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Architecture of Oceanic Crust and its Formation Process

Sumio MIYASHITA*, Yoshiko ADACHI** and Susumu UMINO ***

Abstract

Recent progress of studies on oceanic crust is reviewed focusing on the architecture and its
formation process. Although crustal thickness does not vary with spreading rates with the ex-
ception of very-slow spread oceanic crust, architectures vary with spreading rates. The thickness
of the upper oceanic crust (lava and sheeted dike complex) decreases with increasing spreading
rates at intermediate to ultra-fast spread oceanic crusts. This implies that the gabbroic section
thickens with spreading rates. The lava layer seems to become thicker, while sheeted dike com-
plex becomes thinner with spreading rates. Thus, a systematic change of the crustal structures
is expected with spreading rates for intermediate to ultra-fast spread oceanic crusts.

However, such systematics are not followed at a slow to ultra-slow spread oceanic crust,
where the sheeted dike complex might occur only locally. Therefore, the magmatic systems con-
trolling the formation of the crustal architecture differ significantly between slow to ultra-slow
and intermediate to ultra-fast spread oceanic crusts. The difference is also shown in lower oce-
anic crusts, i.e., small and isolated numerous gabbroic intrusions at slow to ultra-slow spread
crusts, and thick successive gabbroic layer at intermediate to ultra-fast spread oceanic crusts.

Recent dense sampling from extensive areas near the East Pacific Rise and drilling at Hole
1256D show that off-axis magmatism plays an important role to in making the lava layer thicker.
It should be emphasized that the upper succession in the lava layer might correspond to magma-
tism from on-axis to off-axis toward the upside. Therefore, vertical variations in the upper por-
tion of the lava layer show a lateral igneous variation from on-axis to off-axis magmatism.

Another important result obtained at Hole 1256D is the appearance of granoblastic dikes
that are recrystallized under high temperature conditions up to pyroxene hornfels facies. Petro-
graphical and petrological observations suggest that dehydration partial melting occurred in the
metamorphosed dikes due to invasion by gabbros.

Gabbroic rocks recently obtained from Hole U1309D of the Atlantis massif near the Mid-At-
lantic Ridge, give a new constraint for the formation process of slow spread oceanic crusts. Down
hole variation at this site confirms that the lower crusts of slow spread crusts are composed of
many gabbroic intrusions. However, it is noted that the most primitive gabbroic rocks such as
troctolite occur in the upside of the drill hole as was the case for Hole 735B of the Atlantis bank.
It is not understood yet what mechanism produces such primitive gabbros at the upside.

The accretion fashion of the lower crust beneath intermediate to ultra-fast spreading ridges
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is still controversial with two end models proposed, gabbro glacier model and sheeted sill model.
Hybrid models based on thermal analyses and petrological data have also been proposed. Seg-
mentation structures might also affect also for the accretion style of the lower crust. Much deep-
er drillings and detailed studies of ophiolites are required to solve the accretion style of lower
oceanic crusts beneath intermediate to ultra-fast spreading ridges.
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Fig. 1 Schematic lithologic column of oceanic crust
modified from Cannat (1993) and Juteau
and Maury (1999).

Crustal structures beneath fast-spreading ridges are

similar to ophiolite sequence while those produced

at slow-spreading ridges are complicated and hetero-

geneous.
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Simplified models of accretion of the lower crust (modified from Maclennan et al., 2004).

(A) Gabbro glacier model where all crystallization of the lower crust takes place in the melt lens.
(B) Sheeted sill model of in situ formation of the lower crust with sill intrusions.
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Fig. 3 Schematic variations of latent heat release, bulk Mg#, strain rate, cooling rate, hydrothermal fluid flux, fluid
temperature, and intensity of high-temperature alteration with depth after Ildefonse et al. (Unpublished

data).
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Fig. 4 Penetration depth versus age of ocean crust (A) and spreading rates (B). After Teagle et al. (2006).
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The wide spacing of 10-20 Ma isochrons reflects the

extremely fast (200-220 mm/y) full spreading rate.

