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Investigation of the Petrologic Nature of the Moho toward the Mohole
Shoji ARAI™** and Natsue ABE**

Abstract

This article reviews interpretations of the geological and petrological nature of the Moho,
which is defined as a discontinuity in terms of Vp, with a view to preparing for the Mohole on the
ocean floor in IODP. We strongly propose discarding non-seismic terms for the Moho, such as
“petrologic Moho". The nature of the Moho has been controversial for a long time; an isochemi-
cal phase transition boundary between gabbro (crust) and eclogite (mantle) was favored for the
Moho by some researchers, while a chemical boundary between mafic rocks (crust) and perido-
tite rocks (upper mantle) is now favored by a majority of researchers. Boundaries between com-
pletely or partially serpentinized peridotite and fresh peridotite may be applicable as the Moho
at some parts of the ocean floors of a slow-spreading ridge origin. Antigorite serpentinite can be
expected to be observed at the lowermost crust if the Moho is the serpentinization front at the
stability limit of serpentine. The Moho beneath the Japan arcs can be estimated using mafic-ul-
tramafic xenoliths in Cenozoic volcanics. Peridotitic rocks scarcely mix with feldspathic rocks,
indicating that the Moho at that location is the boundary between feldspathic rocks (mostly maf-
ic granulites; crust) and spinel pyroxenites (mantle). Possible fossil Mohos are observed in well-
preserved ophiolites, such as the Oman ophiolite. Two types of Moho are distinct in the Oman
ophiolite ; gabbro-in-dunite Moho, where a gabbro band network in dunite changes upward to the
layered gabbro within a few to several tens of meters, and dunite-in-gabbro Moho, where late-in-
trusive dunites intruded into gabbros. The former is of a primary origin at a fast-spreading
ridge, and the latter is of a secondary origin at a subduction-zone setting in the obduction of the
oceanic lithosphere as an ophiolite. The gabbro/peridotite (dunite) boundary as the primary
Moho forms in embryo as a wall of melt conduit at fast-spreading ridges as well as at the seg-
ment center of slow-spreading ridges. The oceanic primary Moho is modified to various degrees
by magmatism, metamorphism and tectonism in subsequent arc and continental environments.
The gabbro-in-dunite Moho formation in the Oman ophiolite is an embryo of this modification.

We expect in-situ sampling across the primary oceanic Moho formed at a fast-spreading ridge
through the Mohole of IODP. Ultra-deep drilling at gabbro/peridotite complexes exposed on the
ocean floor is indispensable for our understanding of the suboceanic upper mantle. Studies on
appropriate ophiolites and deep-seated xenoliths from oceanic areas should complement the Mo-
hole and other ultra-deep drillings to grasp the whole picture of the oceanic upper mantle.
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Ilustration of a general model of the primary Moho formation and subsequent modification pro-
cesses. Thick dotted and solid lines denote the primary Moho and the secondary Moho, respectively.
(a) Formation of the primary Moho by partial melting and melt segregation, e.g., at mid-ocean ridges.
(b) Modification of the primary Moho by a transformation of lower crustal rocks into denser rocks
with mantle properties. Eclogitization of gabbroic rocks due to cooling and thickening of the crust is
a good example. (c¢) Thickening of the crust by a transformation of the uppermost mantle peridotite
into less dense rocks such as serpentinite due to cooling and hydration. (d) Modification of the pri-
mary Moho by the underplating of magmatic rocks. The primary Moho may be complicated due to ad-
dition of ultramafic and mafic cumulates.

b ON [EAFHER (petrologic Moho) | (1
Z1E, George, 1978; Karson and Elthon, 1987)
Thr 9. COFEE, ML AAOMAELRD
(A 74474 MER) PBETRRE 7447
£ MZBWT, ToOS Y MUhALAE (T
LTV N=FA b @EITRY)EERZSN
%) LMD F A4 b (3705 ORERE)
OEF (B~ 74 v 7 G5PHIET %) 2T
DIES NIz, BARKRGRN ZAEBRTTSH D,
C ORI O PR ZAFAED B TIE AL,

