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[1] The oxygen and hydrogen isotope compositions of vein minerals and d18O values of 64 whole rocks
from the deeper kilometer of the 1.5 km lower crustal section of ODP Hole 735B in the SW Indian Ocean
were analyzed in order to investigate seawater penetration into and reaction with the lower oceanic crust.
Vein amphiboles have dD values of �35 to �65%, indicating formation from seawater fluids and
hydrothermal fluids containing a component of low-dD magmatic fluid. Crystal-plastic shear zones reacted
with 18O-enriched fluids at high temperatures and have d18O values of 6.0–7.0%, indistinguishable from
surrounding rocks. Reaction with seawater-dominated fluids over a range of temperatures (�350–700�C)
led to local 18O-depleted rocks, but much of the section exhibits 18O enrichment (d18O up to 7.6%) as the
result of static alteration of plagioclase over a range of temperatures (<250 to �600�C) and fluid
compositions. Chloritic veins and associated alteration by 18O-enriched fluids occurred at temperatures of
150–250�C, and late carbonates and Fe-oxyhydroxides formed from cold (�10�) seawater associated with
open fault-related fractures. Bulk rock d18O values of the lower 1 km range from 3.7 to 10.2% but are
mostly 5.6–7.6%, and the section has a mean bulk d18O of 6.5 ± 1.0%. In contrast, rocks from the
shallower 500 m exhibit net 18O depletion (5.1 ± 1.0%) reflecting high-temperature deformation and
seawater hydrothermal alteration (Stakes, 1991). The weighted average d18O for the entire gabbro section
of Hole 735B is 6.0%, exhibiting little or no change compared to unaltered crust. Although tectonism at
slow spreading rates may allow exposure of lower crust to greater amounts of low-temperature alteration
and 18O enrichment, there is no evidence for a consistent difference in the bulk d18O of the plutonic
sections of oceanic crust formed at fast versus slow spreading rates.
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1. Introduction

[2] Because of the temperature-dependent fraction-
ation of oxygen isotopes between minerals and
water, low-temperature (<200�C) alteration of oce-
anic crust by seawater leads to 18O enrichment of
the crust relative to unaltered basalt, whereas
hydrothermal alteration (>250�C) leads to 18O
depletions in the rocks [Muehlenbachs and
Clayton, 1972, 1976]. It is the balance between
these processes that helps buffer the d18O of the
oceans [Muehlenbachs and Clayton, 1976;
Gregory, 1991; Muehlenbachs, 1998].

[3] The original model for the buffering of seawa-
ter composition by ocean crustal alteration is based
on analyses of rocks dredged from the seafloor
[Muehlenbachs and Clayton, 1976]. Since then
many studies of rocks sampled by drilling and
submersible have been carried out, providing a
more detailed view of alteration of the oceanic
crust [e.g., Alt, 1995]. The volcanic section of
oceanic crust altered at low temperatures (<150�C)
has been sampled extensively and is consistently
enriched in 18O to varying degrees (summaries by
Muehlenbachs [1980, 1998] and Alt [2003,
2004]). The lower, plutonic section of oceanic
crust is more difficult to sample, however, and
very few well-studied sections have been ana-
lyzed for oxygen isotopes (i.e., Hess Deep and
Cayman Trough [Ito and Clayton, 1983; Agrinier
et al., 1995; Fruh-Green et al., 1996; Lecuyer and
Gruau, 1996; Gillis et al., 2001)]. These oceanic
plutonic sections are generally depleted in 18O, as
are plutonic sections in most ophiolites [Gregory
and Taylor, 1981; Cocker et al., 1982; Elthon et
al., 1984; Stakes and Taylor, 1992; Bickle and
Teagle, 1992; Alt and Teagle, 2001]. The plutonic
sections of some ophiolites, however, are enriched
in 18O [Agrinier et al., 1988; Harper et al., 1988;
Barrett and Friedrichsen, 1989; Schiffman et al.,
1991; Lecuyer and Fourcade, 1991]. Thus there is
a need to better understand seawater penetration
into the lower oceanic crust and the factors
leading to 18O-enrichment or depletion of differ-
ent sections of the lower crust, and how these
relate to the variability and overall d18O of the
lower oceanic crust.

[4] A key factor for introduction of water into the
lower ocean crust is deformation. At slow
spreading centers normal faults penetrate the
brittle-ductile transition resulting in plastic defor-
mation and dynamic metamorphism at granulite
to amphibolite facies conditions [Ito and Clayton,

1983; Mevel and Cannat, 1991; Stakes et al.,
1991; Stakes, 1991]. Subsequent brittle deforma-
tion allows penetration of hydrothermal fluids
into the lower crust at amphibolite to greenschist
and lower grade conditions along fracture net-
works and faults [Cannat et al., 1991; Stakes et
al., 1991; Mevel and Cannat, 1991]. Observa-
tions from Hess Deep and ODP Site 1256 in the
eastern Pacific suggest that high-temperature
plastic deformation and metamorphism are gen-
erally lacking in crust generated at fast and
superfast spreading rates, and that hydrothermal
fluids penetrate downward at amphibolite to
greenschist and lower grade conditions along
fracture networks [Manning et al., 2000; Gillis,
1995; Fruh-Green et al., 1996; Wilson et al.,
2006]. Retrograde alteration is common in in situ
uppermost gabbros at Site 1256 [Expedition 309
and 312 Scientists, 2006]; however, at Hess
Deep this is related to propagation of the Gal-
apagos rift and may not be representative of crust
generated at fast spreading rates [Fruh-Green et
al., 1996].

[5] The 1500 m gabbro section of ODP Hole 735B
in the SW Indian Ocean is one of the longest intact
sections of lower oceanic crust available, and the
core, having �90% recovery, has been logged in
detail [Dick et al., 2000]. The upper 500 m of
gabbros cored on Ocean Drilling Program (ODP)
Leg 118 are generally depleted in 18O relative to
fresh basalt, and this 18O-depletion diminishes with
increasing depth, consistent with observed meta-
morphic and deformation effects in the rocks
[Stakes, 1991; Stakes et al., 1991]. Only limited
oxygen isotope data, however, exist for the lower
1 km cored on ODP Leg 176 [Bach et al., 2001a;
Gao et al., 2006], and these studies focused on
igneous phases and rocks affected by late low-
temperature alteration, so the majority of rock and
alteration types have not been analyzed for oxygen
isotope composition.

[6] This paper presents oxygen isotope analyses of
whole rocks from the lower 1 km of Hole 735B in
order to investigate seawater penetration into and
reaction with the lower oceanic crust. Secondary
minerals in veins were also analyzed for oxygen
and hydrogen isotope compositions in order to
constrain the temperatures and compositions of
fluids in the 735B gabbro section. Samples include
rocks representative of the different igneous rock
types, as well as rocks exhibiting varying degrees
of recrystallization and different styles of alter-
ation. Sampling across major zones of plastic and
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brittle deformation was included in order to eval-
uate these zones as pathways for fluid penetration
into the lower oceanic crust. We compare oxygen
isotope alteration effects in plutonic sections of

crust formed at fast and slow spreading rates in
order to assess any spreading rate dependence.

2. Hole 735B

[7] Hole 735B is located on Atlantis Bank, an
uplifted block of �12 Ma lower ocean crust near
the Atlantis II fracture zone on the slow-spreading
(0.6–1.0 cm y�1) SW Indian Ridge (Figure 1). The
Atlantis Bank gabbros formed at the axis about
15 km from the active transform fault, and were
unroofed by a major detachment fault [Dick et al.,
1991, 2000]. Hole 735B was cored on two ODP
legs: the upper 504 m was penetrated during Leg
118 in 1987 [Von Herzen et al., 1989], and a further
1004 m was cored on Leg 176 in 1997 [Dick et al.,
2000], for a total lower crustal penetration of 1508m
with 87% recovery of gabbroic rocks. Fluid
inclusions in the uppermost gabbros formed at
hydrostatic pressures equivalent to 1.5–2 km
below the seafloor [Vanko and Stakes, 1991],
suggesting that the cored section is from the upper
portion of the plutonic section of oceanic crust.

