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ABSTRACT

Interstitial water analyses carried out on samples retrieved during
Leg 33 indicate that post-burial diagenetic processes influence the
chemistry of the interstitial fluid significantly. Increases in dissolved
strontium and dissolved silica reflect recrystallization of carbonate
and dissolution and recrystallization of opaline silica. Changes in
dissolved sulfate and ammonia are interpreted in terms of bacterial
sulfate reduction processes. Dissolved calcium and magnesium
changes in the rapidly deposited upper carbonate oozes and chalks
may indicate either carbonate diagenesis or alteration of basaltic
material interspersed in these sediments. The chemistry of the in-
terstitial waters retrieved from the volcanogenic sediments is very
different from that of the overlying carbonate sediments. This can be
explained in terms of relative isolation from the overlying sediment
column by the low permeability chalk-chert layers and the reactivity
of the volcanogenic sediments. Low dissolved potassium and
magnesium values in the basal sediments indicate uptake of these
elements in the volcanogenic sediments or in the chalk-chert layers
separating the basal sediments from the carbonate sections. Dissolv-
ed calcium values in the basal sediments indicate ongoing alteration
processes in these sediments and/or in the underlying basalts. An
analysis is made of the significance of sedimentation rates with
respect to observed changes in the chemistry of the interstitial waters.

INTRODUCTION

Studies of interstitial waters recovered during the
Deep Sea Drilling Project have often revealed large
changes in the composition of the dissolved constituents
with depth in the sediment column. Among the major
aims of these studies is the possible detection of
authigenic reactions, which occur after deposition of the
sediments and are not likely to be detected in the solid
phases (Manheim and Sayles, 1974; Sayles and
Manheim, 1975). Inferences from changes in the in-
terstitial water chemistry about possible diagenetic reac-
tions have generally not been substantiated. For in-
stance, concentration changes in dissolved calcium and
magnesium at Sites 70-72 (Leg 8, DSDP) have been in-
terpreted by Sayles and Manheim (1975) in terms of car-
bonate diagenesis. Based on oxygen isotope data on the
interstitial waters of these sites, however, Lawrence et al.
(in press) argue that the changes in dissolved magnesium
and calcium may be related to alteration reactions in
basalts underlying the sediments at these sites. A detail-
ed chemical and mineralogical analysis of sediments and
interstitial waters recovered from Site 245 (Leg 25,
DSDP) in the Madagascar Basin led Gieskes et al. (in
press) to the conclusion that basaltic material in the
basal sediments and the underlying basalt sill still un-
dergo alteration leading to magnesium uptake from the
interstitial waters and a simultaneous increase in dis-
solved calcium. The search for reaction products in the
sediments is not an easy one, but it must nonetheless be
pursued for a more complete interpretation of the
diagenetic processes in the sediment column.

During Leg 33, several sites were drilled with a poten-
tially interesting sedimentary sequence from the point of
view of a further study of the processes that lead to
observed concentration changes in the interstitial
waters. Most of the sites drilled during Leg 33 are
characterized by thick, rapidly deposited carbonate
sediments, underlain by volcanogenic sediments,
Cretaceous in age. At two sites (315 and 317) basaltic
basement was reached.)Sediment accumulation rates are
presented in Figure 1.

The present report concerns itself mainly with the
results of the analyses of the composition of the in-
terstitial waters recovered from Leg 33 sites. Some ten-
tative interpretations will be presented which are based
on available mineralogical and lithological information
(see Site Reports, this volume, as well as the article by
Cook and Zemmels, this volume). Also, some specializ-
ed studies appear in this volume that have relevance to
the interstitial water data: that on cherts by Kelts, and
that on bulk sediment chemistry of Site 317 by Donnelly
and Wallace.

Mechanisms suggested in the present report, of
course, should be verified, and we intend to follow this
up in future work.

