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ABSTRACT

Investigations of borehole waters sampled in Hole 504B during Leg 92 revealed changes in major-ion composition
similar to changes observed previously (during Leg 83). The uniformity of chloride concentrations with increasing depth
suggests efficient downhole mixing processes along density gradients caused by large temperature gradients. Chemical
and mineralogical studies of suspended drilling mud (bentonite) suggest that this material has undergone substantial al-
teration and that CaSO4 (anhydrite/gypsum) has precipitated in the deeper parts of the hole. Rare earth element studies
suggest contributions of both the bentonites and the basalts to the REE distributions. Studies of the isotopic composi-
tion (87Sr/86Sr) of dissolved strontium indicate a strong contribution of basaltic nonradiogenic strontium, although
differences between the Leg 83 and Leg 92 data indicate an influence of bentonite during Leg 92. The oxygen isotope
composition of the water does not change appreciably downhole. This uniformity can be understood in terms of high
water-rock ratios and suggests that the chemical changes observed are due either to alteration processes involving ben-
tonites and basaltic material from the walls of the hole or to exchange with formation fluids from the surrounding base-
ment, which may have altered in composition at relatively high water-rock ratios.

INTRODUCTION

Studies of the chemistry of interstitial waters collect-
ed during the Deep Sea Drilling Project (DSDP) have
suggested that in many cases changes in the composition
of these fluids are due to the low-temperature alteration
of the underlying basalts of Layer 2. These basalts are a
sink for potassium, magnesium, sodium, and 18O (H2O)
as well as a source for calcium (Lawrence et al., 1975;
Lawrence and Gieskes, 1981; Gieskes and Lawrence, 1981;
Gieskes, 1983). McDuff (1981) argued that to maintain
these concentration gradients, the large-scale circulation
of formation waters must occur to considerable age of
the ocean crust, that is, well beyond the period during
which so-called sealing of the crust occurs (Anderson et
al., 1977). This sealing is thought to occur largely as a
result of the accumulation of a thick impermeable sedi-
ment cover, after which transport of ions from Layer 2
to the ocean through the sediments becomes diffusive
(McDuff, 1981).

Hitherto there have been few chances to study the
chemistry of the formation waters of the basalts to veri-
fy some of the ideas developed on the basis of the inter-
stitial water data. More direct inferences about the na-
ture of formation waters were made possible during Legs
69, 70, and 83, when water samples were acquired with
a go-devil-packer sampler working in both active and
inactive modes (Mottl, Anderson, et al., 1983; Mottl et

al., 1985). The studies carried out during Leg 83 indi-
cated that large changes in the composition of the bore-
hole waters had taken place after surface seawater was
introduced into the hole during Leg 70 (about 2 yr. be-
fore). During Leg 83 water was sampled at two depths:
about 460 m (80°C) and about 790 m (116°C). Mottl et
al. (1985) concluded that the end-member concentrations
(corrected for contamination by bottom waters) were as
indicated in Table 1. The differences in concentration
were tentatively interpreted as being due to differences
in the exchange between the drill hole waters and the
surrounding rocks at the two temperatures, because at
both the 80° and 116°C isotherms vertical mixing in the
hole was thought to be negligible.

Whereas the Leg 83 experiments were carried out un-
der relatively clean hole conditions, drilling mud was
left in the hole after the hole was deepened during Leg
83, as is evident from the large amounts of bentonite re-
trieved from the bottom of the hole during Leg 92. As a
result, the water chemistry found during Leg 92 may
represent not only basalt-seawater interactions but also
bentonite-seawater interactions. Leg 92 visited Hole 504B
about 15 mo. after Leg 83, a period somewhat shorter
than the 23-mo. interval between Legs 70 and 83.

Table 1. End-member concentrations (corrected for contamination by
bottom waters introduced during Leg 70; Mottl et al., 1985).

1 Leinen, M., Rea, D. K., et al., Init. Repts. DSDP, 92: Washington (US Govt Print-
ing Office).
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(Erzinger) Mineralogical Petrological Institute, Justus-Liebig-University, D-6300 Giessen, Federal
Republic of Germany; (Boulègue) Laboratoire de Géochimie et Métallogenie, Université de
Paris 6; (Hart) Massachusetts Institute of Technology, Cambridge MA 02139.

Temperature

80
116

Ca2 +

(mM)

29.2
48.5

Mg2 +

(mM)

40.5
22.4

(mM)

8.8
6.9

Na +

(mM)

466
445

Si
(mM)

0.8
2.2

87Sr/86Sr

0.7086
0.7078

(mM)

25.2
15.2
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This chapter presents the results of (1) studies by J.G.
and J.B. of the geochemistry of the borehole fluids and
bentonites, (2) studies by J.E. of the rare earth elements
(REE) in the dissolved state and in bentonites, (3) stud-
ies by M.K. of the mineralogy and chemistry of drilling
muds, and (4) studies by M.K. and S.H. of the oxygen
isotope and strontium isotope chemistry of the borehole
waters and bentonite.

LEG 92 OPERATIONS AND HOLE CONDITIONS
Because of the limited time available, it was decided

not to use the large-volume (go-devil) sampler until depths
were reached below those sampled during Leg 83. How-
ever, three successful runs were made to above-Leg 83
depths with the Barnes-Uyeda tool to, respectively, 564 m
BSF (91.5°C), 650 m BSF (101 °C), and 736 m BSF
(108°C) (Fig. I).3 The Barnes/Uyeda sampler was sent
down in a free-fall mode. After the probe reached the
bottom of the pipe, the pipe was slowly lowered by — 50
m; the idea was to ensure that the water sampled would
be downhole water and not water pushed down by the
tool during its descent in the pipe. This procedure was
not possible with the packer-go-devil sampler, because
this tool is lowered on a sand line. This procedure can,
of course, create serious contamination problems, be-
cause the 20-m-long tool will push down a considerable
plug of bottom water or a mixture of bottom water and
borehole water from higher levels. This plug will then
mix with in situ borehole water (see the section on bot-
tom-water contamination). Similar problems were encoun-
tered with Sample BAW-5 (see the section on nitrate).

The first go-devil samples taken (at 926 m BSF [127°C])
suggested that we would have problems with drilling mud
that would be more severe at greater depths. Most of the
sample barrels contained large amounts of bentonite as
well as Fe-oxyhydroxides. The borehole water had to be
separated from the drilling mud by careful decantation
and filtration. This problem grew worse at 1099 m BSF
(141 °C), and at 1204 m (150°C) a thick slurry was re-
covered. Water samples for chemical analysis from the
last two go-devil sample depths were obtained by cen-
trifugation and subsequent filtration.

SAMPLE TREATMENT
A separate, unfiltered set of slurry samples was im-

mediately acidified with nitric acid to prevent precipita-
tion of Fe-oxyhydroxides and then stored for possible
future work (~ 1 cm3 concentrated HNO3 was added to
a 250 cm3 sample). These samples were not investigated
in this study. The filtered slurry samples we used for on-
board studies continued to show problems with iron oxy-
hydroxide precipitation, so they also were acidified to
prevent further precipitation. Samples of bentonite, pipe
dope, Lubriplate grease, and so forth were also collect-
ed for contamination studies.