The locations of deep drill holes into the oceanic

crust at Sites 1256D and 504B are shown.
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Penetrations to date in Holes 504B and 1256D are

shown by solid vertical lines, with the depth at

which gabbros were intersected indicated by the red
box. Following core descriptions a thickness of ~

300 m of off axis lavas is shown for Hole 1256D and
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=dJuan de Fuca Ridge, Lau = Valu Fa Ridge in Lau

Basin, CRR = Costa Rica Rift.
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E2RE-3EBERNREEINTBEY (Detrick et
al., 1994), ZOBRPLS L S GMEERTIIZR
, GLALH - BBIEHPEETH D Z L 2R
L7z0 AUEHIILTOMEI D Ve HEAEEIL,
Lo - WEARTIE, AT uEANASL LK
A L7z, 2% ) Hole 504B Tld ¥ — MIRA MR
DI 2 F-3 A PEE I NI=DITH L,
RAE—IVTIE, ¥— MRERTE-7 70k L o8
FE LD D S S ITRERISHEE A 2 T8-3B
Ry s eHEENT: (BT LAIL, TOHK
OWEICE B &, KT EF UL TTHET S
&, A7aO Ve B L SEIRT 5 RRD
LNTW5, §4bb, KE—VTIE, #2H-
3B FUIENRAE- T 7 0 O AR R ITIZIZ 3K
LCTWBIREED D %o

ST, DEORRD H WL D0 OB R A
PEPED 5 TL B0 DUTICHE ORETR
eV BlErs, MEEZE) RIFTHhb,

1) BEBOBREFT 7772 XKEEED
PER, PRSI BT S HHI TR O W zE s e
3, EARIZHEE ETRERE N0, OF
D, WEKEEHZObOLEZLNTER, L
ML, Wik, SHEILKIESTH S EPR T3, i
BRI TA 77 7 ¥ AKBAGE AL FEPRIZAE LT
BY, psEEOEE L) SIREWHDKEP & b o
ZEPHMEENTEY (Macdonald et al., 1989;
Perfit et al., 1994 ; Scheirer and Macdonald,
1995; Alexander and Macdonald, 1996; Perfit
and Chadwick, 1998; White et al., 1998, 2002,
2006; {EEF 1270, 2008), T O SI3iEEE Ak
DPFITDHDITH &) EiED STV 5 (Hooft
et al., 1996). 2%V, MR EE OB E
&, MR LTRSS N o0 Rtk T T 7 v
ACTZDLICRBEL TV OBHHZ LIk
bo 272U, ZOYEEBVLELRDIE, 77
7Y ACBWTHERPIES 25 H N E L Tid 2
DOUREMEDDH B Z LT, WHE» SN T - T
K7 G DR E I CTRET 2554 & EE R AOL
WHEXRLLF 7T 7 2 ARG L 286
THsbH (BIzIZ, Sims et al., 2003) FiE DL
AR BT L 22 ES A 7T 2 Y ATRE

BLEW) 7209, BRI o KIS
Bl AL THEDR V. BEOEEL, MK
BIGE 2 BB 25 LTV AU TOA L b L >
AL ZR G ST AT 2L > T B BEN:
3% % (Perfit and Chadwick, 1998; Sims et al.,
2003; {EEF 137>, 2008 7 &),

Hole 1256D T, & KL E 78
POFELIHmE SN, K EHD 100m §OFE W
WA 25 5-10km #ih 72+ 77 7 &
ADMFEERMDI2F 77 7 ¥ AREEEIC X )
REVEASIR S LT b (Crispini et al., 2006)
ZOFMIEF 7T 7 ¥ A9 SRIBADT T
L7z—8BIRin a2 o 72y — P 70— SR E L
T LfiEh, 2F 0, HEBLERICBY
LIMEZEAE, KRR B T o/ 5%
ILERLTWAZLEZPALNIC LM TEHETD
5o

