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ABSTRACT

A variety of low temperature alteration products occur in the
573-meter-thick section of basaltic rock from Site 395. Carbonate
veins, smectites (predominantly saponite), zeolites, goethite, opal,
and gypsum, listed in order of decreasing abundance, are present.
The only hiqher temperature mineral found was chlorite, and it oc-
curs only in vesicles in two massive flows and a dolerite instrusive
unit. Values of δ 18O (SMOW) of calcite veins range from +31.8 to
+ 34.8%o, and δ C 1 3 (PDB) ranges from +1.3 to +3.8%o. Appar-
ently the calcite veins were formed at 0°-15°C in equilibrium with
deep ocean water. Some veins may have formed during glacial pe-
riods when δ θ 1 8 of the deep water was higher than it presently is.
The deepest calcite veins were formed in the temperature range 8 -
15°C. Three deep saponite veins (δθ 1 8 = +21.3 to 24.3‰,
SMOW) are estimated to have formed in the temperature range
30 -45 C. The presence of gypsum puts an upper temperature
limit of its formation at 65 °C. The Ca+2, Mg+2, and δ O 1 8 (+0.4
to +0.6%o, SMOW) compositions of the pore fluids in the overly-
ing sediments are in between those of present-day or glacial deep
ocean waters. Overall, nearly all the alteration products found to
date must have been formed in the presence of descending deep
ocean water. Convective transport of the pore fluids in the basalts
and large water/rock ratios are indicated.

INTRODUCTION

The idea that large-scale water circulation takes
place through the ocean crust in the vicinity of mid-
ocean ridges is supported by heat-flow observations.
The pattern of heat-flow values away from ridges fits
conductive cooling models for oceanic lithospheric
plates reasonably well, whereas near the ridges heat-
flow values deviate significantly, generally on the low
side, from model values (cf. Wolery and Sleep, 1976;
Anderson and Hobart, 1976). The general interpreta-
tion of this has been that convection of seawater in
communication with overlying ocean takes place near
the ridge.

Two important questions come to mind as a result
of these observations. What chemical and isotopic in-
teractions take place between seawater and the oceanic
crust, and how does that change the chemical and iso-
topic compositions of both? How much heat transfer
takes place, and how in detail does it occur? Wolery
and Sleep (1976) thoroughly review the geophysical
and geochemical studies completed in which these
questions are asked.

The chemical and mineralogical changes that take
place in the upper oceanic crust can in part be deter-
mined by studying the alteration products in the crust.

Quantitative estimates of chemical exchange can then
be made. Isotopic analyses of both alteration products
and pore fluids can be used to determine the tempera-
tures of alteration, which in turn can bring definition to
what temperatures are prevalent in the oceanic crust
while it is in the vicinity of a ridge. This study repre-
sents the preliminary results of such an investigation at
DSDP Site 395.

DISCUSSION OF RESULTS

A large variety of alteration products are present,
principally in fractures and to lesser degree in vesicles
in the basalts. Calcite veins occur throughout the sec-
tion, along with chabazite, phillipsite, and goethite.
Cores 60-67, taken from the base of the section, in the
vicinity of a 20-meter-thick dolerite sill, contain abun-
dant saponite as fracture fillings. Gypsum, opal, and
chlorite are also present. Chlorite also occurs as a green
filling in vesicles in massive flows from Cores 14 and
15. Bischoffand Dickson (1975) altered basalts under
experimental conditions of 200° and 500 bars pressure
and produced dominantly montmorillonite and anhy-
drite.

The abundant fracture filling in Cores 60-67 is sapo-
nite, which varies in color from white to green, in tex-
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ture from granular to soapy, and in luster from dull to
shiny. Table 1 contains chemical analyses of saponites
from three separate horizons. As can be seen from
these analyses, the green coloring appears to be related
to iron content. The saponite was almost certainly
formed as a result of heat-induced water circulation
consequent to intrusion of the dolerite sill. If intrusions
of this type are common in the oceanic crust, saponites
may constitute an important sink for magnesium in the
ocean's chemical budget.

