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Role of Dunite in the Formation of the Oceanic Mohorovicic Discontinuity

Kazuhito OZAWA*

Abstract

The vicinity of the oceanic Mohorovicic discontinuity, transitional zone between the oceanic
crust and mantle, is characterized by the common occurrence of dunite consisting mostly of oliv-
ine with small amounts of chromite. The most plausible formation mechanism of such dunite is
believed to be an open-system reaction between pyroxene-bearing mantle peridotites, residues of
partial melting, and basaltic silicate melts, partial melting products and the main ingredient of
the oceanic crust. It is, therefore, important to specify the reaction stoichiometry and rates of in-
flux and separation of basaltic melt involved in the reaction to better understand the formation
mechanism of the transitional zone. Geological, petrological, and geochemical observations of
ancient oceanic crust-mantle sections (ophiolites) and dredging and drilling of the current ocean
floors provide key information for constraining the reaction processes. The status quo of studies
on ophiolites and the ocean floor related to this subject is reviewed.
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X 1 Oman % 7 4+ 5 4 b ® Muscat-Mutrah # 3% 12 # H $ 2 < ~
MVt 2 ¥ a v ofi25 B (Braun and Kelemen, 2002 % t %) .
WHEBTTH B 72012, WAENZL, BIKBEDONLVY N—-T %
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WCATENS., RDBFEVWHOTIE, 100mPEd2

Fig. 1 Aerial map of dunites (light gray) in harzburgite (dark gray)
from the Muscat-Mutrah region of the mantle section in the
Oman ophiolite (after Braun and Kelemen, 2002 with modifica-
tion). Dunites appear showing an irregular but banded structure
with a maximum thickness of more than 100 m.

ANVE)-FF AL b=V N—=Tx [ b9
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ALAREZREBEANV FORIBIZE 5T F A
FAER SN2 E R IRBL T b, KU
rhoeEsE 15°20°N WiZai T, 744 FAInv
IN=TV ¥ A FeF~200F A= PLVDR
F—IVTHELZD, PALARICEALZ TS
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BEADEIER & ¥4 MERKOREBEHREZ R L
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K2 F74F54 boBEICEOHWTT L

A ELPALABRHICHBET
5%+ A4 bokk4 % #EIR (Kelemen et al.,
1995a). Ab @ X 9 IZBEE h 0 % 72 5L #
TRLEBERZEOHEZT LT 2L
3%, AaD L Il hoTWVB I LD,
BEFQTOMEZ R T T AL EDORIE
TEFA MR TERLEEZTVSL, b
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MEORIN LE LAY F 4 b o8k
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C, Z L THI VRO CTR L 72 & o %
ELEPALAGEBRMEZEIRTY 5D
REOMEIX, RER® Y F A MBS
FEHLTRIEDHEAZEFT LV EH#AM T
H 5.

Fig. 2 Various contact relationships of dunites and

surrounding pyroxene-bearing peridotites
observed in the mantle section of ophiolites
(Kelemen et al., 1995a) . Except for Ab, which
is expected if dunite filled an open fracture
cutting the host peridotite-pyroxenite band-
ing but has never been observed, all features
from A-E are consistent with a replacive
origin for dunites. F and G with pyroxenite
or gabbroic center might require a fracture
through which basaltic melt flowed, reacting
with host peridotite forming replacive dunite
at its margin.
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¥ % (Nicolas, 1989), TN 5 d HFEIZIEH
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BHiX, hPALAREES Y MV E EHT A AR
OB IS TH L I BN ol 2
ZTlE, EDEIBRADZZALDPBEZLNL D)
ZHARMICATHE S,

1) REMHERERAREICERT 3
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AL PATIRRE I & 5 IR ILAE RIS A O 6 %
5l & 29Il AR &R & L CEET 5
EXORIE 71 Y MEPIHE L CHiER T ICA%R
ELRD, HIARWEOHEETEITEL, EHIZZD
WIEASKE < 2D, LEFwIZEFEoIt7a v
MASEIRAICHTAE L, BIROfEEZ DB 2 e
HMBENTWS (Ortoleva et al., 1987), ZD L
B, RN ERERALE (reactive infil-
tration instability & % \»i¥ channeling instabil-
ity) &IFIEN, B4 2 BEREROS RIZB W TER
PEZLZHEIBEENL, v~V PuviE L5
AR AV M, RECAR S NREIZIE
A &AL ARICEAIL TWSH2Y, BrEmic
LA LZEICEPAL ARICHEEME 25—
F TR IR 2 B SDX D e AL b
EWALAEDIIS D FUBTHEIR ERA R E %5
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men et al., 1995a) .