[8] The Hole 735B section is predominantly oliv-
ine gabbro, but rock types include gabbro, gabbro-
norite, oxide gabbro, disseminated oxide gabbro,
oxide gabbronorite, and troctolite [Shipboard Sci-
entific Party, 1999; Dick et al., 2000]. The plutonic
section formed via a series of small magma bodies
affected by syntectonic differentiation and migra-
tion of late iron rich melts into shear zones. The
oxide-rich zones commonly exhibit crystal-plastic
and brittle-ductile deformation. Present locally in
the core are small amounts (0.5% by volume) of
felsic veins that have dioritic to granitic composi-
tions. These formed from late magmatic melts and
fluids, but have a seawater hydrothermal overprint
[Stakes, 1991; Dick et al., 2000; Bach et al.,
2001b].

[9] The rocks preserve a record of high-temperature
metamorphism, brittle failure, and hydrothermal
alteration that began at near solidus temperatures
and continued down to very low grade conditions
[Stakes et al., 1991; Shipboard Scientific Party,
1999;Dick et al., 2000]. Crystal-plastic deformation
occurred at up to granulite facies conditions (recrys-
tallization of plagioclase and pyroxene at 800–
1000�C). These effects are greatest in the upper
200 m and are present mainly in two broad zones
at 500–700 m and 800–960 m, but crystal-plastic
shear zones are present at 945–964 m and 1325 m
(Figure 2). Amphibole and less calcic secondary
plagioclase formed in deformed rocks mainly in

Figure 1. Location of Hole 735B east of the Atlantis II
Fracture Zone along the SW Indian Ridge, 32�S, 58�E.
After Dick et al. [1991] and Bach et al. [2001a].
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the upper 600m as temperatures decreased [Stakes et
al., 1991; Cannat et al., 1991; Shipboard Scientific
Party, 1999].

[10] During subsequent brittle deformation pyrox-
ene and plagioclase along veins and microcracks
were partly replaced by green amphibole and sodic
plagioclase. In the host rocks static alteration varies
from slight (e.g., cracks in olivine filled with talc +
magnetite) to reaction coronas around mafic igne-
ous minerals, characterized by talc, amphiboles,
phlogopite, and chlorite [Vanko and Stakes, 1991;
Stakes et al., 1991; Shipboard Scientific Party,
1999]. Clinopyroxene is variably replaced by
amphiboles and trace chlorite, and plagioclase is
variably replaced by amphibole. The abundance of
amphibole veins decreases significantly below
about 700 m (Figure 2), but brittle deformation
(veining) and lower-temperature minerals are lo-
cally present, including prehnite, chlorite-smectite,
smectite, iron oxyhydroxides, and calcite.

[11] Brittle faults occur at 490, 560 and 690–
700 mbsf, and several minor zones of catacla-
sis occur at 1076 and 1100–1120 mbsf. Low-
temperature alteration and oxidation are associated
with the faults at 490 and 560 m [Alt and Bach,
2001; Bach et al., 2001a], but higher-temperature
phases (amphibole, plagioclase) are also associated
(especially at �700 m).

[12] Secondary mineral veins comprise �1% of the
core by volume (Figure 2). Vein types include
amphibole, minor carbonate (mainly at 500–

600 m), phyllosilicates, common zeolite and pre-
hnite, and rare quartz and epidote.

[13] Bach et al. [2001a] divided the Hole 735B
core into different zones on the basis of low-
temperature alteration assemblages. Table 1 shows
these zones, with additional data for the average
amounts of recrystallization to high-temperature
alteration minerals as determined by visual core
descriptions [Shipboard Scientific Party, 1999].
Alteration is heterogeneous on the cm scale, how-
ever, so individual samples can vary greatly from
the averages in Table 1. The most intensely altered
portion of the Leg 176 core is 500–600 mbsf,
where amphibole and secondary plagioclase, as

Table 1. Alteration Zones in Hole 735Ba

Alteration
Zone

Depth Interval,
mbsf

Average Percent
Alteration

TypeHigh-T Low-T

10 0–40 45 3 ox
20 40–500 30 2 nox
1 500–600 10 8 ox
2 600–835 8 2 nox
3 835–1050 15 <1 nox
4 1050–1300 3 4 nox
5 1300–1475 2 2 nox
6 1475–1506 2 2 gs

a
Alteration zones from Bach et al. [2001a]. Notes: mbsf, meters

below seafloor; Type is low-T alteration type; ox, oxidative; nox, non-
oxidative; gs, greenschist. High-T refers to high-temperature meta-
morphism (granulite down to amphibolite and upper greenschist
grades); Low-T refers to lower greenschist and lower grade(smectitic)
alteration. Data from Bach et al. [2001a], Stakes et al. [1991], and
Shipboard Scientific Party [1999].

Figure 2. Variation of (a) intensity of ductile deformation, (b) abundances of amphibole veins, and (c) low-grade
metamorphic veins in Hole 735B. Crystal plastic deformation plotted as 2 m running average; scale ranges from 0
(undeformed) to 5 (ultramylonite). Vein abundances are plotted as 5-m running average. See Shipboard Scientific
Party [1999] for details. After Bach et al. [2001a].
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Table 2. Bulk Rock Oxygen Isotope Data for Hole 735Ba

