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ABSTRACT

Recent revisions of the geological time scale by Kent and Gradstein (in press) suggest that, on the average, Creta-
ceous magnetic anomalies are approximately 10 m.y. older than in Larson and Hilde's (1975) previous time scale. These
revised basement ages change estimates for the duration of alteration in the ocean crust, based on the difference be-
tween secondary-mineral isochron ages and magnetic isochron-crustal ages, from 3 to approximately 13 m.y.

In addition to the revised time scale, Burke et al.'s (1982) new data on the temporal variation of 87Sr/86Sr in seawater
allow a better understanding of the timing of alteration and more realistic determinations of water/rock ratios during
seawater-basalt interaction. Carbonates from all DSDP sites which reached Layer 2 of Atlantic crust (Sites 105, 332,
417, and 418) are deposited within 10-15 m.y. of crustal formation from solutions with 87Sr/86Sr ratios identical to un-
altered or contemporaneous seawater. Comparisons of the revised seawater curve with the 87Sr/86Sr of basement car-
bonates is consistent with a duration of approximately 10-15 m.y. for alteration in the ocean crust.

Our preliminary Sr and 87Sr/86Sr data for carbonates from Hole 504B, on 5.9-m.y.-old crust south of the Costa Ri-
ca Rift, suggest that hydrous solutions from which carbonates precipitated contained substantial amounts of basaltic
Sr. For this reason, carbonate 87Sr/86Sr cannot be used to estimate the duration of alteration at this site. A basalt-domi-
nated alteration environment at Hole 504B is consistent with heat-flow evidence which indicates rapid sediment burial
of crust at the Costa Rica Rift, sealing it from access by seawater and resulting in unusually low water/rock ratios dur-
ing alteration.

INTRODUCTION

Newly formed, hot oceanic lithosphere is cooled by
thermally driven seawater convection systems. Circulat-
ing seawater interacts with the oceanic crust, altering its
chemical composition, and returns to the ocean as a hy-
drothermal solution. Altered oceanic crust is at some
later time "recycled" into the mantle by subduction.
This geochemical cycle has three effects of global signif-
icance:

1. The interaction of seawater with basalt changes
the bulk composition of oceanic crust prior to subduc-
tion; this altered crust may contribute to the generation
of magma at destructive plate margins and to mantle
heterogeneities.

2. Hydrothermal processes in the oceanic crust are
responsible for the formation of exhalative sulfide de-
posits.

3. Hydrothermal reactions between seawater and ba-
salt affect the concentration and isotopic composition
of many elements in seawater.

To quantitatively evaluate these processes, it is of great
importance to determine the duration and the bulk geo-
chemical fluxes of ocean crust alteration at various ages
of crustal maturation. DSDP Hole 504B is important in
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the discussion of these problems because of its unusual
depth of penetration, high temperatures of alteration,
and the high sedimentation rates that limited access of
water to the crust sooner after formation than at most
other ridges. Hole 504B was drilled in young crust gen-
erated at a mid-ocean ridge with intermediate spreading
rate. It is, therefore, complementary to the majority of
DSDP holes from the Atlantic, the focus of most pre-
vious alteration studies (e.g., Hole 332B, Andrews, 1977;
Hole 396B, Böhlke et al., 1980; Sites 417 and 418, Alt
and Honnorez, 1984; Donnelly, Francheteau, Bryan, Rob-
inson, Flower, Salisbury, et al., 1980).

In this paper, we will review geochemical and geo-
physical evidence for the duration of alteration, and we
will discuss some preliminary data for Hole 504B car-
bonates. The most important findings are that (1) alter-
ation at Hole 504B occurred under rather low water/
rock ratios which makes dating of secondary phases dif-
ficult or impossible, and (2) precipitation of secondary
phases in Atlantic crust probably lasted about 13 ±
5 m.y., somewhat longer than previously estimated (Hart
and Staudigel, 1978, 1983; Richardson et al., 1980). Vein
mineral deposition at Hole 504B has probably stopped
very recently or might still be in its waning stage.

DURATION OF OCEAN CRUST ALTERATION

A number of physical and chemical observations can
be interpreted in terms of the duration of ocean crust al-
teration. Physical observations include heat-flow mea-
surements, change in seismic velocities, the magnetic in-
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tensity of the crust, and the occurrence of hydrothermal
springs, such as the "black smokers." Chemical obser-
vations include the degree of alteration found in crust of
different ages, dating of secondary phases by radiogenic
isotope systematics, and chemical gradients found in in-
terstitial waters of sediments overlying basaltic crust of
various ages. In this section, we will discuss these differ-
ent types of evidence. Dating of secondary phases by ra-
diogenic isotope systematics is treated in the following
sections.

