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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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INlustration 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.
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Fig. 2 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, cpx, 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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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. (c) 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 e al., 1998).

Cannat E7NVOFRA ¥ FO—DIF, %74 v
RGO (55) SECEEITE, T
FEERCE (+/ANBEE R T T u o AEER) X0 %
HEMMLIZZETHD (H3c)e TNITRRHL
BENTZAA - EFNV (Hess, 1962) (X 3b) &
bE R D, EHEI KD, ks Xy M ERIE
SRR 74 v 7H/ICZLWEER, N - EFN
VEETES (Thabb, TRIPALAGDIE
BEALRIA) O TR WA LR L5225 % (6l
Z1Z, Muller et al., 1997). B 21X, MBAKHEL K
WTHL2MEA ¥ FEBHOT V7 74 A1
WP CIXMERUE (DA D AE) WRBBICH
MLTBH (Fl2E, BARIZ2, 2003), Hnv
T4 v 7 WSRO TSRS/ A S A BB DT
T HHREMEIZ RV,

7272L, ZOBEOWRE/ A D AETERD
FEREIMCTH DO IZKEHEIKEV, L,
Hess (1962) 59 X 912, QF:-% &Ny IAli]
T, BEOOREHEBO LRTHB LTS (X
4a) L, W EEOR TFEIEZT v FTF4 b
W IERCH (B CTRE L IERCH) (K 4b) T
WMEINTWRITFNERL RV, TYyFI74 Ma
IR 7 EVEBICE T A5, @ O )
LOMEIE RV, DL, X0 BRTREREA
(ZVVFANRYF—=F4 ) (K4e) L0 7%
BUERUADHE L AL A B LB L TERZK
LTWwWb e L5, ZoERIRREICX > THR
SNTWDLDOTIE L, WO 2ORMM 2 BH
T, WAKBELDTFHIZH 63NN EIZLD
SN TWDE I Eilhbd, BlzIE, KeARIC

—115—



ERBZENL ) THICIE (BETIR) BEEhic
L WVWEWYEIBRIEDRDHLEDONE LRV,

V. Z74F 54 MIR5N 3 [ER]

Fv—=r 7454 VR EOBMORITR
FTT74F54 P TIE, EELTYT74 9276580
B0 (R SE km) O TMICHA S A (B
WA ) (EE 10 km BEDT) BFEAELT
Wb, ZL DA ZOERE [EFDIbh] &F
ATWh, T, B EE LTy A+
SN LB H Y, TREREN (Moho transi-
tion zone) & X Tw3 (#]21%, Boudier and
Nicolas, 1995), ZE L 7= A S A ST OIEKA
IZIE7 v FT54 PITHD, NA - EFLT
WMEFEEINET Uy FT74 XD %25 THMSEIC
METDHDIFREZENTVRV, EREB
~HE (P~ IR E A SR E B s
N5 E CRBKAEPEALTEY, ok
k2 ICELS N T 5, BTBEASRIEEL LT
Tr—NVIA F~FFA FTHY, i THIHO
SEREEZEDTWwEEEbITw5 (Juteau
etal.,1988), ¥+ A b (F72l 3T =—NF4 )
WZWEER DD (%74 v 75 L BB
ETRI (R b ordby, ftoT, THIE
DFFA N/ FTuBEERDLNDE (ERIED,
2003), —21d [gabbro-in-dunite| & 3§ 9 X
EMRT, 7ROV R+ 4 MRICHEAL
TW2EICRZ2bDTHL (M5), #7H
WAy YO —=2%% L, A7unNy FOEEIZE
FIZdoTHWIML, -4 o H7a~0%
12 Tk b525b0THs (M5 L
#1374, 2003), fiLix [dunite-in-gabbro| & b5
IRELDT, ¥FI A4 b~Tz2—=VF4 VBT T
THIZEALTWSLDOTHS (M6 BT,
2003). ¥ A MIFHESWAN, HEIT KD
(BB ARE) THHH, IhoH HEHO 7
A N/ F 7ok, CHEOEREEYE S,
[ gabbro-in-dunite €& ] 1&, #AEMNZEKRTH
" (X5), [dunite-in-gabbro €& | &, %ME
ANEDFTFA b~ 2=V 54 bOFTaf~D
BAIZL) ZRWIZEK S NZZEFRTH S (X

