O3

CaO SiO2

2-7 OH

OH H2O

OH

Pistorius and Kennedy (1960)

CaO-Al2O3-SiO2-H2O (

0.5 2.7 GPa)
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Kokchetav (>1000 °C; Ogasawara et al . ,

2000, 2002; 1000 1100 °C; Mikhno and Korsakov, 2013)

OH

OH

Withers et al .

(1998) 3 GPa (1000 °C) 328 ppmw OH 8 GPa (1000 °C) 650

ppmw OH

OH

Xia et al . (2005) 92 1735 ppmw

OH Matsyuk et al . (1998)

2 163 ppmw OH

OH

1500 ppmw OH

P-T-X Withers et

al . (1998) OH 500 ppmw OH

(Di64-70)

OH Locke et al . (2000) SiO2-TiO2-Al2O3-

MgO-CaO-Na2O3-D2O OH 80 120 ppmw (5 GPa,

1150 °C) 1400 1600 ppmw (7.5 GPa, 1200 °C)

OH 7.5 GPa

OH 1111 ppmw

Locke et al . (2000) 5 GPa Locke et al . (2000)

OH

5 GPa

2-8 H2O

H2O H2O

(Transmission Electron
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Microscope; TEM)

(Meng et al . , 2009)

(Wu et al ., 2008)

H2O

TEM

OH (Fig. 2-7)

(Sheng et al . , 2007)

OH

OH

OH

OH K2O

H2O

H2O

2-9 H2O Si

OH

H2O

(e.g. Mosenfelder et al ., 2005)

OH

H2O

OH
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Si OH Si

OH Si H2O

Ogasawara et al . (2002)

Si 6 GPa

Si

Si

Si

6 GPa

Si 200 km H2O

2-10 -

1 (1 cm x 1 cm) OH H2O

Fig. 2-12 OH H2O

380 2368 ppmw OH H2O

1657 8461 ppmw

OH H2O OH H2O

H2O

OH H2O

OH H2O

P-T

OH H2O (H2O

)

OH

Type A OH

(Fig. 2-9) K2O

type A OH

H2O

OH type B OH

type C

K2O type B

type C mm
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H2O

(mm cm ) ( )

Fig. 2-12. OH H2O ( :
XX16)

2-11

Kokchetav

Si

(1)

(2)
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(3)

K

K2O 1 wt% K2O

Kokchetav

K

K

K

Si OH

H2O OH H2O

H2O

(1)

(2)

(3)

H2O
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3

Kokchetav

H2O

3-1 Kumdy-Kol

Kokchetav Kumdy-Kol

(Schertl et al ., 2004) 2

(Fig. 2-1)

(Sobolev and Shatsky, 1990; Shatsky et al . , 1995)

Sobolev and Shatky (1990)

1990

Kokchetav

(e.g., Sobolev and Shatsky, 1990; De Corte et

al ., 1998; Hwang et al . , 2004, 2013; Schertl et al ., 2004; Shatsky et al . , 2005; Mikhno

and Korsakov, 2013) H.-P. Schertl (Ruhr-Universität,

Bochum) 2

3-2

( : 24997, 25018)

(Fig. 3-1)

3 ( 100 )

( 100 )

( m; Takabe et al . , 2014) (Fig. 3-2) 2

Kokchetav (10 m)

(Ishida et al . , 2003; Schertl et al ., 2004; Schertl and Sobolev, 2013;
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Yoshioka and Ogasawara, 2005)

(Ishida et al . , 2003; Ogasawara, 2005; Imamura et al . , 2013)

(Figs. 3-2 3-3)

Grs35-39 , Prp28-34 , Alm30 -33

(mol%) (Fig. 2-3; Table 3-1)

Di85-87Hd13-1 5 (mol%)

(Fig. 2-3; Table 3-1)

0.60

1.04 wt% K2O

kokchetavite (<10 µm) Kokchetavite 391

cm-1 Sobolev and

Shatsky (1990) Shatsky et al . (2005)

(Fig. 2-3)

Fig. 3-1. ( : 25018) (a)
( ) (b, c, d)
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(<1 mm)

(Fig. 3-1) ( <

EPMA-WDS Si Ca

Fig. 3-2. (a )

( ) (b)
- ( ) (c)

(d) (e) (f)
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Table 3-1.

3-3

OH H2O 2

(the Beer-Lambert law)

KBr

4 cm-1

100 m x 100 m

500 1000

SiO2 39.58 39.59 39.57 54.35 54.75 54.51

TiO2 0.33 0.34 0.32 0.04 0.03 0.02

Al2O3 22.18 21.83 22.19 1.82 1.33 1.55

Cr2O3 0.03 0.03 0.09 0.01 0.01 0.01

FeO* 14.87 14.86 14.66 3.94 4.04 3.90

MnO 0.71 14.21 14.08 0.07 23.74 23.59

MgO 8.47 0.61 0.61 14.78 0.04 0.06

CaO 13.65 8.26 8.31 23.30 15.08 14.99

Na2O 0.00 0.05 0.01 0.50 0.43 0.46

K2O 0.00 0.00 0.00 0.75 0.63 0.67

Total 99.83 99.77 99.84 99.56 100.08 99.76

Oxygen

Si 2.983 2.991 2.982 1.997 2.003 1.999

Ti 0.019 0.019 0.018 0.001 0.001 0.001

Al 1.971 1.944 1.971 0.079 0.057 0.067

Cr 0.002 0.002 0.006 0.000 0.000 0.000

Fe3+ 0.027 0.054 0.023

Fe2+ 0.897 0.858 0.889 0.121 0.124 0.119

Mn 0.046 1.150 1.137 0.002 0.930 0.927

Mg 0.952 0.039 0.039 0.810 0.001 0.002

Ca 1.102 0.930 0.934 0.917 0.822 0.820

Na 0.000 0.007 0.002 0.036 0.030 0.033

K 0.000 0.000 0.000 0.035 0.030 0.032

Total 7.999 7.994 8.000 3.998 3.998 3.999

Number of cations on the basis of oxygen

612

garnet clinopyroxene

* Total Fe as FeO
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OH H2O

3430 cm - 1 3570 cm -1

(Fig. 3-3a) 3200 cm -1 3675 cm -1

3555 cm -1 3400 cm -1

(Table 3-2) 3555 cm -1 4

OH (Amthauer and Rossman, 1998; Sheng

et al . , 2007) 3555 cm - 1 OH

(e.g., Matsyuk et al . , 1998) 3430 cm - 1

( 150 cm -1) 3200 cm -1

3430 cm - 1 OH

H2O 3200 cm -1 H2O

(Libowitzky and Rossman, 1997)

OH 0 ( ) 1727 ppmw H2O 0

( ) 1592 ppmw OH H2O

OH H2O

(Fig. 3-3) OH-H2O

H2O/OH = 1 OH

H2O

OH H2O H2O/OH = 1

OH H2O

(Sheng et al ., 2007) 2

H2O

OH 400 ppmw

OH H2O

( ) 3219, 3442,

3616 cm -1 3 3714 cm -1 (Fig. 3-4)

