
SMP06-01 会場:411 時間:4月 28日 14:15-14:30

MgSiO2(OH)2-AlOOH系における含水H相およびδ相の固溶体による下部マントル
底部への水素の輸送
Hydrogen transport into the bottom of the lower mantle by phase H- phase delta solid
solution MgSiO2(OH)2-AlOOH

大谷栄治 1∗ ;天池洋平 1 ;大平格 1 ;鎌田誠司 1 ;坂巻竜也 1 ;平尾直久 2

OHTANI, Eiji 1∗ ; AMAIKE, Yohei1 ; OHIRA, Itaru1 ; KAMADA, Seiji 1 ; SAKAMAKI, Tatsuya1 ; HIRAO, Naohisa2

1 東北大学, 2 スプリング８
1Tohoku University,2SPring-8

Water circulation in a global scale is a key for understanding dynamics and evolution of the Earth. Subducting slabs transport
water into the Earth’s deep interior. There are many studies on the stability of hydrous phases under the deep mantle conditions,
and several hydrous minerals such as phase D and superhydrous phase B have been reported to be stable to the top of the lower
mantle. It has been reported that hydrous phaseδ-AlOOH is stable up to the bottom of the lower mantle (Ohtani et al., 2005; Sano
et al., 2008). Tsuchiya (2013) theoretically predicted that Phase H, MgSiO2(OH)2, which is the iso-structure withδ-AlOOH,
is stable from 45 GPa to 55 GPa. This phase was experimentally confirmed at around 50 GPa (Nishi et al., 2014). Here, we
present our recent results on synthesis experiments of hydrous phase H and a solid solution of phase H and phaseδ up to the
base of the lower mantle along the normal mantle geotherm. The high pressure and high temperature in situ X-ray diffraction
experiments were performed by using a double-sided laser heated diamond anvil cell at BL10XU, SPring-8. We observed that
the stability field of this new candidate of water reservoir, hydrous phase H, under the lower mantle conditions up to 75 GPa and
2000 K in the MgO-SiO2-H2O system, although the previous studies claimed that phase H is broken down at pressures above 55
GPa. Thus, hydrous phase H is a host phase of water in the lower mantle at least up to the depth of 2000 km along both slab and
normal mantle geotherms. Our experiments also revealed that the solid solution of phase H and phaseδ, AlOOH-MgSiO2(OH)2,
containing 15 mol % of MgSiO2(OH)2 can coexist with Mg-perovskite and/or Mg-post perovskite up to 135 GPa and 2000 K. If
this hydrous phase contacts with the metallic outer core, hydrogen could be dissolved into the core by forming iron hydride, FeH
(Terasaki et al., 2012).

キーワード: 水素,含水 H相,含水デルタ相, MgSiO2(OH)2, AlOOH,下部マントル
Keywords: hydrogen, hydrous phase H, hydrous phase delta, MgSiO2(OH)2, AlOOH, lower mantle
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SMP06-02 会場:411 時間:4月 28日 14:30-14:45

上部マントル条件において水素が enstatiteの相関係に与える影響
Influence of H2 fluid on the stability of MgSiO3 enstatite in the upper mantle condition

篠崎彩子 1∗ ;鍵裕之 1 ;平井寿子 2 ;大藤弘明 2 ;岡田卓 3 ;中野智志 4 ;八木健彦 2

SHINOZAKI, Ayako1∗ ; KAGI, Hiroyuki1 ; HIRAI, Hisako2 ; OHFUJI, Hiroaki2 ; OKADA, Taku3 ; NAKANO, Satoshi4 ;
YAGI, Takehiko2

1 東京大学理学系研究科地殻化学実験施設, 2 愛媛大学 GRC,3 東京大学　物性研究所, 4 物質・材料研究機構
1GCRC, The university of Tokyo,2GRC, Ehime university,3ISSP, The university of Tokyo,4NIMS

C-O-H流体はケイ酸塩鉱物の化学組成や融点に大きな影響を与えることから、地球深部でのメルトの生成や化学進化
を明らかにする上で重要な物質である。還元的なマントル深部で C-O-H流体は H2Oだけでなく、H2として存在する可
能性がある。本研究では、MgSiO3-H2 系において H2 流体がケイ酸塩鉱物の相関係に与える影響を明らかにすることを
目的として、レーザー加熱ダイヤモンドアンビルセルを用いた高温高圧実験を行った。出発物質には enstatite (MgSiO3)
と水素を用いた。加熱、急後の試料の XRD, Raman測定、回収試料の SEM, TEMを用いた組織観察から高温高圧下でH2