6)o

b i o R A OWRIMIN A 7 4 T 4 MU,
[H#h7%E8 ] ZHEK T B~ 7 1 v 7 £1% 5 MORB
MWYHEZFD, [~ MVE] 2R T290A5
AEDREESZE LR (AEAR VD Cr/[Cr
+ All BFH>0.7), FEmHHENTD 500K
Td % (Ishizuka, 1981,1985), 72, ¥ 74 v
7EEIM A B SN, [P SN T2
H7EEELTAREG~K VY TL YR - 7T
—294 FehoTwdb (K, 1980; Ishizuka,
1985). —77, MA B AFIIKIROMER A LIEH
DA OMKERIZZ T TE ST, 7o~k
BoAy 7= ROBEANGDFERTH L, D
0, [H@EE] P TRR S Nk, &
Wy TLY R 752254 MIITOZ M
o TWwad, —7, =¥ MV BN %
WCOERERELTWD, HEoT, B A
T4+ I4 b0 [EFR] &, £F, kit FE
Yite EORMB R RE L, ZRENSIEEL S vz
HEMEATR & v Gidh, 1995 1), #1214, W
WA 74+ 54 VETHEOF 714454 M $72
BV VA7 27 (B X OEIGER) 20 5
SNT2T 7 b=y 2 RBEHEERTIERVES S H
(7,

VI. BSRbLVFLED

U LS 20 o % o KB HUIS IS B L) %
BRI EHETD DS (F 21, Eaton,
2005), WL EREERESHRILTO LA L L
TlE, HWETOMENTERERL?S, KEMEH,
B/ RMRIEHB LT 27 b= A LIk B 8EN
% (Eaton, 2005),

MR COWAEN R EREHIE, BIRTIE, WHHE
TOX 7 <AER (BA21X, MORB O H) 75
OfR 2 ZE L7 LT, o+ 74454
MO EHETLOPRETHHH. F~¥—V - F
TA4FFTA IR ETEEFALLGERDRL LD
HHEMLTEBY, ER2HEFWISRHETETD
bo =V FT4F T4 FOEELRISDHE
(D L2 LWl EOWmE» D LIt nad)
THER LI LA ZITANSNTYS (Blz

— 116 —



I, Pearce, 1975; Nicolas, 1989; Miyashita et al.,
2003), *+~— T, HiARD &9 [ gabbro-in-
dunite ] ERDPWAEN LD OTH Y, HEE BRI,
SRS IUN ERMELIRE SN DRS4S IV NN
TR E N REELE Y (X18), ERBRW
ERTIOTFA ML, NVIYN=FTAL ME R
b OBRIGA Y TH Y (Arai and Matsukage,
1996; Dick and Natland, 1996), {45 F T®
AN ERPIZEER IO TH A (Arai
2005 28), ¥4 o 7TaIEBEL L
MORB # )V b ® @l TdH ) (Kelemen et al.,
1997), WAEE T T, FISERYO AV b HREIC
EREINTW2yFH A bg LR LFHRTHA
) (X8 ZOHAHADERITAN MEE (T T -
NYR) OBENTHET E, &Ry T
TEFE22DDICH%, BIRAT7ae sy A e
&, 78 NV FOEEE W) HTHiBNTDH
bo TOWBWORESIE, bt ~—> - F 74
74 FTOFKAOBILETIEITHm ~1+ mT
H5bo