METHODS

Interstitial waters were collected using the routine
shipboard squeezing techniques described by Manheim
and Sayles (1974). Small amounts of the squeezed
samples were used for the measurement of salinity
(refractometer), of pH, and of alkalinity (colorimetric).
For the analysis of alkalinity also, 5- or 10-ml samples
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Figure 1. Sedimentation rate diagram, Leg 33.

were titrated with 0.1 N HCI, using the potentiometric
technique described by Gieskes and Rogers (1973).
These titrated samples were subsequently stored in seal-
ed polyethylene vials for future analysis of other con-
stituents, Sediments obtained in the deeper parts of the
sites yielded very little, if any, interstitial water, and
these samples were analyzed only for salinity, pH, and
sometimes alkalinity. Data on dissolved ammonia may
have been affected by storage, although decomposition
of this component is retarded in an acidified medium
(Gieskes, 1974).

As 1 was particularly interested in obtaining in-
terstitial water samples close to basalt basement, i.e., in
the volcanogenic sediments, I obtained small amounts
of sediment which had been stored about 14 months in
the DSDP core locker. These small samples (10-20 ml)
yielded sometimes as much as 0.5-1.0 ml of interstitial
water, on which a fairly complete chemical analysis
could be made. Previously we have shown in my
laboratory with stored samples of Leg 10 (Gieskes,
1973) that interstittal water data obtained immediatnly
after recovery of samples ¢ uld be reproduced using
sedimen that had been stored for as lo g as 2 yr. Similar
findings were made on sediment from Site 253 (Russell
McDuff, personal communication). Data on Ca**,
Mg*+, Srt+, K+, and SOs—— could be reproduced after
minor adjustment for a slight chlorinity increase. On
this basis, therefore, we consider our chemical analyses
obtained from these stored samples valid and represen-
tative of original conditions.

Analytical methods in this study have been described
previously by Gieskes (1974). Small modifications have
been made wherever appropriate.
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RESULTS

The data obtained in this study are tabulated in Table
1. In addition, the data for some specific components
are presented in Figures 2 to 11.

Negative values for Mg*+ can be explained by the fact
that we obtained Mg*+ by a difference method (Gieskes,
1974). Data are well within estimated accuracies.

DISCUSSION

It is clear from the data in Table 1 and Figures 2 to 11
that the four sites studied during Leg 33 are similar in
their nature as far as their interstitial water chemistry is
concerned. Sites 315 and 317, especially the latter, are
the most completely studied, and I shall restrict the dis-
cussion mostly to these two sites. In the following I
would like to discuss first the upper parts of these sites,
i.e., the rapidly deposited carbonate oozes and chalks,
and then the underlying volcanogenic units.

Carbonate Qozes and Chalks

The upper 500-600 meters of both Site 315 and Site
317 are characterized by rapidly deposited (Figure 1)
carbonate oozes with CaCO: contents usually 90% or
higher and organic carbon contents ranging between
0.02% and 0.1% (Cameron, this volume). Both sites
show very slight increases in alkalinity (Figures 2 and 7)
and decreases in dissolved sulfate (Figure 4). these
observations could reflect the bacterial reduction of sul-
fate (Sayles and Manheim, 1975; Gieskes, 1973, 1974).
For this reason, it is of some interest to inspect the dis-
solved ammonia profiles (Figure 5). Although the data
show some scatter and it is possible that some ammonia
may have been:lost upon storage (see Methods section),
it is apparent that dissolved NH4* is indeed much higher
at Site 315 than at Site 317, reflecting the larger sulfate
decrease at Site 315. Sholkovitz (1973) found an increase
in NH«* of 1000 umoles/1 for a sulfate decrease of 10
pmoles/1 in the rapidly deposited sediments of the San-
ta Barbara Basin. Comparison with the data presented
in Figures 4 and 5 makes it most plausible, therefore,
that sulfate decreases are bacterially induced. Indeed,
pyrite has been reported at Site 315 (Cook and
Zemmels, this volume), but much of this material has
probably been formed near the sediment-water inter-
face. The slight increases in dissolved ammonia near the
sediment-water interface (Figure 5) appear real,
although there appears to be no clear explanation for
this at present. It is of some interest to note that
bacterial processes appear to be active after deep burial
(>300 m) in the sediments. Of course, similar obser-
vations have been made previously in more rapidly
deposited nearshore sediments (Gieskes, 1973, 1974,
Sayles and Manheim, 1975). It would be of some interest
to make some bacteriological studies in such sediments
to identify the organisms responsible for these processes.