3616 cm -1 Si-site (OH)4
4- O-H

(e.g., Bromiley and Keppler, 2004; Gatzemeier and Wright, 2006)

3442 cm -1 H2O O-H

3220 cm -1 H2O 3714 cm -

1

OH (Kikuchi and Ogasawara, 2006)

OH
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OH

OH

OH 256 484 ppmw H2O 850

2000 ppmw OH H2O

Fig. 3-3. (a )

(b)

OH H2O OH H2O
OH H2O

H2O /OH = 1
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Table 3-2. OH H2O
OH H2O OH

H2O

Fig. 3-4.

sample No. grain No. spot No.
band

position
intensity FWHM

area

intensity
water content

[cm-1] [cm-1] [cm-1] [cm-1] [ppm wt H2O] [ppm wt H2O]

25018 2 1 OH 3575 8.45 118 1059.1 664 1274

H2O 3412 5.81 157 973.0 610

3 1 OH 3569 7.69 115 939.3 589 1053

H2O 3405 4.88 143 740.2 464

4 1 OH 3575 4.91 119 623.1 391 684

H2O 3406 3.21 137 468.8 294

5 1 OH 3576 13.40 130 1859.2 1165 2383

H2O 3405 10.71 171 1943.5 1218

24997 B-1_01 1 OH 3575 0.82 72 63.0 36 36

H2O

B-1_03 1 OH 3559 1.95 102 212.0 121 121

H2O

B-1_11 1 OH 3563 2.66 170 479.8 274 526

H2O 3398 3.15 131 439.5 251

B-3_01 1 OH 3665 2.19 39 91.1 52 1358

OH 3574 10.45 83 923.2 528

H2O 3433 8.09 158 1360.6 778

B-3_04 1 OH 3562 8.10 97 836.5 478 1102

H2O 3428 6.03 170 1091.8 624

total water

not detected

not detected
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(2 ; )

3107 cm -1

3400 cm -1 3555 cm -1

(Fig. 3-5) 3107 cm -1

(VN3H) (Kiflawi et al . , 1996; Goss et al .,

2014) 3400 cm - 1 3555 cm -1 H2O

OH (Chrenko et al . , 1967; Navon et al . , 1988)

(CO3
2-) 1455 cm -1

CO2 (2350 cm -1 ; De Corte et

al ., 1998) 1500 cm -1 1281 cm -1

1180 cm -1 1133 cm -1

1 (A

) (B ) 4 (C

) (Breeding and Shingley, 2009)

Fig. 3-5.
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3-4

(Table 3-3) (1287 ppmw) (1877 ppmw)

OH H2O

(

: 25018)

(Grt:Cpx = 1:1, 1:2, 1:3)

SiO2 CaO 2

70 % MgO FeO H2O

1406 1598 ppmw (Table 3-3)

Table 3-3. ( ) 3

(Grt :Cpx = 1: 1, 1 :2, 1 : 3)

Grt:Cpx 1:1 1:2 1:3

SiO2 47.56 49.04 49.74

TiO2 0.76 0.54 0.43

Al2O3 9.61 7.67 6.75

Cr2O3 0.01 0.01 0.02

FeO* 8.74 7.56 7.00

CaO 20.94 22.13 22.69

MnO 0.13 0.09 0.08

MgO 11.35 11.91 12.17

Na2O 0.43 0.49 0.52

K2O 0.45 0.54 0.58

CO2 0.00 0.00 0.00

H2O [x104] 1592 1755 1836

* total Fe as FeO
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3-5

2

CaO

CaO SiO2

Al2O3

MgO 2

Ogasawara

(2014) CaO-MgO-SiO2-TiO2(-CO2)

Al2O3 CaO-MgO-SiO2-TiO2(-

CO2) Al2O3

Al2O3

+ + +

CaO-MgO-SiO2-TiO2(-CO2)

CaO-MgO-SiO2-TiO2(-CO2)

MgO/CaO

(Prp28-34) MgO

MgO

CaO SiO2 MgO Al2O3

CaO 56 wt% CaO 30 wt% MgO 22 wt%

SiO2 100wt% Al2O3 39.5 wt% SiO2 46.55 wt%

( )14-20 mol%

Cal8-9Dol42-44Qz30-33 (in mol%)

Al2O3

SiO2 CaO MgO
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3-6 OH

OH

H2O

OH

OH

Mookherjee and Karato (2010) OH

400 ppmw (5 GPa 1100 °C) 1024 ppmw (8 GPa 1100 °C)

778 ppmw (9 GPa 1200 °C)

Withers et al . (1998) OH 140 ppmw (2

GPa 1000 °C) 960 ppmw (6 GPa 1000 °C)

OH 6 8 GPa

OH Locke et al . (2000) SiO2-TiO2-Al2O3-MgO-CaO-Na2O3-D2O

OH 80 120

ppmw (5 GPa 1150 °C) 1400 1600 ppmw (7.5 GPa 1200 °C)

OH 7.5 GPa

OH H2O

H2O

OH P-T

1500 ppmw

OH

P-T

OH

H2O Withers et al . (1998) Mookherjee

and Karato (2010) 1000 ppmw OH

6 GPa

OH

6 GPa

OH H2O

OH
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400 ppmw

Grs59-65 Grs35-39

Withers et al . (1998)

OH

OH

(Di85-87) OH 256 484 ppmw

OH Locke et al . (2000)

5 GPa OH (80 120 ppmw)

H2O OH

5 GPa

3-7 H2O

H2O H2O

TEM

(Meng et al . , 2009)

(Wu et al . , 2008)

H2O TEM

OH (Fig. 3-3b)

OH

OH

( OH )

OH

H2O
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3-8

H2O H2O

Kokchetav (De Corte

et al . , 1998; Dobrzhinetskaya et al . , 2006; Sitnikova and Shatsky, 2009) Erzgebirge

(Dobrzhinetskaya et al . , 2007; Dobrzhinetskaya and Wirth , 2009)

H2O

OH H2O

Kokchetav

/ H2O

( , 2009)

OH

C-O-H

( ) De Corte et al. (1998) Kokchetav

CO2 CO3
2-

Kokchetav

H2O

CO3
2- De Corte

et al . (1998) CO3
2- Kokchetav

Dobrzhinetskaya et al . (2006)

Kokchetav

(5 250 nm) (<100 nm)

CO3
2-
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3-9

Kokchetav

Kokchetav

Sobolev and Shatsky (1990)

OH

OH

(Katayama et al., 2006)

OH

OH H2O

H2O

OH

H2O

H2O

(1)

Al2O3 H2O

(2) ( CO2 )

(3)

H2O

H2O

H2O
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4

4-1 H2O

(Schreyer, 1988; Poli, 1993; Poli

and Schmidt, 1995; Okamoto and Maruyama, 1999)