Core S Interval, cm Depth, mbsf %Alt Rock Type d18O CP Fabric Mg# Shear/Fault

90R 1 115–121 508.9 1 OG 6.2 0 80.9
91R 3 125–130 521.2 8 OG 6.8 0 76.3
91R 3 90–95 520.9 30 OG 8.2 0 56.4 breccia
93R 1 75–81 532.9 6 DOxG 6.0 1 72.3
93R 1 86–91 533.0 13 DOxG 5.7 1 69.4
97R 1 125–130 557.4 60 DOxG 3.9 2 62.5 fault
102R 1 17–23 590.1 50 OxG 6.2 2 23.1
103R 1 72–80 595.8 2 OxG 6.3 2 31.8
103R 2 120–125 597.4 3 G 6.5 0 68.6
103R 2 139–142 597.6 13 G 6.0 1 70.8
110R 4 0–5 637.1 20 FV 6.9 0 80.9
110R 4 56–63 637.6 2 OG 6.6 0 80.9
114R 1 92–96 653.5 12 OxGN 7.2 1 50.7
114R 5 23–29 659.5 80 OxGN 6.2 0 37.8
117R 2 42–48 683.5 55 GN 7.7 2 66.3
119R 1 72–77 701.4 70 G 6.6 4 63.7 mylonite
120R 4 62–67 714.9 60 FV 4.6 0 55.2
120R 6 34–41 717.5 2 OG 6.6 0 72.3
124R 1 32–38 749.0 2 OG 7.0 0 74.0
128R 2 133–137 778.4 2 OG 6.7 0 74.5
130R 4 121–127 799.4 12 OG 6.9 0 63.8
132R 1 70–78 813.9 21 G 6.0 1 72.7
132R 1 94–99 814.2 8 G 5.9 0 72.5
132R 8 103–109 823.2 14 OG 6.6 0 71.3
132R 8 112–118 823.3 4 OG 6.0 0 69.2
134R 2 105–110 834.9 1 OG 6.8 0 75.4
135R 1 97–103 843.1 70 DOxG 6.6 3 66.2
135R 3 98–99 845.7 50 FV 6.2 0 48.9
139R 4 68–74 875.9 1 OG 6.8 1 75.0
142R 7 15–18 901.2 1 OG 6.8 1 67.8
144R 5 0–9 917.9 12 DOxG 6.7 1 56.6
145R 4 38–44 926.4 1 OG 6.1 0 77.4
147R 6 45–54 947.4 80 G 6.8 3 69.0 shear
148R 1 101–103 951.9 1 OG 6.6 2 75.8 shear
148R 1 127–132 952.1 1 OxG 6.0 3 46.8 shear
148R 7 112–118 960.4 1 OG 6.7 4 68.8 shear
149R 2 55–60 962.3 1 OG 7.0 2 58.7 shear
150R 3 65–69 973.2 5 G 6.1 0 71.6
150R 3 77–83 973.4 2 G 6.0 0 70.3
151R 4 82–87 984.1 1 G 6.2 0 72.3
154R 3 67–72 1008.8 2 OxG 6.1 1 63.1
157R 4 66–72 1039.7 5 OG 6.6 0 45.1
157R 5 134–140 1041.9 28 OxG 6.1 2 31.7
159R 4 84–89 1058.8 2 OG 7.5 0 75.1
161R 4 26–35 1077.1 1 OG 6.9 1 69.1
164R 3 21–29 1102.8 1 OG 6.2 0 73.0
167R 6 0–6 1127.1 1 G 7.1 1 73.6
168R 3 51–56 1133.3 25 G 10.2 0 69.9
170R 2 65–69 1151.0 1 DOxG 6.8 0 72.2
173R 4 105–113 1183.7 23 OG 8.7 0 100.0
173R 4 115–119 1183.8 20 OG 8.6 0 74.4
173R 4 94–100 1183.6 6 OG 6.0 0 71.1
177R 6 111–118 1209.6 3 OG 6.4 0 73.1
180R 4 109–119 1235.9 26 OG 8.1 0 74.6
180R 4 93–100 1235.8 5 OG 6.4 0 75.7
183R 2 16–25 1261.5 1 OG 6.5 0 77.0
186R 6 40–46 1296.2 1 OG 7.1 0 76.6
190R 3 68–77 1329.8 OxG 6.5 1 50.9
191R 8 31–36 1345.1 1 OG 6.6 0 74.1
195R 4 73–79 1368.8 1 TR 6.3 0 73.6
199R 6 56–63 1400.3 1 TR 7.2 0 76.2
202R 8 72–74 1430.8 1 TR 5.9 0 67.9
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well as low-temperature alteration, are most abun-
dant (Table 1). This contrasts with the amphibolite
mylonites at the top of the hole, however, where
total alteration is much more intense (up to 100%).
A second zone of more intense recrystallization in
the Leg 176 section is present at 835–1050 mbsf,
where many of the rocks exhibit high-temperature
plastic deformation. Below 1050 m, the intensity of
alteration is generally only a few percent, associ-
ated with veins and microfractures. The deepest

interval of the core (1475–1506 mbsf) is charac-
terized by greenschist minerals.

3. Methods

[14] Sixty-four whole rock samples from Hole
735B were analyzed for oxygen isotope ratios
(Table 2). The samples are mainly a subset of
the Leg 176 shipboard XRF powders [Shipboard

Table 2. (continued)

Core S Interval, cm Depth, mbsf %Alt Rock Type d18O CP Fabric Mg# Shear/Fault

206R 4 51–57 1464.6 1 OG 6.5 0 79.0
209R 4 103–111 1493.7 31 OG 4.7 0 77.0
209R 4 63–70 1493.7 14 OG 4.4 0 77.1

a
S, section; Alt, alteration (data from Shipboard Scientific Party [1999]); G, gabbro; OG, olivine gabbro; OxG, oxide gabbro; GN, gabbronorite;

d18O in per mil SMOW; mbsf, meters below seafloor; DOxG, disseminated oxide gabbro; FV, felsic vein; TR, troctolite; cp, crystal-plastic;
classification from Shipboard Scientific Party [1999]; Mg#, Mg/(Mg + Fe) molar, from Hertogen et al. [2002] and Bach et al. [2001a].

Table 3. Stable Isotope Data for Vein Mineralsa

Core-Section Centimeter Interval Pc Min Depth, mbsf d18O dD d13C

2R3 40–45 7 Hb 13.99 4.4 �58.0
12R1 60–62 5D Hb 40.11 4.2
14R3 35–36 2A Hb 53.53 4.5 �51.3
22R3 119–120 5A Hb 99.03 3.1
22R3 1–3 1a Hb 112.02 3.8 �48.4
25R2 14–20 2A Hb 112.18 1.2
25R2 18–20 1 Hb 115.68 3.0
26R1 23–26 2 Hb 115.73 3.6 �51.5
26R1 116–122 6 Hb 128.73 3.8
28R2 68–72 2A Hb 151.89 3.8
33R2 43–45 3A Hb 155.11 1.4 �48.0
78R1 1–5 1A Hb 409.91 4.9
78R1 47–54 5A Hb 409.51 4.3
81R2 75–80 2D Hb 434.99 5.1
90R3 38–42 2A Cumm 510.87 5.1
90R3 38–42 2A Pl 510.87 7.1
90R8b 103–104 Ar 517.07 32.6 3.2
93R1b 86–87 Cc 532.81 32.4 3.1
96R1b 36–37 Cc 549.13 31.1 0.3
99R1b 113–114 Cc 567.24 31.9 2.7
102R3b 1–2 Cc 593.39 31.4 2.8
103R4b 72–73 Cc 602.11 31.2 �0.4
107R1b 81–86 Cc 602.11 31.9 2.7
107R1b 81–86 C/S 620.31 19.9
116R3b 39–40 Cc 674.85 31.2 �2.7
118R1b 8–14 Sm 690.88 18.3
123R7 1–4 1A Augite 747.12 0.6
133R3 12–16 1A Hb 825.70 5.1 �40.5
133R7b 107–111 Ch (+Sm) 832.33 11.1
172R7b 132–137 Ch + C/S 1178.13 9.7
179R3 146–149 3F Hb 1224.64 4.3
181R2b 7–13 Mg-Mont 1241.70 13.2
197R2b 34–40 Ch + C/S 1385.14 11.7
202R2b 135–141 Ch (+C/S) 1423.94 7.1
207R5b 53–57 C/S 1474.90 11.6

a
Min, mineral; mbsf, meters below seafloor; Hb, hornblende; Cumm, cummingtonite; Pl, plagioclase; Ar, aragonite; Cc, calcite; Sm, smectite;

Ch, chlorite; Mont, montmorillonite; C/S, chlorite/smectite; minor phases in parentheses. d18O, dD in % VSMOW; d13C % PDB.
b
From Alt and Bach [2001].
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Scientific Party, 1999], which were selected to be
representative of the various rock and alteration
types throughout the Leg 176 section. Table 2 also
includes data for rocks affected by late low-
temperature alteration [Alt and Bach, 2001]. Petro-
graphic data, primary and secondary mineral com-
positions, and bulk geochemical analyses for these
samples are given by Shipboard Scientific Party
(1999), Hertogen et al. [2002], and Bach et al.
[2001a].

[15] Representative minerals separated from veins
were analyzed for oxygen and hydrogen isotope
compositions. These include various minerals from
the Leg 176 section of the core and amphiboles
from the Leg 118 section (Table 3).

[16] Oxygen isotope analyses were carried out by
reacting samples with BrF5 in externally heated
nickel reaction vessels [Clayton and Mayeda,
1963], and converting O2 to CO2 gas by reaction
with heated carbon rods. Oxygen isotope ratios
were measured using a Finnigan Delta-S mass
spectrometer. NBS 28 quartz run with sample
unknowns had a mean d18O value of 9.6% (±0.2,
1s) compared to the accepted value of 9.58%.