COBGOREIZ, 55 THHIELEZ
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& o T7% &7z, Spiegelman et al. (2001) Tid,
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FET1I25200m OHBETRAIL M F v ¥ R U3
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DY W o TEBET F A4 N DI S N5 W Fetkds
® %o, Braun and Kelemen (2002) 1%, /N & 7
BAUNT VT NIEBIE SN AERED LS %
TF A NEOHFA 5K BRSNS » 2R
L, TNHAEBICBEZ SN 1.1 oxE
bRV E 2RI, SR ERARED
Tr A bORE LTiRbEYTHD L FRLT
Wb,

2) BRIERTIETN

<YM NVIIHA R A —VORERE AT
WhHEEZLNLDT, TOL) RIEENRTFA
MERY R RO 2D Do Bz, K 2C
IRT L9, HAEANERNICY T4 Mk o
TWB I ehn, MERLRAEEADORYE %
DATHIT T A N OIS % AL L TV B ] BE
WEZLND, TNEFEP LR E LT, <
YRV BRRIER SN, EhEERT s
AN b EREEDRIRAB & &L o TEVWS I 4
FEAREEND L) b DTHS (Quick, 1981;
Nicolas, 1989; Suhr, 1999), KI2DF X G D X
INTF AN VERHES 2 FULIHRA TV L HEE R
WP OERICE L A SR AR OMEIEN %
AT GOL) REEIIARAEONYS 2 REL T
%o

SR BRALE T TV OK ML, b LiRE
FIZRFE R TIE, AREET 14 v =1k
FEL, KSOBETHLTFA4 MIRIALN
HIIROERIZIE R 5w TH S, Jung and
Waff (1998) 2L o T/RENTWAH K HIZ, RiE
RETPEIZ, DA DAL ORI ERESY) & 2
ADAFORIE T ANV F—DRFIC X - TEK
BN, FORREYFA MOWIKRE & B HEED D
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3 XVYIMVHTORIEZMEIBRERMEICLZ ANV M SREEORERRDOE T
v 7 (Spiegelman et al.,2001). % A7 7= ({LERIE & AV MEHED Y £ A A —
VOWEFETIRICE) = 40, X7 LE (AL M % EALF IR D QWD 5 4 2 A r—
VO EETHERICK =400 GO MBEOMNMEEI /RSN TV S, MKICH
Mt=1E3 ANV I2EROMBEETT2AL LEFTHBAT L2012 ,IENT, t=
116 THRADOMEFIZ3IBICEL, FHEDOLDITHR/MMEIIZ01%E R 5. (a) T,
BBEROHETEARLTHY, b) T, FYy A LOBENZ-ENVTH LI
EhENEEOMHTHEKILL TH 5.

Fig. 3 Results of modeling porosity (melt fraction) structures formed in the partially molten
mantle by a permeable flow associated with chemical reactions (Spiegelman et al., 2001).
Development of porosity for a run with Da (Dahmkohler number, which is the ratio of
time scales of reaction and melt advection) = 40 and Pe (Péclet number, which is the
ratio of time scales of advection and diffusion of a component in the melt) = 40 is shown.
A dimensionless time of 1 in these runs is the time it takes to traverse the box once at
background porosity. At ¢ = 116, the maximum porosity is 3.9 %, while the minimum
porosity is only 0.1% due to compaction. (a) shows absolute porosity, and (b) shows nor-
malized porosity to show up channel morphology.