流体と共存する相の検討を行った。
3.1-13.8 GPa, 1500-2000 Kでの加熱後の XRDから、enstatiteが分解し forsteriteと periclase、coesiteおよび sthishovite

が観察された。加熱後の Ramanスペクトルから水素の分子振動が観察されたことから、この分解反応は水素が共存する
条件下で起きたことを示している。enstatiteのみの場合には、本研究の温度圧力条件での分解反応は観察されないことか
ら、この反応は水素の影響により起こったと考えられる。回収試料中の coesiteや sthishoviteは、高温高圧下で水素流体
中に溶解した後、再結晶化した組織を示していた。一方で forsteriteや periclaseは元の enstatiteの外形を保ったまま結晶
化していることから、高温下で水素と共存する条件で結晶化したと考えられる。本研究の結果から、MgSiO3-H2系では、
水素流体に SiO2 成分が溶けて enstatite相が分解し、periclase+ forsterite相が生成する事が示された。

キーワード: エンスタタイト,水素,上部マントル,レーザー加熱 DAC
Keywords: enstatite, H2 fluid, upper mantle, laser heated diamond anvil cell
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SMP06-03 会場:411 時間:4月 28日 14:45-15:00

高温高圧下における緑泥石の脱水分解反応境界とその状態方程式
Dehydration boundary and the EoS of chlorite under high pressure and temperature

末次秀規 1 ;井上徹 1∗ ;柿澤翔 1 ;亀卦川卓美 2

SUENAMI, Hideki1 ; INOUE, Toru1∗ ; KAKIZAWA, Sho1 ; KIKEGAWA, Takumi2

1 愛媛大学地球深部ダイナミクス研究センター, 2 高エネルギー加速器研究機構
1Geodynamics Research Center, Ehime University,2High Energy Accelerator Research Organization

1.はじめに
　スラブ中の様々な含水鉱物は沈み込みに伴い地球内部へと運搬され、各々の温度圧力条件で分解反応を生じる。含

水鉱物が脱水分解反応することで発生する流体は島弧マグマの成因に影響し、また生成される含水相は水をより地球内
部へと運搬すると考えられる。
　含水ペリドタイト中の主要な含水鉱物の一つとして、蛇紋石（serpentine; Mg6Si4O10(OH)8）が挙げられる。この鉱

物はマントル中の主要な元素で構成されており、これまで数多くの研究が報告されている。一方実際のマントル中には
Al2O3 成分がおよそ 4 wt%含まれており、蛇紋石の化学組成に Al を加えた緑泥石（chlorite; (Mg,Al)6(Si,Al)4O10(OH)8）
の存在も重要であると考えられる。しかしながら、これまでの緑泥石単体の脱水分解反応境界は 5 GPa以下でしか報告
されておらず、それ以上の圧力では報告がない。さらに、緑泥石の状態方程式に関する過去の報告の多くは室温・高圧
条件のもので、高温・高圧下での報告はわずかにしか存在しない。これらのことを踏まえ、本研究では X 線その場観察
を用いて高温高圧下における緑泥石の脱水分解反応境界とその状態方程式の決定を行った。

2.実験方法
　高温高圧下における X 線その場観察実験は高エネルギー加速器研究機構、PF?AR、NE5C設置のMAX80 を用いて

行った。出発物質には天然の緑泥石を用い、反応実験では分解後の流体の放出を防ぐカプセル材として単結晶ダイヤモ
ンドと金のキャップを使用した。緑泥石の分解反応境界は X 線その場観察時分割測定実験によって決定し、得られた回
折線と回収試料の組織観察より生成相の同定を行った。状態方程式を求める実験（P-V-T実験）では同施設の高圧発生装
置を用い、試料への差応力の影響を防ぐため試料は NaClスリーブに封入した。