Two different interpretations of heat-flow measure-
ments document convective, hydrothermal heat loss from
the oceanic crust. The largest amount of convective heat
loss is reflected indirectly in the unexpectedly low con-
ductive heat flow measured near or at mid-ocean ridges
(e.g., Lister, 1972; Sclater et al., 1974, 1976; Anderson
and Hobart, 1976; Becker and Von Herzen, 1983). Sub-
stantially smaller amounts of convective heat loss pre-
sumably cause the concave or convex temperature pro-
files observed in crust up to 55 m.y. old in the Crozet
basin (Anderson et al., 1979). Late advection of heat in-
to the ocean reservoir is also accompanied by chemical
transport, as suggested by δ 1 8 θ and Ca 2 + concentration
profiles in interstitial waters in sediments on crust up to
120 m.y. old (Lawrence and Gieskes, 1981). The geo-
chemical fluxes involved in this process are negligible
for most elements, but they are significant for the fluxes
in oxygen (Gieskes and Lawrence, 1981; Lawrence and
Gieskes, 1981; McDuff, 1981).

These data suggest strongly that thermally driven flow
of hydrous solutions occurs both in young and in old
crust. However, it is impossible to make realistic quanti-
tative, integrated, bulk estimates of this fluid flow either
in young or in old oceanic crust. These difficulties are
related to the large regional scatter in the heat-flow mea-
surements, the model-dependence of the calculated heat
flow, the uncertainty in the theoretical, predicted heat
flow from lithospheric cooling models, and the occur-
rence of basaltic material in ash layers of Layer 1. In ad-
dition to this inability to quantify hydrothermal flow it
is not entirely clear how the convective flow patterns are
created. Theoretically, they can be caused by convection
cells in an isotropic, permeable Layer 1 and/or Layer 2
of the oceanic crust or, alternatively, by hydrous flow
along very restricted aquifers. The latter is probably more
likely, but this makes it even more difficult to evaluate
the total exchange rates between the oceanic crust and
seawater.

Houtz and Ewing (1976) subdivided the oceanic Lay-
er 2 into three seismically distinct layers, an upper layer,
2A, with lower velocities, and two deeper layers, 2B and
2C, with higher velocities. Layer 2A shows decreasing
thickness with increasing crustal age, pinching out at an
age of approximately 70 m.y. in the Atlantic. Such an
increase in seismic velocity of the upper Layer 2 is best
explained by sealing of fractures and voids during aging
of the oceanic crust. This closure could be a result of
vein mineral deposition and/or compaction by the sedi-
mentary overburden, and may include nearly isochemi-
cal diagenetic reactions which have little or no signifi-

cant effect on the total balance of exchange reactions
between seawater and the oceanic crust.

The bulk magnetic intensity of Layer 2 decreases ex-
ponentially with crustal age; in the Atlantic Ocean, ap-
proximately 95% of the magnetic intensity of basalt has
decayed after only 5 m.y. of alteration (Hall and Robin-
son, 1979). This decay in bulk magnetization probably
reflects the oxidation of titanomagnetite, suggesting that
this process may be nearly complete after about 5 m.y.

Constraints for the duration of alteration, based on
comparisons of petrographic and/or chemical signs of
alteration in basalts of different age, entail a number of
problems. The most important problem is the generally
poor recovery of alteration materials during drilling, par-
ticularly in young crust (it is substantially better in old
crust). Therefore, averaged data from holes drilled in
crust of different age cannot be meaningfully compared.
Alteration-related comparisons of materials with differ-
ent ages should be restricted to identical lithological rock
types with similar textures. For example, from visual ob-
servation it is clear that the colors of massive basalts
younger than 10 m.y. are dominated by grey, black, and
white, whereas older basalts are usually green and brown,
indicative of higher degrees of pervasive alteration with
age. Water contents of basalts from DSDP Hole 332B
suggest that hydration is not completed in 3.2-m.y.-old
crust, whereas deep portions of 120-m.y.-old Hole 418A
show indications of dehydration (Staudigel, Richardson,
et al., 1981; Staudigel, Muehlenbachs, et al., 1981). These
comparisons show that the aging of bulk rocks includes
a number of different processes which are difficult to tie
into a rigid temporal framework and are not necessary
unidirectional.

