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ABSTRACT

About 200 pore-water samples were recovered and analyzed from eight sites of DSDP Leg 90. At all sites on the car-
bonate-rich Lord Howe Rise, Ca2 + concentrations increase and Nig2"1" concentrations decrease with increasing sub-bot-
tom depth. The value of ΔCa2+/ΔMg2+ averages -0.45 mol/mol at these sites, an unusually small negative value in
comparison with sites on basaltic crust. This supports the argument that the crust of the Lord Howe Rise is siliceous.
Li+ concentrations increase and K+ concentrations decrease with depth. Both of these constituents are affected by re-
actions within the sediment column. Microbial sulfate reduction occurs to a small extent at all sites. In the upper 200 m
of Site 594 on the south side of the Chatham Rise, sulfate reduction and alkalinity production are more pronounced.

Carbonate recrystallization is indicated by large increases in Sr2 + concentrations with depth at all sites. The exact
value of the Sr2+ maximum at each site is determined by equilibrium with respect to celestite (SrSO4). The greater the
degree of microbial sulfate reduction, the higher is the pore water Sr2+ concentration. The diffusive flux of Sr2 out of
the pore waters is consistent with an initial rate of carbonate recrystallization of 10%/m.y. This recrystallization must
alter the isotopic and trace elemental compositions of some carbonate components.

INTRODUCTION

Leg 90 of the Deep Sea Drilling Project consisted of
a north-south transect from 26°S to 41 °S along the shal-
low (about 1000 m deep), carbonate-rich, Lord Howe Rise
between New Caledonia, New Zealand, and Australia.
An additional site, Site 594, was cored on the south side
of the Chatham Rise at 46° S in a region presently char-
acterized by more hemipelagic sedimentation. The ma-
jor objective of this expedition was the recovery of com-
plete Neogene sections for high-resolution paleoceano-
graphic studies. We also obtained an atypically large
number of interstitial water samples. Combined with de-
tailed studies of sediment isotopic, chemical, and textural
composition, the chemistry of Leg 90 pore waters pro-
vides important insights into the processes and rates of
carbonate diagenesis.

ANALYTICAL METHODS

All interstitial waters analyzed in this study were obtained by ship-
board extraction using the procedure and equipment described by Man-
heim and Sayles (1974). Extraction was effected as soon as possible af-
ter sediment recovery and was conducted at laboratory ambient tem-
perature and pressure. Comparison of this extraction method with in
situ sampling has established previously that temperature- and pres-
sure-of-squeezing effects on the analyzed constituents are quite small
(see Gieskes, 1973, 1974).

All analyses reported in this paper were carried out ashore. Prior
to analysis, samples were stored unrefrigerated in either linear polyeth-
ylene bottles or sealed polyethylene or glass ampules. On the basis of
previous experience, this storage procedure is acceptable for the re-
ported constituents. Measurements that are in progress, but not pub-
lished here, include the strontium and oxygen isotopic ratios of dis-
solved strontium and water, respectively.

Analytical methods for determination of chloride, calcium, mag-
nesium, silica, alkalinity, and strontium are similar to those of Gieskes
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(1974) and Gieskes and Lawrence (1976). Lithium, potassium, and sul-
fate methodologies are similar to those of Presley (1971).

RESULTS AND DISCUSSION

All the pore-water data are shown in Table 1 and Fig-
ures 1-6. The Lord Howe Rise sites (588, 590, 591, 592,
and 593) and the lower 400 m of Site 594 display in-
creasing Ca 2 + and decreasing Mg 2 + concentrations with
increasing sub-bottom depth. The changes in Ca 2 + and
Mg 2 + concentrations with depth at these sites are ap-
proximately linearly correlated (Fig. 7) with an average
slope ΔCa 2 +/ΔMg 2 + of about -0.45 mol/mol. This
slope is similar to those observed previously at drill sites
overlying presumed siliceous basement rocks. Examples
include (1) DSDP Sites 346 and 349 on the Jan-Mayen
Ridge, north of Iceland, where ΔCa 2 +/ΔMg 2 + is about
-0.4 and -0.2, respectively (Gieskes et al., 1978); (2)
DSDP Site 116 on the Rockall Bank in the North Atlan-
tic Ocean where ΔCa2+/ΔMg2+ is about -0.4 (Manheim
et al., 1972); and (3) DSDP Site 237 on the Mascarene
Ridge in the western Indian Ocean where ΔCa2+/ΔMg2+