3.結果＆考察
　緑泥石は 3 GPa付近では 800℃付近まで安定に存在し、4 GPa以上で脱水分解反応境界は負の dT/dP勾配となった。

7 GPa以下の圧力下ではフォルステライト、パイロープ、フルイドへの分解が確認された。一方 7 GPa以上ではMgサー
ササイトと未知相に分解した。この反応境界は 450℃付近に位置し dT/dP=˜0となり、緑泥石の相平衡境界を超えた領域
で確認できるカイネティック境界であると考えられる。これまでの相平衡実験では数十時間保持する実験が一般的であっ
たが、本研究結果より 500℃以上の条件下では緑泥石は比較的短時間（１時間以内）で平衡状態となるがそれ以下の温
度では極めて反応速度が遅くなると考えられる。今回の結果から緑泥石を伴う沈み込むスラブの挙動を考えると、暖か
いスラブの場合緑泥石は無水鉱物の組み合わせへと分解するため、それ以深へと水を運搬することができない。しかし、
7 GPa付近で 500℃以下の冷たいスラブの場合、緑泥石はMgサーササイトを含む鉱物組み合わせへと分解し、さらに地
球深部へ水を運搬することが可能である。また更に高温高圧力領域ではMgサーササイトは Phase Aを含む鉱物組み合わ
せへと分解することが報告されており、緑泥石は地球深部へと水を運搬する重要な鉱物の一つであると考えられる。発
表では状態方程式の結果も報告する。

キーワード: 緑泥石,含水相,沈み込むスラブ,脱水分解反応,状態方程式,放射光Ｘ線その場観察
Keywords: chlorite, hydrous phase, subducting slab, dehydration, equation of state, synchrotron X-ray in-situ experiment
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SMP06-04 会場:411 時間:4月 28日 15:00-15:15

Composition and nature of melts, supercritical fluids and liquids formed by dehydration
of subducted oceanic lithosphere
Composition and nature of melts, supercritical fluids and liquids formed by dehydration
of subducted oceanic lithosphere
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At crustal pressures, phase relations in natural rock-H2O systems involve low density aqueous fluids and/or high density hy-
drous melts. The wide miscibility gap between these two liquid phases leads to a dichotomy of mobile phases with quite distinct
major element solubilities and trace element geochemical signatures. With increasing pressure, the fluid-melt miscibility gap
closes until the crest of the miscibility gap intersects the fluid-saturated solidus, leaving a single supercritical liquid that has
chemical and physical properties continuously evolving with temperature. The question is if the endpoint of the solidus is rel-
evant for natural rock compositions. We have experimentally determined these endpoints in a variety of systems ranging from
MOR basalt, to pelitic systems and to the simplified mantle systems MgO-SiO2-H2O (MSH) using different experimental tech-
niques in the P-T range from 2.0 GPa/700℃ to 13.5 GPa/1300℃. Supercriticality occurs over a wide range of P-T conditions
ranging from 1 GPa/1100℃ for the SiO2-H2O system to 12-13 GPa in the SiO2-poor part of the MSH system.

In the MORB system, major element compositions of the fluid/melt phase evolve from peralkaline, H2O-rich, granite-like com-
positions to metaluminous, andesitic to basaltic compositions with increasing temperature. The endpoint of the fluid-saturated
solidus occurs around 5 GPa and 1000℃; thus, the dichotomy of fluid versus melt ceases to exist in the oceanic crust. Similar
conditions were determined for pelitic to greywacke systems representing deep-sea sediments. In the mantle-like system MSH
critical endpoints for fluid/melt solvi along the solidus are located between 12 and 13.5 GPa at 1100℃. Melt compositions
buffered by olivine and opx remain enstatite - olivine normative below the critical endpoint; in contrast, fluids below the end-
point become progressively enriched in MgO and are silica undersaturated (Mg/Si ratios>2) at pressures exceeding 6 GPa.
Supercritical liquids coexisting with forsterite and enstatite or dense hydrous silicates are strongly silica undersaturated. The P-T
evolution of fluids and liquids in the MSH system allows drawing conclusions regarding the effects of Mg-Si metasomatism in
the overlying mantle wedge of a subduction system.

The consequences of the various nature of hydrous mobile phases emanating from hydrated subducted oceanic lithosphere
were investigated in the MORB system by determining trace element partitioning between cpx, gar, amphibole, epidote, rutile,
titanite, staurolite and phengite and liquid, the latter either being an aqueous fluid, a hydrous melt, or a supercritical liquid.
Hydrous melts and supercritical liquids have almost identical trace element pattern. Thus, recycling rates of these elements are
not indicative of melting, and in the fast and steep circum-pacific subduction zones, they most likely testify for production of a
mobile phase from the subducting crust in the supercritical liquid regime (i.e. at pressure in excess of 4-5 GPa).