0.1 0.5 wt% 300 km

(Schmidt and Poli, 1998; Okamoto and Maruyama, 1999 )

0.5 0.7 wt% 250 400 km (Ono, 1998)

H2O

Na (Manning, 1998) K (Schmidt, 1996; Hwang et al . , 2005) Ti

(Iizuka and Nakamura, 1995)

H2O

H2O

( , 2009)

Ca

+ SiO2 + CO2 ( )

(Figure 36, page 73, , 2009) H2O

4-2

H2O Kokchetav

Ogasawara (2004, 2014) (2009)
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Imamura et al. (2013)

(Intraslab UHP metasomatism )

(1)H2O

(2)H2O

(3) H2O (

) (4) H2O

2

H2O CO2 Kokchetav

Imamura et al . (2013) 2

13C -15 -27

1 13C 8.3

2

2

Kokchetav

H2O

+ (

)

H2O

H2O

Fig. 4-1

(1)

(2)

K H2O (3)

(C, Ti) (4)

CO2

K (5)

C Ti (6)
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Fig. 4-1. (a ) Ogasawara (2004, 2014)
(2009) Imamura et a l . (2013)

(b) H2O



54

OH

H2O

Ogasawara (2004, 2014) (2009) Imamura et al . (2013)

Kumdy-Kol

(Zhang et al ., 1997, 2002;

Parkinson and Katayama, 1999; Kaneko et al . , 2000; Katayama et al ., 2000a, b;

Theunissen et al ., 2000a, b; Sobolev et al . , 2003; Korsakov et al . , 2009; Shimizu and

Ogasawara, 2013)

Ti Si ( 2.5 wt% TiO 2 , 3.5 Si apfu;

Vavilov et al . , 1991; Zhang et al ., 2002)

( 1.7 wt% TiO 2 , 3.5 Si apfu; Shimizu and Ogasawara,

2013) 200 km

(e.g., Domanik and Halloway, 1996; Ono, 1998; Schmidt and Poli,

1998) Ono (1998) 200 250 km (6

8 GPa) 1.3 1.5 wt% H2O

(>6 GPa, 1000 °C; Ogasawara et al . , 2000,

2002; Okamoto et al ., 2000; Katayama et al . , 2001; Mikhno and Korsakov, 2013)

Kokchetav H2O

Kokchetav K2O

1.16 wt%

K2O 1.04

wt% K2O 0.84 wt% K2O (Mikhno

and Korsakov, 2013), 0.7 wt% K2O

(Ogasawara et al. 2000)

Shatsky et al. (2005)

K2O

Kokchetav K2O

K2O

Schmidt (1996) K
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H2O K2O

Schmidt (1996)

H2O K2O

Hwang et al . (2005)

K2O Kokchetav

K2O K2O

H2O K2O

K2O Kokchetav

K2O

Imamura et al . (2013) 2

Kokchetav

Dobrzhinetskaya et al. (2007)

Erzgebirge 13C:

2 ( 13C: -15 - )

Kokchetav Erzgebirge

H2O

Kokchetav H2O

H2O

H2O

CO2

CO2 ( )

2

H2O
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( )

Iizuka and Nakamura (1995)

8 GPa

TiO2 Ti-

Muko et al . (2002) Katayama et

al . (2003) Kumdy-Kol Ti-

Iizuka and Nakamura (1995)

Ti- Kokchetav Ti

Ogasawara and Aoki (2005) Kumdy-Kol Ti-

TiO2

TiO2 TiO2

TiO2 TiO2

Si H2O

H2O TiO2 H2O Ti

Si

1714 ppmw

Al2O3

200 km

200 km

( )

Al2O3
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OH

H2O H2O

P-T 200 km

400 km (e.g., Irifune et al . , 1986; Irifune

and Ringwood, 1987; Yasuda et al . , 1994; Ono and Yasuda, 1996; Okamoto and

Maruyama, 2004)

400 km

(Intraslab UHP metasomatism )

CO2

H2O
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5

Garnet Ridge

Na-

5-1 Garnet Ridge

Garnet Ridge

(Switzer, 1975)(Fig. 5-1)

(Roden et al ., 1979; Semken, 2003)

30 Ma Garnet Ridge

(Smith et al ., 2004)(Fig. 5-2)

( ) (

) Garnet Ridge

(Watson and Morton, 1969;

Helmstaedt and Schulze, 1988; Usui et al ., 2003, 2006, 2007)(Fig. 5-3)

Fig. 5-1. Garnet Ridge (Smith et al . , 2004 )
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Fig. 5-2. Garnet Ridge

Fig. 5-3. Garnet Ridge (a)

(b) (c)
(d)
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5-2 Garnet Ridge

Garnet Ridge

5 25 mm

2 (Group A, Group

B) (Table 5-1)

Group A, Cr-rich pyrope (Fig. 5-4a)

Prp67-74 , Alm13-18 , Grs7-11 (mol%) (Tables 5-1, 5-2) Cr2O3

1.0 6.4 wt% Cr2O3 Cr2O3

crichtonite [(Sr, Ca, K, Na)(Cr, Fe2+ , Fe3+ , Ti, V3+ , Zr, Mg)21(O,OH)38]

carmichaelite [(Ti, Cr, Fe)O2-x(OH)x]

Group B, Cr-poor pyrope Cr (<2 wt% Cr2O3)

(Prp49 76 , Alm13 38 , Grs6-26)(Figs. 5-4, 5-5; Tables 5-1, 5-2) Group

B Group A Mg-Fe-Ca

Group B Ca Fe

Group B 4

(Subgroup B 1 , B2 , B3 , B4)

Subgroup B 1 , amphibole lamella type (Prp49-66 , Alm18 -28 , Grs16-26)

(Fig. 5-4; Tables 5-1, 5-2)

srilankite [(Ti, Zr)O2] crichtonite

( 20 300 µm)

( 1 mm)

10 µm

(depletion halos)

Subgroup B 2 , ilmenite lamella only type (Prp49- 68 , Alm20 -38 , Grs12-19; 0.4 2.5 wt%

Cr2O3)

(Fig. 5-4; Tables 5-1, 5-2)
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(H2O)

( )

Subgroup B 3 , dense lamellae type (Prp54-72 , Alm18-33 , Grs12-15; <1 wt% Cr2O3)

srilankite

(Fig. 5-4;

Tables 5-1, 5-2) (

)

srilankite ( 300 x 10 µm)

( 50 x 10 µm) ( 75 x 50 µm) ( 25 x 20 µm)

(Mg3MgSiSi3O12) ( Moore and Gurney, 1985)

Na (Di68-77; 2.4

4.7 wt% Na2O)

( Si Mg Fe Na)

Subgroup B 4 , clinopyroxene-amphibole lamellae type (Prp 61-76 , Alm13-2 7 , Grs6-11)

(Fig. 5-4; Tables 5-1 5-2)

Subgroup B 3 Subgroup B 3

Subgroup B 4

( 180 x 25 µm)

( 75 x 50 µm)