One greater depth was also sampled. One sample was taken at each depth. The Barnes/
Uyeda samples are designated BAW-1, BAW-2, etc. Go-devil water samples are designated
GDW-I-1, GDW-I-2, etc., where the Roman numerals denote run number (and therefore depth)
and the Arabic numerals denote sampler barrel number (the go-devil sampler has five barrels).
OV denotes overflow sample.

Dissolved-silica samples were obtained from the vari-
ous water sample bottles after filtration. These samples
were stored in plastic vials. Continued precipitation of
Fe-hydroxide occurred in these samples. We feel that the
dissolved-silica concentrations may not be representative,
not only because of this continued precipitation and pos-
sible silica co-precipitation, but also because of possible
interactions with bentonite at lower temperatures.

Untreated samples of bentonite (drilling mud) were
stored and distributed among participants for further
studies.

BOREHOLE WATER CHEMISTRY
(J. Gieskes and J. Boulègue)

CHEMICAL METHODS

On board the Glomar Challenger we carried out an analytical pro-
gram that enabled us to determine most of the major dissolved con-
stituents (Table 2). The methods used were as follows:

Calcium and magnesium: titrations (Gieskes, 1974); Wescan ion
chromatography. (When the results of the ion chromatographic meth-
od were compared with the results of the titrimetric method, agree-
ment was excellent [better than 2%].)

Potassium: Wescan ion chromatography
Lithium: Wescan ion chromatography
Sulfate: Wescan ion chromatography
H4SiO4: colorimetry, molybdate blue method
NH : colorimetry, phenol-hypochlorite method
NOJ: colorimetry, Cd-reduction to NO^ and diazotization
Chloride, sulfide, reduced sulfur: potentiometry
Alkalinity: potentiometry
Iron: colorimetry, orthophenantrolin method
Sodium concentrations were obtained from charge balance calcu-

lations.

Contamination Studies
Before we discuss the analysis results, we must con-

sider contamination by the sampling equipment and by
the introduction of borehole waters from higher levels
(mostly bottom seawater).

Nitrate as an Indicator of Bottom-Water
Contamination

Mottl et al. (1985) point out that nitrate can serve as
a good indicator of the contamination of formation wa-
ter by bottom seawater, because at the high temperatures
and under the reducing conditions present in the hole,
nitrate should normally be absent. Nitrate is also absent
from surface seawaters, but bottom water has a NÔ ~
concentration of about 39 µM. The temperature profile
for the upper part of this hole, below the casing, still
shows signs of bottom-water flow-in (Becker et al., 1983,
1985). The GDW-I go-devil samples (Fig. 1) showed the
presence of nitrate in appreciable quantities (Table 2),
but more importantly, the Barnes/Uyeda sample taken
below GDW-I (BAW-5) contained as much as 35 µM ni-
trate (90% of bottom-water concentration). We presume
that these high values result from downhole contamina-
tion by bottom water, although the route from the sea-
floor to the sampling device is obscure. If reduced sub-
stances (e.g., Fe2+, reduced sulfur species) are present in
the hole, reactions with NO3~ may occur, which would
hamper the use of NOj~as an indicator of contamina-
tion. There is experimental evidence in support of the
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Figure 1. Temperature structure in Hole 504B (Becker et al., 1985). BAW = Barnes samples; GDW = go-devil samples.

• Hole 504C sediment temperature, Leg 69
Equilibrium re-entry temperatures, Hole 504B

• Leg 70 (measured 3 Dec. 1979)
A Leg 83 (measured 23 Nov. 1981)
X Leg 92 (measured 8 Apr. 1983; HPC and Barnes/Uyeda probe)
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Table 2. Formation water composition, Hole 504B.

Sample

BAW-2
BAW-3
BAW-4
BAW-5
GDW-I-1
GDW-I-2
GDW-I-3
GDW-I-4
GDW-I-5
GDW-I-OV
GDW-II-4
GDW-II-5
GDW-II-OV
GDW-III-3
GDW-III-4
GDW-III-5
GDW-III-OV

Sub-bottom
depth

(m)

564

650

736

1004
926
926
926

926
926
926

1099
1099
1099
1204
1204
1204
1204

pH

(25°C)

_

7.55
7.49
7.66
6.36
6.47
6.57
6.39
6.28
6.39
6.23
6.31
6.16
6.49
6.86
7.11
7.19

Alkalinity

(meq dm~^)

1.97
1.79
1.94
1.50
1.415
1.425
1.175
1.26
1.185
1.55
1.02
0.995
7.57
2.70
4.05
4.90

Ca

(mM)

16.4
20.1
23.6
10.7
28.9
29.5
29.4
28.0
26.2
25.3
31.1
28.1
25.3
55.8
60.5
59.7
60.4

Mg

(mM)

48.4
46.0
43.2
53.7
38.9
37.9
37.8
38.2
39.1
41.1
34.3
37.3
38.6
20.6
20.4
23.9
21.1

Li

(µM)

27
37

27

27
500
380
175

210
135
440
100
75

115
360
290
190
240

Na

(mM)

468
471

463
473
457

446
452

462
460
464
450
453

462
408
433
433
424

K

(mM)

10.0
9.1

9.8

10.1
8.8
8.2
8.2

8.6
8.4
8.9
8.2
7.9

8.4
6.8
7.4

7.5
7.8

Cl

(mM)

550
557

552
552
555
555
551

558
552
553
556
551

549
526
563
566
559

S O 4

(mM)

28.0
28.0
26.2
29
22.3
22.3
21.2
21.8
23.0
25.6
15.7
19.6
24.0
17.0
18.0
18.7
15.5

E[S2 ] El

(µM)

nd
nd

nd

_

nd

1.5
0.2

nd

-

[S2θf-] + [&

(µM)

nd
nd

1.6

_

130

420
320

200

—

0?."] Fe2 +

(mM)

_

0.29
1.08
1.03
1.14
1.24
1.01
1.60
1.10

3.71
0.33
0.46
0.110

SiO 2

(µM)

575

710

905

155
680
805

540

535
360
310
230
145

(130)
310

405
685

1095

N O 3 "

(µM)

0
0

0
35
16.5
14.5

5.0

11.0
4.0
4.5
2.0
1.5

0
2.5
1.0
1.0
1.5

N H 4

(µM)

18
20

28
0

72
64
62

69
54

82
62
59
57
77

82
71

58

T(°C)

91.5
101

108

130
127
127

127
127
127
127
141
141

141
150

150
150
150

Salinity

36.0
36.3
36.0
35.2
34.6
34.6
34.1
34.1
34.1
34.9
33.8
33.8
34.1
33.6
35.2
36.0
35.8

Note: nd = not determined; — = not detectable; OV = overflow.

existence of this process (J. Boulègue and F. Morel, pers.
comm., 1983). This process may explain the lack of cor-
relation between Ca2+ and NO3" (Fig. 2). Indeed, if any-
thing, there is a trend in Ca2+ versus NO3~ opposite to
that established by Mottl et al. (1985). The samples from
the lower two go-devil runs show only very small nitrate
values, but substantial nitrate reduction may have oc-
curred in these samples, particularly in the samples from
GDW-II, which have appreciable concentrations of re-
duced sulfur species (Table 2). Thus, the lack of NO3~
cannot be used as a priori evidence of the absence of
contamination.