Modeling of trace element signatures of fluids, melts and supercritical liquids generated in or passing through eclogitic crustal
lithologies during their ascent into the overlying mantle wedge indicate that (1) the mode of fluid advection - porous flow or -
focused fluid flow - produces rather contrasting trace element signatures and (2) the presence or absence of accessory phases
such as epidote, staurolite, rutile/titanite controls to a large extent the concentrations of high field strength, light REE elements
and Th, U. Thus, inversion of geochemical compositions of igneous products in arc settings used to constrain the nature and
composition of metasomatizing agents released from the subducted oceanic lithosphere is not straightforward and it is unlikely
that an unequivocal solution is obtained.

キーワード: hydrous fluid, supercritical liquid, trace element partitioning, fluid metasomatism, high presssure experiments, sub-
ducted oceanic lithosphere
Keywords: hydrous fluid, supercritical liquid, trace element partitioning, fluid metasomatism, high presssure experiments, sub-
ducted oceanic lithosphere
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SMP06-05 会場:411 時間:4月 28日 15:15-15:30

含水かんらん岩の断熱融解における微量元素の挙動：HAMMS1モデル
Trace element mass balance in hydrous adiabatic mantle melting: The HAMMS1 model

木村純一 1∗ ;川畑博 2

KIMURA, Jun-ichi1∗ ; KAWABATA, Hiroshi 2

1 海洋研究開発機構, 2 高知大学
1JAMSTEC,2Kochi University

A numerical mass balance calculation model for the adiabatic melting of a hydrous metasomatized peridotite source was pro-
grammed in order to simulate trace element compositions of mid ocean ridge basalt, back arc basin basalt, ocean island basalt,
and large igneous province basalt. The Excel spreadsheet-based calculator, Hydrous Adiabatic Mantle Melting Simulator ver.1
(HAMMS1) uses: (1) a thermodynamic adiabatic melting model of mantle peridotite; with (2) experimentally parameterized
melting relationships in terms of pressure, temperature, water content, and degree of partial melting. The trace element com-
position of the model basalt is calculated from the accumulated incremental melts within adiabatic melting, with consideration
of source mantle depletion. The mineralogic mode in the mantle in adiabat is calculated using experimental parameterization,
and is incorporated into the program. Partition coefficients of the residual mantle minerals are from lattice strain model based
parameterization tested by the latest compilations of experimental results. The parameters that control the trace element com-
position in the model are: (1) mantle potential temperature, (2) water content in the source mantle, (3) depth of termination of
adiabatic melting, and (4) source mantle depletion. It is possible to obtain the above controlling parameters by using Monte Carlo
fitting calculations and comparing the calculated basalt compositions with primary basalt compositions. Additionally, HAMMS1
compares those melting parameters with its major element model. HAMMS1 provides a unique estimate of the source conditions
of basalt genesis using an incompatible trace element mass balance.

キーワード: かんらん岩,水,断熱融解,微量元素,フォワードモデル
Keywords: peridotite, water, adiabatic melting, trace element, forward model
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SMP06-06 会場:411 時間:4月 28日 15:30-16:00

Very Large Intramolecular D-H Partitioning in Hydrated Silicate Melts Synthesized at
Upper Mantle P and T
Very Large Intramolecular D-H Partitioning in Hydrated Silicate Melts Synthesized at
Upper Mantle P and T

CODY, George1∗ ; WANG, Ying1 ; CODY, Samantha1 ; FOUSTOUKOS, Dionysis1 ; MYSEN, Bjorn1 ; LE LOSQ, Charles1
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Hydrogen isotope fractionation during magnetic processes is key to understanding the deep Earth hydrological cycle and may
place constraints on the origin of Earth’ s oceans. It is well established that the D/H content of water in hydrated nominally
anhydrous mantle minerals is systematically lower (<-100‰) than the standard mean ocean water (SMOW, D/H = 1.5576 x
10−4, defined as 0‰). Experiments have revealed significant hydrogen isotope partitioning between melts and fluids or vapors
at magmatic temperatures. The origin of such fractionation, given the high temperatures of magmatic processes, is not likely due
to classical isotope effects as described by bond energies via statistical mechanics.