Na

(Di60-85; 1.4 5.3 wt% Na2O)
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Fig. 5-4. Group A: Cr-r ich pyrope garnet Group B: Cr-poor pyrope 4

Group A: Cr-r ich pyrope B 1 : amphibole lamella type B 2 : i lmeni te lamella type B 3 :
dense lamel lae type B 4 : c l inop yroxene and amphibole lamellae type
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Fig. 5-5. Group A Subgroup B 1 B 2 B 3 B 4 Ca-Mg-Fe (a)
CaO vs Cr 2 O3 (b)
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Table 5-2. Garnet Ridge

(A) Cr-rich pyrope

B1 B2 B3 B4

Amp Ilm-only Dense-lamellae Cpx-Amp

SiO2 41.91 42.24 41.02 41.32 40.40

TiO2 0.09 0.05 0.14 0.10 0.06

Al2O3 22.30 23.36 21.66 23.01 22.72

Cr2O3 1.71 0.13 1.46 0.01 0.04

FeO
* 8.80 9.26 13.82 14.49 19.7

MnO 0.36 0.38 0.54 0.41 0.45

MgO 19.31 18.75 15.81 15.85 13.33

CaO 5.43 5.99 5.43 4.93 3.41

Na2O 0.02 0.02 0.03 0.05 0.05

K2O 0.00 0.00 0.00 0.00 0.00

Total 99.92 100.18 99.91 100.17 100.15

Number of cations on the basis of 12 oxygen

Si 3.000 3.009 3.007 3.007 3.001

Ti 0.005 0.003 0.008 0.006 0.003

Al 1.881 1.961 1.871 1.974 1.989

Cr 0.097 0.008 0.085 0.001 0.002

Fe
3+ 0.019 0.023 0.034 0.016 0.004

Fe2+ 0.498 0.517 0.797 0.857 1.218

Mn 0.022 0.023 0.034 0.025 0.029

Mg 2.060 1.991 1.728 1.719 1.476

Ca 0.416 0.457 0.426 0.384 0.271

Na 0.002 0.002 0.004 0.007 0.006

K 0.000 0.000 0.000 0.000 0.000

Total 7.999 7.994 7.992 7.996 8.001

(B) Cr-poor pyrope

* Total Fe as FeO
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5-3

Subgroups B 1 B3 B4 (Table 5-1)

(1)

(2)

{111}

4 Song et al . (2005)

Subgroup B 1 , amamphibole lamella type

( 80 x 20 µm) ( 20 x 10 µm)

( 50 x 15 µm)

( 25 x 10 µm) srilankite

Subgroup B 3, dense lamellae type

( 400 x 10 µm) ( 70 x 15 µm)

srilankite

Subgroup B 4 , clinopyroxene and amphibole lamellae type

( 80 x 30 µm)

( 400 x 20 µm) Subgroup B 1 B3

Subgroup B 4

(Fig. 5-6) Subgroup

B1

235 670 3708 cm -1 Subgroup

B3 227 659 3708 cm -1

Subgroup B 4

225 672 3710

cm-1

(Fig. 5-7)
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Fig. 5-6. Subgroups: B 1 (amphibole lamel la type) B 3 (dense lamellae type) B 4 (c l inopyroxene-amphibole
lamellae type)

Fig. 5-7. Subgroup B 3 dense lamellae type (a) ( )
(b) (155 4845

cm - 1 ) (c ) ( : 904 926 cm - 1 ) (d)
OH ( : 3671 3720 cm - 1 ) (e) Ti (

+ ) ( : 743 776 cm - 1 )



68

( EPMA-WDS

(Table 5-3) 1

Subgroup B 1 ( 23 ) 1.2

atoms per formula unit (apfu) Na Subgroup B 1

Na1. 10(Ca1 . 90Na0. 10)(Mg3 .79Ni0. 06Fe0 . 32Al0 . 79)(Al1 . 95Si6. 05)O22(OH1. 97 ,Cl0 . 03)

[NaCa2Mg4AlSi6Al2O22(OH)2]

magnesiohastingsite [NaCa2Mg4Fe3+Si6Al2O22(OH)2]

magnesiokatophorite [NaNaCaMg 4AlSi7AlO22(OH)2]

Leake et al . (1997)

Subgroup B 3 1.0 1.6 apfu Na

Na0. 92(Ca1 . 43Na0. 59)(Mg3 .39Ni0. 05Fe0 . 50Al1 . 03Ti0 . 10)(Al1 . 90Si6 . 10)O22(OH1 . 90 ,O0. 10)

magnesiotaramite [Na(CaNa)Mg3AlFe3+Si6Al2O22(OH)2]

Subgroup B 4 Subgroup B 1 B3

Si (7.01 7.09 apfu)

Na0. 90(Ca1 . 40Na0. 60) (Mg4. 30Fe0 . 28Al0 . 43) (Al0 . 99Si7. 01)O22(OH)2

magnesiokatophorite [Na(NaCa)Mg4AlSi7AlO22(OH)2]

[NaCa2Mg5Sl7AlO22(OH)2]

( 23

Si 6 apfu) Si Na Subgroup

B1 B3
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Table 5-3. Subgroups: B 1 (amphibole lamella type ) B 3 (dense lamellae type) B 4 (c linopyroxene-

amphibole lamel lae type )

SiO2 43.58 42.98 43.90 43.62 50.24 50.51

TiO2 0.35 0.33 1.09 0.97 0.23 0.19

Al2O3 16.13 16.38 18.25 16.71 8.65 8.93

Cr2O3 0.12 0.14 0.07 0.00 0.19 0.16

FeO 2.21 2.49 3.97 3.75 2.40 2.38

CaO 12.64 12.37 9.33 11.54 9.37 9.12

MnO 0.03 0.00 0.03 0.02 0.00 0.02

MgO 18.00 18.12 15.71 17.18 20.67 20.48

NiO 0.76 0.38 0.36 0.34 0.13 0.09

Na2O 4.26 3.84 5.62 3.81 5.55 5.35

K2O 0.01 0.00 0.02 0.00 0.31 0.30

Cl 0.10 0.02 0.00 0.00 0.02 0.04

Total 98.18 97.05 98.36 97.94 97.77 97.57

Si 6.137 6.104 6.145 6.142 7.006 7.039

Ti 0.037 0.036 0.115 0.103 0.024 0.020

Al 2.677 2.742 3.011 2.774 1.422 1.467

Cr 0.013 0.016 0.008 0.000 0.021 0.018

Fe2+ 0.260 0.296 0.465 0.442 0.280 0.277

Ca 1.907 1.882 1.399 1.741 1.400 1.362

Mg 3.778 3.836 3.278 3.606 4.297 4.254

Mn 0.003 0.000 0.004 0.002 0.000 0.002

Ni 0.087 0.044 0.041 0.038 0.014 0.010

Na 1.163 1.057 1.525 1.040 1.501 1.446

K 0.001 0.000 0.004 0.000 0.054 0.053

Total 16.064 16.011 15.995 15.889 16.023 15.955

Cl 0.024 0.005 0.000 0.000 0.004 0.009

* Total Fe as FeO

Number of cations based on 23 oxygen

B1 B3 B4
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Fig. 5-8. Subgroup B 3 dense lamel lae type X-

