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Abstract

Re and Os concentrations and Os isotopic ratios were determined for composite samples prepared from volcanoclastics (VCL)
and basaltic flows (FLO) from Jurassic oceanic crust (Ocean Drilling Program Leg 185, Site 801 in the western Pacific), with the
aim of determining the effect of seafloor weathering on the Re–Os budget. A supercomposite sample, prepared from a
proportionate mixture of the various composite powders, served to represent the average composition of the altered oceanic crust
[Kelley, K.A., Plank, T., Ludden, J. and Staudigel, H., (2003). Composition of altered oceanic crust at ODP Sites 801 and 1149,
Geochem. Geophys. Geosyst. 4(6) 8910, doi:10.1029/2002GC000435.]. Re contents vary from 0.2 to 1.3 ng g−1, and from 2.2 to
3.1 ng g−1 in the VCL and FLO composites respectively. Os contents vary from 0.005 to 0.047 ng g−1 in the VCL, and from 0.008
to 0.027 ng g−1 in the FLO composites. The FLO composites have much higher Re/Os ratios and thus have more radiogenic Os
compositions (187Os/188Os=1.38 to 8.48) than the VCL composites (187Os/188Os=0.32 to 4.40).

The VCL composite from the upper section of the crust shows evidence for substantial Re loss and Os uptake, consistent with
oxidative weathering processes. However, Re uptake during weathering processes under more reducing conditions, evident in the
FLO samples from throughout the section and to a lesser extent in the lower VCL samples, more than compensates for this Re loss in
the upper VCL. Os concentrations were essentially unchanged by these reductive processes. Model age calculations suggest that Re
uptake continued for tens of millions of years after crust formation. Abundant secondary pyrite is found throughout the altered Hole
801C crust in zones of restricted seawater flow, and this may have accommodated an important part of the input Re. The Re content of
the supercomposite (∼2.2 ng g−1) is about 1 ng g−1 higher than would be expected on the basis of its Yb content. If the results from
Hole 801C are typical, they suggest that the Re concentration of at least the upper part of the oceanic crust may be nearly doubled
during seafloor alteration. Such large extents of Re uptake would have a significant effect on the oceanic Re budget. Furthermore,
assuming that they survive passage through the subduction zone, these elevated Re contents would greatly decrease the proportion of
subducted oceanic crust required in the source region to explain the radiogenic Os compositions of many ocean island basalts.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Alteration of oceanic crust on ridge flanks may have
an important effect on the Re–Os composition of both
seawater and the subducting slab. Incorporation of
seawater-derived osmium could directly change the
osmium isotopic composition of the altered crust. Gain
or loss of Re may, with time, have an even larger effect
on the 187Os/188Os ratio of this crust. If the Re content of
the altered crust is modified and survives subduction,
which is a subject of active investigation (Becker, 2000;
Dale et al., 2007), the proportion of recycled crust
required in the mantle source to explain the radiogenic
osmium isotopic compositions of ocean island basalts
(e.g., (Hauri and Hart, 1993)) will be modified as well.
Thus a better knowledge of Re concentrations and Re/
Os ratios in the altered crust that is delivered to
subduction zones may help constrain mantle melting
dynamics. Conversely, liberation of osmium from the
crust could directly change the osmium isotopic
composition of seawater. The altering crust could
potentially serve as either a source or sink for both
osmium and rhenium, which could affect the marine
budgets of these elements. Whether these elements are
liberated or retained will depend in large part on the
redox conditions of alteration (Koide et al., 1986;
Colodner et al., 1993; Peucker-Ehrenbrink et al., 2003).

There have been only a few studies of the effect of
alteration on the Re–Os budget of the oceanic crust. In a
study of lower crustal gabbros from ∼11 Ma crust south
of the Southwest Indian Ridge (Ocean Drilling Program
Hole 735B), Blusztajn et al. (2000) found evidence for
the early addition of a limited amount of seawater
osmium. They also observed extreme, but highly
localized enrichment in Re contents. Peucker-Ehren-
brink et al. (2003) provided an extensive Re, Os, and
platinum group element (PGE) data set for samples from
6.7 Ma upper and middle crust from ODP Site 504 in the
eastern Pacific. They also analyzed a supercomposite
prepared from samples from DSDP Sites 417/418 in the
western Atlantic, located on∼120 Ma crust. In Site 504,
they found evidence for incorporation of hydrogenous
osmium in the early stages of alteration. Some Re loss
was observed in the topmost, oxic part of the volcanic
zone, while intense Re enrichment was found in many
samples from the sulfide-rich transition zone. However,
Peucker-Ehrenbrink et al. concluded that the average
Re enrichment must have been minor, and that overall,
seawater alteration of oceanic crust has little effect on
the Re/Os and PGE systematics of potential mantle
reservoirs. With the exception of the Site 417/418
supercomposite analysis, these previous studies were
made on young oceanic crust, and thus provide
information essentially about early, hydrothermal alter-
ation. In the current study, we provide Re/Os data from
composite samples of very old (170 Ma; (Pringle, 1992;
Koppers et al., 2003)) altered upper crust from ODP Site
801 (Larson et al., 1992; Plank et al., 2000) in the
western Pacific plate. The great age of this crust allows
investigation of the effect of tens of millions of years of
low-temperature alteration, superimposed on the earlier
hydrothermal processes. Furthermore, the use of
composite samples allows us to evaluate the average
effect of alteration on Re/Os systematics more accu-
rately than is possible from the analysis of a large
number of individual samples.

2. Crustal composition and alteration history

ODP Leg 185 Hole 801C is located in the Pacific
plate several hundred kilometers east of the Marianas
trench (Fig. 1). The hole was drilled into Jurassic
basement characterized by a lack of magnetic anomalies
and a half-spreading rate of about 8 cm/yr. The main
goal of the Leg 185 drilling project was to characterize
the average composition of old, altered oceanic crust
just prior to its entry into the subduction zone (Plank
et al., 2000; Ludden et al., 2006). Basement was
encountered during an earlier drilling expedition to this
site (Leg 129) at 462 m below the seafloor (Larson et al.,
1992). During Leg 185, more than 450 m of igneous
basement were drilled (Fig. 2). The basement section is
capped by a thin alkali basalt section (TAB), that
40Ar/39Ar dating has shown to be younger (157 Ma;
(Pringle, 1992; Koppers et al., 2003)) than the
underlying tholeiitic mid-ocean ridge basalt (MORB)
section (∼170 Ma). A thick hydrothermal layer
separates these units. The upper 110 m or so of
MORB (MORB 0-110 of (Kelley et al., 2003), hereafter
referred to as “upper MORB”) are thought to have
erupted slightly off-axis (Pockalny and Larson, 2003).
These are separated from the on-axis MORB by another
hydrothermal unit. The on-axis MORB is divided into a
middle (MORB 110–220) and a lower (MORB 220–
420) unit, distinguished on the basis of a change in
eruptive styles, with more massive flows in the lower
unit.