It is well known that water has a very high affinity for silicate melts, it both dissolves in the melt as molecular water and
hydrolyzes Si-O-Si linkages forming Si-OH. Whereas the molecular forms of water in melts are limited to H2O and OH, the
variety of environments available for water to reside in the melt structure is surprizing large. In order to study water in silicate
melts one is restricted to molecular spectroscopy, e.g. Raman spectroscopy in the mid infrared regime, in windowed high pressure
devices, e.g. the hydrothermal diamond anvil cell. Alternatively, one can study melts quenched to glass, where the structure of
the glass corresponds to the structure of the melt at the glass transition temperature. The advantage of glasses is that one can use
Solid State Nuclear Magnetic Resonance (NMR) Spectroscopy. The hydrogen isotopes conveniently provide two stable nuclei
with spin,1H (H) and2H (D), thus we can use D and H solid state NMR to analyze the nature of water in silicate melts quenched
to glass. Given that glass transition temperatures for silicate melts are high (500-600◦C), one does not expect H and D to behave
differently. D-NMR can, however, be useful in characterizing the molecular dynamics of water in various sites in the glass.

We studied hydrated (with D2O and H2O) sodium tetrasilicate glasses, quenched from melts at 1400◦C and 1.5 GPa, using1H,
2H and29Si solid state NMR. Whereas D2O and H2O depolymerize the silicate melt to similar degrees, as would be expected,
we surprisingly find that protium (H) and deuterium (D) intramolecular partitioning between different molecular sites within the
glasses is very large and controlled by a strong preferential association of deuterons to sites with short O D O distances. This
preference is independent of total water content and D/H ratio. Substantial intramolecular D-H partitioning is also observed
in a glass with a model hydrous basalt composition. Such large isotope partitioning cannot result from classic fractionation
effects because of the high synthesis temperatures. Potential kinetic isotope effects are excluded via a slow quench experiment.
The partitioning is likely governed by density/molar volume isotope effects, where deuterium prefers sites with smaller molar
volume. Large intramolecular site partitioning in melts could lead to significant D-H partitioning between water saturated melt
and exsolved aqueous fluid (where D/HW,Melt ≠ D/HW,Fluid) during crystallization of Earth’ s magma ocean, potentially
controlling the D/H content of the Earth’ s oceans.

キーワード: Silicate Melt, D-H fractionation, NMR, Magma Ocean
Keywords: Silicate Melt, D-H fractionation, NMR, Magma Ocean

1/1



SMP06-07 会場:411 時間:4月 28日 16:15-16:30

Chemical dependence of the speciation and structural position of water in silicate melts
Chemical dependence of the speciation and structural position of water in silicate melts
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Water is the main volatile component affecting the thermodynamic, structural and rheological properties of magmatic liquids in
the Earth’s interior resulting in major influence on past history and present magmatic activity of the Earth. Previous experiments
and modelling have shown that water can be dissolved as H2O molecules (H2Omol) and OH− groups, with the OH− groups
bonded to the silicate network to form Si-OH or Al-OH bonds and perhaps alkali-OH and alkaline earth-OH complexes. However,
important questions remain as to how bulk chemistry governs the link between the different OH groups and the silicate network,
and the global H2Omol/OH ratio.

It is now widely accepted that dissolved water reacts with the O2− oxygen composing the silicate network following:
H2Omol + O2− ⇔ 2OH− . (1)
As O2− from the silicate network is involved in this reaction, its equilibrium constant must depend on the activities of bridging

(BO), non-bridging (NBO), and free oxygen species potentially present in silicate melts, and hence on their global chemistry.
Even if Al-OH and Si-OH bonding were the only variables (and, therefore, the Al/Si ratio of a melt), reaction (1) implies that the
H2Omol/OH should depend on silicate melt composition. However, as the activity of NBO species is also affected by the ionic
field strength of alkali and alkaline earth cations, we expect the equilibrium of reaction (1) to be affected by those cations.