W, £ D5 F A4 MIEMO< 7~ DS % R FROHPLTWD, 2OEZ RN AN/5F
FT7u b5 =25 —HEEONA S AE DI 4 MEKETVEK 4128 L7 (Suhr, 1999).
RHEE R Y > THIET 5 - 0RERE LTI COETNVIL, EBRIBISRINEE5 4 0%
WK T F 4 FOBREHPTERnEEZ LN B EHAT 272012, xR A A= XL %HY
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¥ 4 Bayoflslands # 71 4+ 54 bOBIEICHKDL ¥ F 4 FEKE TV (Suhr, 1999). F TR

ANRTEZIWLENR>TANVIDPRALZOHY) TEDPADLAGTEDKIBIZ L > TH W
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LRERL ST FA PORB AN MG EAT S (D). (a) T, BEISAH LY A2,
BEF ST T A PPICMYEENDE LI D DHTED (o).

Fig. 4 Various models of tabular dunite formation in the mantle section of the Blow Me Down

/\/E@%uﬂnﬂf‘}:%ﬁ%ﬂ:loffgé vy EFL

Mountain massif of the Bay of Islands ophiolite (Suhr, 1999). (a) A fracture formation and
melt migration produces a thin replacive dunite zone; (b) local melt stagnation enhances the
reaction between melt and host peridotite thickening the dunite layer; (c) closure of open
channel for some reasons changes the melt migration mechanism from flow through fracture
to focused porous flow through dunite layers, which might last for hundreds to thousands of
years; (d) during compaction of the host partially molten peridotite, local melt was extracted
through the dunite zone via a porous flow, which is overprinted with chemical signatures of
dunite obtained from processes (a)-(c). Shown in (e) is a case with irregular fractures in
stage (a), by which the final dunite layer becomes thicker with a harzburgite enclosure.
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KFo% 4 7 THEHHRWE-EFF T4 FI54FDFFAPEZRICHEI NNV N=Tx [ MNEDDPA
bAREAERVOALFME (a,¢) EHBHWIEZRDOETY ¥ Z7OFE (b,d). PALAHDFo & A
EALDCr# DMR%E (a) & (b) IZRL, DPALAADFo X NIOEEREDMGRE (o) & (d) I2RT.
EFNVTE, ANVIFHRAK (AT EHERAETI2HICRICAS T 2B ROEEZRIDONPADL A
HOHRBETHBIALLZM =6 AUCRANVEKNBICHGETONMOREEZMEFL, 2V FOFEAICIES
THRELIIEDATIAFFATI) =%, ANVIZ1IELELAIODVTRALAGERTTEAIZOW
TEZTHAD. LI, KWIKEBEDOHTRLZ2%D AV k% RICEALBIRIC X 5 EEE D 23, 25
27, 29% DAL AEE, REBFAXTRLEPALALTEAE ANV EFEHIIH B LREHLDTEA
ANVPOMTEELZELTHS. (a) & (b) I21F, Arai (1987) IC LB DPALAHA-AELXLT Y PILT
LA xmL, (¢) & (d) 2, Takahashi (1986) I2 X 2 ALALAT Y PV T LA ZR L.

Fig. 5 Olivine and spinel compositions in dunite and associated rocks from the Hayachine-Miyamori ophiolite as an
example of the low Fo type (a, ¢c) and modeling results (b, d) shown in diagrams of Fo vs. Cr# of spinel (a,
b) and Fo vs. NiO wt% in olivine (c, d). In the modeling, melt influx rate, which is the melt mass influxed
during melting or crystallization normalized by the initial solid mass, is set at 6. Reaction stoichiometry is as
follows ; spinel is assumed not to be involved in the reaction and olivine and orthopyroxene coefficients vary
with melt coefficient = 1. Reaction takes place between peridotites on the melting trend at 23, 25, 27, and
29% degree of partial melting and a basaltic melt in equilibrium with olivine and forsterite having the com-
position shown by the large diamond. In (a) and (b) olivine-spinel mantle array after Arai (1987) and in (c)
and (d) olivine mantle array after Takahashi (1986) are shown.
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HFo7 A 7B T AMBEHEGOF 74354 PDOFF A PEZRITEI LV TAL FRNLYN—=Ty
A PODPALAREAE R NVOILFHIK (a,¢) EEFY Y Z7O8E (b,d). (a) & (b) ICHAMLTRELZ
WEEOY Y TNICIE, 2L DEFoy 4 7DFF AL PR EEIRTVE. PALAADFo L A ¥ 2V
DCr# DMHEE (@) & (b) IZRL, PALAADFo E NIOGHEDOYBEE () & (d) IZ/RLAE 20
EFLVTE, RIBDOA ML FF AP =1, NV NR=I % 4 b= )V NS OB A W80 7% o —
A% %2 40px—30l=Liq& L, ¥F7 A4 F-A NV OEEFICEPALAAOHBMBLHTE L i
AANVBMIE, XV EPRAK (BT ZEHEMETIHICRICA TL A2HREOUEZHAONADL A
HOHEETHBAELZME BE NV Y N=U X 4 FE XV ORISR, 01720560 F TEL 4,
FFA Mo THHIZ100—EMIC Lz, AR NVIEISICHEEGE T OEZHMERET 2 EIREL .
IS, 2% D A v b % RICEH A ZRRIC X 5 EURIEA 23, 25, 27, 29% DA b AHE, Fo =91,
NiO=025DNPASARECH=05DAEARANVETFHICHLIRAEANVIOMTREEZLZELTH
5. (d) TiX, B=4060HEFT NV L ¥ FOTFF 4, B=1-20% L5t LTwa, #f
WOF74F54 MH560DF—%1F, KO2: Kubo (2002), S97: Suzuki (1997MS), T99 : H A 13 A (1999)
POMo7z. (a) & (b) 121F, Arai (1987) 2L 2 HALALA-AELR LT Y P VT LA ZRL, (¢) &
(d) 12 1&, Takahashi (1986) IC L A PABLARAY Y VT LA ZRLE. YV RANVETRTHBET, (a)
L) ICHMIND B.

