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Astrobiology from deep Earth mineral physics
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I review the circulation style, storage capacity, and current amount of water in the mantle.
Possible water subduction and circulation processes in the deep mantle are discussed on the ba-
sis of calculated phase relations of simplified hydrous peridotite in the system MgO-SiO.-H:O.
For water transportation by subduction of lithospheric peridotites, important phase relations
are (1) of serpentine at lower pressures less than 10 GPa and (2) of seven different high-
pressure hydrous phases including dense hydrous magnesium silicates at higher pressures.
Along the cold slab geotherm, large fluid fluxes are predicted at shallow (~300 km depth) and
deep (~700 km depth) levels, depending on the slab temperature. The whole mantle may have
the storage capacity of water more than ten times as much as the ocean. Nevertheless, the
whole mantle seems not to be saturated with water. This would give rise to a mystery of the ex-
istence of the ocean at the surface, because the solid Earth should have drained all the water
during its accretion period. A solution to this question will contribute to the astrobiology, par-
ticularly to the conditions for the habitable planet.
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DA FED O HO ZARFFT 5 2 E W RETH b ik
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L7z Gii) F2Z2NnURi019605EM/R2 5, HERE
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Fig. 1 Compositions of the phases in the system MgO-SiO.-H.O modified after
Komabayashi and Omori (2006). Filled circles denote the composition of vari-
ous phases. The bulk composition of the phase relations in Fig. 3 is shown by
the star. Phases are Ser, serpentine; phA, phase A; phE, phase E; phD, phase
D; shB; superhydrous phase B; cHu, clinohumite; Br, brucite; hy-Wad, hydrous
wadsleyite; hy-Rin, hydrous ringwoodite; Pc, periclase; Fo, forsterite; dry-Wad,
dry wadsleyite; dry-Rin, dry ringwoodite; En, enstatite; Aki, akimotoite; Pv,
magnesium-perovskite; St, stishovite; FI-H.O, fluid-H.O; high-P ice, high-

pressure ice.

160km I3 ED L AT, HEB~ ¥ MV ~D K%
WEoTHRODBMLVEMPFELEZIT TS, £
L EFE 512 L T5.1GPa, 660°CHY i T dH B
(Komabayashi et al., 2005a) (Fig. 2F12H) . L&A
AL AT TOPT/RANZOHEOKIRM %83 %
WaDk, 7L—boOMHAIE AWM (phase A) Lw
I EHEEKEY (DHMS ©12) [ZKZET Z & 250
HETH5 (Fig. 20752 B)o KA, P-T/SANHAE
FlOE M 285341, AT 73542k LTl
KEWMAEDLEIZR->TLZE D (Fig. 20 /% A
Ao L7235 T, ZOMEEINSFMEEEKI~< Y b
BEBICHAZOLINEIPERELTVD
(Fig. 2)o 20 (5 AT TDOH VT VEIFIO
KA VPRIV TTEZVEEZLNTWS (B2
1¥, Peacock and Wang, 1999; Iwamori, 2000), (7i:
ZIT, “BnT w0k T L — b ELTHRIIC,
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Wb EEZ 5N Twb (Bina and Navrotsky, 2000;
Iwamori, 2000; Peacock, 2001; Omori et al., 2002) .
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Fig.2 Phase relations for hydrous peridotite modified after Komabayashi et al.
(2005a). Shaded region denotes where all the H,O in the system is a free fluid
(i.e., dry rock region). Relatively hot and cold temperature profiles in subduct-
ing slabs are shown as profiles A and B, respectively. The white star indicates
the critical condition for the hydrous phase stability in the peridotites in the
subduction zone. The black star denotes the condition for direct water transpor-
tation to phase A from serpentine. Ser, serpentine; Fo, forsterite; En, enstatite;
phA, phase A; DHMS, dense hydrous magnesium silicates; Chl, chlorite; Mg-

sur, Mg-sursassite.

