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Alteration Processes and Related Minerals of the

Oceanic Lower Crust and Upper Mantle
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Abstract

Gabbroic rocks recovered from deep holes in the oceanic crust significantly vary in the abun-
dance and assemblage of alteration minerals, showing a close association with the original lithol-
ogy and distribution of dikes and veins. The mineralogical variation is considered to reflect the
durability of primary minerals, accessibility and composition of alteration fluids, and alteration
temperature. Textural relationships of alteration minerals suggest a common cooling history of
oceanic gabbros from granulite or pyroxene hornfels facies to zeolite facies conditions. It is con-
sidered that regardless of spreading rate, the static formation of upper greenschist- to lower am-
phibolite-facies minerals is the dominant alteration process at the lower crust near oceanic ridg-
es, whereas subgreenschist-facies alteration represents the exhumation histories of gabbroic
masses from depth. High-temperature plastic shear zones with almost anhydrous recrystalliza-
tion of primary minerals develop locally at slow-spreading ridges, and possibly provide pathways
for later hydrothermal fluids.

In contrast to the gabbroic rocks, oceanic peridotites have a monotonous mineralogy formed
during low-temperature serpentinization processes, making it difficult for us to depict their cool-
ing histories or in-situ alteration processes at the upper mantle.

The hypothesis that oceanic Moho represents a serpentinization front in peridotites is suit-
able for the uniformity of crustal thickness inferred from seismological observations, but lacks a
rationale for supplying a constant amount of water to the upper mantle or for the cessation of
serpentinization at a constant degree. Alternatively, preferential alteration of pyroxene at rela-
tively high-temperature conditions might form the oceanic crust of uniform thickness.

Key words : alteration, cooling history, gabbro, lower crust, Moho, oceanic crust, peridotite,
upper mantle
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Fig. 1 Locality map of oceanic gabbro.

DTARYETHDEN) ZETH D, TOREY
PIEF— > 7)) Y 7HEThROLENE, Lz
A3 o THFLEEE N EBHL % D ZE G AE I O — i % R
T 57-0121F, FIFE—HEArL/MONZLHO
TV T WO CTEZ W D535 & S5 I O H
MREWFSMILAH) AT, ShzdkiEr LTl
HHOREZIT) OBV EBbh b,

CNF TR —HEA 5L m OB W EEDER
WEsNnpE LTix, M4 >~ MR O L
ODP Hole 735B &, K74 ¥ e 3k 48 o Jif 1l FL
IODP Hole U1309D S EE % 7297, 2o DO
HIFLA 512 1000 m ##8 2 5 K7, (Z13HEk L
RN EF OB SN TR Y, BE)
MOBEHRPLHEOEAL, SHBOMERR, &
5V RATI R 2T R H AR & 28/ & o
B 7 &2 RIS 56 2 L5 T& %, FFIC
IODP Hole U1309D 122w T, 4EH L 20
HIBUGIC L B2, B0 B TN 2 8153
LI ENTEL, 22T, TFIZZoWEILLS
FRINS NABENNE OB OBER 2 #i4r L &
Jo

IODP Hole U1309D I3 K 1§ ¥ rf Y& i 58 > At-

lantis Massif & MW 2 EEaT7Ta 7Ly
JAPWHIL72bDOTH L, WiEHarTar s
L v 7 Z (oceanic core complex, A H# 2 1 % »
ELIMIENG) LUk, HEILRWELE N T v A
T+ — AWIBOREMEAHEIC R S NS F—4 1
DHEYTHY, MR ENL LR bro
WERT 7 b=y 7 GERTEKE T ETRAL
T&bneEzoNTw5b (BlziE, Blackman
et al., 1998; Ildefonse et al., 2007), Hole
U1309D O BEAL W E R IE WA 85 € — FAHLK
LMK (Mg 2 &) DR D800 O M
BROLNDLH (H2), ZN6OFTFIIENR
BREEDLLZVWY v =TI THY, KEEAM
ThbdbLE2ZONDL, BHOTHRIZHILL
(Mg# Dfk) Fa1E, BMOBEAGEEEDLID,
FEEBITRS E LD 250612 H 5
A, B L TwabirTidiad, LIl
BAICER T2 (K2). FFIChrALAAIE
at, BAGRCHMIROGEEE, & 5 ISR
BHICBVWTHIEZELTWDE Z LS W
(Blackman et al., 2006)