Vp ORFHMEASTFAT H2RTII LV, 2D F D,
WRIEDHRRTIE, TOMOFF A Mg~ > by
ABLAGEER 7 EDRIBERY (Bl 212, Arai
and Matsukage, 1996) TH 1), &I AL
A ERERIER G ORI K 2RO DO TH
bo HoT, NVIN=FAL N FF AL ERD,
MYEZ ON/ZITERE LA TIEZ\WIET
Thb, 6T, [HAFWEFR] %, Likog
AR R R A AR & #E7 B IR 2, K
ERW|ESEL TS, EIEH (2003) TH

—112—



W72, TZTHY, [GAFHER] v
HFEOAMEA Z M CIRIB L7V, T/, SRA%E
XD FrNIFmLOES L LT [Is the conti-
nental Moho the crust-mantle boundary? |
(Griffin and O'Reilly, 1987) ® X 9 R FEH
FIMHENTWEDTH S, ORI
LRV MVOBRIIT T4 v I IHENADLARD
R TH D EVIHIBBOTHIEEEN TS, L
»L, [Eh] dHRE~ Y PVOBERTH DX
ETHb, /2, [EF] B VpRREDEDDLN
LHETHY, ZNUINMEH LTI LS 20D T
%59 b DaaFlER] ICHLTE, /h
# (2008, AYFfET) ZSMIhizwv,

III. HEAEHL»SEIEFRIETDER

W (xenoliths) X7 <IZ X o CEIZNT:
WTERE»SOBETH Y, WTRIEEZERT S
HOEENHERZL-5TIOL LTHEETH
% (Bl 212, Takahashi, 1978; 3313 2°, 2005)
W AT LR~ v M VR FEHEEIEO b D28
HoLEIN, EROEAFNERICHET ZHHD
T2, ORGIBEZFICE D, iS5 ESR
RIS THAEL Do WMEEIIEE T cm LT OER
ThY, FAMHEOEKREMAZ LI LY. B
BIEIL, BN HWEEEENEEHWCEA
OPEGRMERHEEL, GAORHAELR) 2 FHT
HIEIWXTED, 72721, KEAMRD D, £
HH%R L OPREL TV AEBEIZZ 0N EITEE
AT LB DH Do IRDBEHENTENLOIL, &
GRS L LIEN A BB O S H S % DS
XY, AAEROEERENSZETH b,

TADMBIY, I d W2 A A O H BIR
2R ORI LuNEZE) offiEsTd s
(Arai et al., 2000), HRIETT VA ) ZRE (1.1
Ma) HICHES L LTRWE SN EELRER
i, PALAE ONVIN—=FAL K, L—=T
AN, BXOFFA b~ 2—F4 ), 7
TAY T4 (FHHA -+ EEHEA + Al 2 E A
V), ARV 752254 b (FTHA+H
A +BHEA+ ALAE R L), [ERETHD
(K 2)6 NIV IN=H A M UIE UITHEAICE

OGNV RRHY, T2 TAYIA Ve T FT=aF
A MOSERE L72BEHEE s LI LIZRWwWZESh
%o fbiA 3B G4 LIBEGREETH Y, »
ALARFIZES~ Y PVRE, 79=271 b
T HSEERTHA . AL - 72T R
F5 A4 MO VpIIBZELL T6em/Bailz b
Ebh, BEOWES»rOIE, ENIFI7=27F
A b2FEETLEGE, T2TAYIAL eI
T HEGOBFIHL T B L b5,