In view of the data obtained on dissolved ammonia, I
favor the explanation of the sulfate depletion due to
bacterial sulfate reduction processes, rather than by the
precipitation of barite. This mineral is reported
throughout the carbonate sections of these sites
(Zemmels and Cook, this volume). The latter explana-
tion cannot be dismissed a priori because, upon the dis-
solution of siliceous microfossils (cf, high dissolved
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TABLE 1
Interstitial Water Composition
Alks-  Alka- Sal-

z linityd  linitye Catt Mgt Sctt K* Ma* Mn*t  NHy* 804 C1~  inity 5i03
Sample (m)  pH® pH® pH® (meq/l) (meq/l) (mmole/l) (mmole/l) (mmole/l) (mmole/l) (*fs)  (ppm)  (umole/1)  (mmolef1)  (*loa)  (“fo)  (umole/1) Remarks
Hole 315
13 45 750 737 147 293 10.9 54.1 0.25 11.7 0.0 155 28.7 35.2 640
44 625 741 734 141 193 104 515 0.77 11.8 0.0 68 26.7 35.2 970
Hole 315A
12 785 139 706 137 342 111 50.3 0.78 104 0.0 68 256 35.5 890
3.5 1495 7.11 708 733 401 159 44.7 - 11.1 0.0 195 25.1 35.8 1050
4-2 259 19 715 134 a8l 17.5 41.3 1.25 10.6 0.0 230 4.4 35.2 1100
51 3TLS 720 733 142 18.8 39.1 1.21 10.0 0.0 260 220 35.5 1080
6-1 466.5 727 138 311 18.8 39.1 1.20 9.8 0.0 380 22.7 35.5 1010
71 514 727 743 283 200 8.5 118 9.7 0.0 290 3.2 35.2 1070
82 591.5 732 735 264 19.6 37.2 1.14 87 0.0 240 23.0 355 1010
91 704 741 746  2.25 19.8 8.2 1.08 87 0.0 240 236 35.2 1010
15-2 781 746 18 059 39.4 36.7 1.14 1.1 0.0 - - 349 360
233 856 - Too dry
%2 912 = Too dry
30-1 988 79.0 81 0.39 25 10.8 - - -
Site 316
14 6 133 147 151 307 2.83 1.7 51.7 0.38 11.5 0.0 26.4 35.5 690
21 1545 720 722 .70 344 142 16.6 44.5 0.90 11.0 0.0 4.6 355 1050
31 268.5 151 145 2.64 14.3 48.3 0.56 10.9 0.0 6.2 35.2 740 Seawaler contamination?
4-1 192 138 276 264 18.3 443 0.65 - 0.0 24.7 35.2 955
71 468 - - 1.66 - 35.5
Hole 317
1-5 75 741 747 152 179 2.54 115 53.1 0.19 11.0 0.0 119 21.0 35.5 250
24 1865 7.20 733 751 264 .54 2 50.2 0.52 (11.00 0.0 25 26.6 35.8 820
Hole 317A
32 5665 704 .17 132 L73 1.66 30.7 40.1 0.75 8.1 0.0 25 242 36.6 540
19-3 720 0.29 36.3 Shipboard data
243 77 0.49 39.0 Shipboard data
26-2 8215 0.39 39.3 Shipboard data
302 8895 0.20 385 Shipboard data
202 127 89.4 -0.2 0.27 15 9.7 17.7 19.2 120 Stored squeeze
232 65 101.8 -14 0.30 1.9 10.0 310 19.7 110 Stored squeeze
253 795 107.8 -0.8 0.30 25 9.2 770 20.7 100 Stored squeeze
273 832 116.8 +2.5 0.34 25 10.0 20.4 - Stored squeeze
294 872 1128 +0.8 0.34 3.6 9.5 21 20.6 200 Stored squeeze
Hole 3178
1-0 0 752 742 162 269 2.83 10.9 53.9 0.19 10.2 0.0 74 8.5 35.5 220
34 22 738 125 156 118 283 12,1 522 0.31 10.2 0.0 16 28.0 35.5 290
92 745 741 746 755 291 2.83 12.0 524 0.43 109 0.0 16 216 35.5 590
16-5 147 739 744 754 286 2.64 12.8 50.8 0.50 10.5 0.0 185 26.3 35.5 785
225 W4 139 139 T4 176 3.03 13.2 504 0.53 10.3 0.0 45 213 36.3 755
274 250 731 145 746 177 2.83 136 49.5 0.55 10.2 0.0 80 26.0 35.5 820
324 2975 749 741 740 278 2.83 13.8 50.0 0.58 10.2 0.0 120 25.2 35.5 600
373 3435 735 736 745 169 274 14.5 49.9 0.56 11.0 0.0 50 %64 35.8 670
Site 318
14 6 785 753 780 3.06 3.03 1.6 536 0.34 10.2 0.0 288 358 230
44 9% 7.28 7.0 738 3.24 3.3 13.5 4717 1.04 9.7 0.0 254 35.5 740
64 156 728 699 728 338 3.42 14.1 474 1.03 10.8 0.0 6.6 355 890
81 075 734 720 740 295 3.03 14.2 47.9 0.90 9.9 0.0 256 355 865
10-3 2685 730 7.6 740 302 3.03 15.1 413 0.82 9.7 0.0 24.4 35.5 910
121 3225 - 132 145 260 2.64 14.7 48.8 0.80 9.9 0.0 (28.8) 36.0 735 Seawater contamination?
14-2 381 720 719 735 279 293 16.8 4.6 0.96 8.8 0.0 - 36.0 880
162 438 .15 - 2.05 36.0
203 554 739 - 0.59 36.6
233 610 (52.5) - (24.8) Evaporated
283 665 439 38 20,1 Stored squeeze
®5H punch in.