FRADOMBL T, Hole 1256D ® L, 374
bbbt T T 7Y ARKEIGEEN L 5 D DI
LM ZRLTWADIZ L, ThoZE
FZENS LD IER RO LN 5
(K 7)o AN LSBT 2 LRAFIE, AV
LY A TOWHAOBITEHBLTWE0T, L,
UMV —ARARHYTH o7 LT, i
& WELER ST, ¥ MV — ZADOREEN:
FEENTLE S (Casey, 1997; Coogan et al.,
2002a). —Jti, * 77 7 ¥ AKEIGEITIE, 2
VALY XEFETITEETL50T, ¥ My —
A DR G % WL L 72287 2V b ASEHT %
ZENFMEN S, Geshiet al. (2007) I,
EPRI4°S IZBIFBE KA L 7T 7 ¥ AEETH,
{EEE O N-MORB £ ) b LAMiB LAz~ T~
%>, E-MORB % T-MORB 7 & Ok 7~ 7 < 7%
EOZEBENDO DL DM 5% o TnD 2 L EHE
L T\ %, Niu and Batiza (1997) &, + 77
7V ADQHEKILO G AT L, <~ My
Y — A DS g HRBIEIKIC b7z 5 TE Y, R
XY MVHBBDTAHHTHSL I LERLTW
%o

RIS L CER T 2 HHO~ 7 <R 0Z%
1biE, WEIOESORRNE Lz RT 0L T
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Likiminid b (Regelous et al., 1999). L2 L 7%
Mo, INHDOHF Y I NIFWT RS IHEEOET
PORONTZEDOTHY, LOKENLLEZD
L, WEE ETOREWTIERL, AT T VAKX
BAGENC L B DEATVAWREEDSH Y, 9
L7-Blu2 o bREIsSE2 L Bbhs, &b,
TT 7Y AKBAREICE Y AR % L ¥ 2 —Iidif
Bi3H (2008) 12X o TRENRTWVED TS
SNz,

LTAT, PREENKE L %5 LEt T
DEATBITB2MREEOER LD,
v— MNABWAE T % (Bonatti and Harri-
son, 1988), Ziuid, YLK #EAE TIZHIEAbAE
L<, WERERNIZRNT A2 &L WO
RBEEOREZ L D RTVOIIH L, wsdLkE
TP AR EICEET 5720120 — b
BEarELRTVWEEZS5N% (Unmino et al.,
2002), Perfit and Chadwick (1998) &4 K
B X BBk BIn & i LT 525, W U
PERMESE T A B LA T TlE Y — MARTA
HBLTWL0IL, 7727 ¥ ARG
L5250 TIEIMRBEPEBELTVWS ELTW
bho TOHME L TITA 777 ¥ ARG X
DI E IR E A 5 22720 EHEE LTV
%o 7B, Smithetal. (2001) & EPR ® 9°37'N
fHEIZ BT 2% R HEHRAER R L - T
SMEARDET AV Mz L TW5B7,
MIRBEIZ3RDOET XY MERTH BHED
INE B EMHEENEICOAMB L TWAH 2 & 2
BLTWAD, TOZ L, HEMOEELIED
B HIEHGECOER & LT, fEYE 7 A 2 M
WTOMEDEETHLILEZRELTWAS,

Hole 1256D Ti%, &kt L Tahb LI —ME
FWAHBLTEBY, RIS OIKAEICL S
EWEKRFIZIIRLTWA LIRS, Le
L, Miod 77 7 3 ABHEIZIFILEALEDR Y — b
WENPLRY, ZOTFRMIZIZEA O KETHE)IC
£ Y= MEAGHESREL TV, WHEOH
FHCHRIB AT 2V — U BHFAEL TV b,
I, ST T oM E LR KL TH
0, S R AT S BRI 22 o T LIS

Flozefiz R <, FHLZEFTOBEERL
Vo B LR RLTWAEEZbNS, 21,
BRI B R% 2 KIS0 2 T I &
D, A S BERANOLALE BT 5 2 &8
HEETHY, SAFNRFHLE b ILELI LI
Lo THBEAKKGE 22 4 7 7 7 ¥ A KKIHE~
DEALZ YT B I LA E Bbh b,