PN, aatlifkoist L G hE o))

— 255—



9311097 ‘097 ‘oTe} o1,

founyuadies ‘dig ‘pourds ‘[dg {zyrenb ‘zyy (eqruyead ‘yig ‘eseporderd ‘g ¢eydoSoryd ‘g ‘eusxoifdoypro ‘xd( {euraro ‘{0 ‘epusjquioy ‘qf ‘ojoprde ‘dy ‘eusxoifdourp ‘xdp ¢sereurwr Lepd ‘Ker)
£OJLIOTYD ‘[YD OI[OUWDL} 0 AY[OUNIR DY : SUOKJRIARIGQY "ose[oolSe[d 10/pue SUIAI[O0 SUIPUNOLINS BUOI0D AJLIO[YD + d[oqrydure Jo 90uesald ., "S[BIOUIU 9}BOI[IS UOIJRZI[[B}SAIODL 10 UOIJRID}[E JUBUIWO(] ,

01qqes opIxo
89108} q1d ‘097 ‘dg ‘Id TI0 ‘oaqqes eusxozkdoysro (@9g@1 °1°H ddoT)
(9003) ‘1P 72 d[3ed, 971[09Z - JSTYISUIIS SHA 00y ‘qQH 21I[0unoy Jakin e} ‘aquiouoaqqes ‘oxqqes  9sej A1oA BN ST uiseq B[RWOIBNL)
ajnjopLiad
(9661) 7P 72 USAID-YNIL] ‘(966T) L) aseporded ‘ojuouoiqqes
Ipnowe)s pue [9A9I ‘(9661) ‘7P 72 Suruue|y saroey ‘097 ‘qad ‘dy ‘1q ‘dig 9pIX0 ‘01qqes auIAT[0
‘(3003) ‘10 72 uBS00)) ‘(100G) IPLIN pue SI[[L) 911[09z - a1[oqIydwe SHA QALL ‘TUD PV ‘qH xd) Jakin e} ‘oxqqes ‘ejuouoaqqes 9sej BN T dea(] sseH
SO10B] ISIYOSU0aI3
(986T) OjUBA pue soxels - 9yrfoqrydure 239 Ay PV [d qH 91PN ¥ o[HLq (o1qqes 158) BN G'9 o5pry ueRHRWIYILI
Lerp
S910BJ ISTYISUIIIZANS ‘dag “dg ‘YD ‘T4d OLL
(T86T) WIOBIN ‘(E86T) UOSIOPUY PUE 03] -omueis  SHA PV ‘qH ‘[d X0 ‘[dS  9[1onp 3 9[Lq £01qqes autarjo Mmors BN G sty uewike))
Ley) ‘ooz ‘yig ‘dy 01qqe3 SpTXO (dseL PI°H
(0008) ‘77 72 31 So108] [00Z ‘Id ‘d1s 1L, ‘TYO ‘TUd ‘ogLI0u0IqqEs ‘01qqes ddo) yueq snuepy
‘(166T) "7 72 sOe}S ‘(1003) IOARIN pue s - s[juioy-xdpjmuesd  GHA PV ‘qH Xd) XdQ [0 O[] < O[NP SUIATO 931[030013 ‘0Iqqes  MO[S A10A BN ZT-TT ‘o3pry ueIpUl MS