bp[{ flow through.

CpH titration vessel,
dAlkalinity EMF.

€ Alkalinity colorimetric.

silica values, Table 1, Figure 10) and the recrystalliza-
tion of carbonate fossils (cf, dissolved strontium values,
Figures 3 and 8), some Bat+ will definitely be set free
into the solution and the solubility product of BaSO.
will be easily reached. Church and Wolgemuth (1972)
indicate that only a doubling of the Ba*+ concentration
is needed in Pacific deep water to reach the saturation
ratio value with respect to pure barite. In addition, slight
alkalinity increases could, in principle, result from dis-
solution of the dissolved strontium component upon
recrystallization of calcium carbonate. For instance, dis-
solved strontium values at Site 315 (Figure 3) are much
higher than at Site 317 (Figure 8), as is the maximum
value in alkalinity (Figure 2 versus Figure 7).

The upper 500-600 meters of Sites 315 and 317 (as well
as the other two sites, cf, Figures 6 and 11) reveal in-

creases in dissolved calcium and decreases in dissolved
magnesium, as well as large increases in dissolved Sr*+.
The latter values reflect the recrystallization of calcium
carbonate. The dissolved Sr*+ cannot simply be due to
calcium carbonate dissolution, as could be reflected by
the dissolved calcium increase, because Sr/Ca rations in
pelagic carbonate oozes usually are about 10-20 X 10—+
(molar ratio), as is pointed out by Sayles and Manheim
(1975) and Gieskes et al. (in press). Extensive
recrystallization must have occurred to reach these high
dissolved strontium values. Decreases in Mg** and in-
creases in Cat* have often been explained in terms of
dolomite formation during calcium carbonate
recrystallization (cf, Sayles and Manheim, 1975). If this
is so, the question may be raised as to why, upon such
extensive recrystallization, only relatively little dolomite
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Figure 2. Lithology and alkalinity, Hole 315A. I = cyclic
white and brown foram-nanno ooze and radiolarian
nanno ooze; Il = nanno-foram oozes and chalks; 11l =
claystone, lime packstones, and cherts; IV = volcanic-
lastic sandstones and claystones; V = ferrugenous
claystones and volcaniclastic sandstones.

would form, compared with the total amount of car-
bonate recrystallized. At Site 315, the loss of Mg*+ is
larger than the gain in Ca*+, The excess loss in Mg*+ is
about equal to the sulfate loss, which is explained by
Sayles and Manheim (1975) by the uptake of Mg*+ in
nonexchangeable positions in clay minerals. This ex-
planation has not been substantiated and should not be
accepted as the only explanation.