is -0.57 (Sandstrom and Gieskes, 1974). By contrast,
of those sites listed by McDuff (1981) in a compilation
of DSDP sites displaying nonzero Ca 2 + /Mg 2 + gradients
and linear correlations of Ca 2 + versus Mg 2 + , not a sin-
gle one overlying basaltic basement had a value of
- ΔCa2+/ΔMg2+ as low as any of these on siliceous crust.
A typical value of ΔCa 2 +/ΔMg 2 + for sites on basaltic
crust is -1.5 (McDuff, 1981). It has previously been
shown (McDuff and Gieskes, 1976, McDuff, 1981) that
linear correlation of Ca 2 + and Mg2 + is usually indica-
tive of conservative chemical behavior in the sediment
column. As basement rocks alter, they take up magne-
sium from the pore waters and release calcium to the
pore waters. Apparently, as basement rocks of the Lord
Howe Rise alter, they take up more magnesium and re-
lease less calcium than do basaltic basement rocks. The
implication of these observations for Leg 90 sites is sup-
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Table 1. Interstitial water concentration data.

Core-Section
(interval in cm)

Site 587

2-3, 144-150
3-6, 0-6
5-3, 144-150
7-3, 144-150
9-1, 144-150

Hole 588

1-3, 144-150
2-5, 144-150
3-4, 144-150
4-4, 144-150
5-4, 144-150
6-4, 144-150
7-4, 144-150
9-4, 144-150
10-4, 144-150
11-4, 144-150
12-4, 144-150
13-4, 144-150
14-3, 144-150
15-3, 144-150
16-3, 144-150
17-3, 144-150
18-5, 144-150
19-5, 144-150
20-3, 144-150
21-4, 144-150
22-4, 144-150
23-3, 144-150
24-3, 144-150
25-3, 144-150

Hole 588A

1-4, 144-150
3-2, 144-150
5-2, 144-150
7-2, 144-150
9-2, 144-150
12-2, 140-150
14-1, 140-150
17-1, 140-150

Hole 588C

1-5, 140-150
3-3, 140-150
5-4, 140-150
7-2, 140-150
9-5, 140-150
11-1, 140-150
13-3, 140-150
15-4, 140-150
17-3, 140-150

Site 589

1-4, 140-150
2-5, 144-150
3-5, 144-150
4-4, 144-150

Hole 590

1-3, 144-150
2-3, 144-150
3-3, 144-150

Hole 590A

1-3, 144-150
2-3, 144-150
3-3, 144-150
4-5, 144-150
5-3, 144-150

Depth
(m)

7.57
20.23
36.37
55.57
71.77

4.47
13.07
21.17
30.77
40.37
49.97
59.57
78.77
88.37
97.97

107.57
117.47
125.27
134.87
144.47
154.07
166.67
176.27
182.87
193.97
203.57
211.67
221.27
230.87

241.97
253.57
263.57
273.57
283.57
298.55
307.05
326.65

313.15
329.35
350.05
366.25
398.95
403.15
425.35
446.05
463.75

5.95
14.77
24.37
32.47

4.47
11.47
21.07

30.65
40.27
49.87
62.47
69.07

C a 2 +

(mM)

9.03
8.79
9.30
9.74
9.83

10.63
10.47
10.51
10.72
11.01
11.20
11.15
11.76
11.93
12.10
12.11
12.47
12.71
12.77
12.97
13.17
13.38
13.23
13.32
13.36
13.58
13.42
11.79
11.81

13.62
14.28
14.13
14.31
14.20
14.31
14.62

—

14.22
14.94

—

_

—

10.68
10.96
10.70
11.22

10.66
10.85
10.78

11.23
11.39
11.48
11.84
12.29

Mg 2 +

(mM)