2) BEE, v— MRARE HAJOBDEZR

EHKRE & DOB%

R KPR b7 T3 5 Hole 504B Tl 1km
PED v — MIREIRFEDIE LA H B 0I5 L, #8
T L KRR M T3 5 Hole 1256D Tidix % H
WZDEERH L oTWAS (3850m) I &35k
R L7ze —T7, BERKEEEE & EAEIE T o 2 )L b
Ly ZAOWSITHED»SH Y, IEKHEIKRE L &
HEXNVIL Y ADOMEIZREITEL DI L
FHEN TV, Hole 1256D (281F 4 5 H 1%
FNEENTIHERE R o720 AVIL YLD
TaEEOBRICOWTIE, HETHELL
L, TN b EANERRE v — MIREIREE
T, FNIYTRTH7aEIERENE I LI
MLTIEEROSIAE R, LT, BakE
&Y — NIREIREE L % & b 725 ST RHEE D
BRI TRAT B2 L1 B0 LR
HEDFEH L TOWBEANZAT 4 — 7 TlE, ik
ORESF15km U FEREIONTwE LD
(Karson et al., 2002), ZOFHEFHFANTH 5,
—75, WEFNRT—7 051, HIHEEI D
TNEL %3 L M OE S 1d 3-8 km L S5k
THDH, PHlDSFHAILKICBV T, IHAH
BERKREL o THHBOE S ZITL A EEL
HTweEZH5NTWAS (Chen, 1992), L7225
TR/ &, RHEEORI - TH
TUEOESPHART LI L2 ERL TV,

Buck et al. (1997) 1%, HuZkYy 8RS
BEL, ANVFL Y ADORENELS L E (T4
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PREE DA, ¥ — MIRGIREEOE X
WL %% 2 & & BRI AR IL K i itk & C
WTRdLHE, FROLTREILIIENY — MRE
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RIIWEOIS LA THIY I, KERED
NOTTIFEREE L, HWREOZEIST) % R L
TEBRFOR 7N HLLEICOAREKT L
LA EE L 2 A (Rubin, 1990), IEZAYEHE C
WARTHWHETIE, ~7/~OMREEZ 7L — ME
KITHED M OZEHEED LI %720, K& %%
IWHTCERBANRE 2 LHfrsnb, F72,

et LB IERIRIA S D E R ERY TH D 720,
b H % T 2 30 O WAL LAY A (Umino,
2006), FD72%H, I T<IFERE LTI
BMEVRTL, = MRERENEET L L
BifF s b, BIREILKIFEO & 9 1~ 7~ kG
HLIDHHHROLHAENKE C RN LEEIC
X, ¥ 7KW & D b Mtk b o Wi iE
12 & BB T H MR O VB AT AR 5 720
2, <7< BEHEASRIIR 2 v i~ s K &1
Fod BihbfkhbEz o5,

7 AL 338~ AU 3T DR 3 4 D T 24y <o i v i 4,
WEaTary 7Ly 7 A% EOMERNT— %
R, BREZELTWDS FL S A bl
T EM B AT (B 21X, Bonatti and Honnorez,
1976; Fox et al., 1976; IAA13 7, 2003), fKHL
KFEEHR TN Y — MRERFESFEEL TV 5
L% 295\ (Cannat, 1993; Karson, 1998)
DF D, PRHEE RHMROE S (BaEB X
Oy — MIRENREE) & OB oA & & dgn K
HFRIZB W TIIH. LTV 5285, KlE K % T
X, LA Y— MRERBEDSKINZ W LIZ#WC
L yEns (FT - HiH, 2003), 2%,
HFE D HAEOFE T, ¥ — MIKERBEDE S
BIRNCZALT B, HAHWIEENT TEIMIcZE1L
FTHERAPE LT WA I &I b,

V= MRERFEDESOEICL > TRENS
RTRYVAT AOEAIL, i~ K
FRIZBT BB e T O g O5EDN S, RHE
KFEHEWBRIZBT 7 70 DOLHOE N EERA
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NAMBEETH L I4 bNEELT S, Sh
LOHEAIE, B ERERESEVIGEE, JH
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Fig. 8 Metamorphic mineral assemblage for the
granoblastic dike in Hole 1256D.