[17] Samples for H isotope analyses were heated
under vacuum at 150�C for 4 hours, then fused to
drive off water, which was sealed in a quartz tube
with Zn metal. Any H2 gas generated during
sample fusion was converted to H2O by reaction
with hot CuO, and total water was reacted with Zn
at 800�C to generate hydrogen gas [Venneman and

O’Neil, 1993]. Isotope measurements were made
on a Finnigan delta-S mass spectrometer. NBS 30
Biotite yielded a value of �61.66 ± 3.83%
VSMOW (1s, n = 19) compared to the accepted
value of �65.7%. Data for dD reported in Table 3
have been corrected for this offset.

4. Results and Discussion

[18] Oxygen isotope ratios for the Leg 176 whole
rocks range from 3.7 to 10.2%, with most values in
the range 5.6–7.6% (Table 2; Figure 3). There are
no consistent differences in d18O among the dif-
ferent rock types, although the two lowest values
are both for oxide gabbros. Figure 4 shows that
there is no correlation of d18O with percent alter-
ation, nor are there clear correlations of d18O
values for Leg 176 samples with depth, Mg num-
ber, or intensity of high-temperature crystal-plastic
deformation.

4.1. Primary d18O
[19] MORBs have primary d18O values of 5.7 ±
0.3% [Muehlenbachs and Clayton, 1972; Harmon
and Hoefs, 1995]. The rocks from Hole 735B are
cumulates, but the average composition of this
gabbroic section is too evolved to account for
associated volcanic rocks, indicating that prior
fractionation and removal of more primitive cumu-
lates has occurred deeper in this crustal section

Figure 3. Histogram of whole rock d18O values for the
Leg 176 section of Hole 504B. Data from Table 1. Data
for some rock types are grouped together: gabbro
includes gabbro and gabbronorite; oxide gabbro in-
cludes oxide gabbro, disseminated oxide gabbro, and
oxide gabbronorite. d18O in per mil SMOW.

Figure 4. Whole rock d18O versus percent alteration
for Leg 176 Hole 735B samples. There is no correlation
between d18O and percent alteration. Note elevated d18O
values for samples having �1% alteration. See text for
discussion. Data from Table 1.

Geochemistry
Geophysics
Geosystems G3G3

alt and bach: oxygen isotope composition of crust 10.1029/2006GC001385

7 of 18



[Dick et al., 2000]. The primary oxygen isotope
composition of the gabbros from Hole 735B may
thus be affected slightly by crystallization and
fractionation of low-d18O olivine earlier in the
history of magmatic accretion at this site [e.g.,
Eiler et al., 2000].

[20] The primary isotopic composition of the rocks
can be calculated by mass balance, however. Gao
et al. [2006] present oxygen isotope compositions
of minerals from Leg 176 gabbroic rocks. Clino-
pyroxene has a d18O value of 5.4 ± 0.2 (n = 21),
and olivine a value of 5.0 ± 0.1%, consistent with
mantle values for these minerals [Gao et al., 2006;
Eiler et al., 2000]. Ignoring one altered low-d18O
plagioclase sample (4%), plagioclase has d18O of
6.3 ± 0.2% (1s, n = 20 [Gao et al., 2006]). This
value is slightly high for basaltic plagioclase and
could reflect olivine fractionation, but the oxygen

isotope fractionation between olivine and plagio-
clase from Hole 735B is higher than magmatic
values from experiments and observed in MORB
(0.65 ± 0.14% [Eiler et al., 2000]). This suggests
that post-crystallization exchange of oxygen be-
tween plagioclase and seawater fluids has occurred
[Gao et al., 2006].

[21] Using the mineral d18O values from Gao et al.
[2006] and average modal data for the different
rock types recovered from the hole [Hertogen et
al., 2002], the gabbroic rocks have primary d18O
values of 5.9–6.0%. Adjusting the plagioclase
d18O value downward slightly to 6.0% to correct
for possible alteration effects gives a primary value
for the 735B rocks of 5.7–5.8%. In any case, the
primary d18O values of Hole 735B rocks lie within
the range for MORB.

4.2. Depth Profile of d18O
[22] Rocks from the upper 500 m of Hole 735B
from ODP Leg 118 are generally depleted in 18O as
the result of interaction with seawater fluids at high
temperatures (Figure 5) [Stakes, 1991; Stakes et al.,
1991]. This is related to alteration associated with
early granulite to amphibolite grade deformation,
and to later brittle fracturing, veining, and alter-
ation of the host rocks. The decreasing extent of
deformation and hydrothermal alteration with
depth (Figure 2; Table 1) is reflected in increasing
bulk rock d18O values that eventually scatter about
the primary igneous value at 250–400 m (Figure 5).
In contrast to the upper 500 m, bulk rocks in the
Leg 176 section of the hole (500–1500 mbsf)
mostly have d18O values in the range 5.6–7.6%,
with a few higher and lower values scattered
throughout the core (Figure 5). In the following
sections, the different processes resulting in the
observed d18O values of the rocks are discussed.

[23] The interval from �500 to 600 mbsf is char-
acterized by early high-temperature deformation
and alteration with concomitant formation of am-
phibole and secondary plagioclase, but also by
intense fracturing in the vicinity of late brittle
faults. Low-temperature alteration phases such as
smectite, calcite, and iron oxyhydroxides are com-
mon associated with this brittle fracturing. The
presence of open fractures suggests that this zone
may still be hydrologically active [Shipboard Sci-
entific Party, 1999; Dick et al., 2000], and d18O
values of 31–32% for carbonates indicate temper-
atures as low as �10�C (Table 3) [Alt and Bach,
2001]. Rocks from this interval thus contain abun-
dant effects of high- and low-temperature alteration

Figure 5. Whole rock d18O versus depth in Hole
735B. The upper �400 m is depleted in 18O relative to
fresh MORB (shaded band), whereas the deeper kilo-
meter is enriched in 18O. See text for discussion. Data
for Leg 176 section from Table 2; Leg 118 data from
Stakes [1991]. d18O in per mil SMOW. Dashed lines and
numbers indicate alteration zones from Table 1 [after
Bach et al., 2001a].
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and serve to illustrate the influence of these effects
on the whole rock d18O values throughout the Leg
176 section of Hole 735B.

[24] Figure 6 shows how varying hydrothermal
alteration processes can affect the oxygen isotope
composition of gabbros. In these examples, as
seawater reacts with rock at elevated temperatures
(400–600�C) to form amphibole and plagioclase,
the rock is depleted in 18O. Depending on the
relative mass of rock and fluid (the water/rock
ratio), the rocks can exhibit varying 18O depletions
relative to fresh gabbro. The calculation for
Figure 6 assumes that the entire rock is in equilib-
rium with the fluid, but in reality gabbros from
Hole 735B (and seafloor rocks in general) are
typically only partly recrystallized. In such a rock,
the calculations shown in Figure 6 only give the
oxygen isotope composition of the altered material,

whereas the remaining portion of the rock retains
its igneous composition, so the bulk rock d18O
reflects a mixture of secondary and primary phases.
Thus varying proportions of primary and second-
ary minerals can contribute to a range of 18O
depletions of the rocks. In contrast to these exam-
ples, reaction of seawater with the rocks at lower
temperatures will result in 18O enrichment of the
rock, as shown by reaction of gabbro to chlorite +
albite at 150�C in Figure 6.

[25] Concomitant with 18O depletion of the rock at
high temperatures is a corresponding 18O enrich-
ment of the seawater-derived fluid (Figure 6). As
seawater penetrates downward and reacts with the
crust, the fluid becomes enriched in 18O, so lower
crustal rocks can react with seawater (d18O = 0%)
or with 18O enriched hydrothermal fluids. If fluids
are sufficiently enriched in 18O, hydrothermal
recrystallization of plagioclase at elevated temper-
atures can produce 18O enrichment of the altered
rock (Figure 6). Reaction at lower temperatures
with 18O enriched hydrothermal fluids will produce
even greater 18O enrichments. Specific examples of
these effects in rocks from Hole 735B are pre-
sented below.