In all sites of Leg 33, the presence of volcanic glass
and of palagonite has been noticed. In addition, Ti/Al
ratios at Site 317 (Donnelly and Wallace, this volume)
are indicative of the presence of basaltic material in
these calcareous oozes. Also, the latter authors report a
general decrease in the Mg/Ca ratio with depth in Site
317. Dolomitization would lead to an opposite trend. I
offer an alternative explanation for the decreases in
Mg*+ and increases in Ca*+ in the continued alteration
of basaltic material in the sediments. A similar conclu-
sion was reached in studies on sediments of Site 245
(Gieskes et al., in press). Differences in the ratio
ACa*t+/AMg++ (A = change in concentration) could
be explained in terms of mass balances. Dissolved
calcium could come from the basaltic material, and con-
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Figure 3. Alkaline earths, Hole 315A.

centrations could be controlled by carbonate equilibria
in the interstitial waters.

Some of the above problems could be resolved by very
careful studies of these sediments, including a search for
dolomite and/or alteration products in the noncar-
bonate phases. Such studies are not simple in sediments
with high calcium carbonate contents (>90%). We plan
some such studies to resolve some of the problems posed
above.

Volcanogenic Sediments

The only sites drilled during Leg 33 reaching igneous
basement were Sites 315 and 317. At the base of each
rapidly deposited calcium carbonate ooze, there appears
a zone of cherts and dolomitic chalks that are
characterized by very low rates of deposition and water
contents of less than 10% (by weight). No interstitial
waters could be recovered from these units, as sediments
of such low water contents do not release any water, For
these reasons, we shall not further consider these
sedimentary sections, except for the observation that
these sediment layers must have extremely low
permeability and, hence, will constitute very efficient
barriers against diffusional communication between the
underlying volcanogenic units and the overlying chalks,
which are both characterized by higher porosities.

The efficiency of the above-mentioned diffusional
barrier is best demonstrated by the data on Site 317
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(Figures 7 and 8). At 569 meters, dissolved Ca** and
Mg** show increased curvature, but below the
lithological break, dissolved Mg*+ is zero and dissolved
Ca** and Sr*+* are also very different from the above
sediments. Of course, the dotted lines are somewhat fic-
titious, but they are probably reasonable interpolations.
Clearly, the suggested diffusion barrier is not 100%
effective, but it is sufficiently efficient to allow dissolved
magnesium to disappear quantitatively from the in-
terstitial waters in the volcanogenic sediments. If dif-
fusional supply occurs from above, as is suggested by
the profile, the rate of uptake of Mg*+ is sufficiently
high to remove such supplied Mg*+ from the pore
fluids. This removal could occur in the chert layers but
equally well in the reactive volcanogenic sediments.
Dissolved K+ values reach a constant value of about 2.5
mmoles/1, again suggesting removal of K+ in the chert

INTERSTITIAL WATER STUDIES
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Figure 5. Ammonia, Sites 315 and 317.

zones or in the volcanogenic basal sediments. If Mg*+
and K+ uptake were to occur in the unsampled chert and
chalk zones, larger gradients might be expected in the
upper sediment strata. On this basis, I suggest that the
most likely sinks for these elements are situated in the
lower parts of the chert layers or in the basal sediments.
Both elements show a uniform concentration in these
strata, Mg** being zero and K+ about 2.5 mmoles/1.
Dissolved Srt+ and Cat+*, on the other hand, show in-
creases in these sediments. In addition, salinities and
chlorinities show increases of 6%-10%. These increases
are probably due to loss of water during the formation
of hydrous aluminosilicates during the alteration of
volcanic material or the underlying basalts. Dissolved
calcium increases are probably due to such alteration
reactions, which typically can release Cat+ to pore
solutions (Muffler et al., 1969; Bass et al., 1973).
Notwithstanding the slight but apparently real increase
in dissolved Sr*+, I feel that calcium carbonate dissolu-
tion (no calcite reported) is an unlikely source for these
Srt+ and Ca** increases. Similar conclusions were
reached by Sayles and Manheim (1975) for sites on the
Ninetyeast Ridge. Unfortunately, sample sizes were too
small to determine dissolved sulfate, but increased
values of NH.* (cf, Figure 5, Table 1) suggest values of
less than 10 mmoles/1 (compare also Figure 4). Dissolv-
ed Na* values decrease slightly, but the basal sediments
do not appear to be significant sinks for this constituent.
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Although the cherts and chalk layers cannot be ruled
out as important sinks for Mg*+ and K+, the
volcanogenic sediments above the basalt can equally
well serve as sinks for these elements. For Sr*+ and
Ca+*+, these sediments appear to be a source, although I
cannot rule out the possibility that the concentration
gradients for the latter two elements are purely dif-
fusional and are due to alteration reactions in the un-
derlying basalts.