soroR) Ke[) ‘097 ‘Yyig
(886T) [PAIIN “(€86T) UULD pue paeypry 9109z - yrjoqrydure  GHA  ‘dIg O[T, TUD “PV ‘qH  d[1ONP % 9[3ILIq {01qqes aUIATI0  MO[S BN GET Jueq ofurLion
S9108] JSIYOSUaISqNS
(L6T) '7» 42 Byeuog - ojoqrydwe A1) ‘Id TUO PV ‘qH  °IHonp < 2MLq (OIqqES  MO[s BN §-G N9 IVIN
(LLT) US[[V PU® JPOBISW[OY  SII0B] JSIYISULRLZqns £e1D ‘qad OIL ‘TI0 9jLI0U0IqqeS ‘9}1[030013 (vee
(LLBT) TI'H ‘(LL6T) £1aed dynusng paeoqdiys - s[ojutoy-xd/ejrmuets ‘dig ‘Py ‘qH ‘Id xdD  ononp % o[Lq ‘01qqes duIAro ‘oxqqes  mofs BN 6  910H dASA) N.L& YVIN
(986T1) 9108} 9STYISUBALS dig 4D ‘ig (995
£yred oynuatdg preoqdrys ‘(L86T) 949N - 9yrfoqrydure LI PV ‘qH ‘Id ‘*dD ([MONP  0IqeS OPIXO ‘vjIou0Iqqes  MO[S BN ¥E-0€ °[0H dASA) N,6€ VN
Ke1) 01qqes aprxo
(L66T) 0ud0sa310)) pue 01933er) So10B] ‘oo, ‘yad ‘dy ‘14 ‘dig ‘aurouoaqqes ‘oxqqes
(€661) “1P 2 SH[WD ‘(1008) 249N pue SIL) 9917092 - arjoqrydure SHA L ‘MU0 “PV ‘qH Xd)  9[1onp < 9[L  SUIAI[O ‘991[03001) ‘01qqes Mmors BN T > BAIY IYVIN
$910B] ISTYISUaaISqNs L) 01qqes 9UIAI[0 ‘971[07901)
(B66T) "IV 22 YUUR) *(7003) 7P 42 USUWA[SY] -oqoqrydwe. gA  ‘dag 9L TYD PV ‘qH oIIq ‘ojuIouoIqqes ‘oaqqes  mo[s BN G > N.9T-#T YVIN
sotoe} Lerp ‘007 ‘Yid 01qqe3 dprxo ‘o1qqes (@60€TN 2°H dAOI)
(9003) ‘v 2o wewsoerg  oyr[odz - oyroqrydwe A  ‘dIS O TUD PV 'qH O[NP < O[HLIQ  OUIAID ‘3r[03o0x) ‘oIqqesS  MO[S BN g-G'T JISSEN SHUEHV ‘YVIN
T IPU0d «S[eteurw apour £3orot1p el
QouaIafey 45 BUOIOD) a3y Aq1rR00T
aanjeradwo, 97BOI[IS AIBpU0dDS UOTpRULIOJ snooudt ATewLI] Surpeaxdg