To test and to quantify the occurrence and the impact of chemical effects on the speciation of water in quenched, hydrous
silicate melt (glass), we analysed M2Si4O9 glasses (M = Li, Na or K) containing different amounts of water (from 3.3 up to
17.6 mol%) with the help of1H and29Si MAS NRM, Raman and Infrared spectroscopy. Glasses were formed by temperature
quenching (∼100℃/s) at 1.5 GPa. Raman and infrared spectroscopy show three different bands close to 2300, 2800 and
3600 cm−1. These are assigned to O-H stretching from OH groups bonded to silicate components and from H2O molecules.
Correlation of those frequencies with the O… O distances in minerals suggest that those three bands arise from OH stretching
in two main different environments: one with a mean O… O distance close to∼0.26 nm and another one with a∼0.29 nm O
… O distance. In the1H MAS NMR spectra, we retrieved signals near 15 and 5 ppm arising from the∼0.26 and∼0.29 nm
environments respectively. Increasing the alkali radius tends to increase the intensities of the 15 ppm1H MAS NMR peak and
of the 2000-2900 cm−1 Raman region, indicating an increase of the population of OH groups in the∼0.26 nm environment. In
addition, the higher the alkali radius the higher the effect of water on the polymerization degree is, as testified by changes of the
29Si NMR and Raman signals.

Those NMR and Raman observations suggest that the H2Omol/OH ratio in quenched hydrous silicate melts decreases in the
order Li, Na, K. The greater the radius of alkali, the higher the proportion of OH− the smaller the mean O… O distance in
their environment, and hence the more extensive hydrogen bonding. We propose that this structural evolution arises from a
combination of steric hindrance and electron distribution around alkali elements that affects both equilibrium reaction (1), which
will decrease in the order K>Na >Li, and the local environment of the formed OH− groups. This interplay between the
nature of the alkali modifier, the speciation of water and the polymerization of the silicate network must result in non-negligible
differences in viscosity of Li, Na and K silicate melts. Therefore, following this study, variation of the concentration of alkali and
alkaline-earth elements in natural hydrous magmas, following their origin, will result in changes of their rheological properties,
not only because of the different effects of alkali/alkaline earth elements on Si-O bonds, but also because of differences in the
water speciation and OH− environments.

キーワード: water, silicate glass, Raman spectroscopy, NMR spectroscopy
Keywords: water, silicate glass, Raman spectroscopy, NMR spectroscopy
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SMP06-08 会場:411 時間:4月 28日 16:30-16:45

塩水による島弧下マントルへのイオン半径の大きな親石元素の移動
Large ion lithophile elements delivered by saline fluids to sub-arc mantle

川本竜彦 1∗ ;三部賢治 2

KAWAMOTO, Tatsuhiko1∗ ; MIBE, Kenji2

1 京都大、理・地球熱学, 2 東京大、地震研
1Inst Geotherm Sci, Grad School Sci, Kyoto Univ,2Earth Research Institute, Univ of Tokyo

Geochemical signatures of arc basalts are explained by addition of aqueous fluids, melts, and/or supercritical fluids from
subducting slab to sub-arc mantle. Partitioning of large ion lithophile elements between aqueous fluids and melts is crucial as
these two liquid phases are present in the sub-arc pressure-temperature conditions. Using synchrotron x-ray beams, in-situ x-ray
fluorescence (XRF) spectra are obtained from aqueous fluids and silicate melts at high-temperature and high-pressure conditions
under varied concentrations of (Na, K)Cl (0-25 wt.%). There is a positive correlation between partition coefficients and pressure,
as well as partition coefficients and salinity. In the systems with 13-25 wt.% (Na, K)Cl, partition coefficients of Rb, Cs, and Pb are
greater than unity, indicating the capacity of such highly saline fluids to effectively transfer those elements. Enrichment of large
ion lithophile elements in arc basalts relative to mid oceanic ridge basalts has been attributed to the mantle source fertilization by
aqueous fluids from dehydrating oceanic plate. Such aqueous fluids are likely to contain Cl, although their amount remains to be
quantified.

キーワード: 沈み込み帯,マグマ,高温度高圧力,マントルウェッジ,放射光 X 線,塩素
Keywords: subduction zone, magma, high temperature and high pressure, mantle wedge, synchrotron X-ray, chlorine
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Speciation and partitioning of C-bearing volatiles species in and between silicate-saturated C-O-H fluids and (C-O-H)-saturated
melts have been determined in-situ with the samples to pressures and temperatures of ˜2GPa and 900oC, respectively. Structural
characterization was conducted with vibrational spectroscopy of samples contained in externally-heated, hydrothermal diamond
anvil cells. The redox conditions were controlled near that of the Fe+H2O=FeO+H2 (reducing, RED) and Ni+H2O=NiO+H2

(oxidizing, OX) equilibria, respectively. Melts are, therefore saturated in H2O, H2, and C-bearing species (redox dependent) and
coexisting fluids saturated in silicate components. Solubility of volatile and silicate components depend on both temperature and
pressure.