It seems surprising that fresh glass, which is extremely
susceptible to alteration under hydrous conditions, can
be preserved even in very old crust, such as in the 120-
m.y.-old DSDP Hole 418A (e.g., Donnelly, Francheteau,
Bryan, Robinson, Flower, Salisbury, et al., 1980). This
probably is best explained by very heterogeneous altera-
tion, whereby some portions of the crust are very effi-
ciently sealed off from access by seawater, while other
portions may stay in contact with seawater. Such contact
can be achieved via highly permeable zones, either hori-
zontal layers of fractured or brecciated basalt or vertical
faults through basalt and sediments.

The most spectacular manifestation of ocean-floor hy-
drothermal activity probably is the occurrence of white
and black smokers at the Galapagos rift (e.g., Corliss et
al., 1979) and at 21°N (Edmond et al., 1982), respec-
tively, or other hydrothermal vents observed on the ocean
floor. However, emission of hydrothermal solutions from
"normal" oceanic crust (seamounts excluded) is restrict-
ed to the near-axis area (e.g., Lonsdale, 1977; Crane
and Ballard, 1980), which may indicate that most high-
temperature reactions occur only in crust younger than
a few million years.

One of the biggest problems in deriving a coherent
interpretation of this evidence is that, taken alone, each
observation reflects a different process or a different as-
pect of hydrothermal systems in the oceanic crust. The
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most important task before us now is to link the inde-
pendent observations by relating, for example, the chem-
ical fluxes to the heat fluxes, or the precipitation of sec-
ondary phases to the changes in seismic velocity. So far
there have been two approaches to this goal:

1. The total volume of heat lost through black-smoker-
type vents can be constrained in two different ways. One
is to calculate the total amount of water needed to ex-
plain the convective heat loss at mid-ocean ridges, and
the other is to estimate how much fluid from hot springs
is required to explain the 3He/4He anomaly found across
a mid-ocean ridge (e.g., the Galapagos rift, Jenkins et
al., 1978). Both estimates show reasonable agreement,
suggesting that the hot springs like the ones at Galapa-
gos (Edmond, Measures, McDuff, et al., 1979; Edmond,
Measures, Magnum, et al., 1979) or 21 °N (Edmond et
al., 1982) may in fact be responsible for the majority of
the heat loss (and chemical fluxes) at mid-ocean ridges.
This in turn provides a correlation of convective heat
loss and chemical exchange rates between the oceans
and basalt. Based on this correlation, Edmond, Mea-
sures, McDuff, et al. (1979) calculated total exchange
rates between the ocean and basalt for a large number
of elements. However, Hart and Staudigel (1982) and
Staudigel and Hart (1983) pointed out that, at least for
the alkali metals K and Rb, these fluxes are unreasona-
ble according to the estimated ocean-crust inventories,
thus questioning the suggested correlation of heat flow
and some chemical fluxes. This contradiction convinc-
ingly demonstrates biases between two independent ob-
servations. Whereas Edmond and others (1979) demon-
strate that hot springs in fact cause a major chemical
flux of alkalis from the ocean crust into seawater, of the
same order of magnitude as the river fluxes, Hart and
Staudigel's (1982) chemical balance reflects the bulk flux
between the oceanic crust and seawater, which consists
both of the fluxes from the crust into the ocean, in the
form of hydrothermal springs, and the fluxes from sea-
water into the oceanic crust, which are not reflected in
Edmond, Measures, McDuff, et al.'s (1979) estimates.
The latter is consistent with the suggestion by Mottl
(1983) that the black smoker heat fluxes are not steady-
state and that the fluxes of Edmond, Measures, Mc-
Duff, et al., 1979, are too high by a factor of about ten.

2. Dating of secondary phases from veins in the oce-
anic crust allows a correlation of absolute ages with the
petrographically observed sequence of vein mineral de-
position (Hart and Staudigel, 1978, 1983; and Richard-
son et al., 1980; Staudigel, Richardson, et al., 1981;
Staudigel, Muehlenbachs, et al., 1981). This, in turn, al-
lows a correlation with a number of geophysical obser-
vations which are apparently functions of crustal age,
such as the heat flow or the bulk magnetic intensity. The
significance of isotopic dating is discussed later in this
paper in connection with our data from Hole 504B.