Surprisingly, given the great age and altered nature of
the crust, a significant amount of fresh glass was found.
This allowed the basaltic composition prior to alteration
to be characterized. On the basis of higher Fe8 (FeO
content normalized to 8% MgO, (Klein and Langmuir,
1987)) and slightly lower Na8 contents, Fisk and Kelley
(2002) deduced that this very early segment of the



Fig. 1. Map of the Western Pacific, showing the location of ODP site 801. From Plank et al. (2000).
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Pacific plate was formed by melting at temperatures
about 60 °C hotter that those of the modern East Pacific
Rise (EPR). Nevertheless, the striking similarity of trace
element ratios with those of present-day EPR MORB
suggest that the composition of the mantle source region
of the EPR has not changed much over the past 170 Ma
(Fisk and Kelley, 2002).

The entire igneous section has been affected by
extensive, multi-stage low-temperature alteration pro-
cesses (Alt et al., 1992; Plank et al., 2000; Alt and



Fig. 2. Schematic diagram of the igneous section of Hole 801C. Depths are in meters below seafloor, taken from the scaled depths defining the upper
boundaries of the units in Kelley et al. (2003). Unit names (MORB 0–110, etc.) are those of Kelley et al., and describe the approximate depth into the
MORB section. Locations of analyzed glass samples are indicated.
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Teagle, 2003; Talbi and Honnorez, 2003). Three general
types of phenomena can be observed: 1) replacement of
igneous material in alteration halos and groundmass; 2)
filling of void space by secondary phases; 3) develop-
ment of breccia cements and cross-cutting veins. These
latter are often filled with calcite, and can reopen and
refill for millions of years, providing an important sink
for carbon in the altered crust (Staudigel et al., 1989; Alt
and Teagle, 1999; Staudigel, 2003). The most common
secondary phases are saponite (Mg-smectite), calcite,
celadonite, Fe oxyhydroxide and pyrite (Alt and Teagle,
2003; Talbi and Honnorez, 2003). Most of the basalts
are dark gray in color and have experienced 10 to 20%
recrystallization, mainly to saponite, minor calcite and
disseminated pyrite (Alt and Teagle, 2003). In addition,
both dark (celadonite-rich) and brown (Fe-oxyhydr-
oxide) alteration halos around fractures are observed.
Alt and Teagle (2003) defined the following multi-stage
alteration sequence, which is similar to that described by
Talbi and Honnorez (2003). Alteration started in places
of high fluid/rock ratio, forming celadonite-rich alter-
ation halos. This was followed by the formation of Fe-
oxyhydroxide halos, which sometimes overprinted the
celadonitic zones. Alteration proceeded inwards to-
wards rock volumes where lower fluid/rock ratios and
more reducing conditions favored the production of
smectite and pyrite. The degree of oxidation varied
greatly over very short distances. Fe oxyhydroxides,
indicative of highly oxidizing conditions, are separated
by only centimeters from ferrous-iron rich smectite and
pyrite, which formed under reducing conditions. As
redox conditions changed with time, phases character-
istic of oxidizing and reducing conditions are sometimes
found within the same sample. Eventually the entire
system became reducing, as demonstrated by the
presence of late-stage veins of smectite, calcite, and
pyrite. Calcite typically forms the latest minerals that
cross-cut all others (Alt and Teagle, 1999). The duration
of low-temperature alteration of the oceanic crust may
be directly constrained by isotopic dating of secondary
minerals or indirectly by determining the duration of
convective heat loss. Both methods have substantial
uncertainties but they independently suggest that about
one third of all alteration occurs within the first million
years, and the last third occurs between 8 and 65 Ma
(Staudigel, 2003).

The average extent of oxidation in the igneous basement
of Hole 801 is difficult to evaluate. The Fe3+/FeT ratios of
composite samples vary from 0.34 to 0.72, with a value of
0.51 for the composite prepared to represent the average
crustal section (Rouxel et al., 2003). These values are quite
similar to those determined in other sections of altered
oceanic crust (0.56 forODPSite 1149 (Rouxel et al., 2003);
0.56 for DSDP Site 417/418 (Staudigel et al., 1996), and
much higher than the Fe3+/FeT ratio of about 0.12 observed
for unaltered MORB glass (Bezos and Humler, 2005). On
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the other hand, brown alteration halos characteristic of
oxidizing conditions affect only about 2% of the basement
rocks, which is about 10 times less than that observed at
other drilled sections of altered basaltic crust (Alt and
Teagle, 2003). This may suggest that at Hole 801C
alteration occurred under atypical reducing conditions.
Also unlike what has been observed elsewhere (Alt et al.,
1986; Staudigel et al., 1996) the extent of oxidative
alteration does not decrease in a simple manner downhole.
Instead, the distribution of brown alteration halos suggests
that the circulation of oxidizing seawater was most
extensive above 150 m and below 300 m into basement
(Alt and Teagle, 2003). The zones of most intensive
alteration are located adjacent to the two thick silica-iron-
rich hydrothermal deposits in the upper part of the section.
The basalts associatedwith these deposits have been almost
completely altered to celadonite, glauconite, smectite,
calcite, K-feldspar, and titanite (Alt and Teagle, 2003).