[26] A sample from 557 m in Hole 735B has a
d18O value of 3.9%, reflecting extensive hydro-
thermal recrystallization to secondary plagioclase
(34%), amphibole (23%), and minor (�3%) diop-

Figure 6. Calculations illustrating effects of water-
rock interactions on oxygen isotope compositions of
rocks and fluids. Plots are based on water-rock
interaction calculations of Taylor [1977]: (W/R)A =
(dr

f � dr
i)/(dw

i � dw
f ), where (W/R)A is the atomic water/

rock ratio in a closed system, dr
i and dr

f are the initial and
final rock d18O values, respectively, and dw

i and dw
f are

the initial and final fluid d18O values. Solid lines in
Figures 6a and 6b indicate rock and fluid d18O as a
function of W/R for reaction of gabbro (dr

i = 5.8%) with
seawater (dw

i = 0%) at different temperatures. Dashed
line in Figure 6a shows effect of recrystallization of
igneous plagioclase assuming reaction with 18O-
enriched hydrothermal fluid (dw

i = 5%) at 400�C.
Altered rock at 400� and 600�C is approximated by 50%
plagioclase (An30) plus 50% amphibole, using plagio-
clase-water oxygen isotope fractionation from O’Neil
and Taylor [1967] and amphibole-water fractionation
calculated from amphibole-quartz and quartz-water
fractionations of Bottinga and Javoy [1975] and Sharp
and Kirschner [1994]. Altered rock at 150�C is
approximated by 50% chlorite plus 50% albite, using
albite-water and chlorite-water fractionations from
O’Neil and Taylor [1967] and Wenner and Taylor
[1971].
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side [Shipboard Scientific Party, 1999]. Equilibrium
temperatures and fluid compositions were calcu-
lated using mineral-water oxygen isotope fractio-
nations for these phases [O’Neil and Taylor, 1967;
Matthews et al., 1983]. Amphibole-water fraction-
ation was calculated from amphibole-quartz and
quartz-water fractionations of Bottinga and Javoy
[1975] and Sharp and Kirschner [1994]. The
calculations assume that the unaltered 40% of the
rock has d18O = 5.8% and does not exchange
oxygen with fluids. If the interacting fluid had
seawater oxygen isotope composition (d18O =
0%), the secondary mineral assemblage would
be in equilibrium with the fluid at a temperature
of �500�C, but if fluids were enriched in 18O the
temperature was higher (i.e., 600–700�C for fluid
d18O = 1–2%). In contrast, a sample at 521 m
having a d18O value of 8.2% was affected by
hydrothermal alteration and contains amphibole,
but the amount of this alteration is slight (only
2%). The secondary mineralogy of this sample is
dominated by low-temperature alteration, which
resulted in 28% recrystallization to chlorite-
smectite and calcite. These phases have d18O
values of 7–20% and 31–32%, respectively
(Table 3) [Alt and Bach, 2001], and it is their
presence that causes the 18O-enrichment of this
sample. The remaining samples in the 500–600 m
interval contain variable proportions of high- and
low-temperature alteration products and have
d18O values of 5.7–6.5%. Thus major controls
on bulk rock d18O values (Figure 5) include the
intensity of recrystallization and the relative pro-
portions of high- versus low-temperature alter-
ation minerals in the rocks.

[27] Another major influence on the oxygen iso-
tope compositions of the Leg 176 rocks is sug-
gested by data shown in Figure 4. Many samples
contain only �1% secondary phases as determined
by petrographic microscopy, yet these rocks have
d18O values that range from unaltered (5.9–6.0%)
up to 7.5%. A reasonable explanation for this is
hydrothermal recrystallization of plagioclase and
exchange of oxygen isotopes between plagioclase
and hydrothermal fluids. This has been shown to
occur in other seafloor gabbros where no petro-
graphic evidence for recrystallization of plagio-
clase is observed and plagioclase retains igneous
compositions [e.g., Gregory and Taylor, 1981;
Stakes, 1991; Lecuyer and Gruau, 1996; Fruh-
Green et al., 1996]. Additional evidence for this
process comes from d18O values of plagioclase
separates from whole rocks and from in situ
analyses of cumulate plagioclase from Hole

735B: these data reveal d18O values ranging up
to 7.4% in the deeper 1 km of the core [Gao et al.,
2006], although 18O depletions of plagioclase (to
3.0%) are also common in the upper 500 m
[Stakes, 1991].

[28] Deeper in the hole, three samples from 1130–
1240 m are highly enriched in 18O, having d18O
values of 8.1–10.2%. These samples contain little
or no high-temperature hydrothermal phases and
are dominated by chlorite-smectite, smectite,
quartz, and calcite, which all have high d18O values
(Table 3) and formed late, at relatively low temper-
atures (<200�C) [Alt and Bach, 2001].

[29] In contrast, the two deepest samples at 1493 m
have d18O values of 4.2–4.7% and lie in a zone
where greenschist minerals are abundant and there
are little or no effects of low-temperature (<150�C)
alteration (Table 1) [Dick et al., 2000; Bach et al.,
2001a]. These two samples are 14–30% altered to
amphibole, chlorite, and zeolite.

4.3. Faults and Shear Zones

[30] Because deformation is critical to provide
pathways for penetration of fluids into the lower
oceanic crust, it is of interest to examine stable
isotope evidence for fluid interactions in rocks
deformed by high-temperature ductile and lower-
temperature brittle processes. The interval from
500–600 m is characterized by high-temperature
plastic deformation but also by abundant brittle
fracturing associated with faults. As discussed
above, the rocks contain variable amounts of high-
and low-temperature alteration phases and conse-
quently exhibit variable 18O-enrichments and
depletions. The isotope and petrographic data for
this interval illustrate that zones of deformation
acted as pathways for seawater-derived fluids to
enter the lower crust over a range of conditions
throughout the history of the site.

[31] Deeper in the basement, a gabbro mylonite
associated with high-temperature shearing at 701 m
is highly altered to amphibole (23%), plagioclase
(43%), and minor chlorite-smectite (4%)
[Shipboard Scientific Party, 1999]. This sample
has a d18O value of 6.6%, indistinguishable from
the surrounding rocks (Table 2, Figure 5). The
small amount of smectite-chlorite present is insuf-
ficient to account for the 18O-enrichment of the
rock (e.g., Table 3). The secondary mineralogy and
high bulk d18O value suggest equilibration with
hydrothermal fluids enriched in 18O over seawater
values. Calculations using plagioclase-water and
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amphibole-quartz/quartz-water fractionations
[O’Neil and Taylor, 1967; Bottinga and Javoy,
1975; Sharp and Kirschner, 1994] show that at
temperatures of 400–600�C fluids in equilibrium
with plagioclase (An30) plus amphibole in the rock
would have d18O = 1–5%.

[32] Five samples across a shear zone at 947–
964 m are variably altered (<1% up to 50%) and
have d18O values of 6.0–7.0% (Table 2; Figure 5),
indistinguishable from the values for overlying and
underlying rocks. The more altered rocks contain
�45% secondary plagioclase, 5% amphibole, and
<1% chlorite [Shipboard Scientific Party, 1999]. At
temperatures above 400�C, fluids in equilibrium
with plagioclase plus amphibole in the rock would
have d18O of 5% or greater.

[33] From these examples it is clear that fluids
enriched in 18O compared to seawater were in-
volved in metamorphism of high-temperature shear
zones. Reaction of undeformed rocks with 18O-
enriched fluids is documented above, as well. Thus
reaction of rocks with 18O-enriched fluids is an-
other major influence on the 18O-enrichment of the
Leg 176 plutonic section. Such fluids may be
derived from seawater that had previously reacted
with basalt or gabbro at hydrothermal temperatures
(>250�C), perhaps shallower in the crust as fluids
penetrated generally downward. Hydrogen isotope
evidence presented below, as well as trace element
data [Bach et al., 2001b], suggest that some early
hydrothermal fluids at Site 735 contained a com-
ponent of 18O-rich magmatic water (see ‘‘Vein
Minerals’’ below).