Samples BAW-2 to BAW-4 have no NO3-, low benton-
ite content, and minor iron precipitation, characteristics
that suggest that these samples do not have significant
bottom-water contamination.

Chloride Contents
Except in the samples from GDW-HI, chloride con-

tents are remarkably constant with increasing depth, that
is, well within 1% of the bottom-water concentration
(554 mM). Since surface water has chlorinities of about
534 mM, surface-water contamination should be readily
apparent. Sample GDW-III-3 has a low chlorinity con-

Figure 2. Ca2 + versus NO3 in GDW-I go-devil samples.

tent, but the extremely high iron content (3.7 mM) of
this sample may have caused problems with the titra-
tion. Samples GDW-III-4 and GDW-III-5 are somewhat
high in Cl (about 1.6 to 2.2% higher than bottom water).

When surface water was introduced during the Leg
83 sampling, go-devil samples taken at the bottom of
the hole (PA-3 of Mottl et al., 1985) had a chloride con-
tent of about 529 ± 4 mM, a value close to the surface-
water value of 533 mM. However, our data indicate that
since then chlorinities have risen to values equal to those
of bottom waters (554 mM). This is particularly evident
from Samples BAW-2 to BAW-4 (no nitrate, chloride about
554 mM). These data can be interpreted in two ways.
The first possibility is that originally introduced surface
water is displaced by higher chlorinity formation waters
by lateral diffusive and/or convective exchange. How-
ever, the smooth gradient in dissolved magnesium with
increasing depth for Samples BAW-2 to BAW-3 (see sub-
sequent section on major constituents) suggests that down-
hole mixing processes may be important. We prefer the
latter interpretation for the following reasons. Along the
temperature gradient, borehole water densities will grad-
ually decrease, and thus mixing with overlying water
should occur. Luheshi (1983) estimates that free convec-
tion should occur in boreholes similar to Hole 504B (un-
der conditions where the temperature gradient is 60 K/
km). His calculations are for mud-filled holes (viscosity
~ 1000 cP), but free convection should also occur in a
seawater-filled hole only slightly affected by drilling mud
(i.e., at much lower kinematic viscosities). The presence
of free convection supports the concept of gradual down-
hole mixing, although a quantitative estimate of down-
hole mixing cannot be given at this time. After a period
of 15 mo. it seems apparent that downhole mixing is
sufficient to eradicate any trace of surface-water chlo-
rinities. Any surface-seawater contamination should be
detectable in 14C or 3H measurements, but we would ex-
pect it to be minimal in view of the rather constant Cl~
concentration.

As indicated above, Barnes Samples BAW-2 to BAW-4
show bottom-water chlorinities but zero nitrate concen-
trations. This is evidence not only that nitrate is reduced
in the deeper parts of the hole, but also that any nitrate
detected farther down must represent contamination from
the top of the hole during sampling.
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The rather uniform, high downhole Cl~ concentra-
tions rule out significant surface-water contamination,
and the high NOf values in GDW-I indicate contamina-
tion from bottom water. Thus, the major-ion concentra-
tions changes may be larger than estimated, although
the lack of a NOf-Ca2+ correlation indicates that no
proper extrapolation can be carried out. However, corre-
lations between Ca2+ and Mg2+ and other ions will re-
main valid as long as similar processes affect formation
waters at all levels in the hole.

Contamination by Go-Devil Sampler

The concentrations of dissolved lithium (Table 1) are
generally quite high and extremely variable for go-devil
samples but not for the Barnes/Uyeda samples. The ex-
tremely high values in the GDW-III samples leave little
doubt that the lithium concentrations are due to con-
tamination by Lubriplate grease. Mottl, Anderson, et
al. (1983) came to similar conclusions about the Leg 69
and 70 samples. Thus, each chemical constituent stud-
ied in the samples must be carefully considered for po-
tential contamination by grease or the packer probe lu-
bricant.

The dissolved-iron concentrations obtained in this study
are viewed as tentative. Precipitation of Fe-hydroxides
started to occur immediately after retrieval of the sam-
ples. Thus, even the concentrations in our acidified sam-
ples, which were obtained after filtration or centrifuga-
tion plus filtration, will represent minimum concentra-
tions. In the presence of bentonite at increasing levels at
greater depth the precipitation process may have become
more important. We suspect that to a large extent the
dissolved iron is due to the dissolution of Fe2+ from the
go-devil sampler and not necessarily from the materials
in the hole. Of course, we cannot evaluate this problem
in a quantitative manner. However, the presence of dis-
solved iron in large quantities represents an important
contaminant, and may well have caused the spurious re-
sults on dissolved nitrate reported in a previous section.

Minor Constituents

Little hydrogen sulfide was found in the samples, but
enhanced concentrations of reduced-sulfur compounds
were present (Table 2). These data and the fairly high
concentrations of ammonia suggest that reducing condi-
tions prevail in Hole 504B throughout the sampled depth
intervals. Whether larger amounts of sulfide did form is
difficult to assess, because the sulfides might have pre-
cipitated in the high dissolved-iron environment.

The increased concentrations of ammonia may be ex-
plained best by both nitrate and nitrogen reduction by
reduced-sulfur species or by iron at high temperature, a
process that has been observed in hydrothermal systems.

Dissolved-silica data from the Barnes in situ samples
(BAW-2, -3, and -4) are plotted in Figure 3. They indi-
cate concentrations slightly below the quartz saturation
curve in distilled water (Morey et al., 1962). Solubilities
in salt solutions are slightly higher (Fournier et al., 1982).
We suggest, however, that the data indicate that equilib-
rium with quartz characterizes the dissolved silica in the
hole. The fact that the go-devil samples are much lower

in concentration testifies to (1) the essential validity of
the Barnes samples, and (2) the effects of bottom-water
contamination as well as possible re-equilibration with
bentonite in the go-devil samples. No clear correlation
with dissolved Ca or Mg exists, so that silica concentra-
tions cannot be used to estimate bottom-water contami-
nation.

Major Constituents
Before discussing major-element correlations we shall

first discuss the depth distribution of the major cations.
For this we choose magnesium (Fig. 4) as representative
because it is removed from seawater, presumably into
silicates, and it should not present a major problem in
terms of possible Mg-oxysulfate precipitation at these
relatively low temperatures (see later discussion on sul-
fates).

For GDW-I we have assumed that the NOf concen-
tration of about 15 µM is representative for the contam-
ination value by upper borehole water, and using this we
made an average correction which suggests lower con-
centrations in situ. It appears from Figure 4 that the
GDW-II samples are contaminated by bottom water, de-
spite the low NOf concentrations (probably rapidly re-
duced in this reducing environment). This is also evident
from the low dissolved-silica values. The GDW-III sam-
ples, on the other hand, with their enhanced bentonite
content, are probably much less contaminated, although
the dissolved-silica values are still low. Figure 4 also con-
tains the magnesium data obtained by Mottl et al. (1985)
during Leg 83. At the shallower depth, the Leg 83 Mg2+

level is considerably lower than the Leg 92 Mg2+ level,
but, of course, Leg 83 was characterized by a longer
time span for reaction and possible exchange with the
surrounding rocks.