(Na- Ti - Ca- ) Na Ti Ca

X Subgroup B 1

Ca Ti Na

(Fig. 5-8)

5-4

2 (the Beer-

Lambert law) 3000 3700 cm -1

Katayama et al . (2006) 8770

L/mol/cm2 3.67 g/cm3 (Deer et al.,
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1992)

Katayama et al . (2006) 5.8 %

(the Gaussian error propagation)

(OH )

( ) 8 % (OH

) 14 %

Group A, Cr-rich pyrope 3575 cm -1

3660 3680 cm -1 (Fig. 5-9; Table 5-4)

3575 cm -1 Aines and Rossman (1984a)

OH 3300 cm -1

OH

Group B, Cr-poor pyrope

3575 cm -1 3660 3680 cm -1

OH (Fig. 5-9;

Table 5-4; Aines and Rossman, 1984a) Group A

OH Subgroups B 1 B2 3400 cm -1

H2O (e.g., Libowitzky and Rossman, 1997)

Subgroup B 1 B3 B4 3710 cm -1

OH

OH (A)

( 1 ppmw) 115 ppmw H2O (B1) 3 42 ppmw H2O (B2) 27 101

ppmw H2O ( 2 ), (B3) 4 10 ppmw H2O (B4) 2 ppmw H2O ( 1 )

(Fig. 5-10) (Subgroups B 1, B3 ,

B4) (Group A, Subgroup B 2)

OH (Fig. 5-10) Group

A OH (Fig.

5-10)
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Fig. 5-9. Group A (a) Subgroup B 1 (b) B 2 (c ) B 3 (d)
Subgroup B 3 3685 3710 cm -

1 OH

Fig. 5-10. Group A, Cr-r ich pyrope (a) Group B, Cr-poor pyrope (b) OH Group A

OH Group B
B 1 B 3 B 4 OH
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5-5

(e.g.,

Dawson and Stephens, 1975; Danchin and Wyatt, 1979; Schulze, 2003; Grütter et al . ,

2004) Schulze (2003)

Mg/(Mg + Fe)

Ca/(Ca + Mg)

Schulze (2003)

Mg/(Mg + Fe) 0.5 1 Ca/(Ca + Mg) 0.1 0.9

Schulze (2003) Group A

[Mg/(Mg + Fe) = 0.79 0.85 Ca/(Ca + Mg) = 0.09 0.14] Group B

[Mg/(Mg + Fe) = 0.56 0.85 Ca/(Ca + Mg) = 0.08 0.65]

Grütter et al . (2004) Mg Ca Fe Cr Ti

13 Grütter et

al . (2004, Fig. 7 CaO vs Cr2O3 )

Group A (Prp67-74 , 4 6 wt% CaO, 6.4 wt%

Cr2O3) Fe

Group A

(Table 5-1)

Group A

Group B Group A Cr Mg

Ca (Fig. 5-5) Subgroup B 1 (Prp49-66 ,

5 10 wt% CaO, 0.5 wt% Cr2O3) B3 (Prp54-72 , 4 6 wt% CaO,

1 wt% Cr2O3) (e.g.,

) Ca

Subgroups B 1 B3 Na

(Table 5-1)

Subgroups B 1 B3

( )
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Subgroup B 4 Subgroups B 1 B3 Ca Cr

(Prp61-76 , 3 4 wt% CaO 0.6 wt% Cr2O3) Subgroup B 4

Ca (Grütter et al . , 2004)

Ca Cr

Subgroup B 4

Subgroup B 2 Subgroups B 1 B3 B4 Cr

(Prp49-68 , 4 7.5 wt% CaO, 1 2 wt% Cr2O3) Grütter

et al . (2004) Fe Subgroup B 2

(Table 5-1) Subgroup B 2

Garnet Ridge Group A

Group A Mg-Fe-Ca

Group B

(Fig. 5-5) Group B

Group A Mg-Fe-Ca

Group B Group A Mg-Fe-Ca

Ca Fe Group B Ca Fe

Mg-Fe-Ca Group A Ca Fe

(Fig. 5-11)

Group A (

) Garnet Ridge

Mg Ca Fe

Ca Fe

Group A 115 ppmw

Group B 101 ppmw OH

OH H2O

Group B H2O
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Fig. 5-11.
Group A: Cr-r ich pyrope

Group B: Cr-poor pyrope Group

B

5-6 Na OH

( , Qaidam)

(Song et al . , 2005) Garnet Ridge

Na ( 23 1.6 apfu)

[NaCa2Mg4AlSi6Al2O22(OH)2]

( )

Na

(Mg, Nax)3(Al2- x, Mgx)Si3O12-2 x(OH)2x
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(Mg, Ca, Nax)3(Al2- x, Mgx)Si3O12-2 x(OH)2x

2(Mg4Al)Si6Al2O22(OH)2 + (1-2x)(Mg, Ca)Al2Si3O12

3 GPa (Green, 1973) Na

3 GPa

Na OH

(e.g., Irifune et al ., 1986; Bell and Rossman, 1992a)

Na

1.08 wt% Na2O (Moore and

Gurney, 1985) Na

(Sobolev and ,

1971; Bishop et al . , 1978; Enami et al . , 1995; Song et al ., 2005)

Na Si Ti P

Na-Si (Na2MgSi5O12; Gasparik, 1989; Bobrev et

al ., 2008) Na-Ti (Na2CaTi2Si3O12; Ringwood and Lovering, 1970) Na-P

(Na3Al2P3O12; Burnet et al . , 2006) Na

Na

Na

Ringwood and Lovering (1970) Na

(2:3) Na (1.2 wt% Na2O)

1000 °C 105 kbar Gasparik (1989)

Na (En42Di9Jd49) 133 kbar

1650 °C Jd <60 mol% Na

140 kbar (1500 °C)

Bobrev et al . (2008) Mg3Al2Si3O12 Na2MgSi5O12

1.52 wt% Na2O (6 mol% Na2MgSi5O12) 8.5 GPa 1760 °C

Na

Na

Na

Na

Na

Na

Na Subgroup B 4 , clinopyroxene-amphibole

lamellae type Na ( 5.3 wt% Na2O)
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Si ( )

(e.g., Moore and Gurney, 1985; Van Roermund et al . , 2001)

Na OH Si

Subgroup B 4

Si

1 mm x 1 mm

1.7 area%

Si 12 0.017 apfu

Si

6 3 Al 2 (M2+) Mg

(Ringwood, 1967) Subgroup B 4

6 12 M2+
0 . 017Al1 . 966Si0 . 017 apfu

Gasparik (1989) CaO-MgO-Al2O3-SiO2

Al

Al1. 966 apfu 8 GPa (1000 °C), 7 GPa

(1200 °C) 6 GPa (1400 °C) Na-

200 250 km

(Condie, 2005; O'Reilly and

Griffin, 2006)