'S0IqqBS OTUBaI0 JO UOTJRINY T 9[qR],

EV) EACK AURI R R RS

T 3¢

— 256 —



Lithologic column
20 m running average fraction

Whole rock Mg#

Total alteration  Total number of veins/core
5 m running average (vol.%)

90 0 4|0 8.0 10 30 50

_ Basalt / Diabase
- | EZX Oxide gabbro v
* [ Gabbro, Gabbronorite v
A Olivine gabbro,
Troctolitic gabbro
7%, | [T Troctolite v
#_ | I Olivine-rich troctolite,
P Dunite, Harzburgite, A
7 Wehrlite
=2 | I No recovery

X Basalt/ Diabase v

v Oxide gabbro

A Leucocratic gabbro

O Gabbro, Gabbronorite
Olivine-bearing gabbro

< Olivine gabbro,
Troctolitic gabbro v V

® Troctolite v

m Olivine-rich troctolite, v
Dunite, Harzburgite

1000

1200 £

1400

&

(¢} o
05.%30

%

o
>
f I-O-I

2 Atlantis Massif, IODP Hole U1309D @ i, &AM B X LB E D % Bk & Bk o 2

% (Blackman et al., 2006 X 1) ).

Fig. 2 Downbhole variations of igneous lithology, whole rock Mg#, degree of alteration and number of
veins at IODP Hole U1309D, Atlantis Massif (Blackman et al., 2006).
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Fig. 3 Photomicrographs of alteration products at IODP Hole U1309D, Atlantis Massif.
a) Plagioclase and clinopyroxene showing granoblastic texture (PPL). b) Hornblende replacing
clinopyroxene and chlorite veins in plagioclase (PPL). c¢) Tremolite + chlorite corona around
olivine and plagioclase (XPL). d) Serpentine + magnetite veins and clay minerals replacing
olivine, and prehnite replacing plagioclase. Abbreviations: Chl, chlorite; Clay, clay minerals; Cpx,
clinopyroxene; Hbl, hornblende; Mgt, magnetite; Ol, olivine; Pl, plagioclase; Prh, prehnite; Srp,
serpentine; Tr, tremolite.
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Fig.4 Mode of occurrence of zoned halos at IODP Hole U1309D, Atlantis Massif.
a) Photograph and schema of a zoned halo around amphibole + chlorite vein. b) Photomicro-
graph of Psd-Tr Zone (XPL). c) Photomicrograph of Talc Zone (XPL). d) Photomicrograph of
Corona Zone (XPL). Abbreviations: Chl, chlorite ; Cpx, clinopyroxene; Ol, olivine; P, plagioclase;
Psd-Tr, pseudomorphic aggregate of tremolite after olivine; Tlc, talc; Tr, tremolite.
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Fig. 5 P-T diagrams showing the alteration of the oceanic lower crust and upper mantle.

a) Subsolidus reactions and P-T path (shaded arrow) showing alteration sequence and cooling
history of gabbroic rocks from MARK area (modified after Gaggero and Cortesogno, 1997 ; see also
the references therein for the reaction curves). The alteration sequence was inferred from ob-
servations of cross-cutting relationships of minerals. Abbreviations: An, anorthite; Chl, chlorite;
Czo, clinozoisite; Ep, epidote; Grd, grandite; Grs, grossular; Hbl, hornblende; Hem, hematite;
Opx, orthopyroxene; Prh, prehnite; Qtz, quartz; Zeo, zeolite; Zo, zoisite. b) Representative stable
(solid line) and metastable (dashed line) reactions in common lherzolites and harzburgites (Ber-
man et al., 1986; O'Hanley and Wicks, 1995 ; Bucher and Frey, 2002). P-T path (shaded arrow)
before serpentinization is usually unclear in contrast to the case of gabbroic rocks. Abbreviations:
Atg, antigorite; Ath, anthophyllite; Bre, brucite; Ctl, chrysotile; Di, diopside; En, enstatite; Fo,
forsterite ; Lz, lizardite; Tlc, talc; Tr, tremolite.
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R RO ORI ANA AT T L
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al., 2004) . FAWIZHEREIL L 72D A S AHHE
ZBWT, 2H) OLEBHENFBDOLNIZOTH
bo DEDIX, DALAANEE L TIERH +
B+ TN — A EAELLDD, b9 OEDITHE
AAPEELTHA+ PLESHAZELALDT
Hbo WHETEBEOWHANENTH L25, BE
BENLYER (B25< 400C0 1) TOEE
fEMTH 5 L% 2 515 (Bach et al., 2004),
CNFFEROLOOFEFNTHE R VA, EEL
W~ MPVoMMAE L #5992 T, &
BERBRTHLLEDNS,
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RIREEIFLY S B S N7z R kel B o Blg:
WZHEDSWTHETT U, 20 L) REEEHOR
WEMOEKIZ, FEA0E®— FE, g~
OB A, ZREHORE, ZHEHOMES
fF, B L OELEBARO TN (accessibility) &
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Layer 3 = paritially serpentinized peridotite
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Fig. 6 The Hess model of the oceanic Moho (modi-
fied after Hess, 1962). In this model, it is
considered that oceanic peridotites were
partially transformed into serpentinites
(shadedg’ at about 500C by a reaction with
rising water at the oceanic ridge, and then
moved laterally to form the oceanic crust
with a uniform thickness.
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