TECHNIQUES

We analyzed vein carbonates from Hole 504B and fish debris sam-
ples from the Pacific Ocean for Sr concentration by isotope dilution
and for 87Sr/86Sr (Table 1). Carbonates selected from Hole 504B were
taken only from veins > 1 mm thickness. They were separated from
the host rock, and gently crushed to a grain size sufficiently small to

Table 1. Sr concentration and isotope ratios of carbonates
from DSDP Hole 504B and fish debris samples from
Indian and Pacific Ocean sediments.

Sample number
(interval in cm)

504B-4-5, 12-20
504B-80-2, 52-54
504B-80-2, 72-80
DODO 37P, 440-480
6°N, 165°55'E
DODO 108P, 130-170
19°26'S, 80°59'E

Identification

Aragonite
Calcite
Calcite
Fish debris
15-17 m.y.
Fish debris
36-39.5 m.y.

Sr (ppm)

1658
28.9
23.3

1431

1480

8 7Sr/ 8 6Sr

0.70866 ± 5
0.70411 ± 5
0.70414±5
0.70874 ± 4

0.70784 ±3

87 Q/'

Note: Sr/ Sr data are normalized to Eimer and Amend Sr-car-
bonate = 0.7080; errors are given for last significant figure.
Fish debris samples courtesy of P. Doyle (Scripps Institution of
Oceanography). Locations of fish debris samples and their ap-
proximate age, after P. Doyle, are also given.

provide a large fraction of monomineralic grains (usually less than
100 µm in size). Carbonates were hand-picked from these materials
under a binocular microscope. All samples were repeatedly checked
for purity; mineral identifications by X-ray diffraction were carried
out before isotope analysis. Fish debris samples were separated by P.
Doyle (Scripps Institution of Oceanography), using heavy liquid sepa-
ration techniques and subsequent hand picking under a binocular mi-
croscope. Only fish teeth were included in these separates. Fish debris
samples were washed in H2O2 and in acetic acid to remove surface
coatings; the final teeth samples appeared colorless and were free of
surface coating.

Carbonates from Hole 504B were analyzed at M.I.T. using tech-
niques described in Hart and Brooks (1974). The fish debris samples
were analyzed at Lamont-Doherty Geological Observatory with tech-
niques similar to the ones used at M.I.T. Details of the mass spectro-
metric techniques at Lamont are outlined in Zindler et al. (in press).

THE DURATION OF VEIN MINERAL
DEPOSITION IN THE OCEANIC CRUST

There are two possible ways to date the duration of
precipitation of secondary phases in the oceahic crust
using 87Rb-87Sr isotope systematics (Hart and Staudigel,
1978). One method is based on the isochronous relation-
ships displayed by secondary phases. The difference be-
tween the age of the secondary-mineral isochron and the
crustal age based on magnetic lineations at a given loca-
tion constrains the duration of vein mineral deposition.
The second method of dating uses the observation that
most vein carbonates in the oceanic crust are apparently
deposited from unaltered seawater. A comparison of the
temporal variation of 87Sr/86Sr in seawater and the car-
bonate 87Sr/86Sr constrains the age of carbonate precipi-
tation. Both methods rely on the analytical precision of
the Rb-Sr isotope systematics in the secondary phases;
the first method also depends upon the accuracy of the
geomagnetic reversal time scale which provides the age
information for the basement, and the second method
upon the accuracy of the temporal variation of 87Sr/86Sr
in seawater. Recently, both the magnetic time scale and
the temporal variation of 87Sr/86Sr in seawater have been
substantially revised (Kent and Gradstein, in press; Burke
et al., 1982), making a reinterpretation of previous iso-
tope data necessary (Hart and Staudigel, 1978; 1983;
Richardson et al., 1980).