OH

2 163 ppmw (Matsyuk et al . , 1998)

92 1735 ppmw (Xia et al . , 2005) 2 3

Kokchetav

1727 ppmw OH

OH

Lu and Keppler (1997) OH

10 GPa 73.5 ppmw (15 kbar, 1000 °C) 198.9

ppmw (10 GPa, 1000 °C) Withers et al . (1998)

OH 6 GPa 140 ppmw (2 GPa,

1000 °C) 960 ppmw (6 GPa, 1000 °C) 13 GPa 0

ppmw Withers et al. (1998) 7 GPa

Lu and Keppler (1997)

OH 6 GPa
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Group A OH (<1 ppmw) 115 ppmw

Group A OH

OH

OH 2 ppmw 163 ppmw (Matsyuk et al . , 1998)

18

OH 1 ppmw 135 ppmw (Bell and Rossman

1992b) Subgroups B 1 (3

42 ppmw) B3 (4 10 ppmw) B4 (2 ppmw) Group A ( 115 ppmw)

Subgroup B 2 (27, 101 ppmw) OH

OH

OH

5-7 Na-

Na 1

( pyrolite) Na Ringwood (1975) 0.4

wt% Na2O Bishop et al . (1978)

Na (2.01 4.66

wt% Na2O) Na (0.053 0.181 wt% Na2O) (0

0.013 wt% Na2O) Na (0.017 0.038 wt% Na2O)

Na

Na

1 Na-

(Subgroups B 1 , B3 , B4)

(Table 5-1) Subgroup B4 Subgroups B 1

B3 (Table 5-

1) Na

1 Na

Subgroups B 1 B3

Na Na

Na-

(1) 200 250 km (2)

(3)
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(4)Na Mg-Fe-Ca Na-

Mg (Fig. 5-11)

Na- Na H2O

/

Na H2O

Na

(2 3 wt% Na2O; Sun et al ., 1979)

(0.4 wt% Na2O; Shido et al ., 1971)

H2O

<1 wt% (Poli and Schmidt, 1995) 5 wt% (Peacock,

1993) Na

Na-

(e.g., Poli and Schmidt , 1995; Katayama et al . ,

2006) Na (Manning, 1998)

Na H2O 200 km

( Group A )

Na- Na H2O

Garnet Ridge 30 Ma (Smith et al .,

2004)

(Farallon Plate)

(Coney and Reynolds, 1977; Bunge and Grand, 2000)

Na

H2O Usui et al . (2003)

30 Ma

100 150 km (3 5 GPa; 560 700 °C)

Na

(Schulze et al . , 2015) (100 km

) Na- Na



81

(Green, 1973) Na-

Na

Subgroup B4 200 250 km Na-

200 km Na-

Na
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6

6-1 Buell Park Green Knobs

Buell Park Green Knobs (Navajo Volcanic

Field)

(Fig. 6-1) 25 Ma

(Watson, 1967; Roden et al . , 1979

Smith et al . , 2004) Buell Park

(Roden and Smith, 1979) Green Knobs

Buell Park 8 km

Green Knobs 0.8 km

(Smith and Levy,

1976)(Fig. 6-2) Buell Park Green Knobs

Fig. 6-1. Buell Park Green Knobs (Smith et al . , 2004 )
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Fig. 6-2. Green Knobs

6-2 Buell Park Green Knobs

Buell Park Green Knobs 2 3

mm (Fig. 6-3)

( 1 mm) Buell Park

88.9 92.8 mol% (Table 6-1) Ni (0.28

0.48 wt% NiO) Mn ( 0.18 wt% MnO) Ca (

0.01 wt% CaO) Co ( 0.06 wt% CoO) Buell Park

92 mol% (Fig.

6-4) Green Knobs 88.7 92.6 mol%

Ni (0.31 0.48 wt% NiO) Mn ( 0.21 wt% MnO)

Ca ( 0.01 wt% CaO) Co ( 0.06 wt% CoO) Green

Knobs 91 92 mol%

(Fig. 6-4)
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Fig. 6-3. Buell Park (a) Green Knobs (b)

Table 6-1. Buell Park Green Knobs ( )

Locality

Sample No. OL03-2 OL03-12 OL04-2 OL05-6 OL06-5 OL03-3 OL03-15 OL04-4 OL05-2 OL06-5

Lamella No No No Cpx+Mt Cpx+Mt No No No No Cpx+Mt

SiO2 41.23 41.00 41.37 40.81 41.24 40.93 41.10 40.92 40.96 40.81

TiO2 0.02 0.02 0.01 0.00 0.00 0.01 0.02 0.04 0.00 0.00

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.02 0.00 0.00

FeO* 7.49 8.62 7.48 9.40 8.49 8.35 8.27 7.71 8.08 9.35

MgO 50.83 49.73 50.86 49.06 50.22 50.00 50.18 50.45 50.36 49.32

CaO 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00

MnO 0.14 0.14 0.11 0.13 0.15 0.11 0.14 0.12 0.11 0.12

NiO 0.39 0.37 0.42 0.41 0.34 0.42 0.46 0.42 0.39 0.34

CoO 0.05 0.03 0.05 0.04 0.02 0.03 0.03 0.04 0.03 0.04

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00

Total 100.16 99.90 100.32 99.87 100.46 99.89 100.21 99.72 99.94 99.99

Number of cations on the basis of oxygenof 4 oxygen

Si 0.999 1.001 1.001 1.001 1.001 0.999 1.000 0.998 0.998 0.999

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000

Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cr 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000

Fe 0.152 0.176 0.151 0.193 0.172 0.170 0.168 0.157 0.165 0.191

Mg 1.837 1.810 1.835 1.794 1.816 1.819 1.819 1.834 1.829 1.800

Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Mn 0.003 0.003 0.002 0.003 0.003 0.002 0.003 0.003 0.002 0.003

Ni 0.008 0.007 0.008 0.008 0.007 0.008 0.009 0.008 0.008 0.007

Co 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001

Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total 3.000 2.998 2.999 3.000 2.999 3.000 3.000 3.002 3.003 3.000

Fo (mol%) 91.82 90.65 91.87 89.74 90.89 90.95 90.96 91.59 91.24 89.95

Note: *total Fe as FeO.