ORI AR HOFHANRT Vv H ) Zikah oflik
WL, V=TI ERHBINEIEVAEA (£
ELT, REBMKICEL Mg v F A4 b~
Tz—=VI4 L) BROHLNE (FlZIE, Arai et
al., 2000), NSO T VA ) LIk EEIZHE X
WX EE L TB Y (Fl 21X, Iwamori, 1991),
[F]—HuIg TR I A L3058 % 5~ 7 < GE) )
Hotze FNV—TNOEMHIE BEOT VA
TR IEAT LB O~ 7~ 5 O SRS
ThhrEzoh, MEOM~Y 71 v I ~%
T4y rah (Tabh, TOROEFREN) 2
R ENTWwE, 20, RRBTER IRz
Bofar AL Mo Vplid, BES LRI
v v, MEwEomHKTHY, Srv—7
HIOHEADERIIBMEOEFRZRELE (LIE
LIEARWIEIZL72) THAIo

—7J5, WILHARMO HE XL (8 1 J54ER) o
WESEINALAR~Sfa s Y54 h~FTn
LERRTH Do RKDOIBUZ, BRI TH Bk
Wy T Ly FefehBElETHELILETHA)
(Bl 21X, Takahashi, 1986; Aoki, 1987), & >~
TL Y FORBIE< 750 (v 7L
YEReATH) OEFh, ZRMEHICE-oTwS
(Arai, 1986). ZHAEH (MIARER) 13D TR
BWEICHETLTBY Gk, 2005), KD
T Ay ZEMEREAORMNLG Vp EAT S
FNV 7Ly K (HlZ13, Christensen and Salis-
bury, 1975) DRAIMZIEEICE Y, BMAEDOER
BRIV HEINSLEA I,

IV. BFEDER
RIS I R AT B < (5~ 8km), ¥ ¥

—113—



Fig. 2

upper mantle | lower crust

(a)

(b) spinel webstente

harzburglte
el F=

(c) spmel granuhte

spinel websterite

peridotite
granulite

7
I granite’

B (LB OMES» SHEE SN ERTIEOMEK. o, opx, cpx,sp B L P pl &, ThENh,
MPALAL, RO, HEEA, AR LVBIUORELN WEEMETEZIVFRLL THFE—
S—OATHE. 24— NVidlmm () NVIYN—H A4 FOMHEMETE, HAMNBE®D i~
VN ERETLEHMTDH D (Araietal.,2000). (b) AR - Y2 T AF T4+ OHEMED
B, (c) AERNV - V52254 F OBMEESE . (d) BiglcB U 2 so s nflioat (k
Rilt) (Araiet al., 2000 % fijisfL). BN EOER IS =254 b v 2T X554 b
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Rocks possibly derived from around the Moho beneath the Japan arcs observed in the xenolithic suite
in alkali basalt from Kurose at the Hakata Bay, Southwest Japan. ol, opx, c¢px, sp and pl denote oliv-
ine, orthopyroxene, clinopyroxene, spinel and plagioclase, respectively. Photomicrographs were taken
under plane-polarized light. Scale bar is 1 mm. (a) Photomicrograph of harzburgite characteristic of
the uppermost mantle beneath the Japan arcs (see Arai et al., 2000). (b) Photomicrograph of spinel
websterite. (c) Photomicrograph of spinel granulite. (d) Frequency by volume of xenolithic rock spe-
cies from Kurose (modified from Arai et al., 2000). The Moho is possibly a boundary between granu-
lite and websterite beneath Kurose.
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et al., 1998).

Fig. 3 Four possible geologic models for crust to uppermost mantle of the ocean floor (modified from Cannat
(1993) and Minshull et al. (1998)). (a) Penrose-type ophiolite model, in which crust and mantle are
composed of mafic rocks and peridotite, respectively. The Moho is a gabbro/peridotite boundary. (b)
The Hess model (Hess, 1962), in which serpentinized peridotite comprises the lower crust. The Moho
is a serpentinite/peridotite boundary and a serpentinization front. (¢) A model of Cannat (1993), in
which the lower crust is composed of partially serpentinized peridotite with gabbroic intrusive bod-
ies. The Moho is around the base of the gabbro-rich layer. (d) As (c), but the Moho is clearly defined