3. Methodology

3.1. Sampling strategy

Kelley et al. (2003) sampled 117 representative core
segments from the basement section of Hole 801C, and
used them to produce several composite samples. These
were prepared by mixing powders of the various
lithologies present in the igneous section according to
their proportions in the core. Though detailed informa-
tion about fine-scale variations and processes can be
obtained only from the analysis of individual samples,
the use of composites allows the average composition of
each unit to be estimated from very few analyses. Each
composite was large enough to permit analysis of a wide
variety of elements and isotopes from a single
homogenized powder. Two types of composites were
prepared from each of the three MORB units; “FLO”
powders were prepared from pillow lavas and massive
flows while “VCL” powders represent highly altered
volcanoclastic breccias. The exact recipes used to
prepare these composites, including descriptions of the
contributing individual samples, are given in the
auxiliary material of Kelley et al. (2003). A super-
composite (SUPER) of the entire MORB section was
prepared by making a proportionate mixture of the FLO
and VCL composites from each of the three MORB
intervals. As more altered material tends to be under-
represented in the recovered core section (Barr et al.,
2002; Révillon et al., 2002), downhole natural gamma
and formation microscanner logs, as well as visual
examination and geochemical data were used to
estimate the approximate proportions in the altered
crust. Volcanoclastic breccia, though only about 8% of
the recovered material, in fact represent about 30% of
the altered crust (Barr et al., 2002). So 70% of the FLO
and 30% of the VCL composites from each unit were
used to make the supercomposite. Areal variations in the
relative proportions of the VCL and FLO components
may occur, and it is difficult to evaluate the extent to
which the lithologic variations observed in this core are
representative of the regional altered oceanic crust.
Nevertheless, the fact that the lithologic proportions
observed here are similar to those found in other drilled
ocean crust sections (DSDP and ODP Sites 417, 418,
504 and 896 (Brewer et al., 1998; Staudigel et al., 1996))
suggests that the Site 801 core is probably fairly typical.

3.2. Analytical techniques

About 3 g of each composite sample powder were
spiked with 190Os and 185Re, then dissolved in a Carius
tube (Shirey and Walker, 1995) at 230 °C for 24 h in 2:1
HCl:HNO3. After opening the tube, about one third of
the sample was separated for Re analysis. HNO3, Cr

VI in
solution, and liquid Br2 were added to the remaining
aqueous solution, and Os was extracted following the
procedure of Birck et al. (1997). The separated Os was
purified by micro-distillation. The Re aliquot was dried
down and redissolved in 0.4 N HNO3. Re was separated
using AG1X8 resin columns. After washing with 0.8 N
HNO3, Re was eluted with 8 N HNO3. In addition to the
composite samples, three hand-picked glass samples
(locations shown in Fig. 2) ranging in size from 0.06 to
0.19 g, were analyzed for Re concentrations. These
samples were dissolved in 2:1 HF:HNO3 with 2 drops of
HClO3. After drying down and redissolving in 0.4 N
HNO3, Re was extracted by the same procedure used for
the composite samples.

Re concentrations were determined from 185Re/187Re
measurements on the CRPG Isoprobe ICPMS. Mass
fractionation was corrected by standard bracketing. Total
Re blanks were 4±1 pg, and the values in Table 1 are
corrected for this value. Total Re concentration uncer-
tainties were about 1%. The sole exception is the SUPER
composite for which the Re uncertainty is about 10%,
due to a very low signal intensity during the analysis.

Os was analyzed by negative thermal ionization mass
spectrometry (NTIMS) (Creaser et al., 1991; Volkening
et al., 1991) using the CRPG Finnigan MAT262 mass
spectrometer equipped with an ETP electron multiplier.
Mass bias was corrected assuming a 192Os/188Os ratio of
3.08271. Mass 233, which is composed of 185ReO3

− and
sometimes other molecular ions, was monitored
throughout the analyses to assure the absence of ReO3



Table 1
Re and Os concentrations and Os isotopic results from composite altered samples and Re concentrations from fresh glasses from ODP Leg 185 Hole
801C

Sample 187Os/188Os a Os atotal
(ng g−1)

Osa,bnon-rad
(ng g−1)

Re
(ng g−1)

187Re/188Os 187Os/188Os
initial

Yb
(μg g−1) c

Re/Yb
(pg/μg)

S
(μg g−1) d

Cu
(μg g−1) d

0–50 TAB 0.700 0.0106 0.0099 0.419 203 0.138 2.21 0.189 790 41.50
0–110 VCL 0.318 0.0465 0.0453 0.200 21 0.258 1.82 0.110 250 26.81
0–110 FLO 1.384 0.0267 0.0229 2.179 457 0.089 3.62 0.602 1100 65.32
110–220

VCL
2.167 0.0077 0.0061 0.903 712 0.147 2.36 0.383 470 33.39

110–220
FLO

7.465 0.0076 0.0039 3.100 3822 −3.375 4.48 0.692 1200 66.75

220–420
VCL

4.398 0.0054 0.0035 1.280 1763 −0.602 3.59 0.357 410 43.91

220–420
FLO

8.484 0.0075 0.0036 2.557 3433 −1.253 4.65 0.550 1100 61.47

SUPER 2.706 0.0135 0.0101 2.2 e 1041 −0.247 4.02 0.546 920 53.00
Calculated

SUPER
2.406 0.0138 0.0106 2.09 942 −0.267 3.88 0.510 903 55.7

Glasses
801C–16R5–

107–113
2.08

801C-28R2-
118–122

0.88 3.89 0.189

801C-42R2-
116–120

1.40 2.91 0.301

Analytical details in text.
Calculated values for the SUPER sample (in italics) represent the weighted averages of the individual MORB composites.
a Os concentrations and isotopic ratios are not corrected for the blank contribution (see discussion in text).
b [Os]non-rad=1E

9⁎(188Os mol. conc.)⁎ (Os atm. wt.)/(188Os atm. abd.), where Os atm. wt.=190.25 and 188Os atm. abd.=0.133.
c From Kelley et al. (2003).
d From Rouxel (2002).
e About 10% uncertainty on SUPER composite Re concentration, due to low signal intensity during analysis.
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and other interfering species. Reproducibility of the
187Os/188Os ratio of the CRPG in-house standard was
0.3% (2σ, 40 analyses of 1 ng loads), while internal
precisions (2σ–m) on the measurements ranged from
0.1 to 0.3%. Total Os blanks ranged from 0.5 to 2 pg.
Because of this variation, and because the blank
187Os/188Os ratio was not well determined, Os results
shown in Table 1 are uncorrected for the blank
contribution. The variation in the blank dominates the
total Os concentration uncertainty. The maximum
possible effect of the Os blank can be evaluated by
considering sample 220–420 VCL, which has the
lowest Os concentration (3.5 pg g−1 non-radiogenic
Os; Table 1). Given the nearly 3 g sample size,
correction for a maximum blank of 2 pg would decrease
this value by about 20%, to 2.8 pg g−1. Although the
blank Os isotopic composition at the time of these
analyses was not well constrained, more recent analyses
suggest that our typical blank 187Os/188Os composition
is in the range of 0.15 to 0.3. Since these are all
radiogenic samples, we assume a 187Os/188Os value of
0.15 as this will maximize the possible effect of the
blank contribution. Correction for a 2 pg Os blank of
this composition will increase the 187Os/188Os ratio of
sample 220–420 VCL from 4.40 to 5.46. However, the
187Re/188Os ratio will be similarly increased by the
blank correction. As a result, the effect on the calculated
initial 187Os/188Os ratio will be limited (−0.60 uncor-
rected vs. −0.79 corrected). Similarly, the average
model ages of Re addition, calculated below, will be
nearly unchanged (54 vs. 53 Ma). In other words, even
the most pessimistic evaluation of the Os blank will
have no effect on our conclusions.