Left-side panel shows primary igneous rocks. Disap-

pearance of quartz and hornblende with increasing

depth suggests that granoblastic dikes underwent

dehydrated partial melting.

1 rEHROENE, EEHHOMRIPLL, ¥4 7
A7V =Y 2L AT A bELTOMBIE
ZRLTWS (FFIEA, 2007)0

Mok EH» S, Hole 1256D Tix, ¥ — MR
EREEILECIBIIH A RN 7 2 IV AMICET A
WEREHZK>TWwah I L, F7ullafgsn
DERTA 7RI A AT )= D—EBIEE 5
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Bl LCcmehTnwbt~—r+ 744514
ZBWTH, ERGRIEALZ 5 AR IEKER
ZBWT, THoOF7aod il KEDOERANRD
ERZ7ay 7 BLHEINTBY, Zhb)s
MR AT 70 ) =54 PROEAL RS TWS T
Lo MOFRIEZ 5 GEDOTHICE 5 Hil
Ty ZIIB VT AEDORETRIIEEINTS
D, BELZFLIA NEIROSBKE RS %
CLTWABIZENHLIPE RS (LI D,
2007) AEAMER ANV MR EESNIZERDS
NHLAZ A bOFIRIK R EH D, FHOERE
13 20-30% & HAED 5N Tw b (Miyashita et
al., 2007). Hole 1256D (2B} B R 75 /
TIATA I TA 7 ORHIL, A<=+ 74
T4 Y OWHETa Y 2 EEEBLTBY, O
HWENELLEEZOND, B TIED A0 0
BB L2 EmHRIE V=T A7 4 F
T4 MSHHEEN TS (Gillis and Coogan,
2002) .

Y EoHEEL, wbWwaREEZH & ETIEh
LEAGORMICEE L REE 5 2 Tnb,

IV. TEMROBREZOHETAER

1) ERRIEKFEHR DT SRR

P ~ e T Rk 0 BRI A 3 T AT
HTHEY, ZOFEMIILINE~ 7 < HGEEE TR
L7270 Thsbe ) I IR RV, —
7, AR KW OE 3 EIE A DAL
H7 0 EDYHIZAYATZY, HDVITEERCE
PO HWHEEL#EmIN TS (BT - [,
2003 ZM)., Lo L, SEEHNICE W TPE~
LRI TR O B Pl il 72
DHAT, 3-5km FiHEDOIENH 7 1 g DFERICH
LTiX, 72 b= 2794 FT7THANA
74 —7 (Karson, 1998; & T - BiH, 2003 M)
RHIBRTHYE DT =T TOIEIHKAEL T
bo —J7, BOEIEKEEEHRICBEIL T, 41 F
HEERWEDZNZN 1 AT 1.5 km 1 O
HICEII LTBY, H7uafgodEke kiRl
DT TR APHHEINDODOH 5, WKL
KiFETHAHHEEA ~ NEBEEHOT FJ ¥