Currently, there are two published Rb-Sr secondary-
mineral isochrons, one from DSDP Sites 417 and 418
in the northwestern Atlantic (Hart and Staudigel, 1978;
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Richardson et al., 1980) and one from DSDP Hole 516F
on the Rio Grande Rise (Hart and Staudigel, 1983). Based
on the observed range in Rb/Sr ratios in secondary phases
from the oceanic crust and the minimum duration of al-
teration, which is usually longer than 5 m.y., it appears
unlikely that alteration phases from the 5.9-m.y.-old crust
in Hole 504B can be dated using Rb/Sr isotope system-
atics. In Figure 1, we have plotted published isochron
ages versus revised crustal magnetic anomaly ages after
Kent and Gradstein (in press) for DSDP Holes 417A,
418A, and 516F. The sizes of the boxes reflect the preci-
sion of the isochron age and the uncertainty in the mag-
netic anomaly age. Within these uncertainties, alteration
at Sites 417 and 418 may have stopped very soon after
formation of the crust or could have lasted up to 23 m.y.
At Hole 516F, alteration lasted for at least 12 m.y. and
at most for 23 m.y. This long duration at Site 516F may
or may not be "typical" for oceanic crust because of the
evidence for off-ridge volcanism on the Rio Grande Rise,
in the form of ash layers interbedded with the overlying
sediments and a submarine volcaniclastic flow (Hart and
Staudigel, 1983; Fodor and Thiede, 1977). Such an off-
ridge volcanic event may have had its own hydrothermal
convection system, accompanied by deposition of sec-
ondary phases. However, the implied duration of altera-
tion in Hole 516F is in general agreement with the re-
vised age of alteration at Site 417, so that the age of the
vein minerals in Hole 516F may very well be related to
the hydrothermal convection systems on the ridge. If
the latter is correct, the average duration of hydrother-
mal alteration at these two sites is about 13 ± 5 m.y.

Ages of carbonates precipitated from seawater from
DSDP Holes 105, 332B, 417, and 418 were estimated as
follows. We plotted the 87Sr/86Sr of carbonates analyzed

100

50

Sites 417 and 418
Crust: 119 ± 9 m.y.
Alteration: 105 ± 3 m.y.

Site 516
Crust: 87 ± 5 m.y.
Alteration: 70.1 ± 1 . 6 m.y.

50 100

Age of crustal magnetic lineation (m.y.)

150

Figure 1. Age of crustal magnetic lineations versus the age of altera-
tion based on secondary-mineral isochron ages for DSDP Sites
417, 418 and 516 (Richardson et al., 1980; Hart and Staudigel,
1983). The size of each box is determined by the error of the age of
the magnetic anomaly and of the isochron date for that site. For
comparison, lines characteristic of instantaneous alteration (crustal
age = alteration age) and for alteration continuing until 13 m.y.
and 23 m.y. after crustal formation are plotted.

by Hart and Staudigel (1978) and Richardson et al. (1980),
together with the 87Sr/86Sr of the 504B carbonates, on
the seawater 87Sr/86Sr curve of Burke et al. (1983; Fig. 2).
In this diagram, we have also plotted the 87Sr/86Sr iso-
tope ratios of two marine phosphates (fish debris). Car-
bonates, as analyzed by Burke et al. (1982), may be sub-
ject to diagenetic reactions which change their chemical
and isotopic signature (Elderfield and Gieskes, 1982).
Since much of the Sr in fish teeth is fixed in apatite,
the 87Sr/86Sr ratios of fish teeth provide an independent
check on the temporal variation of seawater 87Sr/86Sr. Our
data, although slightly higher than the mean of Burke et
al.'s (1982) data, fall within a range of ±0.0001. This
may represent a reasonable estimate of the accuracy of
the Burke et al. (1982) curve.

By comparison with the mean of this curve, altera-
tion at Site 105 lasted about 10-1.5 m.y., in agreement
with the time interval obtained from the celadonites in
Figure 1. At Sites 417 and 418, alteration may also have
lasted for a relatively short time, but because of the si-
nusoidal character of the seawater curve between 80 and
130 m.y., the best limit which can be placed on the dura-
tion of alteration is about 40 m.y. Hole 332B carbonates
show an Sr isotope ratio of 3.2 m.y. or younger seawa-
ter, but alteration may also be continuing at this site.
The 87Sr/86Sr of vein carbonates from Hole 504B is sub-
stantially lower than that of seawater at any time in the
lifetime of the ocean crust, showing that these carbon-
ates were not deposited from seawater with an unaltered
87Sr/86Sr ratio. This has two implications: (1) Sr isotope
ratios of carbonates from this site cannot be used to in-

0.7090

<áP
0.7080

0.7070

Hole 332B

I .DO DO 37

^Seawater after Burke et al., 1982

DODO 108

Hole
504B

0 50 100 150 200
Age (m.y.)