The melt/fluid partition coefficients of the C-bearing species vary with redox conditions and temperature with the4HRED
melt/fluid

= 44(7) kJ/mol and4HOX
melt/fluid = -70(32) kJ/mol. Pressure is a dependent variable and increases with increasing tempera-

ture. It is assumed no pressure effect of the partition coefficients.
The solution equilibria under reducing and oxidizing conditions, respectively, were; (1) 2CH3

−+H2O+Qn+1=2CH4+Qn and
(2) 2CO3

2−+H2O+2Qn+1=HCO3
−+2Qn, where the superscript, n, in the Q-species denotes number of bridging oxygen in the

silicate species (Q-species). In the absence of H2O equilibrium (1) changes to CH3−+Qn=CH4+Qn+1. For oxidized carbon,
there is an analogous expression expressing equilibrium between molecular CO2 and structurally bound CO32−-groups. Under
both oxidizing and reducing conditions, the abundance ratios, CH4/CH3

− and HCO3
−/CO3

2− increase with temperature. The
enthalpy change associated with the species transformation does, however, differ for fluids and melts and also for oxidized and
reduced carbon (4H(1)

fluid = -16(5) kJ/mol,4H(1)
melt = -49(5) kJ/mol,4H(2)

fluid=81(14) kJ/mol). For the exchange equi-
librium of CH4 and CH3 species, the temperature-dependent equilibrium constant yields4H=34(3) kJ/mol.

Reactions (1) and (2) involve changes in silicate polymerization where increasing abundance ratios, CH4/CH3
− and CO3

2−/HCO3
−lead

to increased silicate melt polymerization. As a result of the relations between speciation of C-bearing species and melt and fluid
structure, stable isotope (C and H) and element partition coefficients between melts and fluids, which depend on and silicate
polymerization and silicate speciation, also vary with speciation of C-bearing species in silicate-C-O-H systems. Pressure, tem-
perature, and redox control on the C-speciation also govern those (and other) properties.

キーワード: COH volatiles, fluid structure, melt structure, high pressure, high temperature, redox conditions
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Our understanding of kimberlite petrogenesis is significantly hampered by uncertainty about the compositions of kimberlite
magma. It is generally accepted that the last equilibration of kimberlite magma with surrounding mantle (garnet lherzolite)
occurred beneath cratons at 6-7 GPa prior its rapid ascent (about 70 km/h) to the surface. This conclusion is based on the
following facts. The deepest (170-220 km depths) and hottest (1200-1500oC) xenoliths entrapped by kimberlites are sheared
garnet lherzolites originating from the lower part of lithospheric mantle. The preservation of deformation features in sheared
lherzolites indicates that the rock was undergoing dynamic recrystallization just before it was picked up by the magma and that
it reached the surface after less than a few days or even hours in magma rising by crack propagation (Green and Gueguen, 1983;
Meyer, 1985; Sparks et al., 2006). Based on our resent study (Sharygin et al., 2013) of melting phase relations in an exceptionally
fresh kimberlite group I from Udachnaya-East kimberlite (UEK) pipe at 3.0-6.5 GPa and 900-1500oC, the kimberlite melt
had essentially Na-K-Ca carbonatite composition<15 wt.% SiO2, Na2O + K2O = 5-18 wt%, Na/K = 2, Cl>1.5 wt%, and
Ca/(Ca+Mg)>0.5. However, the mineral assemblages obtained in these experiments differ from known mantle parageneses.
This may be due to unaccounted CO2 budget missed at shallow depth as a result of decarbonation reactions at 1.5-2.5 GPa.
Therefore, in present study we examined the effect of additional CO2 on melting phase relations in synthetic UEK kimberlite
system at 6.5 GPa and 1200-1600oC.

Based on obtained results mineral assemblage equilibrated with kimberlite partial melt gradually changes from peridotite to
eclogite paragenesis with increasing its CO2 content from 13 to 35 mol %. As can be seen at 6.5 GPa kimberlite partial melt
(i.e. Na-K-Ca carbonatite melt) becomes equilibrium with garnet lherzolite (i.e. olivine + enstatite + diopside + garnet + FeS +
ilmenite assembly) at 1500oC and 23 mol % (20 wt%) CO2. This value is 10 mol% more than natural abundance of CO2 in the
Udachnaya-East kimberlite rock (group I kimberlite). In other words, the kimberlite magma lost almost half of the CO2 budget
during the eruption.