FED XSt~ —r - F 74454 bTikd
A S AETEHIZ Hess (1962) % Clague and Stral-
ey (1977) ORET 2 MERCAILOREE OB %
At (RS HMOBS T 7213 A L) 1352
DOENEV, Y=V - F T4 F 54 MIEAW
IR BRI CH L L s TB ) B2,
Nicolas, 1989), ~¥7 4 v 7 w5k o T 5E VW E
B IR ORI T mRAa L LTo
WA AL TV VD TH A I o KT
BORIROWRERS, JFIHEE Y 7 2 v M RRAET
X~ 7 4y 7kt < (B 2 1E, Muller et
al., 1997), X7 A v 7 5-MALAHZI Y Ty
7 ALK ONEERIC L ) BHICEETHTH S
Yo WAL AETGIZECAILL, M Yk
FETHEIICHRDLTHAIN, WHELRED
SRS, WERCE DR A b, MERCA ORI &
F Do A 7 EDSELRR V. 2D X ) BT T,
RS/ A S AGERPERZ L L TV
FEMEDS 3 5 (Muller et al., 1997), 2ILH D
MLk, M4 ~ FEEREOWET T -
ATV AT NI VT4 ANV IRE)

ORBEEWH TR EINDTHH ) o whHL Kbl
TOUNR - FA—=TDEINIHTH, PALAS
PRI FT L LT B Tl IEFARTH A
Do

WAEN TR, TOBOTFZ b=y s
by T4 Y TOERICE WA W EEZIT D
(M1z8), A~—Y - F74F+54 b® [du-
nite-in-gabbro] EX DKL E D —D D H %
L2 VRY (ERIED, 2003 B ), HEEEY VA
TzTHET44T74 PELTNCAT L7201
BN BRE 2 RS 5 2 LA TH Y, F
Y= - F 74 F 54 MIEIRR KA DR &
N ) VAT 2 T7TOWKF TH A (Arai et al.,
2006), BMIBEASGDTF A b~7 2=V 54 b
ALEA~—> - 74+ 54 b TR, Bk A
BWEEZRT  Thbb, (1) JUAAEALD
Cr#t 3R (> 06 LD NR)HB)
(#1370, 2003), (2) HiphHf2 SHFHES NS
M5 L7ZzAV  oMEE, A+ 74354 F0OR
gAY 72 W A & $H DL (Takemoto, 2007MS),
(3) LIFLEWAENLEEDLNZIVYTL Y F
Bate, 72720, Mkt ~—r 74454 b
T, AEEDOY = —F 4 +id MORB & O H
B ERBL, BENTHLLEINTWVD
(Koga et al., 2001) . M EIIE, @ O
HIF LA AARDIEET B LTI EL S, £
DOWAET, W~ v b VICEIED KRS
MPEIMTHZEicky, BIMESEATL, W
ERGKA LEESN, BIMEERICLLTHA
9 (Bl 21X, Kay and Kay, 1986; Arai et al., 2006
Z) . BIMEDEFRIZ, HAGBOWHMES DS
R SIND LI~ I IHEBHRLRMEM SAUE
) XY FICHEERTWBRTTHSL Gidt
137, 2005 ZM) . PER H A H ARMESL KR O
< 7 =8 (F 2 1E, Iwamori, 1991) 2 &L 0,
KIFICHE SN TV LD H 5 (Arai et al.,
2000) (X 1d ),

TV — O DKL T 7 V2 AD
WCIE, ek Ty b=y 2 BIRING BRI
BENLZENHLHTHAH (Eaton, 2005), H
LY VDB DENRS T 7 M=y 7125

— 17—



4
Fig. 4

5
Fig. 5

6
Fig. 6

(@)

fresh peridotite

@f
~layered gabbro

[ ———— S
B e ————

dunite

(b)