Figure 2. 87Sr/86Sr of carbonates from DSDP Holes 105, 332B, 417,
418, and 504B, and two marine phosphates (after Hart and Stau-
digel, 1978, 1983; Richardson et al., 1980; and this study). For ref-
erence, we have shown the time variation of 87Sr/86Sr (after Burke
et al. 1982; absolute ages after Kent and Gradstein, in press). The
size of each box for Sites 105, 417, and 418 and Hole 332B is deter-
mined by the range (2σ) of the observed variation in 8 7Sr/8 6Sr at a
given site and the error in basement age assigned by Kent and
Gradstein (in press). Note that the error given for the crustal age is
related to the uncertainty in the biostratiographic age of the seawa-
ter curve so that the relative error to the Sr curve is smaller than the
error indicated on an absolute age scale. Estimates for the duration
of seawater alteration should be estimated from the mean of the
crustal age to the corresponding value on the seawater curve.
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fer their precipitation age and (2) alteration solutions in
Hole 504B had unusually large amounts of dissolved
basaltic Sr. The first point strongly suggests the need for
proper documentation of the unaltered character of car-
bonate-precipitating solutions before this technique can
be applied to dating of vein mineral deposition. The
amount of basaltic Sr is about 8% in carbonate Sample
504B-4-5, 12-20 cm and 81% in Samples 504B-80-2,
52-54 cm and 504B-80-2, 72-80 cm, based on their Sr
isotope ratios in Table 1. This large, dissolved, "basal-
tic" component in hydrous solutions in Hole 504B also
is reflected in the low Sr concentration of these carbon-
ates: carbonates in equilibrium with a solution with a
basaltic Sr/Ca ratio should have Sr concentrations of
15-45 ppm Sr [assuming a *KD (Sr/Ca) in the range of
0.05 and 0.15; Kinsman and Holland, 1969; Katz and
Matthews, 1977; Baker et al., 1982]. The Sr concentra-
tions of the two deepest calcites, 23 and 29 ppm Sr, re-
spectively, are within this range. Calcites deposited di-
rectly from seawater should have much higher Sr con-
centrations (300-500 ppm), as was found in most of the
calcites from Holes 105, 332B, 417A, and 418A.

DISCUSSION AND CONCLUSIONS
We have addressed two problems in this paper: (1) we

have evaluated current geophysical and geochemical evi-
dence regarding the duration of alteration in the oceanic
crust, and (2) we have presented data for Sr isotope sys-
tematics of carbonates from DSDP Hole 504B. These
data cannot be used to date alteration in Hole 504B, but
they do suggest unusually low water/rock ratios.

A number of characteristics of secondary-mineral iso-
chrons have to be evaluated before the significance of
these data can be discussed. Secondary-mineral isochrons
generally include only layer silicates with high Rb/Sr ra-
tios, such as celadonites. Based on petrographic obser-
vations, celadonites are formed early in the alteration of
the oceanic crust (e.g., Bass, 1976; Donnelly, Franche-
teau, Bryan, Robinson, Flower, Salisbury, et al., 1980;
Staudigel, Richardson, et al., 1981; Alt, in press), which
might suggest that these isochron ages are significant
only for the beginning of alteration. However, this ap-
pears to be unlikely, since celadonites, just as many oth-
er layer silicates, may take up alkalis for a long time,
when they are in contact with seawater (Elderfield, 1976).
Similarly, zeolites have a high ion exchange capacity and
continue to exchange with circulating solutions after
their formation. Thus celadonites and analcite are not
"closed" with respect to their Rb/Sr isotope systematics
until seawater circulation ends. This interpretation is
supported by the observation that carbonates yield pre-
cipitation ages in the same range as the isochron ages,
even though petrographic evidence shows that carbonate
precipitation usually postdated celadonite formation.

Thus, based on the currently published data, forma-
tion of secondary phases lasts approximately 13 ± 5 m.y.
The observed range of approximately 10 m.y. probably
reflects different processes and different sedimentation
rates which are responsible for burial and sealing of a
site. For example, the breakdown of titanomagnetites
may be nearly completed at approximately 5-8 m.y. where-

as celadonites might exchange with seawater for some-
what longer time. However, it should be emphasized
that the amount of radiogenic isotope data available is
still limited and more work is necessary to constrain the
duration of alteration.