We greatly thank the Global Center-of-Excellence program at Tohoku University (Sendai, Japan) for the technical and
financial support of this study.

Figure. Melting phase relations in Udachnaya-East kimberlite (kimberlite group I) versus temperature and CO2 content at 6.5
GPa. 13 mol % CO2 corresponds to the natural abundance of CO2 in UEK rock.

キーワード: kimberlite, carbonatite, carbon dioxide, high-pressure experiment, Earth’s mantle, melting
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<Introduction>
Carbon dioxide is a major volatile component in the crust and mantle. Its solubility and speciation in silicate melts are

important in understanding of mechanisms of magmatism and volcanism. However, they are not well constrained under lower-
crustal conditions, especially in granitic magma, which is common in the crustal magmatism. In this study, we carried out
equilibrium experiments in the CO2-H2O-granitic melt system to investigate the solubility and speciation of CO2.

<Experimental procedure>
High-PT experiments were performed using a piston cylinder apparatus and a cold-seal pressure vessel. Obsidian flakes of a

granitic composition and oxalic acid dehydrate (fluid source) were put in a gold or platinum capsule and run at 1123 and 1473 K
and 0.1-1.5 GPa. Oxygen fugacity was estimated to be close to NNO. After quench, volatiles dissolved in the glass were analysed
with FTIR spectroscopy. The composition of the coexisting fluid was quantified either by manometric analysis or based on the
low-pressure solubility law and volatile contents of the glass.

<Results>
FTIR spectra showed that both CO2 molecules (CO2mol) and carbonate anions (CO3

2−) were present in all of the glass
samples. The concentrations of CO2mol, CO3

2− and total H2O increased generally with increasing pressure; they were 9200
ppm, 2100 ppm and 6.1 wt%, respectively, at 1.5 GPa and 1473 K. Here, we used new molar absorption coefficients of 2350
cm−1 (1192± 130 L cm−1 mol−1; CO2mol) and 1410 cm−1 (91± 28 L cm−1 mol−1; CO3

2−) determined in this study. The
fraction of CO3

2 to total CO2 in the granitic melt increased with increasing total CO2 content, from 0.09 (total CO2 = 260 ppm)
to 0.19 (11300 ppm). The molar fractions of CO2 in the fluids (XCO2

fluid) were 0.25-0.48 for the cold-seal experiments and
0.73-0.79 for the piston cylinder experiments.

<Discussion>
We formulated the solubility law of CO2mol based on a vapour-liquid equilibrium equation. On the basis of the reaction CO2

(vapour)⇀↽ CO2mol (melt), we calculated the partial molar volume of CO2mol in the granitic melt and the reaction enthalpy
to be 24.9± 2.0 cm3/mol and -22.2± 6.3 kJ/mol, respectively. These values are similar to those in previous experiments
carried out at<6.6 kbar (Fogel and Rutherford, 1989; Behrens et al., 2004), indicating that the low-pressure solubility law can
be extrapolated to 1.5 GPa. As for the formation of CO3

2−, we assumed a reaction CO2mol + O2− (non-bridging oxygen)⇀↽
CO3

2−. Possible factors shifting the equilibrium to the right-hand side include the total pressure (e.g., Fine and Stolper, 1985;
Guillot and Sator, 2011) and water content (King and Holloway, 1992; Behrens et al., 2004). In this study, it was difficult to
evaluate these parameters separately, since the water content increased simultaneously with total pressure. If we assume that
the effect of water is small enough to be neglected, the change of the partial molar volume of CO2 in the melt and the reaction
enthalpy can be calculated to be -8.6± 6.0 cm3/mol and -0.4± 3.1 kJ/mol, respectively.

<Application>
Recently, unusually CO2-rich rhyolitic melt inclusions (up to 1.7 wt% total CO2) were reported by Blundy et al. (2010). The

saturation pressure of this CO2 content is estimated to be 1.4 GPa when CO2 dissolved only as CO2mol (XCO2
fluid = 1; T=1173

K). If we consider the formation of CO32−, the saturation pressure is estimated to 1.2 GPa.
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