4. Results

Re and Os concentrations and 187Os/188Os ratios are
listed in Table 1. Re concentrations of the composites
are quite variable, ranging from 0.2 ng g−1 in the
uppermost VCL unit, to 3.1 ng g−1 in the middle FLO
unit. Within each MORB depth interval, Re concentra-
tions are always much higher in the FLO than in the



Fig. 3. Non-radiogenic Os concentrations (A), Re concentrations (B),
and Re/Yb ratios (C) in the composite samples of Hole 801C. The
alkali basalt composite (shown in green) includes both volcanoclastic
breccias and flow units. The SUPER composite, which should
approximate the average composition of the altered MORB section,
is shown as a dotted line. Re/Yb ratios for fresh MORB glass (dashed
gray lines indicate approximate uncertainty) (Hauri and Hart, 1997)
and for calculated (Hole 504B) or measured (Hole 417/418) super-
composites of altered crust (Peucker-Ehrenbrink et al., 2003) are
shown for comparison.
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VCL composite. Re concentrations in the three
unaltered glass samples vary from 0.88 to 2.08 ng
g−1. Os concentrations range from 0.005 to 0.046 ng
g−1, and no consistent difference is seen between the
FLO and VCL composites. Present-day 187Os/188Os
ratios are extremely variable, ranging from 0.32 in the
uppermost VCL unit, to 8.4 in the lowermost FLO unit.
Within each depth interval, the FLO composite is
always much more radiogenic than the VCL composite.
This is not surprising, as the much higher Re/Os ratios of
the FLO composites over time produced much higher
187Os/188Os ratios, through radiogenic ingrowth of
187Os.

The SUPER composite sample is intended to
represent the average composition of the total MORB
section. In Table 1, the Re and Os concentrations and Os
isotopic ratio of this composite are compared to the
expected values, calculated from the weighted average
of the FLO and VCL powders from which the SUPER
composite was prepared. Good agreement exists
between the observed and expected concentrations,
with measured Re concentrations being only about 5%
higher than predicted, while non-radiogenic Os con-
centrations are about 5% lower. A small difference is
observed between the measured and calculated present-
day 187Os/188Os ratios. However, the measured and
calculated initial 187Os/188Os ratios agree well, suggest-
ing that the discrepancy in present-day values reflects
the difference in Re/Os ratios and thus in radiogenic
ingrowth of 187Os. This small difference in Re/Os ratios
is not surprising, given the very large range in
187Re/188Os (21 to 3822) of the composites which
were used to prepare the SUPER composite sample. The
overall accord between the calculated and observed
values of the SUPER composite provides a consistency
check for the data and demonstrates that the composites
were efficiently homogenized.

5. Discussion

5.1. Os variations — magmatic processes vs. alteration

Fig. 3A compares non-radiogenic Os contents in the
various composite samples. (Non-radiogenic Os con-
centrations are considered in order to avoid the
sometimes large contribution of radiogenic 187Os,
which traces the behavior of Re rather than Os). The
Os concentrations of both the VCL and the FLO
composites of the upper MORB interval are much
higher than those of the middle and lower intervals.
Since Os concentrations in fresh MORB are quite
variable, ranging from b1 ppt to N200 ppt (Schiano
et al., 1997; Escrig et al., 2004; Gannoun et al., 2004;
Escrig et al., 2005; Gannoun et al., 2007), this difference
may reflect a contrast in the original magmatic Os
contents of the unaltered basalts. As Os behaves
globally as a highly compatible element, within a
given series of basalts Os concentrations should be
lower in the more differentiated members. However, in
detail, Os concentrations in MORB are primarily
controlled not by the crystallization of silicates but
rather by the segregation of sulfides and other accessory
phases (Burton et al., 2002; Gannoun et al., 2004). The
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compatible behavior of Os during differentiation thus
results largely from the removal of these trace phases by
inclusion in, or co-precipitation with, the major
fractionating silicate phases. The extremely chalcophile
character of Os also implies that Os concentrations in
primary mantle melts are mainly determined by the
degree of sulfur saturation during melting. For these
reasons, basalts with similar major element composi-
tions may have very different Os contents. This is shown
in Fig. 4, in which the Os contents of our samples,
MORB glasses (Escrig et al., 2005; Gannoun et al.,
2007), and altered pillow lavas (Peucker-Ehrenbrink
et al., 2003) are plotted against Ni content, which is often
taken as a measure of degree of magmatic differentia-
tion. Among the MORB glasses, a very vague cor-
relation is observed, but there is a great amount of
scatter. The Os concentration of the upper FLO sample
is higher than those of most MORB glasses, but this may
reflect a difference in the nature of the samples. The
techniques used to prepare the MORB glass samples
(Escrig et al., 2005; Gannoun et al., 2007), hand-picking
followed by leaching, are likely to eliminate trace
phases, notably sulfides, which could be major hosts of
Os. The Os concentration of the upper FLO unit is
similar to those of bulk pillow lavas, which are more
directly comparable samples. Based on consideration of
Os/Ir and Os isotopic ratios, Peucker-Ehrenbrink et al.
argued that the Os concentration variations in these
samples were primarily controlled by magmatic pro-
cesses rather than alteration.