Oxygen isotopic analyses of a large number of car-
bonate veins and the three chemically analyzed sapo-
nites are given in Table 2. Also given are the oxygen
isotopic compositions of the pore fluids from the over-
lying sediments. The δ 18O values of the carbonates
and calcite veins are very high, indicating formation at
low temperatures. The δ 13C values are very restricted
in range, and indicate formation of the veins from
seawater. The pore fluids are enriched in 18O with re-
spect to Atlantic Deep Water (δ 18O = +0.12%o,
Craig and Gordon, 1965).

Figure 1 shows the temperature history of the sites
as recorded by the alteration products. The tempera-
tures derived from the calcite veins and the saponites
were calculated assuming that the fluid was Atlantic
Deep Water with a δ 18O of +0.1%o. The calcite-water
temperature relationship of O'Neil et al. (1969) was
used for the temperatures of formation of calcite. The
montmorillonite-water temperature relationship of Yeh
and Savin (in press) was used to calculate tempera-
tures from the isotope values of the saponites. Also
shown is the temperature range of present-day Atlantic
Deep Water. Two temperature regimes for the altera-
tion products can be identified: a very cold regime as-
sociated with the upper calcite veins and a warm re-
gime related to intrusion of the dolerite sill.

The calcite veins from 100 to 400 meters depth indi-
cate formation at temperatures lower than any existing
in present-day deep waters. The basalts were extruded
onto the sea floor in the late Miocene, about 7 m.y.
ago. The calcite veins may have formed as soon as the
basalts completely cooled down to bottom-water tem-
peratures, or they may have been formed at some later
time closer to the present.

TABLE 1
Chemical Composition of Saponites, Hole 395A

TABLE 2
Oxygen and Carbon Isotope Data From Site 395

Sample
Description

64-2, 82 cm

Green Vein

66-3,
Piece #12

White Vein

60-2, 80 cm

Green Vein

SiO2

A1 2 O 3

Fβ2θ3a
CaO
MgO
Na2O
K 2 O
H 2 θa

49.7
6.9
3.44
1.70

25.9
1.68
0.14
—

51.4
8.8
1.31
1.56

24.0
2.16
0.55
—

50.6
6.9
5.03
1.42

24.4
1.83
0.14

9 ±0.5

Sample
(Interval

in cm)

Hole 395
18-2,11-15
18-2,14-16
18-2, 22-24
18-2, 26-30
18-2, 58-60
18-2,140-142
19-1,

Hole 395A
15-3, 26-28
15-4,123-126
22-1,121-125
22-2, 25-33
26-1,129-133
27-1,120-123
32-1,54-56
32-1,118-119
32-2, 28-30
32-2, 65-66
52-1,114-120
55-1,118-126
61-2, 98
63-4, 80-88

Hole 395A
60-2, 80-86
64-2, 82
66-3,125

Hole 395
3-5,140-150
5-5,140-150
7-3,140-150
9-5,140-150

Piece
#

2
3
4
5

14
17G

2

16
IN

13E
10
I I B

2A
3A

9
8
7
IE

12

Depth
(m)

δ 1 8 θ
(SMOW)

Calcite Veinsa

161.26
161.28
161.38
161.41
161.72
162.54
162.77

195.66
198.13
253.10
253.66
290.99
300.44
345.91
346.55
347.15
347.51
534.31
553.14
611.28
624.87

+34.55
+33.92
+34.08
+34.06
+33.87
+33.72
+33.62

+34.43
+34.02
+34.14
+33.33
+34.10
+34.40
+34.41
+34.75
+33.93
+34.76
+32.33
+32.03
+32.21
+30.81

Saponites^

600.86
628.45
649.42

+24.3
+21.4
+21.3

Pore Watersa

24.8
43.9
59.7
81.7

+0.4 ±0.2
+0.6 ±0.1
+0.6 ±0.3
+0.5 ±0.3

δ 1 3 C
(PDB)

+2.76
+4.39
+4.09
+3.67
+4.04
+3.81
+3.42

+3.31
+2.94
+3.23
+2.27
+3.55
+3.72
+2.91
+3.97
+3.06
+2.81
+3.05
+3.06
+3.56
+3.00

Temperature

cNon-
glacial

0.0
2.2
1.6
1.7
2.4
3.0
3.3

0.4
1.9
1.4
4.4
1.6
0.5
0.5

-0.7
2.2

-0.8
8.2
9.4
8.7

14.3

32+5
48±5
49±5

C)

Glacial

4.5
6.8
6.2
6.3
7.0
7.6
8.0

4.9
6.5
6.0
9.1
6.2
5.0
5.0
3.7
6.8
3.7

13.1
14.4
13.6
19.6

aTotal Fe.