We conclude that the in situ data probably follow a
smooth trend line and that, although this is due partly
to decreased reaction rates up the hole (lower tempera-
tures), it is due primarily to mixing effects in the hole.

Seyfried and Bischoff (1979) investigated the reactions
between seawater and diabase and basaltic glass at 70°C
and 150°C, which corresponds to the range of tempera-
tures encountered in Hole 504B. At 70°C they noticed
the uptake of Mg, K, and Na from seawater and the re-
lease of Ca, whereas at 150°C they noticed the removal
of measurable quantities of Mg and SO4 from seawater
but the release of K and Na as well as of Ca. Notwith-
standing these differences in reactivities, downhole mix-
ing processes would lead to an integration of the signals
and hence a tendency towards linear correlations between
Mg and the various constituents. Unfortunately, too lit-
tle information is available on the temperature effects of
basaltic alteration to determine the temperature at which
uptake of K changes into release of K.

Major-Ion Correlations

Figure 5 presents a correlation plot of Ca2+ versus
Mg2+. The solid dots are the values measured on Leg
92.

The levels of Ca2+ must be evaluated in conjunction
with the sulfate data, in view of the detection of measur-
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Figure 3. Dissolved silica versus temperature, Hole 504B.

able amounts of gypsum in the lower parts of the hole.
This suggests strongly that substantial amounts of CaSO4

have precipitated. As discussed earlier, little evidence has
been found for sulfide formation, at least in major quan-
tities, although reduced-sulfur compounds do occur (Ta-
ble 2). We have, therefore, assumed that much of the
sulfate has been removed from the waters as a result of
anhydrite precipitation (see also Seyfried and Bischoff,
1979). This interpretation is consistent with the conclu-
sion of Mottl et al. (1985), who from determinations of
sulfur isotopes concluded that sulfate decreases were due
to sulfate precipitation reactions.

If we assume that all sulfate depletions are the result
of calcium sulfate precipitation, we can compute a cor-
rected value of calcium as follows:

= Came a s u r e ( j ΔSO4

where ΔSO4 = change in sulfate concentration from sea-
water (about 29 mM). The corrected data are also plot-
ted in Figure 5. Uncertainties in SO4 are probably
± 2 mM at most, those in Ca ± 1 mM, and thus we esti-
mate the corrected values to be within 5% of those
given.

The sulfate depletion deserves further comment. Ex-
periments by Bischoff and Seyfried (1978) showed that
CaSO4 precipitated from normal seawater when the sea-
water was heated to temperatures about 150°C (i.e., to

temperatures above the highest temperatures prevailing
in Hole 504B). Removal of sulfate by Mg-hydroxysul-
fate precipitation occurred only above 250°C. On the
other hand, in experiments involving seawater and ba-
saltic materials at different water-rock ratios (Seyfried
and Bischoff, 1979; Seyfried and Mottl, 1982), there is
evidence of anhydrite precipitation at temperatures of
150°C and perhaps lower. This precipitation is due prin-
cipally to enhanced concentrations of calcium due to re-
lease from basaltic materials. At the same time, magne-
sium appears to be removed preferentially into silicates.
Our data do indeed show enhanced concentrations of
calcium and decreases in magnesium. Anhydrite precipi-
tation was observed, but no magnesium-hydroxysulfate
was detected. We submit, therefore, that at the source of
the calcium anomalies, solution chemical conditions were
such that only CaSO4 could precipitate (McDuff and Ed-
mond, 1982). Thus, our interpretation of the data in
terms of a sulfate correction to the calcium signal ap-
pears essentially correct.

Both sodium (obtained from charge balance calcula-
tions) and potassium show decreases with depth (Table 2).
In Figure 6 these data are plotted versus Mg 2 + . For a
drop in Mg2 + of about 32 mM (52.5 to 20.5 mM), there
is a change in Na + of about 50 mM and in K+ of about
3 mM.

For comparison, we also present (in Fig. 5) the Leg
83 corrected values for Ca 2 + and Mg2 + (Mottl et al.,
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Figure 4. Depth distribution of dissolved magnesium, Hole 504B. Da-
ta of Mottl et al. (1985) are end-member data; dashed lines are sug-
gested downhole trends for Legs 83 and 92.
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Figure 5. Correlation between Ca2+ and Mg2+ in borehole waters,
Hole 504B (Leg 92). Arrows indicate GDW-II samples.

Figure 6. Correlation between Mg2+ and K+ and Na+ in borehole wa-
ters of Hole 504B, Leg 92. Triangles are end-member data from
Mottl et al. (1985).

1985). After due corrections for sulfate in a similar man-
ner as described above, the agreement between the pres-
ent data set and the data obtained by Mottl et al. (1985)
is excellent. Similar agreement is apparent for K+ and
Na+ (Fig. 6). In the general discussion section we shall
return to the implication of these observations.

RARE EARTH ELEMENTS IN HOLE 504B
BOREHOLE WATERS AND BENTONITES

(J. Erzinger)

The contamination of Hole 504B with large amounts
of drilling mud (bentonite) led us to look for signs of
significant bentonite-seawater as well as basalt-seawa-
ter interaction. The shipboard chemical data did not al-
low us to decide whether the water chemistry reflected
bentonite-seawater reactions, basalt-seawater reactions,
or both. To help resolve the problem we decided to ex-
amine the rare earth element (REE) borehole water pat-
tern, because the bentonite REE pattern is significantly
different from the tholeitic deep-sea basalt pattern.

SAMPLE PREPARATION AND ANALYSIS

For the analysis used here a minimum of 0.5 dm3 water is needed.
Therefore, only water-mud samples from the go-devil-packer sampler
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could be taken. Depending on the sample volume we obtained within
each go-devil sample barrel we took 0.5 to 2.0 dm3 for REE analysis.

We left the samples as they were after they were collected and fil-
tered them on shore after a period of about 3 mo. The filtrates were
evaporated to 100 cm3 and stored for analysis (described below).

In the time span between sampling and analysis, Fe-hydroxide pre-
cipitated in considerable amounts within the bottles. These Fe-hydrox-
ides coprecipitate the REEs, and so we tried to dissolve the Fe-hydrox-
ides selectively without attacking the mud, which was the main com-
ponent of the filter cake. These efforts met with little success. With all
leaching solutions we tried out, such a separation was not possible. In
all cases REEs were also leached from the bentonite, which is apparent
from applying the same leaching procedure to fresh bentonite. Fresh
drill mud was collected from the drill mud tank of the Glomar Chal-
lenger. In addition, we leached 2 g of fresh bentonite with 1 dm3 sea-
water at room temperature for comparison.

The filter cakes and fresh bentonite were brought into solution with
HF/HCIO4. As mentioned in the introduction, it is necessary to look
for the inorganic composition of the grease used at packer and drill
pipe connections. For these reasons 10 g of grease were heated to 800°C,
and the resulting ash was also dissolved with HF/HC1O4.