FA ANV 228175 Hole 735B IZBI$ 53 L
WHRAMIEE T - 3 (2003) IR ENTW 5,
ZFOEMAEERNTLE, EIIEIEASNLE—F VL
B xR L, HERRMER 7 & L a1t
L7z7zah7abhbhoT0nbADICHL, &
TSRS R E o T B 2k, FLL
GAL L7277 032 00 B8R T oK S5 LfE
X 20 TIEAR L, WMEREIICT 7 ok
M2 L < b L7zl Assslis 2> TR AL
Z&, Rl LToMKIE~ Y FVhALARE
PHIZH o2 AN FIDFHELLBIELTW S
(Dick et al., 2000; Natland and Dick, 2002 7
E)o H7ufNeRe LTHb L7 E A LT
WBHLZERE LT, BIESSLNTWS THRITKRS
bR E 25 5 (Dick et al., 2000), & 5\
L RHESE TlE~ ¥ bV B TOBEER SR
MHEAT LTV B 720, < ¥ PIVIRNER TR BT
H#x#->Twb (Niuet al., 2002; Coogan et al.,
2002b 72 ) ED2ODEZDBIREINT VS,
T T YT A4 RN HATHE LT LU
0 - BAFHT =7 5 AL E, HHEOTREMIE
KL, DALAE-FTUudERE, ThbbE
FHEEOFTTATL AL AAD Fo 71-72, #
BAD An M 50 g L # L {/MELTHY,
<Y PV TR LTER 2o 72 XV P S
M L72b o2 515 (BARIZA, 2003).
ZOE, Y MUPALAEFRIZIEKEDOTT
TOEAEVPHEL TV LR TTHLY, Tk
EPDD72DICIET Y PV PALAEEREL
JRHASLETH %o

2004-2005 4E 12 A i) T, IODP Exp. 304/305
R IIEE SON DT IV F 4 AT~
A7+ —LWEOMINETET FT T4 A
< v ¥ 7 ®Hole U1309D I2BWT, #7010 %
1400 m (I & 38Kl L7z (Blackman et al., 2006)
COFR—IVTIZT Y VDA S A GO & B
LCWz2ds, Bonizd v 7 Vo ks yra
ThY, #F L L THole 735B & 7 & Sk
A~ IR D TR DY 77 L v A
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9 Hole U1309D 12 B 1} % 4% Mgh O
5 v vk — V%1t (Blackman et
al., 2006 (2 X %). M8 e
ZART. A=V EEFIEE, Mgh
DFwASLEHEHAPIBIL T
Wb,

Fig. 9 Downhole variations in whole-
rock Mg# for Hole U1309D after
Blackman et al. (2006). Dashed
lines show fault zones.
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T a0, RIS & T2 2
WCZLWIRP (&°F - HifH, 2003) 1K & <I13%
LT nD, EICilR724 4 1256D 1235
T % HiEH] (Teagle et al., 2006) &, WK -
RO F AN TV —FERTFHET L — M E
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TOWE (Perk et al., 2007) 7%, wEDHi7-7%
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A2 A7) = EENLEGABPELNTWDLD,
a7 ERIMD TEP o722 D, TOFA
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Fig. 10 Map showing the Eastern Pacific region
plate boundaries and the location of the
Pito Deep after Constantin et al. (1996).
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Fig. 11 Modal and compositional variation with depth beneath the sheeted dike
complex (mbsd) after Perk et al. (2007).
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Fig. 12 Modeled variations in bulk-rock Mg# versus depth

in the lower crust for different styles of lower crustal
accretion by Perk et al. (2007). (a) Vertical
variations are not produced in the gabbro glacier
model. (b) and (c) Sheeted sill model results
in an evolved composition with height. Degree
of fractionation increases as the number of sills
increases, (d) if melt ponds in an infinite number
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upward melt transport.
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(a) HYBRID ACCRETION:
More hydrothermal cooling of the lower crust
(e.g from deep faults allowing more hydrother-
mal flow perhaps at segment ends)
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(b) GABBRO GLACIER:
decreased hydrothermal cooling in the lower
crust (e.g. less faulting, towards segment centre)
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spreading ridges by Perk et al. (2007).
Hydrothermal cooling of the lower crust effi-
ciently removes heat, so that melt can crystal-
lize in situ as sills. The mush subsiding from
the melt lens cools rapidly and solidifies. This
hybrid model might be applicable to Hess Deep.
When heat is not removed efficiently from the
lower crust, most crystallization occurs within
the melt lens and a subsiding mush forms over
most of the lower crust. This gabbro glacier
model may be applicable at Pito Deep.
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