Buell Park Green Knobs
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Fig. 6-4. (a )Buell Park (b)Green Knobs

(Fa >10 mol%)

Buell Park Green Knobs

(Fig. 6-5)

325 390 665 1015 cm -1 (Fig. 6-6)

210 570 710 cm -1 (Fig. 6-6)

( (

[001]

10

(010)
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Fig. 6-5. ( BP02-3)
( ) c

Fig. 6-6.
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Fe (

) Buell Park 88.9 91.5 mol% Green

Knobs 88.5 91.3 mol% (Fig. 6-6)

Ni Mn Ca Co

Di95 . 4 -96 . 3 Al (

0.6 wt% Al2O3) Na (0.1 0.4 wt% Na2O) Cr ( 0.4 wt% Cr2O3) Mn ( 0.05

wt% MnO) Ni ( 0.1 wt% NiO) (Table 6-2) Cr

(5.0 43.0 wt% Cr2O3)

Cr (Table 6-3)

Si (0.3 0.8 wt% SiO 2) Ti ( 0.4 wt% TiO2) Al (0.4

0.8 wt% Al2O3) Mn ( 0.5 wt% MnO) Ni (0.2 0.9 wt% NiO) Co (0.2 wt%

CoO)

(Fig. 6-7)

[001]

(010)

(Fig. 6-7)

EPMA-WDS (Fig. 6-8)

Mg Fe Ca Si Ca

( BP02-3)

X

1.2 vol%

53 85 vol% ( 66 vol%) 15 47 vol% ( 34

vol%)

Table 6-4 Fe FeO

28 wt% FeO (8.5 9.5 wt%)

CaO 28.13 wt%
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Table 6-2. Buell Park Green Knobs

Locality Green Knobs

Sample no. OL04-9 OL05-1 OL05-2 OL06-5 OL06-3

Wt.%

SiO2 54.34 55.48 55.47 55.24 54.92

TiO2 0.00 0.00 0.01 0.00 0.00

Al2O3 0.67 0.48 0.28 0.35 0.36

Cr2O3 0.26 0.10 0.32 0.22 0.20

FeO* 1.45 1.52 1.20 1.21 1.45

MgO 16.77 17.58 17.32 17.46 17.08

CaO 25.39 26.13 26.10 25.81 26.19

MnO 0.06 0.03 0.04 0.06 0.04

NiO 0.03 0.09 0.05 0.07 0.04

CoO 0.00 0.00 0.00 0.00 0.01

ZnO 0.04 0.01 0.00 0.01 0.00

Na2O 0.19 0.18 0.18 0.32 0.20

K2O 0.00 0.00 0.00 0.00 0.01

P2O5 0.00 0.00 0.00 0.01 0.00

Total 99.20 101.59 100.98 100.76 100.49

Si 1.990 1.985 1.995 1.991 1.989

Ti 0.000 0.000 0.000 0.000 0.000

Al 0.029 0.020 0.012 0.015 0.015

Cr 0.008 0.003 0.009 0.006 0.006

Fe 0.044 0.046 0.036 0.037 0.044

Mg 0.915 0.938 0.928 0.938 0.922

Ca 0.996 1.002 1.006 0.997 1.016

Mn 0.002 0.001 0.001 0.002 0.001

Ni 0.001 0.003 0.002 0.002 0.001

Co 0.000 0.000 0.000 0.000 0.000

Zn 0.001 0.000 0.000 0.000 0.000

Na 0.014 0.013 0.013 0.022 0.014

K 0.000 0.000 0.000 0.000 0.000

P 0.000 0.000 0.000 0.001 0.000

Total 4.000 4.010 4.001 4.011 4.008

Di (mol%) 95.4 95.4 96.3 96.3 95.5

Number of cations based on 6 oxygen

*total Fe as FeO

Buell Park
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Table 6-3. Buell Park

Fig. 6-7. ( :
BP02-3) (a) (b) ( : 805 836
cm - 1 ) (c ) ( : 641 691 cm - 1 ) (d)

( : 992 1033 cm - 1 /641 691 cm - 1 )

Sample No. OL05-2 OL06-1

SiO2 0.10 0.03

TiO2 0.41 0.36

Al2O3 0.43 0.83

Cr2O3 6.57 42.96

FeO* 80.37 45.73

MgO 2.99 4.41

CaO 0.00 0.02

MnO 0.15 0.56

NiO 0.86 0.23

CoO 0.20 0.18

ZnO 0.02 0.17

Na2O 0.00 0.00

K2O 0.00 0.00

P2O5 0.01 0.00

Total 92.10 95.47

*total Fe as FeO
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Fig. 6-8. X ( :
BP03-21) (a) (b)Mg- (c)Ca- (d)Fe-

Table 6-4.

Sample No.

whole-grain lamella ave.

SiO2 40.76 36.49

TiO2 0.00 0.14

Al2O3 0.00 0.38

Cr2O3 0.03 2.38

FeO* 9.62 28.13

MgO 48.62 12.54

CaO 0.22 17.03

MnO 0.13 0.09

NiO 0.41 0.34

CoO 0.04 0.07

Na2O 0.00 0.21

K2O 0.00 0.00

Total 99.85 97.80

*total Fe as FeO

OL02-3
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6-3 OH

OH

OH 2

(the Beer-Lambert law)

Bell et al .

(2003) 29280 L/mol/cm2

3.22 g/cm3 (Deer et al. , 1992) 1/3

OH

(<5 %; Bell et al ., 2003)

(the Gaussian error propagation)

(

) ( ) 7 % (

) 13 %

OH

Buell Park

( BP02-2, BP02-3) 3572 cm -1

3232 3400 3480 3525 3540 3572 3600 3612 3625

3640 cm -1 (Fig. 6-9)

OH OH

3 Ti (Ti

planar defect: 3400 cm -1 ; Ti point defect: 3525 3572 cm -1) Si (3480

3540 3600 3612 3625 3640 cm -1) X (3232 cm - 1)(Beran and

Libowitsky, 2006) 3305 3372 3500 cm -1
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H2O

Buell Park Green Knobs

OH (

: BP02-2)96 ppmw ( : BP02-3)53 ppmw

OH Buell Park 4 155 ppmw

Green Knobs 10 84 ppmw

OH

Fig. 6-9. micro-FTIR
( BP02-3) (100 )
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6-4

Buell Park Green Knobs

(Haggerty and Baker, 1967; Rietmeuer,

1996) Fe/Mg

(Johnston and Stout, 1984)

(Hacker et al ., 1997; Zhang and Liou, 1998)

(Zhang et al . , 1999) Alpe Arami

(Dobrzhinetskaya et al . , 1996)

(Green and Burnley, 1988)

(Gooley et al . , 1974; Bell et al ., 1975) (Greshake et al . ,

1998; Mikouchi et al ., 2000)

Zhang et al . (1999)

[Fe2+Fe3+
2(SiO4)2]

Risold et al . (2001)

Fa

66

34 Fe3+ Ca

Fe3+

Fe3+

Fe3+
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OH (Addison et al . , 1962; Vedder and

Wilkins, 1969; Skogby and Rossman, 1989)

Fe2+ + OH - 3+ + O2- + 1/2H2

Fe2+

Fe2+ Fe3+

OH 1.7 wt% H2O

Fe3+ Fe2+

( : BP02-3)

( 66:34)

(X2SiO4)

OH

( ) (Akimoto, 1972)

OH 19.5 GPa 1100 °C 2.7 wt% H2O

OH (Kohlstedt et al ., 1996) OH

13 GPa 1100 °C ( ) OH

(1200 ppmw) OH

Fe2+ Fe3+

( ) X Y Z H2

X:Y:Z=2:1:1

( Ca) Fe3+

(Fig. 6-10)