For REE determination, inductively coupled plasma (ICP)-optical
emission spectrometry was used, following column-chromatographic
separation and concentration of the REEs (Walsh et al., 1981; Erz-
inger et al., in press).

Results and Discussion

The chemical data for the borehole waters, fresh ben-
tonite, and grease are presented in Table 3. Also includ-
ed are the REE concentration ranges of the Hole 504B
basalts.

In Figure 7 the chondrite-normalized REE are plot-
ted. The chondrite values were taken from Evensen et al.
(1978), the average ocean water from Herrmann (1970).

As can be observed from Figure 7, the bentonite pat-
tern differs significantly from the basaltic pattern, main-
ly with respect to the light rare earth elements (LREE).
Contamination of the samples by grease cannot be ex-
cluded but would not change the water pattern.

The REE pattern of fresh bentonite leachate shows
almost the same distribution as the bentonite itself. On-
ly a larger Eu-depletion is apparent. In Figure 7 the rela-
tive complete borehole water patterns are plotted. They
show no negative Eu-anomaly, but otherwise have shapes
nearly identical to those of fresh bentonite. The LREE,
however, are enriched compared to the heavier REEs.
The measured concentrations should be taken as mini-

mum values because of possible coprecipitation with Fe-
hydroxides and presumably with anhydrite. We suggest
that the amount of Fe-hydroxide which was formed dur-
ing storage is large enough in all samples to reduce the
REEs without fractionation. Thus the actual REE con-
tent may be regarded as equilbrium concentrations in
the system borehole water-iron hydroxide-drill mud.

Michard et al. (1983) show that hydrothermal solu-
tions collected at about 13°N at the EPR are enriched in
REE, with the enhancement of the LREEs being much
larger than of the HREEs. Their relative REE concen-
trations lie in the same range as we analyzed in the go-
devil samples. They found, however, a strong positive
Eu-anomaly, which was proposed to be typical for high
temperature (350°C) and low water-rock ratio basalt
leaching. The same authors also pointed out that the
leaching procedure would dissolve the REE without sep-
aration, and that the resulting pattern would be caused
by selective REE incorporation in newly formed second-
ary minerals. From the cold seawater bentonite leaching
done here, one observes that incongruous dissolution of
the REEs is another possible explanation for the observed
distributions.

In summary, bentonite-seawater interaction appears
to have a strong influence on the REE pattern in the
Hole 504B borehole waters. However, no negative Eu-
anomaly is observed. This may imply some basalt-sea-
water interaction, but it is not known whether Eu-en-
richments during basalt-seawater interactions are a strong
function of temperature. It is equally possible that ben-
tonite-seawater interactions at —100 to 150°C may lead
to preferential Eu-enrichment, thus obliterating the ob-
served minimum in bentonite.

MINERALOGY AND CHEMISTRY OF
DRILLING MUDS

(M. Kastner)

The contents of mud in the water recovered with the
go-devil samples was considerable, with the mud-water
ratios increasing with depth. A large proportion of the
mud was made up of the bentonite pumped down the
hole during Leg 83, but basaltic material from the hole
was added to the mud, especially in the GDW-II sam-

Table 3. Rare earth elements in Hole 504B go-devil samples, drill mud, grease, and basalts.

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

GDW-I-1
(nM)

1.1
3.3
_
0.4
—
_
—
—
_

—
_
—

GDW-I-2
(nM)

2.0
14
1.1
0.8
—
—
—
—
—
—

—
—
—

GDW-I-3
(nM)

8.4
13
2.1
2.8
—
0.13
_
—
0.31
—

—
0.12
—

GDW-I-5
(nM)

1.6
4.8
0.14
0.3

—
—
—
—

—
—
—

GDW-II-4
(nM)

66
12
24
28
13
0.3
—
_
1.1

0.47

0.29
0.11

GDW-II-5
(nM)

23
80

8.9
8.7

0.09
_
—
0.07

0.1
—
—
—

GDW-III-4
(nM)

8.6
33
2.5
3.0
—
—
_
—
0.54

—
—
—

GDW-HI-5
(nM)

6.7
12
3.1
4.0
0.3
—
—
_
0.26
—
—
—
0.09
—

Mud
(ppm)

43.8
82.6
17.8
31.3
5.02
0.48
3.76
0.30
4.44
0.44
1.98
0.20
1.62
0.22

Grease
(ppm)

5.39
5.17
1.48
1.37
0.30
0.26
—
—

0.15
0.04
0.20
—

0.07
0.02

Basalts
(ppm)a

1.45 ± 0.88
4.9 ± 1

0.96 ± 0.52
5.1 ± 1.3
2.1 ± 0.6

0.81 ± 0.17
3 ± 0.42

0.53 ± 0.09
3.8 ± 0.55

0.83 ± 0.15
2.5 ± 0.39

—
2.4 ± 0.3

0.28 ± 0.07

Note: — = not detectable.
a Mean ± standard deviation (from Emmermann, 1985).
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Figure 7. Rare earth elements (REE), normalized to chondrite, for Hole 504B borehole waters with sus-
pended bentonite (Leg 92), fresh bentonite, grease, Hole 504BB basalts, seawater leach of fresh benton-
ite, and seawater.

pies. In order to investigate the nature and extent of re-
actions between the hot water and the mud, original drill-
ing bentonite (from supplies available on Glomar Chal-
lenger during Leg 92) and the muds were analyzed. Both
petrographic and X-ray diffraction (XRD) techniques were
used for this purpose, the latter yielding data on the
bulk, <4 µm, 2-4 µm, and >2 µm fractions. In addi-

tion, small amounts of these size fractions were ana-
lyzed for major-ion content (Ti, Al, Ca, Mg, Fe, and Si)
by using wet chemical methods.

Results

The colors of the bentonite and muds are shown in
Table 4. Mineralogical descriptions of the various size
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Table 4. Colors of bentonite and Hole
504B mud samples.

Sample Color a

Bentonite0 Pale olive, 5 Y 6/3
GDW-I-5 Olive brown, 2.5 Y 4/4
GDW-II-5 Black, 10 YR 2.5/1
GDW-HI-4 Dark yellowish brown, 10 YR 4/4
GDW-III-5 Dark yellowish brown, 10 YR 4/4

^ Munsell soil color chart.
According to Mike Storms, Operations Man-
ager, the same drilling mud was used on Legs
83 and 92.

fractions are presented in Table 5, and XRD results are
given in Table 6. Chemical data on the various size frac-
tions are presented in Table 7 in the form of molar ratios
with respect to aluminum. Agreement with standard rocks
was generally within 5%, uncertainties mainly being due
to small sample sizes.

Colors

A major problem with the muds recovered from the
hole was the pervasive precipitation of Fe-oxyhydroxides,
mostly as a result of the previously discussed dissolution
of iron and rust from materials fallen in the hole and
from the go-devil sampling equipment. These Fe-oxyhy-
droxides are present as coatings on pre-existing phases
and as discrete particles, and they are responsible for the
observed brown colors (Table 4). The black colors in Sam-
ple GDW-II-5 are the result of a mixture of Fe-oxyhy-
droxide coatings and particles with dark volcanic glass
and magnetite derived from the walls of the hole.