Olivine and spinel compositions in dunite and associated rocks from the Kamuikotan ophiolites as an ex-
ample of the high Fo type (a, ¢) and modeling results (b, d) shown in diagrams of Fo vs. Cr# of spinel (a, b)
and Fo vs. NiO wt % in olivine (c, d). Many low Fo type dunites are plotted in (a) and (b) for the Nukabira
complex. In the modeling, melt influx rate, which is the melt mass influxed during melting or crystallization
normalized by the initial solid mass, was varied from 0.1 to 60 to find an appropriate value. Reaction stoichi-
ometry is set at 4 Opx — 3 Ol = Liq by assuming an adiabatic reaction. Reaction takes place between perido-
tites on the melting trend at 23, 25, 27, and 29 % degree of partial melting and a basaltic melt in equilibrium
with olivine having Fo = 91 and NiO = 0.25 wt% and spinel having Cr# = 0.5. Data from the Kamuikotan
ophiolite are taken from the literatures: K02, Kubo (2002); S97: Suzuki (1997MS), T99, Tamura et al. (1999).
In (a) and (b) olivine-spinel mantle array after Arai (1987) and in (c¢) and (d) olivine mantle array after
Takahashi (1986) are shown. All the symbols are common in four panels and explained in (a) and (c).
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bo HWAHEA L EBIEA LV O oMBETEDS
FARBUZ, DA S ALIRAE R IVICHRTERR
IZ1ICENZDIZ, AV FoWEZ B W
% (Kelemen et al., 1995a; Suhr et al., 2003%),

L2L, 54 FOREPFHETH B E, £
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2O T AR NET 2 HEHE A OMETTEM
B LCiE, R v RN DR 5 d
WEE L0 TREND S, ZORMEIL, FEH
WEALRYTA PERELETENALAGEIIES
TIEEKRTHLDIIH L, MER AV D3
FoXRAEICE - TUE, KERMEICE RS R
Vo bHAHA, ANVNOEEIEETHDLEN)
CERRELSEDORETH D,