54.66
55.40
53.98
53.54
53.74

51.03
51.23
51.03
51.07
50.56
49.95
49.97
49.25
47.79
48.04
48.15
47.19
46.45
46.33
46.25
45.80
46.75
45.59
44.58
44.91
44.43
43.57
45.57
45.57

37.42
42.30
42.33
42.71
42.00
39.95
41.37

—

41.64
40.90

—

—

—

52.41
49.99
48.84
47.74

50.89
49.59
50.90

47.73
46.49
45.13
44.49
44.07

Sr 2 +

(mM)

0.147
0.287
0.293
0.306
0.363

0.249
0.300
0.395
0.446
0.523
0.561
0.644
0.638
0.701
0.714
0.746
0.708
0.714
0.708
0.708
0.714
0.733
0.663
0.689
0.682
0.676
0.689
0.669

0.701
0.714
0.695
0.720
0.708
0.701
0.708
0.701

0.720
0.752
0.720
0.740
0.759
0.765
0.759
0.822
0.746

0.191
0.300
0.402
0.491

0.172
0.300
0.274

0.504
0.587
0.657
0.797
0.759

K +

(mM)

10.49
11.54
11.54
10.68
11.75

10.49
11.76
11.50
11.54
10.91
10.75
10.75
10.18
10.31
10.23
10.16
10.44

—
10.01
10.01
10.12
10.01
9.79
9.62
9.63

10.16
10.16
9.96

10.12

10.49
10.15
10.03
9.24
—

10.35
10.18

—

9.64
10.23
9.84
9.74
8.67
9.41
9.79
9.05

12.38
11.25
12.62
12.38

11.39
11.23
11.04

11.17
11.02
11.02
11.20
10.69

Li +

(µM)

—

—

—

31.0
32.8
34.2
36.3
37.0
39.0
39.6
41.4
42.8
43.6
44.3
46.6
48.1
47.8
49.1
51.1
55.7
54.2
55.0
58.7
59.6
61.7
63.0
66.2

69.7
73.9
77.1
80.0
84.8
84.5
84.3
94.0

88.2
92.0
99.1

102.2
105.2
107.0
118.5
124.3
115.5

34.9
36.0
39.2
41.0

33.2
38.1
37.2

38.6
40.8
41.4
42.8
42.8

Siθ2
(µM)

186
214
147
—

—

220
190
169
149
158
156
141
152
164
160
165
201
211
182
210
226
233
226
222
228
324
258
246
284

150
158
158
169
_
166
169

—

81
105
—
—
—
—

—

—

252
277
261
233

263
278
260

241
188
182
177
175

Alkalinity
(meq/1)

3.64
3.51
3.36
3.28
3.09

2.84
2.74
2.83
2.77
2.84
3.04
—
3.06
2.78
2.97
2.95
2.90
2.91
2.86
2.79
2.74
2.72
2.71
2.75
2.50
2.22
1.98
—
1.90

1.67
1.99
1.71
1.78
—
0.46
0.97
0.80

0.80
0.21
0.44
0.54
0.59
0.43
0.58

—

3.70
4.01
3.86
4.46

3.42
4.31
3.97

4.84
4.52
4.02
4.30
3.77

so2.-
(mM)

26.7
28.0
27.4
25.7

—

25.0
26.1
25.7
25.8
25.4
24.7

23.3
24.7
23.7
23.6
23.6
23.4
23.3
22.9
23.3
23.3
22.6
22.9
22.3
22.9
23.4
23.6
22.9

22.7
22.6
21.7
21.6
22.9
22.1
22.0
23.0

22.7
22.4
22.6
22.6
22.0
21.7
21.4
22.6
22.4

26.3
25.1
24.1
23.4

26.1
25.1
25.6

21.7
22.6
21.1
20.7
19.7
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Table 1. (Continued).

Core-Section
(interval in cm)

Hole 590A (cont.)