The upper FLO sample has a much higher Os
concentration, but also a somewhat higher Ni concen-
tration than the middle and lower FLO samples (Fig. 4).
This could suggest that the lower two units have lower
Fig. 4. Non-radiogenic Os concentrations as a function of Ni contents
for the composite samples. Results from unaltered MORB glasses
(Escrig et al., 2005; Gannoun et al., 2007) and from altered pillow
basalts from ODP Hole 504B (Peucker-Ehrenbrink et al., 2003) are
shown for comparison.
Os contents because they are more differentiated and
have experienced sulfide removal during this process.
Alternatively, a lesser degree of melting, which would
leave more sulfides in the source, could account for the
concentration difference. Finally, a different source
composition, possibly involving a greater concentration
of sulfides in the source of the lower units, could be
called on. On the basis of borehole logging and base-
ment stratigraphy reconstruction, Pockalny and Larson
(2003) argue that the upper MORB were erupted
slightly off the spreading axis. Fisk and Kelley (2002)
note that there are systematic differences in chemical
composition between the upper MORB and the middle
and lower MORB, and argue that these reflect a change
in either the mantle source or the melting conditions.
Thus, while we cannot identify the specific magmatic
process involved (differentiation, extent of melting, or
source composition) it seems likely that the higher Os
contents of the upper MORB are original features
reflecting a change in the magmatic parameters.

As shown in Fig. 4, the VCL samples have lower Ni
contents than the FLO samples, consistent with the
sediment dilution effect discussed below. In contrast, in
the upper MORB interval, and to a much lesser extent in
the middle MORB, the VCL composite is enriched in Os
relative to the FLO composite (Figs. 3A and 4). There is
no obvious reason why Os should be lost preferentially
from the FLO units, which have experienced only
limited hydrothermal circulation. Instead we suspect that
Os has been added to the VCL units, most probably by
incorporation in Fe–Mn oxyhydroxides during oxidative
weathering (e.g., (Ravizza et al., 2001)). These phases,
which are very rich in Os (e.g. (Baker and Jensen,
2004)), are found throughout the altered section. This
effect is much stronger in the VCL units because they are
more permeable and so have experienced much higher
degrees of oxidative alteration. Assuming that the Fe
oxyhydroxides contain about 2000 pg g−1 of Os, only
about 1% of these phases would be necessary to explain
the difference in Os concentration (∼20 pg g−1) between
the upper FLO and VCL composites. It is also possible
that Os enrichment results from scavenging by Si–Fe-
rich hydrothermal deposits formed from low-tempera-
ture hydrothermal fluids at the spreading axis (Alt and
Teagle, 2003; Rouxel et al., 2003). The fact that the
upper MORB VCL composite has apparently experi-
enced the greatest Os uptake (about 20 pg g−1, taking the
upper FLO Os concentration as the initial value), while
the middle VCL has experienced little (about 2 pg g−1

relative to the middle FLO composite), and the lower
VCL none at all, may reflect decreasing proportions
of Fe-rich hydrothermal sediments downhole. This is



Fig. 5. The effect of magmatic differentiation and sediment dilution on
Yb–MgO systematics. Data from Kelley et al. (2003).
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consistent with the position of the upperMORB between
two hydrothermal units which may have favored more
intensive Os uptake in this zone. The essentially identical
Os concentrations of the FLO and VCL composites of
the lower MORB argue that more reducing alteration at
depth had very little effect on Os concentrations.

In their studies of young oceanic crust, Peucker-
Ehrenbrink et al. (2003) and Blusztajn et al. (2000) both
found initial 187Os/188Os ratios more radiogenic than
those expected (∼0.12 to 0.14) for mantle-derived
magmas. As present-day seawater has a much more
radiogenic composition (187Os/188Os∼1.06; (Levasseur
et al., 1998)) than the mantle, this observation suggested
incorporation of some seawater-derived Os during
hydrothermal alteration soon after rifting. The fact that
the top FLO composite in Hole 801C has an unrealis-
tically low 187Os/188Os initial ratio argues that this unit
has not incorporated a large amount of seawater Os,
supporting the contention that its relatively high Os
concentration is a magmatic feature. On the other hand,
the top VCL composite, and to a lesser degree, the
middle VCL composite do have elevated initial ratios
(Table 1). This suggests that some portion of the Os
added these units may have been derived from Jurassic
seawater, which probably had a 187Os/188Os ratio of
about 0.7 at 170 Ma (Cohen et al., 1999). It is also
possible that some of the added Os was derived from
unradiogenic hydrothermal vent fluids, which contribute
a significant portion of the Os deposited in some
hydrothermal mid-ocean ridge sediments (Cave et al.,
2003). Unfortunately, the relative proportions of these
Os sources cannot be quantified, because the initial
187Os/188Os ratios must be treated with caution. This is
both because of the very large correction for radioactive
decay that must be applied to these old rocks, and
because the Re/Os ratios may have been modified
substantially after eruption, which would falsify the
calculated initial ratio.

5.2. Re behavior during ocean crust alteration

Re concentration variations between the composites
are shown in Fig. 3B. In every depth interval, Re
concentrations are much higher in the FLO than in the
VCL composite. In addition to alteration, magmatic
differentiation or dilution with void-filling sediments
and calcite could potentially change Re concentrations.
To separate these latter effects from those of alteration,
we normalized Re concentrations to those of Yb. Fig. 5
shows the effects of magmatic fractionation and
sediment dilution on Yb–MgO systematics. Re–MgO
systematics should be quite similar, since Re and Yb
have similar compatibility during magmatic processes in
mafic systems (Hauri and Hart, 1997). Thus magmatic
differentiation should not change the Re/Yb ratios.
Relative Re and Yb abundances should also not be
changed greatly by sediment dilution, since carbonates
and cherts are expected to have very low abundances of
both elements. In other words, if the differences between
FLO and VCL composites within each depth interval
resulted solely from magmatic differentiation or from
sediment dilution, we would expect the Re/Yb ratios to
be about the same in the two types of composites.
However, this is not the case (Fig. 3C). Re/Yb ratios are
always much higher in the FLO than in the VCL
composites.