(a) [ 1ayered gabbro

clinopyroxene-rich

dunite intrusive to gabbro with
clinopyroxenitic aureole

—118—



METHZLETHHY )BT L THS (Meissner
and Mooney, 1998). Hiab L7zIEMAA 7 4 + 5
A o TR ITHLETHERD, b LADTHE
BIZERTHoE LS, 727 bov 7R
WEFOWIEZBITH A (7)o

koHNE 21 i EAR— VL, LA
TR 2R E, oML kN %Z 206
HaRLEIHHT IR L2 MfFL:
Vo ZD72DITIE, IERPLFEDN TS L)%
Fi gz d b A AMLETH 505, FNHTHE
THEITA M2 BRETLIEDPEETH L, %<
DNADEFRPHEONT WD EBY, EHdn K
EIROWFERKZ RN R L Lz, T2k,

(74454 boE] LW THR LM
HPWEER IO ME L G252 LWL 25T
HHHo BAAFHEL LTI, SHICEFBERTE
WX, BRIV VDAL AETH LIV
VIN—=A +DEDOHRAEWEEL 72w, Bl <
EHER NV Y N=T 4 N THo TR ik
LWRIKBETERY DAL ABPATTENL, £
DOWRTHEIFEDH S I Y, ERRKDO< S
<GB T3 5 MORB O3k K #0372 7 J{j i %
WRBHZEPRTELIEN VY, ER—LDIEH
2, NA -7 =7 (RRPEE) (B 213,
Dick and Natland, 1996; Arai and Matsukage,
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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.

M5 %=V -F74F54FTBILEEIN D [gabbro-in-dunite] €. (a) HAH. BRAF 7oL 5+ 4
POBEFRIEIWMBHYTHY, F¥FAL I 0 L2, FFAL Mo FTa - NV RERICRY, &

WA 7alcBITT 5. b) ¥4 v eH T

SN FOMBRERTEAM A7 LI LIEERL,

A EFIERRMEL L o TWnd, (o) BEEHE, BRF70 (g W TFHZAP»Y, FF-4F (D HoD

N RERD, REITBIZ > TIT L

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. (c) Photograph of an exposure of the gabbro-in-

dunite Moho.

X6 F~<v—r: F74F5A4 FTHIE SN 5[ dunite-in-gabbro | €&, (a) BXK. BPWEAEO 14 M (F
Ry z— VI 4L BEAL, A7 Y+ A VOMBHEEME D, WOMICH A [ER] 28
EREhsd., (b) ¥F4 e ATuOMFEERTHEAR. HMETr7nildzee sy /2840 s v
4 MWICR S, () BHERE, BIRTV 70l THE2LFF A4 (d) "HEAL, Y70l (g =L,
FUIEETVD. FHAMHICBRHESA T T o070y 2 BEET 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.
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Fig. 7

IMlustration 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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VOHDOTHA9H (BlZ1E, Nixon, 1987), ik
H ) =B CTRRCA DGR L TR A
SAEDHMEENE R I N7 (Abu El-Rus et
al., 2006) T, WVEY VY AT = 7 OERCA
DEWMEG- 25 0L LTHEKREY, 72, KF
HEDOTF « ARy bOXRETONA S AGHE
FE, KO R~ v FPVIEBOERE S 2 5
LOTHY)EETHA (Hiranoet al.,2006), =
nooFEHE, 21 i EF— LV 2METLLD

—120—



% 8

Fig. 8

CRRRLRS:
[OKE,
SERBEBKE

BERHKIRK KKK KRR AR AL 01,00000000’00’00006’000000000
e SRR

X X
XX 0% %%
LIRS
RN ‘v:o‘;‘.’o:q’oo’
o ’*2*:'.‘:%':':2““:3'!‘
< et ess

s (MOR ; 4512, mdfidn Kol F 72 3K Ko 7 2 v MobEs) 8B 2041
GEROAERET VK., (a) FRIBHICEZ T 2WHEY) VA 727 ORHEO €T VK., KHI
PRI MERT. (b) BHERICBIZNENLZEFRODETFT V™. A 3=V - F T4 FF54 D
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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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