[34] There are no clear differences in d18O between
the shear zones and surrounding rocks. Cryptic
alteration and isotope exchange with plagioclase
in surrounding rocks may have occurred via similar
18O-enriched hydrothermal fluids or by seawater
fluids at lower temperatures. Any differences that
may have existed as the result of alteration at high
temperatures during shearing are obscured by con-
tinued alteration of rocks to varying degrees under
changing conditions (e.g., decreasing temperature).

[35] Syntectonic differentiation of gabbros led to
migration of late iron-rich melts into shear zones,
and these oxide-rich zones commonly exhibit high-
temperature crystal-plastic and later brittle-ductile
deformation [Dick et al., 2000]. These zones acted
to focus fluid flow as the crustal section cooled and
fluid compositions evolved. This can be seen in the
wide range of d18O values of oxide gabbros in
Figure 3 (3.9–7.2%). Because iron oxides are

depleted in 18O relative to silicates at magmatic
temperatures, fresh oxide-rich gabbros can have
lower d18O values than the average fresh gabbro.
The lowest d18O values for oxide gabbros (�4%),
however, cannot be accounted for by concentration
of iron oxides, plus these rocks are highly de-
formed and hydrothermally altered (�60% recrys-
tallized). Because of the low d18O values for
magnetite, the elevated d18O values for many other
oxide gabbros clearly require reaction of these
rocks with 18O-enriched hydrothermal fluids and/
or lower-temperature fluids. Thus the variation in
d18O values of oxide gabbros indicates that these
rocks were affected by a wide range of processes
and may have served to focus fluid flow locally.

[36] The felsic veins formed from late magmatic
hydrous melts, but are overprinted by retrograde
hydrothermal alteration [Vanko and Stakes, 1991;
Shipboard Scientific Party, 1999]. For example,
late magmatic amphibole and phlogopite in felsic
veins are commonly partly altered to actinolite,
chlorite and smectite. Thus these felsic veins were
pathways for late magmatic hydrous melts and
fluids, but also for hydrothermal fluids throughout
the history of the crustal section. This is also
reflected in the range of d18O values of felsic veins
(4.6–6.9%).

4.4. Vein Minerals

[37] Alteration of the rocks proceeds by reaction
with hydrothermal fluids that gain access to the
rocks via fractures, so secondary minerals filling
veins can provide a record of the fluids that have
reacted with the rocks. Stable isotope analyses of
vein minerals yield evidence for evolution of
hydrothermal fluids, from late magmatic fluids, to
evolved seawater hydrothermal fluids and late cold
seawater.

[38] Fourteen new analyses of vein amphiboles
from the Leg 118 section of Hole 735B have
d18O values of 1.2–5.1% (Table 3), similar to
the range of previous values for 8 amphibole veins
plus 27 amphiboles separated from bulk rocks from
the Leg 118 section (1.6–5.4% [Stakes, 1991;
Kempton et al., 1991]. In the Leg 176 section,
two vein hornblendes and one cummingtonite-
actinolite from a felsic vein have d18O values of
4.6–5.4% (Table 3). Six vein hornblendes in
Table 3 have dD values of �40.5 to �58.0%,
similar to dD values of �43 to �63% for amphib-
oles from 2 veins and separated from 14 rocks from
the Leg 118 section of the hole [Stakes, 1991;
Kempton et al., 1991]. The higher dD values are
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consistent with seawater hydrothermal fluids at
400 –500�C, whereas more negative values
(<�50%) suggest a component of magmatic water
in vein-forming fluids (Figure 7) [Stakes, 1991].
With the exception of rare late actinolite, the REE
compositions of vein amphiboles are similar to
those of intergranular magmatic amphiboles, con-
sistent with a magmatic component in vein fluids
[Bach et al., 2001b]. The negative fractionation
between diopside and water at temperatures below
800�C (�1.3% at 600�C [Matthews et al., 1983])
and the low d18O of augite from a vein at 747 m
(0.6%) indicate the presence of 18O-enriched,
evolved seawater fluids or fluids having a mag-
matic component.

[39] Other data for rocks from the shallower, Leg
118 section of Hole 735B also indicate the pres-
ence of magmatic fluids. Fluids released at temper-
atures of 600–1000�C from fluid inclusions in
olivine and plagioclase contain magmatic fluids
[Kelley, 1996; Kelley and Fruh-Green, 1999,
2001]. Initial fluids exsolved from the cooling
magmas were CO2-rich vapors, evolving to more
H2O rich fluids. During cooling, the fluids respe-
ciated at �500–800�C to produce CO2 + CH4 +
H2O fluids in conjunction with graphite precipita-
tion. These fluids had bulk d13C values of �7.6%

(±6.1%), consistent with magmatic CO2, and dD
values of �33 to �89% for H2O (mean = �43 ±
6%), generally elevated compared to values of
�65 to �80% considered to be primary magmatic
values for water in MORB [Taylor and Sheppard,
1986].

[40] Magmatic fluids may be a common compo-
nent in hydrothermally altered seafloor gabbros.
Low dD values, similar to those from Hole 735B,
are reported for amphiboles from gabbros at Hess
Deep and interpreted to result from the presence of
magmatic fluids [Fruh-Green et al., 1996]. Quan-
tifying the amount of magmatic fluid present and
the extent of its influence is problematic, however.
Gabbros from Hole 735B commonly contain var-
ious generations of amphibole: magmatic horn-
blende, hydrothermal hornblende, and retrograde
actinolite, so amphibole separates can reflect a
mixture of hydrothermal fluids. Dehydration of
hydrothermally altered rock by contact metamor-
phism related to gabbro intrusion could also influ-
ence dD values of fluids. The number of amphibole
analyses from the lower 1 km of the hole is
extremely limited, making any estimate of the
amount of magmatic fluid influence on this section
of the core uncertain. Assuming the data in Figure 7
are representative of amphiboles throughout the
1.5 km section, however, suggests that hydrother-
mal fluids containing a magmatic component may
exert a significant influence on alteration of the
lower crust. The total amount of crust affected by
these fluids, however, is small (Table 1).

[41] Data for other veins from Hole 735B indicate
formation at lower temperatures and from evolved,
18O-enriched seawater-derived hydrothermal flu-
ids. Plagioclase from a felsic vein at 511 m has
d18O = 7.4%, consistent with formation from
seawater or evolved seawater (+2%) at temper-
atures of 250–350�C [O’Neil and Taylor, 1967].
Temperatures could have been higher if fluids were
more enriched in 18O. Stakes [1991] shows that
plagioclase-diopside veins from the upper 500 m of
the core formed at temperatures of 250–600�C
from fluids ranging from seawater d18O (0%) up
to 5%. Gao et al. [2006] report d18O values of
4.0–6.5% for plagioclase within gabbros from the
Leg 176 section, with the highest values (>�6.2%)
interpreted to reflect exchange with fluids at tem-
peratures less than 250�C.

[42] Later chlorite, chlorite-smectite, and smectite
veins have high d18O values, 7.1–19.9% (Table 3).
Temperatures of 150–250�C are reasonable for
formation of the chlorite-rich veins, so assuming

Figure 7. Oxygen and hydrogen isotope compositions
of hornblende veins from Hole 735B. The low dD
values of many hornblende veins are consistent with
formation from fluids containing a component of
magmatic water (‘‘Magmatic-hydrothermal’’; see text
for discussion). Magmatic water field from Taylor and
Sheppard [1986]. ‘‘Seawater metamorphism’’ field
calculated using hornblende-water fractionation of
Suzuoki and Epstein [1976] at 400–500�C. Data from
Table 2, Stakes [1991], and Kempton et al. [1991].