The timing of the major phase of secondary-mineral
deposition closely follows the decay of the heat-flow
anomaly at mid-ocean ridges, suggesting that rapid cir-
culation of water is the main factor controlling deposi-
tion of large quantities of secondary phases. This im-
plies that, at sites with high sedimentation rates, rapid
deposition of vein minerals may terminate earlier than
at sites with very low sedimentation rates. Based on this
argument, vein mineral deposition at Site 504B should
have ended or should be close to being completed. How-
ever, cessation of rapid deposition of secondary phases
does not necessary imply that all chemical reactions within
the crust end at the same time as well. There are proba-
bly a large number of reactions based on diffusive mate-
rial transport which continue for a long time. These re-
actions may be nearly isochemical on the scale of a few
meters, and do not substantially contribute to the bulk
chemical budget between the oceanic crust and seawater.

Combining physical and chemical lines of evidence
allows us to draw three conclusions regarding the du-
ration of alteration as well as the type of alteration in
the oceanic crust: (1) Rapid hydrothermal convection,
which probably includes the most substantial amount of
chemical exchange between the ocean crust and seawa-
ter, comprises a number of chemical exchange reactions
which occur over a period of time. These processes ap-
proach completion at a crustal age of approximately 13
± 5 m.y., depending partially on sediment accumula-
tion rates. (2) Alteration of the oceanic crust is very het-
erogeneous, particularly in the upper portion of Layer
2. Heterogeneous alteration may include convection of
water through fault zones or horizontal zones of high
permeability, such as the ones observed at Hole 504B
(e.g., Anderson et al., 1982; Becker et al., 1983), but
large portions of the crust are effectively sealed off from
access by hydrothermal solutions. (3) Alteration of the
oceanic crust along permeable zones, diffusive redistrib-
ution of elements within the crust, and possibly a slow
dehydration during burial probably continue for a long
time, possibly until subduction of the crust, at rather re-
duced rates of flow and chemical exchange.

It appears to be well demonstrated that hydrother-
mally driven convection and some chemical exchange in
fact continue for very long times in the crust (Anderson
and Hobart, 1976; Lawrence and Gieskes, 1981). How-
ever, the bulk exchange rates are probably rather low for
all dissolved cations (Gieskes and Lawrence, 1981; Mc-
Duff, 1981).

The low 87Sr/86Sr ratios of carbonates from Hole 504B
show that they precipitated from solutions which con-
tained up to 80% of basalt Sr-component. Although
this demonstrates that carbonates from Hole 504B can-
not be used to constrain alteration ages, it provides the
first evidence that vein carbonates can in fact be depos-
ited from solutions which are markedly different from
ambient seawater. This implies that sufficient Ca2+ is
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liberated during basalt alteration to allow precipitation
of carbonates. The most important basalt alteration pro-
cesses which provide Ca to the circulating hydrous solu-
tions are alteration of basaltic glass and the breakdown
of anorthitic feldspar. However, alteration of glass to
palagonite is not only characterized by a loss of most of
its Ca, but also by a loss of 80-90% of the Mn, Na and
P, and a loss of 50-70% of its Si, Al, Mg, Cr, Hf,
Sc, Co and REE, which might also enter the circulating
solutions (Ailyn-Pyzik and Sommer, 1981; Staudigel
and Hart, 1983). Such complex basalt alteration reac-
tions and precipitation of secondary phases make the
composition of alteration solutions very different from
original seawater composition. These changes are most
drastic for dissolved cations,, but they may also be sig-
nificant with respect to the oxygen isotopic composition
of the hydrothermal solutions.

The main reasons for the low water/rock ratios dur-
ing alteration in Hole 504B are probably the rather high
temperatures, resulting in more extensive reactions be-
tween seawater and basalt, and the sealing effect of the
rapidly accumulating sediments. The latter was suggest-
ed as an explanation for the heat flow data (Langseth et
al., 1982). However, there are some systematic structural
differences between fast, intermediate, and slow-spread-
ing ridges which might influence the flow of water as
well. For example, slow-spreading ridges have a much
rougher topography than fast-spreading ridges. The high-
er density of fault zones at slow-spreading ridges may
enhance vertical fluid flow. Fast-spreading ridges proba-
bly are characterized by higher eruption rates which fa-
vor formation of more sheet flows and massive flows,
whereas pillows are more abundant in environments with
lower eruption rates (Staudigel and Schmincke, in press).
The primary lithological differences might be responsi-
ble for differences in fluid flow. However, the structural
characteristics at DSDP Hole 504B are still too poorly
understood for us to be able appropriately to evaluate
their significance to the circulation pattern of hydrous
solutions.
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