As seawater alteration has very little effect on
abundances of heavy rare earth elements such as Yb
(e.g., (Jochum and Vema, 1995)), the contrast between
the FLO and VCL Re/Yb ratios reflects either Re loss
from the VCL composites, or Re uptake by the FLO
composities. These possibilities can be distinguished by
comparing the Re/Yb ratios of the composites with that
of typical fresh MORB (280±100 pg/μg) (Hauri and
Hart, 1997). In the upper MORB interval, the VCL Re/
Yb ratio is much lower than that of MORB, strongly
suggesting that this unit suffered Re loss. One
possibility is that Re loss occurred during magma
degassing. This process is known to severely decrease
Re contents in basalts erupted subaerially (Lassiter,
2003), and it is possible that some Re loss could also
occur during submarine eruption. This suggestion is
supported by the increase in Re/Yb ratio of basalts
emplaced at increasing water depth, down to at least
1700 m, observed in a drill core beneath Mauna Kea
(Lassiter, 2003). The relatively low Na8 content
(measured NaO content corrected for the effects of
fractionation to 8% MgO (Klein and Langmuir, 1987))
of glasses from Site 801 (Na8∼2.2 to 2.4 (Fisk and
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Kelley, 2002)) may suggest these basalts were erupted at
shallow to moderate depths, perhaps 2500 m by
comparison with the global Na8 vs. depth correlation
(Klein and Langmuir, 1987). It is currently not known
whether degassing could have a significant effect on the
Re contents of basalts erupted at these depths. If such an
effect occurs it seems logical that it would be likely to
affect the volcanoclastic units more than the flow units.
Alternatively, the low Re content of the upper VCL unit
may result from oxidative weathering. Os uptake by Fe–
Mn hydroxides during this process was proposed above
as the most likely explanation of the high Os
concentration of this composite. Unlike Os, Re is not
significantly adsorbed onto Fe–Mn oxyhydroxides.
Instead, it is released into oxic seawater in the form of
the perrhenate ion, ReO4

− (Koide et al., 1986). Loss of
Re in the uppermost section of oceanic crust was also
observed in East Pacific Hole 504B (Peucker-Ehren-
brink et al., 2003).

In contrast to the upper VCL sample, all three FLO
composites have Re/Yb ratios much higher than that of
MORB, suggesting that Re has been added. The most
likely source of this Re is seawater, which has a relatively
high Re concentration (45 pmol l−1; (Colodner et al.,
1993)). As noted above, the alteration phases indicate that
redox conditions variedmarkedly with time and over very
short length scales. Re is highly soluble in oxidizing
solutions but becomes immobile under reducing condi-
tions. Thus Re was probably added as seawater
encountered increasingly reducing conditions as it
circulated through the basaltic pile. Re is sometimes
compared to U, another highly redox sensitive element
(Blusztajn et al., 2000; Peucker-Ehrenbrink et al., 2003).
U is very strongly enriched inHole 801CMORB (up to 5-
fold enrichment), but no systematic difference exists
between the FLO and VCL composites (Kelley et al.,
2003). This is because U can be added by both oxidative
and reductive processes as well as by calcite addition
(Staudigel et al., 1996), which has little effect on Re. Thus
Re addition cannot be solely explained by analogywithU.

To understand the Re systematics, its chalcophile
character must also be considered. Fig. 6 shows S, Cu
and Re contents as a function of Yb content in the Site
801 composites, with results from the altered volcanic
section of DSDP Site 504 shown for comparison (Bach
et al., 2003; Peucker-Ehrenbrink et al., 2003). Unaltered
MORB glass compositions from Site 801C provide
estimates of the original contents of these elements. S
contents (Fig. 6A) are much lower in the VCL com-
posites, and somewhat lower in the FLO composites,
than in the glasses. The range of S concentrations in the
Site 801 composites is similar to that of the Site 504
altered volcanics. Cu, a mildly chalcophile element, is
substantially depleted in the VCL composites relative to
the glasses, and very slightly depleted in the FLO
composites (Fig. 6B). Re, on the other hand, while
depleted in the upper VCL composite, is actually
enriched in the FLO composites relative to the glasses
(Fig. 6C). Taken together, the VCL and FLO composites
define a rough positive correlation between Re/Yb and
S/Yb (Fig. 6D). The altered volcanics from Site 504 plot
along the same trend. The composite samples, especially
the VCL, have much lower S/Yb ratios than the glasses
(Fig. 6D). In contrast, the VCL Re/Yb ratios are roughly
comparable to those of the glasses, while the FLO Re/
Yb ratios are much higher.

These contradictory observations indicate that more
than one process has occurred. Rouxel et al. (2006)
demonstrated that S was removed from throughout the
basalt column by oxidation of the original magmatic
sulfides. The effects of sulfide oxidation are shown by
arrows (solid outline) in Fig. 6. This process, together
with simple sediment dilution as shown by the low Yb
concentrations, explains the very low S contents in the
VCL composites. Oxidative S loss also explains why the
S contents of the FLO composites are lower than those
of the glasses. However, the average sulfur loss from the
MORB section, obtained from the SUPER composite, is
only about 40%. This is much less than the S loss
estimated for ODP Sites 1149 (Nadezhda Basin, western
Pacific Ocean, mid-Cretaceous) and 765 (Argo Plain,
eastern Indian Ocean, late Jurassic), (Rouxel, 2002),
though it should be noted that only about the upper
100 m of basalt were recovered from these holes, which
might bias the estimated S loss. The relatively limited
apparent S loss from Hole 801C is consistent with the
observation of abundant secondary pyrite throughout
the basaltic pile at this site (Rouxel et al., 2006) and
elsewhere (Andrews, 1979; Alt, 1995), which is not
found at ODP Sites 1149 and 765. At least some of this
pyrite was formed by microbial sulfate reduction
(Rouxel et al., 2006). The effects of pyrite addition are
shown as arrows (dashed outline) in Fig. 6. The sulfur in
the secondary pyrite partially, but not completely,
compensates the sulfur lost during oxidative alteration.
On the other hand, in the FLO composites, the added Re
more than compensates for any Re loss during oxidation
of magmatic sulfides. In part this may be because pyrite
can be exceptionally rich in Re (Roy Barman and
Allègre, 1994; Brügmann et al., 1998; Ravizza et al.,
2001). So secondary pyrite addition may disproportion-
ately add Re relative to S, that is, the Re/S ratio of the
added pyrite is probably higher than that of primary
magmatic sulfides. It is not clear whether this effect is



Fig. 6. A) Re, B) Cu, and C) S concentrations compared to Yb contents in composites and MORB glasses. D) Re/Yb ratios vs S/Yb ratios. Small
crosses represent altered samples from the volcanic zone of ODP Hole 504B (Peucker-Ehrenbrink et al., 2003); other symbols as in Fig. 5. Arrows
with solid outlines show the effect of oxidative S loss; arrows with dashed outlines show the effect of pyrite addition.
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large enough to completely explain the high Re contents
observed in the FLO composites. Pyrite addition is
expected to have essentially no effect on non-radiogenic
Os concentrations, because Os concentrations are very
low in pyrite (Brügmann et al., 1998; Stein et al., 1998).
The fact that the altered volcanics of Site 504 plot along
the same trend as the Site 801 composites in Fig. 6D
may suggest that they also have experienced oxidative S
loss followed by pyrite addition. This would be
consistent with certain similarities in the alteration
features of the two sites, which both display Fe-
oxyhydroxide rich halos overprinted by saponite and
pyrite deposited under more reducing conditions (Bach
et al., 2003).