Mg/Si~1.4) I2BWT, 30GPa, 1600°C T TIZHH
THEKMEIRDTOTH %: AM, clinochumite, E
#H, superhydrous B #H, D #H, &7k wadsleyite, &
JK ringwoodite (Fig. 1) I35 D& KM D% E MR
ZoWTIE, F9% 5 OBFZELIEINC I RE BRI X 55
BRr— Lrahol. TITEHALIE, INHOH
& AKACR 5 58127 — % £ v b %235GPa,
1600°C £ T O #PHIZ b 72 b HE S, Ml L 7
(Komabayashi et al, 2005b; Komabayashi and
Omori, 2006), TOFER, chobOF—F &y b &
T, EEGARMHOMBRE B FRE T 5 2 &4
W HEIZ %2 5 720 Fig. 3137 D FHEKE 5 0 AP IR 28 (X
Thbo KT, MDA L, IRREXZ KIEIHE
HAL L 720 g LA atililid, 7 v 7 el (Mg
/Si=1.4) TKDEII3.66wt%THH, ZhidFig. 2
TEEMOKEMEZ AT TOP-T /NANHEY, AM
WREI D EEDOEGHBITHIN L TWwb, (F:

Table 1 Chemical reactions in Fig. 3.

No.  Chemical Reaction”
Ser = phA + En + F1
hy-Wad = Fo + En + F1
shB = Pv + Pc + Fl1
phD + Pc =Pv + Fl

AW N o~

* Left term is low-temperature side of equilibrium. Ser,
serpentine; Fo, forsterite; En, enstatite; phA, phase A; phD,
phase D; shB, superhydrous phase B; hy-Wad, hydrous
wadsleyite; Pv, Mg-perovskite; Pc, periclase; F1, fluid.

3.66wt% & VI DIXRBETTL—bH T U ED100
WE KL GECAMICESRLZKOBTHY, %
BoOTL—boEKRIINIV P EEZ LR
%) i Tl 5 Kb Table 1128 TH %,
TIEZ ZH 5, DHMS 12 X 2 KB IC2 W Tilkin
LI FHWMAE~ Y P VHLEAE (Tto and
Katsura, 1989) & BEXMIE L7272 WA T 7,
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Fig.3 Phase relations for the subducting hydrous peridotite with an average mantle

(Ito and Katsura, 1989), representative cold subducting and hot up-welling P-T
paths. The bulk composition after serpentine breakdown (beyond the reaction
1) along the cold slab path is shown in Fig. 1. Two cold slab geotherms at the
mantle-boundary layer (MBL) correspond to (i) the slab stagnation at the MBL
and (ii) the slab penetration into the lower mantle. The light blue and shaded
regions illustrate where DHMS and hydrous wadsleyite or ringwoodite are sta-
ble, respectively. The region for DHMS has higher water content than the re-
gion for hydrous wadsleyite or ringwoodite. The stars are same as in Fig. 2. The
reactions are listed in Table 1. Thick lines are dehydration reactions, while thin
solid lines are fluid-absent solid-solid reactions. Thin broken lines denote the
water-bearing reaction which does not occur in the subduction process. Note
that free fluids generated by the dehydration reactions are assumed to escape
from the system such that no re-hydration reaction occurs in the slabs.
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B SRS AETE L2\ (Shieh et al., 1998), L
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et al., 2005) THY, DD LEEKIKIES I
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Tw5% (Komabayashi, 2006), DlLoiEwm»o, T
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high-pressure ice

Serpentine
dehydration

Fig.4 A cartoon showing the water circulation in the mantle. Dehydration reactions
are shown: serpentine at the shallower levels, DHMS around 660-km depth,
and DHMS (phase D) at about 1250-km depth. High-pressure ice could be sta-
ble beyond the DHMS stability in the case of very cold subduction. The fluid
phase released from the dehydration of hydrous wadsleyite at about 410-km
depth in the up-welling mantle would form a low-velocity zone there. Finally up
-welling hydrous plume would reach the surface to release water to the atmos-

phere.