Mineralogy

The original bentonite used in this study for compari-
son is composed mainly of smectite, with some quartz
and feldspars, a few mica grains, and possibly some il-
lite. Volcanic glass, mostly light brown and some color-
less, composes about 3 to a maximum of 5% of the ben-
tonite. The light brown glass is coarser than the colorless
glass. The quartz-feldspar ratio is higher in the >4 µm
fraction than in the bulk sample.

In terms of mineralogy, the muds recovered by the
go-devil samplers have smectite as the major constitu-
ent. Mostly fine-grained Fe-oxyhydroxide is also present.
These samples have distinctly less volcanic glass and al-
so less quartz and feldspar than the bentonite sample.
There are also some important differences between the
samples from GDW-I and those from the deepest go-
devil run (GDW-III). In the deeper samples the amounts
of quartz and feldspars are greater than in the GDW-I
samples. The newly formed mineral anhydrite is present
in only small quantities in Samples GDW-I-4 and GDW-
1-5 (this mineral is later transformed to gypsum), but it
is an important phase (up to a few percent) in Samples
GDW-III-4 and GDW-III-5.

Sample GDW-II-5, the black mud, although coarser
grained than even Sample GDW-III-5, is composed pri-
marily of smectite. Fe-oxyhydroxides are moderately
abundant and occur both as fine particles disseminated
in the matrix, as in Sample GDW-I-5, and (more abun-
dantly) as coarser particles. The black mud sample also
contains considerably more volcanic glass than the other
mud samples. In addition to the brown and some color-

Table 5. Mineralogy of drilling mud in Hole 504B.

Sample

Bentonite

GDW-I-1

GDW-I-2

GDW-I-3

GDW-I-4

GDW-I-5

GDW-II-4

GDW-II-5

GDW-III-4

GDW-III-5

Sub-bottom
depth

(m)

-926

-926

-926

-926

-926

-1099

-1099

-1204

-1204

Temperature
( ° Q

127

127

127

127

127

141

141

150

150

Bulk sample

Smectite, much quartz
and two feldspars,
some illite or mica

Smectite and some
quartz

Smectite and some X-ray
amorphous material

Smectite and some X-ray
amorphous material

Smectite and some
gypsum

Smectite and traces of
quartz and gypsum

Smectite with traces of
gypsum and magne-
tite

Smectite with gypsum,
some quartz, and
traces of magnetite

Mainly smectite with
some quartz, feld-
spar, and anhydrite

Smectite and anhydrite,
with some quartz
and feldspars

> 4 µm fraction

Mostly smectite and quartz,
some feldspar, and very
small amounts of illite
or mica

Smectite and much quartz

Smectite with quartz and
two feldspars

Smectite with quartz and
two feldspars

Smectite with much quartz

Smectite with quartz and
feldspar

Smectite with feldspar and
some quartz

2-4 µm fraction

Smectite and quartz

Smectite and traces
of quartz

Smectite

Smectite

Smectite

Smectite and traces
of quartz

Smectite

< 2 µm fraction

Primarily smectite and
traces of quartz

Smectite

Smectite

Smectite and some
X-ray amorphous
material

Smectite

Smectite

Smectite, some feldspar,
and X-ray amor-
phous material. A
small peak at
~9.4°20CuKα
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Table 6. Hole 504B XRD results.

Sample Bulk sample

Bentonite Smectite, much quartz and
feldspars, some mica
and/or illite

GDW-I-1 Smectite and some quartz

GDW-I-2 Smectite and some X-ray
amorphous material

GDW-I-3 Smectite and some X-ray
amorphous material

GDW-I-4 Smectite and gypsum
GDW-I-5 Smectite, small amounts

of quartz and gypsum
GDW-II-4 Smectite, magnetite, traces

of quartz and gypsum
GDW-II-5 Smectite, gypsum, magne-

tite, and some quartz
GDW-III-4 Smectite, some anhydrite

(changed to gypsum),
some quartz and
feldspars

GDW-HI-5 Smectite, anhydrite, some
quartz and feldspars

> 4 µm fraction

Smectite, much quartz, some
feldspars, traces of mica
and/or illite

Smectite and much quartz,
some feldspars

Smectite, quartz, and
feldspars

Smectite, quartz, and
feldspars

Smectite and much quartz

Smectite, quartz, and
feldspars

Smectite, feldspars, and
some quartz

2-4 µm fraction

Smectite and quartz

Smectite and traces
of quartz

Smectite

Smectite

Smectite

Smectite and traces
of quartz

Smectite and some
mixed-layer
smectite-
chlorite

Table 7. Chemistry of bentonite and go-devil samples, Hole 504B.

Sub-bottom
depth

Sample (m)

< 2 µm fraction

Bentonite
GDW-I-1 926
GDW-I-2 926
GDW-I-5 926
GDW-III-5 1204

2-4 µm fraction

Bentonite
GDW-I-3 926
GDW-III-4 1204
GDW-III-5 1204

> 4 µm fraction

Bentonite
GDW-I-5 926
GDW-III-5 1205

Temperature
(°C) Si/Al Ca/Al

2.71 0.12
127 2.71 0.10
127 2.74 0.10
127 2.73 0.13
150 2.69 0.43

3.53 0.15
127 2.80 0.09
150 2.80 0.16
150 2.77 0.27

4.34 0.23
127 3.12 0.38
150 2.70 0.65

Mg/Al Fe/Al

0.20 0.18
0.52 0.42
0.42 0.40
0.69 0.60
0.84 1.02

0.19 0.14
0.51 0.37
0.43 0.54
0.71 0.53

0.12 0.14
0.52 1.56a

0.71 0.49

< 2 µm fraction

Smectite with traces of
quartz

Smectite and traces of
quartz

Smectite

Smectite and some
X-ray amorphous
material

Smectite

Smectite

Smectite, some feldspar,
traces of quartz,
and X-ray amor-
phous material

Al
Ti/Al (wt.%)

0.01 19.0
0.02 12.5
— 12.3

0.03 13.1
0.04 9.7

0.01 16.0
0.02 14.2
0.04 16.9
0.03 15.8

0.02 12.3
0.04 8.0
0.04 15.6

a Doubtful value.

less glass, green to dark brown glass is present. Only
traces of quartz and feldspars were observed. The sam-
ple also contains some magnetite and gypsum.

Chemistry of Muds

The element-Al ratios for the mud samples are pre-
sented in Table 7 and plotted Figure 8. The result can be
summarized as follows.

Si/Al
In the <2 µm fraction, there is no change with depth.

The mineralogy of all samples is similar (i.e., the sam-
ples consist mainly of smectite and small amounts of
quartz).

In the 2-4 µm fraction, the Si/Al ratio decreases with
respect to bentonite and then remains constant. This trend

may represent the disappearance of quartz with respect
to the bentonite.

In the > 4 µm fraction, the Si/Al ratio decreases with
depth and reflects the gradual decrease in quartz con-
tent with depth.

Ca/Al
Increases in Ca/Al occur with depth. The increases

can best be explained in terms of increases in gypsum/
anhydrite.