Sedimentation Rates and
Interstitial Water Profiles

There appears to be a direct correlation between
sedimentation rates and observed concentration changes
in the interstitial fluids. In the following, I will consider
only the rapidly deposited sediments in the upper parts
of Sites 315, 317, and 318. Sedimentation rates are
presented in Figure 1, with averages being: 2.7 (315),0.9
(317), and 1.4 ¢cm/1000 yr (318). In Figure 12, some of
the concentration changes in the upper 400 meters are
plotted as functions of the sedimentation rate. For each
constituent, there appears a good correlation. The same
is true for dissolved sulfate and dissolved silica. The
latter averages 1050 umoles/1 at Site 315, reaches a
maximum of 800 ymoles/1 at 317, and averages 880
umoles/1 at 318. Sayles and Manheim (1975) attributed



0y T T T T T

m ++H'

I

.
100 = -
1 /
.
00 - L] ++ =
\'i . /MH
300 - -\ ‘r =
.
\ /
N
400 |- N / -
Y /
~ Z
~ 7/
500 \"‘“ //
500 |- .
B 7
//)\Hh -
-t i ‘HH""-I__‘_
600 — =1
700 |~ =
HOLES 317,A.B
800 |- CALCIUM AND MAGNESIUM .
1 il 2 1 1 1
10 20 k1] Ca
3 0 amless) L
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this to the presence of greater or lesser amounts of
organic matter, greater amounts of this component in
more rapidly deposited sediments presumably
promoting larger rates of bacterial decomposition,
which, in turn, promote diagenetic reactions and
recrystallization of carbonates. Inspection of the data on
organic carbon and calcium carbonate contents
(Cameron, this volume) indicates similar levels of
organic carbon at Sites 315 and 317, whereas CaCOs
contents are lower in the more rapidly deposited
sediments of Site 315 (90% versus 95% in Site 317).
These observations cast some doubt upon the deduc-
tions by Sayles and Manheim (1975). These authors also
argue that the increases in Sr++ are too large to be at-
tributed only to the lower relative influence of diffusion
in more rapidly deposited sediments. Such observations,
of course, need extensive checks based on models taking
into account different diffusion coefficients, different
reaction rates, and considerations of sedimentation
rates. Lerman (1975) considered diffusion-reaction
models with average diffusion coefficients of 3 X
10-6cm?/sec. With such relatively large diffusion coef-
ficients, advective terms due to sedimentation rates can
be ignored, but with values of 2 X 10-¢cm?/sec (Gieskes
et al,, in press) or 1 X 10-%cm?/sec (Li and Gregory,
1974), this assumption becomes less valid.

With regard to this, it may be instructive to compare
the Ca*+ and Mg+ profiles of Figures 3 and 8 or 9. It
appears that profiles at Site 315 reach a certain constan-
cy, whereas at Site 317 the influence of the lower
volcanogenic layers appears to be present to a somewhat
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Figure 10. Dissolved silica, Site 317.

larger extent. Such observations can be best understood
in terms of the influence of sedimentation rates on the
overall diffusional migration processes.

I suggest that sedimentation rates have a very definite
influence on the interstitial water profiles, probably due
to different influences on diffusional migration
processes. The conclusions reached by Sayles and
Manheim (1975) on the enhanced influence of
bacteriological decomposition reactions on reaction
rates in the sediments are open to question, but this
problem cannot be entirely resolved by the present
study. We plan some simple diffusion-advection-
reaction models to study this in greater detail.
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Figure 11. Alkaline earths, Site 318.
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