Geochemistry
Geophysics
Geosystems G3G3

alt and bach: oxygen isotope composition of crust 10.1029/2006GC001385

12 of 18



these temperatures and using the chlorite-water
fractionation of Wenner and Taylor [1971], the
d18O values of the chlorite-rich phyllosilicates
(7.1–11.7%; Table 3) imply formation from
evolved, 18O-enriched fluids. This is consistent
with rock-dominated 87Sr/86Sr ratios of 0.70312–
0.70492 for phyllosilicate veins [Alt and Bach,
2001; Bach et al., 2001a]. Carbonate veins have
high d18O values (31.2–32.6%; Table 3) and high
Sr isotope ratios (mostly 0.70865–0.70891) indi-
cating formation from seawater at low temperatures
(�10�C [Alt and Bach, 2001]). Late, low-temper-
ature alteration related to these fluids also results in
addition of alkalis, H2O, C, U, P, and

87Sr [Bach et
al., 2001b].

4.5. Bulk d18O of the Hole 735B Lower
Crustal Section

[43] Understanding the mechanisms of seawater
penetration into the lower crust and identifying
fluid compositions are important, but evaluating
the net effect of these alteration processes on the
bulk d18O of the lower crust is also a major
objective. The mean d18O value for the Leg 176
section (500–1500 mbsf) of Hole 735B is 6.5 ±
1.0%. Clearly the effects of 18O-enriched fluids
and late, low-temperature alteration dominate in
this section of the hole. Data in Table 1 can be used
to estimate whether either of these processes dom-
inates the 18O-enrichment of the Leg 176 section.
The proportions of high- and low-temperature
alteration are similar at 500–600 and 1050–
1506 mbsf (zones 1 and 4–6), whereas high-
temperature alteration predominates from 600–
1050 mbsf (zones 2 and 3). Zone 3 contains
abundant effects of high-temperature crystal-plastic
deformation involving 18O-enriched fluids, sug-
gesting that the influence of such fluids at high
temperatures may be somewhat greater than low-
temperature alteration in producing the net 18O
enrichment of the Leg 176 section.

[44] In contrast to the 18O-enrichment of the Leg
176 section, the average d18O for 129 samples
from the upper 500 m of the hole is 5.1 ± 1.0%
[Stakes et al., 1991]. Although 18O-enriched sea-
water-derived fluids were present in this zone, the
rocks are dominated by the effects of high-temper-
ature seawater-dominated fluids and 18O-deletion
compared to fresh gabbro. The weighted average
for the Leg 118 plus Leg 176 sections is 6.0%,
possibly slightly enriched in 18O but essentially
indistinguishable from the primary igneous value
for basaltic crust.

[45] Veins make up 1% of the Leg 176 Hole 735B
core by volume. Using the vein abundances from
Dick et al. [2000] and oxygen isotope ratios of vein
minerals [Stakes et al., 1991; Alt and Bach, 2001]
(Table 3) gives a weighted average d18O for vein
minerals of 7.4%. Adding 1% of this vein material
to the whole-rock average for the entire section has
an insignificant effect, increasing the d18O value by
only 0.01%. Hence, because the abundance of vein
minerals is so small, they have no net effect on the
bulk d18O value of the Hole 735B section.

4.6. Seawater Penetration and the Oxygen
Isotope Composition of the Lower Oceanic
Crust

[46] Spreading rates of mid-ocean ridges vary, and
there is a general change from major faulting and
tectonism at slow spreading rates to fewer and
smaller faults at fast spreading rates [Carbotte
and Scheirer, 2004]. Hydrothermal effects in the
lower crust generally appear to correlate with
tectonic effects and spreading rate, with metamor-
phism related to high-temperature plastic deforma-
tion common in lower crust generated at slow
spreading ridges, and hydrothermal alteration dom-
inated by the presence of brittle cooling fractures in
crust formed at fast spreading rates [Ito and
Clayton, 1983; Mevel and Cannat, 1991; Gillis,
1995; Fruh-Green et al., 1996; Manning et al.,
2000; Wilson et al., 2006]. Because of the variabil-
ity of tectonic effects within sections of lower crust
it is important to compare the results from Hole
735B to other lower crustal sections formed at
similar and different spreading rates. This is done
in the following sections, with reference to other
oceanic and ophiolitic lower crustal sections.

4.6.1. Oceanic Crust

[47] Other oceanic plutonic sections exhibit oxy-
gen isotope profiles that show the same effects of
variable 18O-enrichments and depletions as seen in
Hole 735B. However, the overall impact of these
processes on the isotope composition of the lower
crust at these other sites differs from Hole 735B.

[48] Mineral data for plutonic rocks from the
Cayman Trough, which formed at a slow spreading
rate, illustrate hydrothermal effects that generally
diminish downward [Ito and Clayton, 1983]. Gab-
broic rocks from the upper 200 m of the section
contain 10–30% amphibole, and plagioclase in
these rocks has d18O values of 2.6–5.4%, indicat-
ing extensive hydrothermal alteration by seawater
[Ito and Clayton, 1983]. Amphibole contents of the
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rocks in the deeper �500 m are mostly less than
1%, and plagioclase d18O values generally increase
downward to igneous values of 5.5–5.8%, indi-
cating much less high-temperature interaction with
seawater at greater depths. However, 18O-depleted
plagioclase (to 4.4%) is also common in the deeper
zone, providing evidence that seawater locally
penetrated and reacted with the rocks at hydrother-
mal temperatures at these depths. Local slight 18O-
enrichments of plagioclase (to 6.4%) are also
present as the result of lower-temperature interac-
tions with seawater in this deeper interval. Overall,
however, plagioclase exhibits a net depletion in
18O, indicating a slight net depletion in 18O for the
plutonic section.

[49] Macquarie Island has been termed an ophiolite
[e.g., Cocker et al., 1982], but the island comprises
uplifted oceanic crust formed at a mid-ocean ridge
[Varne et al., 2000]. The crust has been uplifted in
situ and has not been transported, fragmented, or
obducted, so it is considered here as uplifted
oceanic crust rather than as an ophiolite, which
typically form in marginal basins and are subjected
to obduction processes. Oxygen isotope data for
this section of uplifted oceanic crust are given by
Cocker et al. [1982]. Although there are few data
through the plutonic section, the rocks exhibit 18O
depletions throughout. Four massive gabbros in the
upper �500 m have d18O values of 3.6–5.7%
(mean = 4.3% ± 1.4), whereas 6 gabbroic rocks
through the lower �2 km have values of 4.1–5.3%
(mean = 4.5% ± 0.4).

[50] At Hess Deep, a complete crustal section
formed at a fast spreading rate on the East Pacific
Rise has been tectonically exposed by the west-
ward propagating Galapagos rift. Although formed
at a fast spreading rate, O and H isotope system-
atics indicate processes similar to those at Site 735:
early fluids having a magmatic water component,
seawater-derived hydrothermal fluids, and later
lower-temperature (greenschist and lower grade)
alteration [Fruh-Green et al., 1996]. Here, ODP
Hole 894G penetrates �150 m of gabbros, which
are interpreted to be within the uppermost plutonic
section [Natland and Dick, 1996]. Thirty-two
whole rocks from this core, selected to be free of
retrograde effects, have d18O values of 2.2–6.5%
(mean = 4.9 ± 0.7% [Lecuyer and Gruau, 1996]).
Fruh-Green et al. [1996], however, show that
alteration at greenschist and lower grades results
in common 18O enrichments of plagioclase and
whole rocks, so the net d18O value for the section
depends on the proportion of high-temperature

18O-depletion and retrograde 18O-enrichment. Iso-
tropic upper gabbros from Hess Deep sampled by
submersible are depleted in 18O (d18O = 4.8 ±
0.9%, n = 12), however, suggesting that the upper
gabbro section as a whole is depleted in 18O
[Agrinier et al., 1995; Gillis et al., 2001]. Six
whole rocks sampled by submersible from the
deeper �1.5 km plutonic section have generally
low d18O values of 4.2–6.7%, with a mean of
5.6% (±0.8 [Agrinier et al., 1995]). In contrast,
rhodingitized and mylonitized gabbros from the
deeper section and altered at somewhat lower
temperatures tend to be enriched in 18O (d18O =
4.7–8.0%, n = 3 [Agrinier et al., 1995]). Thus the
Hess Deep plutonic section appears to be slightly
depleted in 18O overall, but this depends critically
on the abundance of retrograde effects, which are
unquantified. Retrograde effects at Hess Deep,
however, are associated with fractures related to
rifting of the basement associated with the propa-
gating Galapagos Rift [Fruh-Green et al., 1996].
These retrograde effects thus may not be present or
would at least be less abundant in more typical,
unrifted crust formed at fast spreading rates, sug-
gesting that these plutonic sections most likely
exhibit overall 18O depletions.