by the serpentinization front (Minshull et al., 1998).
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Fig. 4 The Moho as a serpentinization front beneath the ocean floor and serpentine mineral species problem. (a) II-
lustration of Hess model of the oceanic crust/mantle. Arrows indicate water circulation. (b) Photomicrograph
of antigorite serpentinite with relic olivine (vivid interference colors) from Happo-One, Japan. Crossed-polar-
ized light. Scale bar is 0.5 mm. (¢c) Photomicrograph of chrysotile/lizardite serpentinite with relic olivine (vivid
interference color) from Mineoka, Japan. Crossed-polarized light. Scale bar is 0.5 mm.
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Fig. 5 Gabbro-in-dunite Moho observed in the Oman ophiolite. (a) Illustration showing the relationship between
gabbroic rocks and dunite. Gabbroic bands decrease downward in frequency within the Moho-transion zone
dunite. (b) Illustration showing the intrusive nature of the gabbroic rock to the dunite, The gabbro is fre-
quently deformed and has relatively fine-grained margins. (¢) Photograph of an exposure of the gabbro-in-

dunite Moho.

M6 F~v—r - F74F54 THIE SN S[dunite-in-gabbro | € &. (a) BERXK. BUMEAMEO ¥+ 14 b (F
Ry z— V54 FEAL, A70E5F A4 FOMRBRPEEME 2D, WMAOWICH % (TR 2
B ENnsb, ) ¥FF-A4 b ATl BEEZRTEAR. #MEcrr7oi3zeesry 284027 v+
4 MYICARS. () BHERE, BIRTF 70l ThE2L8F 4 (d) EAL, ¥7ul@ (g =0,
FUIERETVD. FFHAMHIREHESR AT o070y 7 BERET S

Fig. 6 Dunite-in-gabbro Moho observed in the Oman ophiolite. (a) Illustration showing the complicated relationship
between gabbroic rocks and dunites. Intrusion of the new dunite made a new contact with gabbros. (b) Illus-
tration showing the intrusive nature of dunite to the gabbro, of which the margins are sometimes clinopyrox-
ene-rich. (¢c) Photograph of an exposure of the dunite-in-gabbro Moho, in which the late-intrusive dunite (d)
was emplaced within the gabbro-in-dunite Moho and the layered gabbros (g). Note the gabbroic blocks within

the dunite.

—119—



MOR ophiolite

.

Medium-Cri#
harzburgite

harzburgite

Horokanai ophiolite (?)

Arc ophiolite

%

R
% LR
S SIS
SIS
e
QSIELHLLK QSIS

%

High-Cr# dunite to =
orthopyroxenite

High-Cr#
harzburgite

7 WM 74454 POBKET IV, MEIBIEMORBB L O ENHKOAEHTH Y, il
4 (MOR) B OF 74 A5 A4 v EL RV VA7 T7OHBTICHEETSL., —F, <~ bV
WIBERMZEE2AL, BARBEOFT 744954 3T B3 Y VA T2TORER~ Y MV
KCHFETZ., KWEREIEFZ, KWEREIZENRZENROELT 74+ 54 b oW EELR I %

R

Fig. 7 Illustration showing the formation of the Horokanai ophiolite, Hokkaido, Japan. The crustal and
mantle members were derived from a mid-ocean ridge ophiolite (or lithosphere) and an arc ophiolite
(or lithosphere), respectively. Thick solid and dotted lines indicate the Moho and the detachment

plane for each source ophiolite (or lithosphere).
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Fig. 8 Illustration showing the primary oceanic Moho and its formation at mid-ocean ridges (MOR; espe-

cially at fast-spreading ridges or segment centers of slow-spreading ridges). (a) Petrologic model of
the oceanic lithosphere parallel to the plate motion (arrow). (b) Model of the primary oceanic Moho,
equivalent to the gabbro-in-dunite Moho observed in the Oman ophiolite (Fig. 5). (c¢) Illustration
showing the mantle magmatic processes beneath the ridge, in which dunite formed through an inter-
action between melt and mantle harzburgite (Arai and Matsukage, 1996; Dick and Natland, 1996).

Network of melt conduit forms within the dunite to become gabbroic bands on cooling.
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