5t (DHMS) Td» b, AFWTIIMA LBV, 0
A SIS D & — B 55 A 13Tk A A AT MR DR & —
BESMZ L CHMAT I N TE S GEMIIE
Komabayashi et al., 2004 % R S 7=\, BEHA O
AR BOR TR & L 7ziiifid, & I EIKBAGE)
EMEVHENEWHRT 57259 (Umer and
Trommsdorff, 1995; Wunder and Schreyer, 1997)
—J, BERKETDHMS » 6l hzimfkiz~ >~ b
WV ERE D wadsleyite, ringwoodite (&% S5 72
A9 T~ MVOFWMAGDLETH S Mg
U7 AHA bET a7 L— A KBEET S0
EIPRERP SN TEY (Murakami et al.,
2002; Bolfan-Casanova et al., 2003; Litasov et al.,
2003), E5%5FEBRT— 5 OEWIBRINDH, W
HINTWLEREORKNETZENZNOHEN E D
0.2 wt%ETH 5 (Murakami et al., 2002) o
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AN ING, a~xF 74 FOKEHEEITZ O X
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Tw% (Nolet and Zielhuis, 1994; Revenaugh and
Sipkin, 1994; Song et al., 2004; Chambers et al.,
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/BoNbI b, MERENLLLRAATY Y MIVESH
TR ENZZREOKRDIAEZ i L T b 25
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1) %% Bercovici and Karato (2003) 12X DL
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B SNSRI O< > MVEE X D D EWTHE
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WThEy PUVHICAKRREELTWS EE 25
N, FBUOKBULTHE U2 EOT A4 Yl sh T
Wb LI THDH, L, T Lizwoldask
P ENZT D, L)L THbB, FARDBFEI
<V MV OMEEN YRR BRI B KO
REERECTUWELBINMEE BT LI THE, I
W~y PVETEH~ Y VWA ppm A —F—TL
PKREEDRVOIZH L, EBEOHY (wadsleyite,
ringwoodite) X3 wt% DK % LREFUTEE 22 72 O I HEM
PR T 2 KOMEZ BB ICERETH L, T2
T, Jacobsen (2006) 7° wadsleyite & ringwoodite
DR REITT T 2 KOBFE (1 wth H.0) %R
BIZEAX7 (Fig.5)o. FiE, ~ Y MV ERBEOMIE
WEE (B X, BKkohrT v aETIRHEAPKE
HE ENTE, 20720, BEERES~Y MLV E
R EFME E2ZEXREH 22545

(Anderson and Bass, 1986) 7 & O & RA—#OHF
FEEDPHI-EZIN T W5, Jacobsen (2006) D kiF
EHBE (Fig.5), #tH (PHK) #HEIZOWTIIAH
BECTH AL, B (ST FEFIZOWTIEZKROR RS
HEIREN TS, ZOMBEREDT— 5 251k
%mvzbw®ioﬁﬁm®%%ibééﬁﬁ,%k
520~660-km O M52 P B O BLHIE 2 KRBT &
5E 912”2 %, (JF: Jacobsen & NIF P EMIZ &K
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Fig. 5 (a) P-wave and (b) S-wave velocities of dry
(solid lines) and hydrous (dashed lines) oli-
vine, wadsleyite, and ringwoodite after
Jacobsen (2006). The seismological velocity
model (Preliminary Reference Earth Model
-PREM>-) is also shown (Dziewonski and An-
derson, 1981). The effect of water is clearly
seen in S-wave velocities. Wadsleyite is sta-
ble between 410 and 520-km depths
whereas ringwoodite is stable between 520
and 660-km depths. The seismic velocity of
the transition zone, particularly 520-660-
km, is better explained by hydrous wadsley-
ite and hydrous ringwoodite.
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FLOBHE, TV PUPERMICERL TWDENE
INFELDORL LW ERBEIIE )RS H HEEIL
ERLTVWEITH D, T2, KR EHZ, F
BT (GhAaAR) (I EREWIC X Y ERE~ >~ by
FCRDEREN, Fo2ORFEE LCTRKRISIC X
DFRARDM E N A Y HBHIE R THD, v
LI h b, EHE, HoBEIS L ZoOREICT T
O—FTELEEZTWD, KDO< ¥ MV oOEMER|C
W BMEDIEFICRKEZ DT, KRHEEEGE RV
WETY Y MVOESHIC R A S POZELNH S IX
FTThb, BIEDO< Y MO Bl g28k 7%
) BHEKDGEIZOVWTOARITONTWSED, K
(RS Z2MASHEORAEDITONERETH
595

6. HMIERDBEDEIE

WERO R WS T IHAAEL T2 2 L iddEa%
£, BLXOZOMFFICANRZERTH-72LHTH
bo Fah L7z & 91T, HEROWEORIUIDOWTIZHEIL
I GmoTwiv, HHE -5 ThX% &, [FEfH
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