12 vol% (

10 ) CaO 1.68 wt% Mg2SiO4-

Fe2SiO4

30 vol% (Fig. 6-10)
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CaO 0.57 wt% Ca

Kudoh et al . (2000)

OH

V IMg VIV + 2H VISi IVV + 4H VISi IVMg + 2H

(V) (Panero, 2010)

(e.g.,

Katayama et al ., 2002) Ca

Ca

Fig. 6-10. MgSiO 4 -FeSiO4

Agee (1998)
Gosh et a l . (2013)
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Mg2SiO4-Fe2SiO4

( ) (Fa >10 mol%)

Fa (e.g., Ohtani,

1979; Ohitani and Kumazawa, 1981; Akimoto, 1987)(Fig. 6-10)

Fa

Fe

Fe

(Chen et al . , 2004)

6-5

(Ghosh et al . ,

2013) Mg2SiO4-Fe2SiO4 -

-

(Fo88 . 5) 800 °C 11 GPa

1000°C 11.5 GPa 1200 °C 12 GPa (Ohtani, 1979; Ohitani and

Kumazawa, 1981; Agee, 1998) 1600°C Fo88 . 5

(

)

Mg2SiO4-Fe2SiO4

0.4 1.3 GPa (

2007) -

(Ghosh et al ., 2013)
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(Fo88 . 5)

1000 °C 10 GPa 1200 °C 10.7 GPa (Fig. 6-

10)

300 km

(Fig. 6-10) 300 km

OH Fe2+ Fe3+ H2

Ca Fe3+

2 : 1

6-6

( )

(Ohtani, 2005)

0.2 wt%

0.5 1 wt%

3 (Ohtani, 2005)

Pearson et al .

(2014)

(Ohtani et al . , 2004)

OH
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7

H2O

Kokchetav

(Peacock, 1990; Poli and Schmidt, 1995;

Maruyama and Okamoto, 2007)

(Liou et al ., 2004)

(Kawai et al ., 2013)

<1 wt% (Poli and Schmidt,

1995) 5 wt% (Peacock, 1993)

(<0.2 wt%; Ohitani, 2005)

H2O (Fig. 7-1)

7-1 H2O

Peacock (1993)

3.4 wt% H2O 1.3 2.1 wt% H2O

0 0.8 wt% H2O

(NAMs)
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11.5 wt% (Domanik and

Holloway, 1996) 300 km

(Schmidt and Poli, 1998; Okamoto and Maruyama, 1999)

0.1 0.5 wt% 300 km

(Schmidt and Poli, 1998; Okamoto and Maruyama, 1999)

20

Garnet Ridge (Usui

et al . , 2003; Tsujimori et al. , 2006)

NAMs

OH

OH (e.g., Bell and Rossmanm, 1992a)

OH

1735 ppmw OH (Xia et al . , 2005)

Kokchetav 1320 ppmw (Katayama

and Nakashima, 2003)

NAMs 0.1 0.2 wt%

300 km

(Schmidt and Poli, 1998) 0.5 1 wt% H2O

(Okamoto and Maruyama, 2004)

(Iizuka and Nakamura, 1995) 200 km

(14 wt% H2O) 200 300 km phase A [Mg7Si2O8(OH)6 , 12 wt% H2O]

250 km (T >700 °C) phase E (Mg2 . 3Si1. 25H2 . 4O6 , 11.4 wt% H2O)

(Ohtani, 2005; Maruyama and Okamoto, 2007)

400 km 400 km

(e.g., Irifune et al . ,

1986; Yasuda et al . , 1994; Ono and Yasuda, 1996; Okamoto and Maruyama, 2004 )

400 km

20 GPa 1400 1500 °C 1130 1250 ppmw OH

(Katayama et al . , 2003)

OH (Xia et
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al ., 2005; Katayama et al ., 2006)

OH

Na-

Na- 6 GPa 1200 °C 8 GPa 1000 °C

200 250 km

Na-

200 250 km

Na-

NAMs Na-

Ca Fe

H2O

Na Ca Fe

7-2 H2O

NAMs 4.6 wt% H2O (Konzett and Ulmer,

1999) 200 300 km (Domanik and Halloway, 1996; Schmidt

and Poli, 1998) Ono (1998)

200 km (6 GPa) 2 wt% 250 400 km (8-12 GPa)

0.5 0.7 wt%

300 km

SiO2 (

) NAMs 5 GPa

(1200 °C) 43 ppmw 9 GPa (1200 °C) 212 ppmw OH

(Mosenfelder, 2000)

135 ± 45 ppmw OH (KochóMüller et al . , 2003)

Al OH 20 GPa (1400 °C) 3010

± 300 ppmw (4.4 wt% Al2O3) OH (Litasov et al . , 2007)
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H2O

250 km (8 GPa)

1.5 1.7 wt% (Ono, 1998) H2O

(K, Ti, C )

(e.g., Iizuka and Nakamura, 1995; Manning, 1998)

(e.g., Prouteau et al . , 2001; Hwang et al . , 2005) Kokchetav

(Intraslab UHP

metasomatism )

OH

OH

1714 ppmw

300 km

NAMs

7-3 H2O

300 km

300 km

(Okamoto and Maruyama, 2004; Dobrzhinetskaya and Green, 2007) 300

km

NAMs OH
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(e.g., Pistorius and

Kennedy, 1960; Locke et al . , 2000; Mosenfelder, 2000; Ohtani et al . , 2000; Litasov

et al ., 2003; Mookherjee and Karato, 2010)

NAMs

H2O

(

) ( )

OH 1.0 2.2 wt% H2O

OH 3 wt% H2O (Ohtani, 2005) ( )

0.2 wt%

0.5 1 wt% (Ohtani, 2005)

3

2014 Pearson

Juína

1.4 1.5 wt%

1.7 wt% H2O
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7-4

Maruyama et al . (1996)

NAMs

(Maruyma and Okamoto, 2007)

NAMs

H2O

Kokchetav 537±9 Ma (Katayama et al . , 2001,

2003)

300 400 km

OH
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8

Kokchetav

Kokchetav

Ca K

Na

2

Al2O3

Al2O3

Micro-FTIR Si

OH H2O

Kokchetav 2

(Intraslab UHP metasomatism )

Ti

K

H2O

H2O

C Ti K Al2O3

CO2

Al2O3 CO2

CO2 CO2

H2O OH

Al2O3

H2O
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Garnet Ridge

Srilankite

Na-

Na- (

200 250 km) Na H2O

100 km Na-

Na-

Na

Buell Park Green Knobs

Fa (Fo89-91 . 5)

Fe3+

Ca Ca

300 km
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JSPS JP15J07628

Kokchetav

Hans-Peter Schertl

Edward W. Marshall

Timothy J. Fagan

SEM-EBSD

micro-FTIR

EPMA
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