[51] The limited numbers of samples over large
depth intervals and the heterogeneity of alteration
effects in these sections make quantification diffi-
cult. These oceanic plutonic sections, however, all
exhibit net 18O depletions, in contrast to the
possible slight overall 18O enrichment or no change
exhibited by the Hole 735B plutonic section. Given
the available data there is no clear difference in
oxygen isotope effects between plutonic oceanic
crust formed at fast and slow spreading rates.
Moreover, three of the four sections described
above share the feature of having maximum alter-
ation effects and 18O-depletions in the uppermost
few hundred meters of the plutonic sections.

4.6.2. Ophiolites

[52] Oxygen isotope profiles through ophiolites
have recently been summarized by Muehlenbachs
[1998], Alt and Teagle [2001], and Gao et al.
[2006]. The plutonic sections in most ophiolites
are depleted in 18O, although the degree of deple-
tion and the depth to which 18O depletions extend
vary from site to site. These sections include the
Semial Ophiolite in Oman and the Troodos Ophio-
lite in Cyprus, which formed at fast and slow
spreading rates, respectively [Bickle and Teagle,
1992; Gregory and Taylor, 1981].
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[53] In contrast, the plutonic sections of some
ophiolites are enriched in 18O as the result of
lower-temperature reactions that are superimposed
on early high-temperature effects [Agrinier et al.,
1988;Harper et al., 1988; Barrett and Friedrichsen,
1989; Schiffman et al., 1991;Lecuyer andFourcade,
1991]. In some cases these 18O-enrichments can be
attributed to the specific tectonic setting.
Schiffman et al. [1991] discuss the Coast Range
ophiolite in terms of a rifted arc, where burial by
sediments and a long duration of magmatic
activity resulted in prolonged hydrothermal cir-
culation in gabbros at lower temperatures
(<250�C), and possible 18O-enrichment of fluids
via reaction with pelagic sediments.

[54] The 18O enrichment of plutonic sections of the
Trinity, Xigaze and Ligurian ophiolites has been
attributed to formation of these ophiolites at slow-
spreading ridges, where tectonic disruption and
uplift allowed prolonged penetration of fluids and
alteration of the lower crust at temperatures less
than �250�C superimposed on early high-temper-
ature alteration [Agrinier et al., 1988; Barrett and
Friedrichsen, 1989; Lecuyer and Fourcade, 1991].
Thus tectonic setting may be a factor, with slow
spreading rates allowing exposure of the lower
crust to greater amounts of lower-temperature al-
teration and 18O enrichment, but slow spreading
rates do not always result in 18O enrichment of
plutonic crust. The Troodos ophiolite and ocean
crust of the Cayman Trough and Macquarie Island
formed at slow spreading rates, but these plutonic
sections exhibit net 18O depletions.

5. Summary and Conclusions

[55] Whole rock d18O values from the deeper 1 km
of the 1.5 km lower crustal section of ODP Hole
735B exhibit 18O-depletions and enrichments rela-
tive to fresh rock, ranging from 3.7 to 10.2%, with
most values in the range 5.6–7.6%. The 18O-
depletions and enrichments reflect alteration of
the section by multiple hydrothermal processes.

[56] Stable isotope compositions of amphiboles
provide evidence for early fluids containing a
magmatic component. Amphiboles having dD =
�35 to �49% are consistent with formation from
seawater fluids at temperatures of 400–500�C, but
amphiboles having lower dD values (�50 to
�65%) formed from modified seawater fluids
containing a component of magmatic fluids (dD
= �65 to �80%). Magmatic fluids may be a

common component in early alteration of oceanic
plutonic sections.

[57] Crystal-plastic shear zones formed at granulite
to amphibolite grade conditions (up to 800–
1000�C). These rocks have d18O values of 6.0–
7.0%, indistinguishable from the surrounding
rocks, reflecting reaction with 18O-enriched fluids
(d18O = 1% to >5%) at high temperatures
(>400�C).

[58] Local 18O-depleted rocks containing amphi-
bole and secondary plagioclase (± secondary
clinopyroxene) reflect alteration by seawater-
dominated fluids at high temperatures (�500–
700�C).

[59] Much of the Leg 176 section is slightly
altered, containing only 1–2% secondary minerals,
yet the rocks have d18O values of up to 7.6%. This
is interpreted as the result of cryptic alteration of
plagioclase over a range of temperatures and fluid
compositions (from 18O-enriched hydrothermal
fluids at up to �600�C, to seawater at temperatures
down to <250�C).

[60] Syntectonic differentiation of gabbros led to
migration of late iron-rich melts into shear zones,
where high-temperature crystal-plastic and later
brittle-ductile deformation took place. The wide
range of d18O values of oxide gabbros (3.9–7.2%)
reflect fluid flow through these zones as the crustal
section cooled and fluid compositions evolved.
Felsic veins formed locally from late magmatic
hydrous melts and fluids, but are overprinted by
retrograde hydrothermal alteration throughout the
history of the crustal section, which is reflected in the
range of d18O values for these veins (4.6–6.9%).

[61] Retrograde alteration led to formation of
greenschist assemblages and bulk rock 18O-deple-
tions locally (especially at 1475–1506 mbsf). More
common are the effects of lower-temperature alter-
ation producing smectite-chlorite, smectite, quartz,
albite, zeolites, and calcite, and resulting in local
18O-enrichments of the rocks (up to 10.2%). These
effects are associated with brittle fractures and
active faults related to uplift and cooling of the
crustal block. Chlorite-rich veins formed from
evolved, 18O-enriched seawater-derived fluids,
and late carbonates associated with active faults
at 500–600 mbsf formed from cold (�10�C)
seawater.

[62] On average, the Leg 176 section (500–1506
mbsf) is enriched in 18O compared to fresh gabbro
(d18O = 6.5 ± 1.0% versus �5.8%). This results
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from reaction with 18O-enriched fluids at high
temperatures (>350�C) and from lower-tempera-
ture alteration (<250�C). The contribution of reac-
tion with 18O-enriched fluids to high d18O values
of the rocks may be somewhat greater than that
from low-temperature alteration. The 18O-enrich-
ments of the fluids may be produced by reaction of
seawater with shallower basement at high temper-
atures, as fluids penetrate downward into the lower
crust. The 18O enrichment of the deeper 1 km
contrasts with the upper 500 m of the section,
which exhibits a net 18O depletion (5.1 ± 1.0%)
reflecting hydrothermal alteration by seawater-
dominated fluids. The weighted average d18O for
the entire gabbro section of Hole 735B is 6.0%,
possibly slightly enriched in 18O compared to
unaltered crust, but little changed. Although slow
spreading rates may allow exposure of lower crust
to greater amounts of low-temperature alteration
and 18O enrichment, there is no evidence for a
consistent difference in the bulk d18O of the
plutonic sections of oceanic crust formed at fast
versus slow spreading rates.
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