Ozawa and Shimizu (1995) (&, B Ay ml f#
MDY, RPEEICH LB TRAD AN P
Finb b3 BB, HEDE A QLA 2T 5
CEEWSNI Lz RITITRLAZE DI, @l
TREEAS15%, ANV FGHEPDLT P 1% TH S &
9 7= YRR O %, HAUEA2%0.19, ANA
AY0.8, BEIKAAY0.01 DR THRMLT 5 (Hat
WAHOMBE A RECEZRV) &£MTT5H, Nd,
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A, Thbb, X bEELEAREIITHD
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DOEICHIEENED X )12 AV b B0 %
ZF B8 IIRT, 10%FEEFK > T 5 Hi
FHEA AS R R A TS L o Em e H Ry — v
(K8 THATHRLAZD D) RN SHERMET
KELSELTHD I EDb0b, Fiz, RlfE)
HEATLODW- < D AEEL 72358121 (M8 Tid
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mizu, 1995). @fFE X5, 10, 15% 122 W T
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L72Ba R ETANL MR
mibL72Ea 2L Twa, miEid, Bl
MR TR O M A ORER L2/ TH b,
—ICIEChEHWTBHRES A &
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ANV NGHEI1%TDH, HEHE A OMEIT
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Fig. 7 Effects of trapped melt crystallization after
melting is terminated on REE patterns of
residual clinopyroxene (Ozawa and Shimizu,
1995) . Solid symbols are for the perfect sep-
aration of trapped melt when melting ends
and open symbols are for complete crystal-
lization of the trapped melt without trapped
melt separation. The crystallization mode is
chosen arbitrarily to give a higher partition
coefficient, suppressing the effects on trace
element concentrations in clinopyroxene.

i TFOCHEIIA LD Z L % %, Kelemen et al.
(1995a) &, ¥+ 1 FOMADRH L AN b L
o728 EOMBILHKIREZILIRL TV D L
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—®— instantaneous melt separation
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—i3— Separation completes when F' = 8.6%.

—0— Separation completes when F' = 9%.
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La Ce Nd Sm Eu Dy Er Yb
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K8 ANFHFHENI%TAIL MEAFEHIRL0T
HBH LD BB AR 8% F TIHEAT L 72
BT, ANV OHSLREICERRL DR
ANV DMDPBRL o 2K WAL O
WMEITRIBEEA R L 2K RRER T2
W OGHENRRRECEE TV HEITIE,
GHEERECRTLZOMBEILE NS — v
&, BERIAYIC AV N AT HE L 228 A T v,
SHEDE L R e BT &M IR T
DWENRRP L, RELRAT— BN
Y= llheBH., TONRT—=2IX, ALA
ERNPALARTOMAICK2ED LN
%5 b D THY (McDonough and Frey, 1989),
BB COMBEME S 722V b OR)E
W 7% & RIE L TWw 5.

Fig. 8 Effects of enhanced melt separation in the
final stage (8 % > degree of melting = F)
of open-system melting under conditions of
melt influx rate 8 = 1.0, melt fraction =
1% . Instantaneous melt separation leave the
clinopyroxene composition acquired at F =
8%. With decreasing melt separation rate,
the final F when melt is completely separat-
ed increases and depletion of highly incom-
patible elements becomes more notable. The
frozen patterns are often observed in mantle
peridotites or clinopyroxene (McDonough
and Frey, 1989), suggesting final, very effec-
tive melt separation associated with melting.

W E ER L7, Zhud, FYEEICBIT S 2
VENGHEDAH=ZALELT, FFA4 b Fx %
WEHOWIEFRERETFVNLY) EZAELT
WEHDTHB2, HEHANNT v T EINizR
VEDRLEELZETIUE, 74 bho b
Vit e ol AT A = SEVAY A FAC SR G NOX
DIZHEWT L LH12hY, £TRERETVOMR

— 161 —



WFHHE 2 b, —HT, FF A4 FOREICH S
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BEFA PHOMA»LHOLNLIEHRTHE &L
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T5HDTIEARL, B2 ALAGIERIZ
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N727F A PO A X ke e A7 — )V TllE
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(fractal tree model; Hart, 1993), K< %% &%
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W OFEERE DY A X DEAUEIE,  BOG kR i
NEETHRD HNS (Spiegelman et al., 2001)
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fractal tree Wi DRA DD DL TH SIS
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55 Bk i 3% % #2 (Braun and Kelemen, 2002).
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Fig. 9 Schematic illustration of a coalescing dunite
network beneath an oceanic spreading cen-
ter based on observations in the Oman Ophi-
olite (Braun and Kelemen, 2002). Dunites
form a network mimicking an inverted tree
in the triangular melting region beneath
the ridge, and are transposed due to corner
flow to be incorporated into the lithosphere,
a part of which shown by a box is observed
in the Oman Ophiolite. If steady upwelling
is assumed beneath mid-ocean ridges, the il-
lustrated snap shot is unchanged.
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