Mg/Al
In all cases, increases in the Mg/Al ratio are observed

with depth. This reflects increasing amounts of smec-
tites, and change in the type of smectites: in the deepest
sample, mixed-layer smectite-chlorite was observed.
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Figure 8. Chemical composition of Hole 504B drilling muds (element/aluminum atomic ratios).

Fe/AI

The increases in Fe/AI with depth reflect in particu-
lar the increases in Fe-oxyhydroxides (see color changes).

Ti/AI

Whereas Ti/AI is relatively low in bentonite, this ra-
tio increases substantially with depth in all size fractions.
This trend could in part reflect plagioclase dissolution
and Al mobilization. Of course, if it does, the increases
observed in the other ratios, particularly Ca/AI and Mg/
Al, might also be due to loss of Al. A more likely inter-
pretation of the increases in Ti/AI may be downhole in-
creases in the amount of suspended (and altered) vol-
canic material from sources in the hole. This explana-
tion also complicates the interpretation of the other
observed ratio changes, at least in comparison with orig-
inal bentonite.

Summary
1. The muds contain considerably less volcanic glass

than the originally introduced bentonite. Much of the
volcanic glass in mud Sample GDW-II-5, at 1100 m depth,
was locally derived.

2. The muds are enriched in Fe-oxyhydroxide rela-
tive to the bentonite, mostly as a result of precipitation
in the go-devil sampling equipment and during storage.

3. The muds, even the deepest sample (GDW-III-5),
contain much less quartz and feldspar than the original
bentonite.

4. The smectite is transforming to a mixed-layer smec-
tite-chlorite (3 Å glycolated peak) in the deepest sample
(GDW-III-5).

5. The chemical changes suggest the admixture of ba-
saltic material with the original bentonite.

6. Anhydrite is present only in the muds, in particu-
lar in the deepest and hottest samples (GDW-III-4, -5).
It is absent in the original bentonite.

ISOTOPE STUDIES
(M. Kastner and S. Hart)

Data on the 18O/16O (δ1 8θ SMOW) ratio of borehole
waters and on the 87Sr/86Sr ratio in dissolved strontium
and bentonite are presented in Table 8, along with infor-
mation on some other constituents.

Oxygen Isotopes

The data obtained on the oxygen isotope composi-
tion of the borehole waters show values of δ 1 8 θ slightly
lower than those of Pacific Ocean deep waters (for which
δiso = ~ 0.00 to -0.08%0; H. Craig, pers. comm., 1984).
The δ1 8θ data, however, do not vary with decreasing mag-
nesium content. Mottl et al. (1985) also did not find sig-
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Table 8A. Oxygen isotopes of
borehole fluids, Leg 92.

Sample

GDW-I-1

GDW-I-2
GDW-I-5
GDW-HI-3
GDW-III-4
GDW-IH-5

δ 1 8 θ SMOW
(‰)

-0.24
-0.26
-0.26
-0.27
-0.30
-0.24
-0.31

Mg
(mM)

38.9

37.9
39.1
20.6
20.4
23.9

Table 8B. Strontium isotopes of borehole fluids, Leg 92 (S. R. Hart).

Sample

Bentonite, < 2 µtn fraction
GDW-I-1 (water)
GDW-III-3 (water)
MORBa

Present-day seawater

8 7 Sr/ 8 6 Sr

0.708875 ±
0.708592 ±
0.708098 ±
0.703
0.70916

19
27
29

Sr
(ppm)

238
6.90
9.86

65-135
7.8

K
(PPm)

1435
320
276
_
399

Rb
(ppm)

6.53
0.110
0.073

0.124

Cs
(ppm)

0.599
0.0016
0.0003

0.3 ng/kg

a Mid-ocean ridge basalts.

nificant changes in δ 1 8 θ in their studies of Leg 83 bore-
hole waters. The slight shift to negative δ 1 8 θ values of
- 0.25 to - 0.30‰ may indeed in part be due to basalt/
bentonite-seawater interactions, but could also be due
to interferences of precipitation of Fe-oxyhydroxides
and gypsum in the originally filtered samples during
storage in the sealed glass ampoules. Although acidifi-
cation redissolved the Fe-oxyhydroxides, gypsum did
not necessarily redissolve. Thus, there seems little doubt
that, just as in the case of the Leg 83 samples, little or
no change has occurred in the oxygen isotope composi-
tion of the borehole waters.

The above observation is of great importance, espe-
cially with regard to the problem of the origin of the ob-
served changes in the chemical composition of the bore-
hole fluids. For instance, Lawrence and Gieskes (1981)
found an average change in δ 1 8 θ of 0.08‰ for a
change of dissolved calcium of 1 mM. This would sug-
gest that, if changes in dissolved calcium are due to ex-
change with surrounding formation waters, substantial
decreases in δ 1 8 θ should be observed. Yeh and Savin
(1977) suggest that fractionation factors for smectite-
water at 100°C and 150°C are 1.014 and 1.010, respec-
tively, so that basalt-to-smectite alteration would still lead
to substantial decreases in the δ 1 8 θ of the fluid phase,
especially at relatively low water-rock ratios (c.f. Law-
rence et al., 1975; Lawrence et al., 1976). Water-rock ra-
tios must be quite large in order to observe no measur-
able change in δ 1 8 θ. We shall return to this problem in
the general discussion.

At present we do not have data on the δ 1 8 θ of sus-
pended smectite, but preliminary results indicate only
small decreases in δ 1 8 θ. This implies incomplete recrys-
tallization. Thus, though bentonite alteration does oc-
cur, it is probably only a minor contributor to the ob-
served chemical changes in the borehole fluids. On the
other hand, volcanic glass contents decrease downhole
in the muds, presumably as a result of alteration.

Strontium Isotopes

The strontium isotope ratio 87Sr/86Sr of the original
bentonite is only slightly lower than that of dissolved
strontium in present-day seawater (Table 8). Data for sam-
ples obtained during Leg 92 are presented in Figure 9,
together with data reported previously for Leg 83 (Mottl
et al., 1985). Again, magnesium has been used as the
normalizing parameter. It is apparent that two trend lines
do exist, which is not entirely unexpected if bentonite al-
teration or recrystallization has an effect on the isotope
composition of dissolved strontium. There is, however,
little doubt that the 87Sr/86Sr ratio is substantially lower
than that of fresh bentonite, and thus a strong basalt sig-
nal (87Sr/86Sr 0.703; c.f. Table 8) is evident from our
data. As has been pointed out before, our chemical data
do not allow us to extrapolate to presumed end-member
concentrations. However, if Mottl et al.'s (1985) data
(c.f. Table 1) are representative of end-member concen-
trations, then the relatively high 87Sr/86Sr data appear to
indicate high water-rock ratios (Elderfield and Greaves,
1981). Typically in the case of low water-rock ratios and
high temperatures (Albarede et al., 1980), equilibration
with basaltic 87Sr/86Sr has been complete.

50

40

Leg 92

Leg 83 (Mottl et al., 1985)

Bentonite

.7080 .7084 .7088
8 7 Sr/ 8 6 Sr

Figure 9. 8 7Sr/8 6Sr of dissolved strontium.