5.3. Timing of Re addition

First order estimates of the average timing of Re and
Os addition or loss can be obtained by extrapolating the
187Os/188Os ratios back in time, using the measured
187Re/188Os ratios (Fig. 7A; Table 1). If this is done, the
TAB sample is found to have an isotopic composition
(187Os/188Os=0.138) at the time of emplacement
(157 Ma) that falls within the range expected for
unaltered oceanic basalts (e.g. (Hauri and Hart, 1993;
Reisberg et al., 1993; Marcantonio et al., 1995; Widom
and Shirey, 1996)). This suggests that the alkali basalt
unit experienced little or no addition of seawater Os, and
that any changes to its Re/Os ratio occurred very soon
after eruption. The lack of evidence for addition of
seawater Os is a bit surprising, as the alkali basalt unit
experienced more intensive oxidative alteration than the
MORB section (Alt et al., 1992; Alt and Teagle, 2003).
The initial 187Os/188Os ratio of the middle MORB VCL
composite is also just slightly more radiogenic than
what is expected for MORB, despite a large age
correction for ingrowth of 187Os over 170 Ma. So for
this sample also, addition of seawater-derived Os must



Fig. 7. A) Back extrapolation of the measured 187Os/188Os ratios until the time of basalt eruption. Initial ratios of all FLO composites, the lower VCL
composite, and the SUPER composite are negative, implying that the Re/Os ratios have been increased sometime after magma emplacement.
B) Estimation of the average model age of Re enrichment of the FLO composites. Measured 187Os/188Os ratios are extrapolated back in time, using
the measured 187Re/188Os ratios, until they intersect the curves expected for the growth of 187Os/188Os in unaltered basalt. The original Re
concentrations used to calculate the unaltered basalt curves are based on the measured Yb contents and the average MORB Re/Yb ratio (see text).
Calculated model ages range from 160 to 78 Ma.
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have been minimal, and any Re/Os changes must have
happened soon after eruption. The initial 187Os/188Os
ratio of the upper VCL composite (Table 1) is somewhat
higher than those expected for fresh basalts, despite a
relatively small correction for radiogenic ingrowth of
187Os. This may argue for early addition of seawater-
derived radiogenic Os, as has been observed in younger
altered oceanic crust (Blusztajn et al., 2000; Peucker-
Ehrenbrink et al., 2003). On the other hand, the high
initial 187Os/188Os ratios could also reflect lowering of
the Re/Os ratios significantly after basalt eruption.
These two possibilities cannot be easily distinguished.

All of the FLO composites, the lowest VCL
composite, and the SUPER composite have impossible,
negative 187Os/188Os ratios when corrected back to
170 Ma. In each case, this implies that an increase in Re/
Os ratio must have occurred, on average, significantly
after basalt emplacement. Otherwise the initial ratios
would be close to the mantle composition, or slightly
higher if seawater Os were added. As argued above, this



Fig. 8. Measured vs. predicted Re concentrations in composite
samples. Predicted Re concentrations are based on the measured Yb
concentration multiplied by the nearly constant Re/Yb ratio in MORB
glasses (Hauri and Hart, 1997). The measured Re concentration in the
SUPER composite is about twice that predicted.
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increase in Re/Os most probably involved Re addition
rather than Os loss. The average age of Re addition can
be modeled by extrapolating the 187Os/188Os ratio of
each sample back in time until it intersects the growth
curve expected for the fresh sample (Fig. 7B). These
growth curves can be calculated by using the magmatic
Re concentrations estimated from the Yb concentrations
(see below), and the measured non-radiogenic Os con-
centrations, which we assume to be almost unchanged
for the FLO composites. We consider only the FLO
composites, to avoid possible problems of addition of
radiogenic Os or of early Re loss which may have
affected the VCL and the SUPER composites. Model
ages of Re addition are 160 Ma (156 to 162 Ma,
considering the uncertainty in the MORB Re/Yb ratio)
for the upper FLO, 78 Ma (48 to 96 Ma) for the middle
FLO, and 121 Ma (92 to 134 Ma) for the lower FLO.
These dates do not correspond to specific events, but
rather represent the average ages of long-lived process-
es. The relatively young model ages obtained suggest
that Re addition, perhaps in the form of pyrite
development, continues for tens of millions of years
after crust formation. This is consistent with a long
duration of alteration (N50 Ma) as is suggested by heat
flow data and isotopic ages of secondary phases from
the oceanic crust (Staudigel, 2003).

5.4. Alteration of oceanic crust — an important sink for
Re?

The SUPER composite sample has Re concentrations
and Re/Yb ratios much higher than those of fresh
MORB, suggesting that the main effect of seafloor
alteration on the Re – Os system in Site 801C was the
uptake of Re. In order to quantify this uptake, we first
estimate the concentration of Re likely to have been
present in the original magma. The three measurements
of Hole 801C MORB glasses yield Re contents varying
from 0.88 to 2.08 ng g−1 (Table 1). To better constrain
the average original Re content, we multiplied the
measured Yb contents of the composites by the MORB
Re/Yb ratio (∼280 pg/μg; (Hauri and Hart, 1997)).
Estimated original FLO Re contents range from 1.0 to
1.3 ng g−1 (Fig. 8). These are comparable to typical Re
concentrations of MORB basalts (Hauri and Hart, 1997;
Schiano et al., 1997). They are much lower than the
measured FLO Re contents, which vary from 2.2 to
3.1 ng g−1. The estimated original VCL Re contents are
somewhat lower, ranging from 0.5 to 1.0 ng g−1,
because the Yb contents used for the estimates have
been decreased by sediment dilution (Fig. 5). Consid-
ering the uncertainty on the MORB Re/Yb ratio, these
original Re contents should be viewed as rough
estimates. Nevertheless, the middle and lower VCL
composites have measured Re contents somewhat higher
than the predicted original values, which may indicate
that they too have experienced some Re addition.