The water standard NBS-1 was used as the primary running standard
for δ l 8 θ used to calibrate the mass spectrometer standard gas for
δ l 8 θ (Craig, 1961). The CO2-H2O curve of Bottinga and Craig
(1969) was used to calibrate the mass spectrometer standard gas
for δ l8θ. The temperature relationship of O'Neil et al. (1969) was
used to calculate the calcite temperatures. The nonglacial tempera-
tures were calculated assuming equilibration with a water having
δ 18θ (SMOW) = +0.1%o (Craig and Gordon, 1965), the glacial tem-
peratures with a water having δ 1^0 = +1.3%o. NBS-20 was used as

, the primary running standard for δ l 3 c analyses (Craig, 1957).
Mass spectrometer analyses were run on oxygen gas using BF5 as
the principal extraction reagent. A kaolinite, SK-3 (δl ^O + 21.5%o
[SMOW]) calibrated against the Cal Tech standard Rose Quartz
was used as the primary running standard. The temperature
relationship for montmorillonite-water of Yeh (1974) was used to
calculate the saponite temperatures.

The calcites having the highest δ 18O values seem to
have formed either at near-zero bottom water tempera-
tures or in a water enriched in 18O compared to today.
The only time the δ 18O values of sea water have been
higher has been during periods of glacial advances.
Such advances have predominated in the last two mil-
lion years. A reasonable limit for an increase in the δ
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Figure 1. The temperatures of formation of calcite veins (see Table 2) are shown. The calculations were made assum-
ing formation is isotopic equilibrium with Atlantic Deep Water (δl8θ = + 0.1°/oo> Craig and Gordon, 1965). The
temperatures were calculated using the temperature relationship for calcite-water of O'Neil et al. (1969). The
temperatures of formation of the saponite veins (see Table 2) are also shown. Yeh's (1974) temperature relationship
for montmorillonite-water was used. The temperature range for present-day Atlantic Deep Water is also shown.
The lithology of the sediment and basalt stratigraphic column are given.

18O of the oceans is about 1.2%o. Calcites forming in
such water and having the δ 18O values of Table 2
would yield temperatures of 4 to 5°C higher (see Ta-
ble 2) than shown in Fig. 1, placing them in the region
of bottom water temperatures.

Shackleton and Kennett (1974) indicate bottom wa-
ter temperatures since late Miocene have always been
similar to those found today. If this is so, then the cal-
cite veins in the upper basalts appear to have formed
or recrystalized during a glacial advance. Formation at
any time other than a time shortly after the extrusion
of the basalts implies extensive cold water circulation
in the oceanic crust.

That deep water enriched in 18O may have been cir-
culating through the basalts over the last two million
years is also suggested by the δ 18O values of the pore
waters in the sediments. For most of the history of the
site 2.5-7 m.y.B.P., δ 18O of the deep waters was prob-
ably like present-day values (Schackleton and Kennett,
1974). Water entrapped in most of the sediments
would have had a δ 18O value near +0.1%o. During
the last two million years that water therefore had to
be replaced by deep water enriched in 18O. This prob-
ably means circulation at rates greater than simple dif-
fusion—i.e., convective transport. This convective trans-
port must have been slow enough, however, that the
high δ 18O values of the pore waters were not wiped

out over the last 10,000 years. The waters over this lat-
est period have also had a δ 18O value of +0.1%o.

When the dolerite was intruded it produced a con-
siderable degree of warm-water alteration. The pres-
ence of gypsum puts an upper limit of 65 °C on the
temperature. The saponite above the sill gives a tem-
perature of 30 °C, whereas those saponites in and be-
low the sill indicate temperatures of about 45 °C. The
calcite veins yield temperatures of 8°-15°C. They were
probably formed or recrystallized at a late stage during
the cooling of the sill. The paleomagnetic data (P.
Johnson, personal communication) suggest that the ba-
salts below the sill but not above it were reversely
magnetized during the hydrothermal event. The tem-
peratures of formation of the saponites above the sill
are lower, ^32 °C, compared to those in and below it,
-48 °C. This suggests that remagnetization is more like-
ly to have occurred below the still than above.
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