.7092
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GENERAL DISCUSSION

Although the hole conditions during Leg 92 were quite
different from those existing during Leg 83 (especially
because of the high bentonite content), chemical obser-
vations show strong similarities in the changes in major
dissolved constituents when compared to seawater. It was
possible to obtain reasonable end-member concentrations
of the various dissolved constituents of the borehole flu-
ids from the Leg 83 data. Such estimates were not possi-
ble from the Leg 92 data. However, correlations between
dissolved magnesium and other constituents (Figs. 5 and
6) reveal that the observed chemistries are very similar in
nature, with the possible exception of the strontium iso-
topes, which appear to be relatively heavier for samples
from Leg 92, presumably as a result of interaction not
only between basalt and seawater, but also between ben-
tonite and seawater. Although there is no guarantee that
bentonite was absent during Leg 83, bentonite contami-
nation of the hole was certainly more prevalent during
Leg 92. Our data on the chemistry and mineralogy of
the bentonites and also on the levels of the dissolved
REEs indicate that bentonite has been involved in the
chemical processes affecting borehole water composition.
However, the 87Sr/86Sr data leave little doubt of the im-
portance of basalt-seawater interactions.

The rather constant chlorinities down the hole, espe-
cially those in the relatively uncontaminated Barnes sam-
ples, support the concept of important downhole mix-
ing processes, although exchange with the surrounding
rocks is not completely excluded. Such downhole mix-
ing processes would lead to a smoothing of element cor-
relations. Laboratory experiments (Seyfried and Bisch-
off, 1979) have indicated that at temperatures of 150°C
and higher, basalt-seawater interaction should lead to
release of K+ and Na + . The data collected in the pres-
ent study, however, show that the lowermost samples have
the largest depletions in K+ and Na + . This suggests that
the observed changes reflect basalt-seawater interactions
at temperatures below 150°C.

A most important observation is the lack of change
in δ 1 8θ in the borehole waters, notwithstanding the large
change in composition as reflected in the increases in
Ca2 + and the decreases in Mg2 +, K + , and Na + . If the
low δ1 8θ values observed by Mottl, Lawrence, et al. (1983)
in the pore waters of Site 501/504 are due to a basement
signal, a large change in δ 1 8 θ would be expected. The
absence of a large δ 1 8 θ signal suggests either that high
water-rock ratios occur, or that the changes in chemis-
try have occurred at much higher temperatures. The lat-
ter explanation is preferred by McDuff (1984), but it is
not easily reconciled with the observed decreases in K+

and Na+ . Our data do not allow a precise estimate of
the water-rock ratios at which the alteration reactions
occurred. However, if all the dissolved Ca2 + stemmed
from basalt alteration, without removal of Ca2 + in al-
teration products, and an end-member Ca2 + concen-
tration (extrapolation to Mg2+ 0 mM in Fig. 5) of

120 mM were typical, a water-rock ratio of 20 (cor-
responding to an effective porosity of 98<Vo) would be
required. Elder field and Greaves (1981) point out the

discrepancies between water-rock ratios estimated from
changes in Ca2 + and those in alkali metals (Edmond et
al., 1979), discrepancies that are mainly due to the re-
precipitation of Ca2+ into secondary minerals. However,
the 87Sr/86Sr data obtained in this study also imply rela-
tively high water-rock ratios (c.f. Elderfield and Greaves,
1981). At water-rock ratios of 20 or even 10, the effects
of alteration reactions on changes in δ 1 8 θ are minimal
(Lawrence et al., 1975).

If the possibility of advection of waters from greater
depths is discounted, especially because of the lack of
increases in K+ and Na+ (see above), there remain two
scenarios that explain the large chemical changes under
conditions of high water-rock ratios. The first would
imply the dominance of interactions between borehole
waters and the wall of the hole, rather than exchange by
diffusion and/or advection from the formation waters
from the surrounding basalts (Mottl et al., 1985; Mc-
Duff, 1984). Simple calculations suggest that less than
5 cm of basalt surrounding the hole would be implied if
basalts were altered to 10%. Even here, however, the
data are in apparent conflict with hydrothermal experi-
ments, which require release of K+ and Na+ at temper-
atures of about 150°C. Most of the signals in the chemi-
cal composition of the borehole fluids would stem from
the deeper parts of the hole, where reaction rates will be
highest. Relatively high values of pH, particularly in the
GDW-III samples, suggest that any reactions leading to
observed changes in Ca2 + and Mg2+ must have led to
the complete depletion of Mg2+ (c.f. Seyfried and Mottl,
1982). Of course, the pH values observed may have been
affected by bottom-water contamination as well as by
the dissolution of rust particles in the hole and sampler
compartments.

A second, more speculative possibility is that indeed
exchange does occur with waters from the surrounding
formation, notwithstanding the low measured permeabil-
ities (Anderson et al., 1985) and the low porosity val-
ues obtained from the electrical resistivity logs (Becker,
1985). There is strong evidence of the flow of bottom
waters into the upper 100 m of basement (Becker et al.,
1983, 1985). If a portion of this introduced bottom wa-
ter then circulated downward through the basement, it
could acquire an alteration signal in a gradual manner
as a result of increased reaction rates at increased tem-
peratures on its way through the formation. Without a
long residence time one would expect a relatively high
water-rock ratio as estimated from changes in the chem-
ical composition of this downwelled water. If this intro-
duced bottom water then returned from the formation
through cracks and fissures into the hole, the largest
chemical changes would occur at depth, but mixing pro-
cesses in the hole would lead to relatively smooth con-
centration depth gradients. An integration of the altera-
tion signal en route through rocks at ever-increasing tem-
peratures would make observed depletions in K+ and
Na+ understandable, notwithstanding experimental evi-
dence of release of K+ and Na+ in isothermal experi-
ments at 150°C. However, because of the low permea-
bility and porosity of the basement, it is questionable
whether bottom water could have circulated the distance
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required (about 1 km vertically) during the short time
period (3.5 yr.) since the hole was drilled and first by-
passed the impermeable sediment seal.

At the present time we are still not in the position to
clearly distinguish between the various scenarios pro-
posed in explanation of the geochemical data on the
borehole fluids of Hole 504B. The data collected during
Leg 92 are due to the same process that has led to the
observations on the chemical composition of the fluids
in Hole 504B during Leg 83. Our data, however, do not
allow an estimate of end-member concentrations. How-
ever, the constraints put on the scenarios by the lack of
depletion in δ 1 8 θ and the observation of decreases in
K+ and Na+ throughout the system strongly suggest that
water-rock interactions must have occurred at high wa-
ter-rock ratios, and that a rejection of important inter-
actions between borehole fluids and the walls of the bore-
hole must imply communication with the surrounding
rocks by advection and/or diffusion. Fluids from the
formation would then be quite different from those pres-
ent before drilling of Hole 504B as judged from the low
δ 1 8 θ ratios observed in the overlying sediments. Any fu-
ture visits to Hole 504B should emphasize a better sam-
pling procedure than was available during Legs 69, 70,
83, and 92. Care should be taken to sample fluids little
diluted by bottom waters (as caused by go-devil equip-
ment) or contamination caused by sampling equipment.
Future investigations of borehole fluids of other basalt
holes (e.g., Site 417 or 418) will be important in expand-
ing the existing data base on borehole fluids.
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