The SUPER composite yields an estimated original
Re content of 1.13 ng g−1, obtained by multiplying its
measured Yb concentration by the MORB Re/Yb ratio.
This compares with a measured Re content of 2.19 ng
g−1. This means that on average, about 1 ng g−1 of Re
has been added to the upper ∼500 m of ocean crust at
Site 801C. Assuming a seafloor production rate of
∼2.6 km2 yr−1 (Cogné and Humler, 2004) and an
average crustal density of about 2.5 g cm−3, and making
the conservative assumption that only the upper
kilometer of crust is affected by this process, the level
of Re uptake observed in Hole 801C would correspond
to a Re sink of about 35,000 mol yr−1. Of course, this
calculation is subject to large uncertainties, related to
limited constraints on factors such as the original Re
concentration of MORB crust, crustal density changes
during alteration, and most importantly, variation of Re
uptake with age and depth. Nevertheless, it suggests that
alteration of oceanic crust potentially provides a non-
negligible Re sink, comparable to the riverine Re flux of
about 83,000 mol yr−1 (Colodner et al., 1993). The
relevance of this calculation depends on whether Hole
801C is truly representative of altered crust. The fact
that pyrite, a likely host of the added Re, is abundant in
Site 801C, but is almost absent from Sites 1149 and 765
(Rouxel, 2002) may suggest that the Re addition seen in
Site 801C is an unusual process. As suggested by Alt
and Teagle (2003), the more reducing conditions of
seafloor weathering at ODP Site 801 could be related to
high sedimentation rate and early low-temperature
hydrothermal alteration that restricted the access of
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oxygenated seawater in the basement, except in limited
depth intervals with high permeability.

Peucker-Ehrenbrink et al. (2003) suggested that on
average, no more than 0.01 ng g−1 of Re is added to
oceanic crust during alteration. This estimate was based
not on their data, but rather on a theoretical calculation
of how much Re could be removed from seawater
during high temperature fluid flux through the oceanic
crust. Low-temperature Re addition was considered to
be negligible. However, their data from Site 504B
(eastern Pacific, 5.7 Ma) and the supercomposite of Site
417/418 (western Atlantic, ∼120 Ma) show marked
positive anomalies in Re relative to elements of similar
compatibility. Furthermore, the Re/Yb ratios for the
average crustal sections at both of these sites are even
higher than that found in Site 801C (Fig. 3C). Also, as
noted above, the same Re/Yb vs. S/Yb trend, possibly
related to the late addition of pyrite, is observed in both
Site 504 and Site 801 (Fig. 6D). The average Re
concentration of the Site 417/418 supercomposite,
∼2.1 ng g−1, is quite similar to that measured in the
Site 801C supercomposite, ∼2.2 ng g−1. Thus it is
possible that extensive Re uptake during seafloor
weathering is indeed a very common process, and that
alteration of oceanic crust is an important sink for Re.

Many ocean island basalts (OIB), particularly those
of HIMU islands such as Tubaii and Mangaii (Hauri and
Hart, 1993), but also those of some non-HIMU islands
such as the Canaries (Marcantonio et al., 1995; Widom
et al., 1999), have 187Os/188Os ratios much higher than
the estimated primitive mantle value of 0.1296 (Meisel
et al., 2001). This is true even when samples with low
Os concentrations, which may have been contaminated
by altered oceanic crust, are eliminated. These high
ratios are generally attributed to the mixing of recycled
oceanic crust into a mantle peridotite source. The
proportions of recycled crust required vary significantly,
depending on the parameters of the mixing model
(crustal age, crustal Re content, Os concentration and
composition of the ambient mantle peridotite, possible
recycled sediment contribution). Nevertheless it is clear
that doubling the Re concentration of the recycled crust
would greatly reduce the proportion of crust required in
the OIB source, allowing for more plausible mixing
models. For example, in order to produce a 187Os/188Os
ratio of 0.15, similar to those of the most radiogenic
uncontaminated basalts from the Canaries (Marcantonio
et al., 1995; Widom et al., 1999) and Mangaii (Hauri and
Hart, 1993), 36% of recycled crust with 1 ng g−1 of Re
would be required in the source (assuming a crustal age
of 1.5 Ga and a peridotite 187Os/188Os ratio of 0.1296
with an Os concentration of 3.3 ng g−1; the Os
concentration of the recycled crust has very little effect).
In contrast, only 22% of recycled crust would be needed
if the crustal Re concentration were increased to 2 ng
g−1 during seafloor alteration. Of course, this is true
only if very little Re loss from the oceanic crust occurs
during subduction. Studies of eclogites suggest that Re
loss from the basaltic portion of the crust might be quite
important, though Re loss from the gabbroic portion
may be insignificant (Becker, 2000; Dale et al., 2007).
The extent of Re loss probably depends on the nature
and the quantity of the fluids released during subduc-
tion. If much of the Re added during seawater alteration
is hosted by pyrite, it could be easily released by
interaction with oxidizing fluids. Mobilization, by
subduction-related fluids, of Re added during seafloor
weathering could help explain the surprisingly high Re
contents found in inclusions in high-magnesium olivine
in some arc magmas (Sun et al., 2003). On the other
hand, if the added Re sometimes survives passage
through the subduction zone, it could help explain the
high 187Os/188Os of certain OIB.

6. Summary and conclusions

Re–Os data from composite samples prepared from
altered Jurassic oceanic crust in the western Pacific
provide evidence for multi-stage seafloor weathering
processes. In the upper part of the MORB section,
volcanoclastics show evidence for substantial Re loss and
Os uptake during oxidative alteration. These processes
were much less important or non-existent at depths below
about 200 m into the igneous section. Throughout the
column, composites prepared from pillow lavas and
massive flows have gained large amounts of Re. In the
lower part of the section, the volcanoclastic composites
also show evidence for Re uptake. This Re uptake may in
part be related to the formation of secondary pyrite during
reductive alteration. Model age calculations indicate that
Re addition continued for tens of millions of years after
crust formation, consistent with the duration of seafloor
alteration inferred from isotopic ages of secondary phases
and estimates from heat flow modeling (Staudigel, 2003).
Comparison between the expected and observed Re
concentrations of the supercomposite sample, thought to
represent the average composition of theMORB section at
Site 801C, suggest that about 1 ng g−1 of Re was
adsorbed. Such high rates of Re uptake would imply
that alteration of oceanic crust plays a significant role
in the marine Re cycle. Assuming these high Re uptake
rates are typical, seafloor weathering could double the
Re concentration of much of the igneous crust that
is delivered to the subduction zone. If these high Re
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concentrations survive subduction, they would greatly
decrease the amount of recycled material required in the
source to explain the elevated 187Os/188Os ratios of ocean
island basalts.
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