6-3, 144-150
7-3, 144-150
8-3, 144-150
10-3, 144-150
11-3, 144-150
12-3, 144-150
13-3, 144-150
14-3, 144-150
15-3, 144-150
16-3, 144-150
17-3, 144-150
18-3, 144-150
19-3, 144-150
20-3, 144-150
21-3, 144-150
23-3, 144-150
24-3, 144-150
25-3, 144-150
26-3, 144-150
27-2, 144-150

Hole 590B

33-5, 140-150
35-4, 140-150
37-4, 140-150
39-5, 140-150
41-5, 140-150
43-3, 140-150
45-4, 140-150
47-6, 140-150
49-4, 1401-50
51-3, 140-150
53-4, 1401-50

Hole 591

2-3, 144-150
4-3, 144-150
6-3, 144-150
8-3, 144-150
10-3, 144-150
12-3, 144-150
14-2, 144-150
16-4, 144-150
18-4, 144-150
20-2, 144-150
22-4, 144-150
24-3, 144-150
26-3, 144-150
28-3, 144-150
30-2, 144-150

Hole S91B

2-3, 140-150
4-3, 140-150
6-3, 140-150
10-2, 140-150
12-1, 140-150
14-1, 140-150
18-3, 140-150
20-3, 140-150
22-4, 140-150
24-4, 140-150

Hole 592

2-3, 144-150
4-4, 144-150
6-3, 144-150
8-3, 144-150
10-3, 144-150
12-3, 144-150
14-3, 144-150
16-3, 144-150

Depth
(m)

78.67
88.27
97.87

117.07
126.67
136.27
145.87
155.47
165.07
174.67
184.27
193.87
203.47
213.07
222.67
241.87
251.47
261.07
270.67
278.77

304.95
322.65
341.85
362.55
381.75
397.95
418.65
440.85
457.05
474.75
495.45

7.87
27.07
46.27
65.47
84.67

103.87
121.27
142.87
161.47
177.27
199.27
216.57
235.57
254.77
272.27

284.67
303.85
322.65
359.35
377.05
396.25
437.65
456.85
477.55
496.75

8.97
29.67
47.37
66.57
85.77

104.97
124.17
143.37

C a 2 +
(mM)

12.93
12.78
12.66
13.64
13.81
13.76
14.54
13.99
14.71
14.89
14.75
15.50
15.37
15.72
15.70
16.17
16.64
16.37
17.27
16.68

17.52
18.23
18.72
19.73
19.98
19.45
20.44
20.24
19.28
19.52
19.42

10.53
11.35
11.28
12.24
13.20
12.98
13.27
14.04
15.29
14.60
15.27
15.99
15.31
16.53
17.74

18.64
18.36
18.61
19.13
19.44
19.96
20.32
20.02
19.63
19.58

11.14
11.39
11.89
12.26
13.15
13.23
13.65
14.15

Mg 2 +

(mM)

43.31
43.12
41.25
40.17
40.21
38.84
38.58
38.63
36.73
37.72
36.11
37.10
34.96
37.00
34.95
33.88
33.92
34.06
33.56
33.63

33.36
32.59
31.89
32.57
32.38
31.69
31.65
31.53
33.06
33.37
34.06

50.88
49.94
44.81
45.15
41.89
40.59
39.70
37.63
36.52
36.16
36.15
34.39
34.01
32.14
31.59

31.74
31.56
31.33
31.59
29.79
31.02
30.07
29.09
28.91
29.42

50.72
—

47.56
46.91
45.38
45.58
44.25
43.99

Sr 2 +

(mM)

0.848
0.880
0.854
0.842
0.880
0.874
0.880
0.854
0.893
0.880
0.880
0.893
0.905
0.899
0.905
0.842
0.848
0.842
0.822
0.829

0.842
0.829
0.867
0.854
0.867
0.848
0.886
0.867
0.791
0.835
0.822

0.198
0.389
0.548
0.759
0.829
0.880
0.925
0.931
0.925
0.944
0.918
0.931
0.969
0.969
0.950

0.925
0.931
0.912
0.905
0.912
0.899
0.918
0.889
0.880
0.867

0.185
0.370
0.497
0.580
0.676
0.752
0.769
0.784

K +
(mM)

_

10.71
11.09
10.71

—
10.61
10.73
9.88

10.31
10.27
10.42

_
10.06
10.66
10.49
10.71
10.39
10.07
9.92

10.30
10.23
10.37
10.30
9.92

10.01
9.77
9.73
9.59
9.88
9.76

11.95
11.81
12.76
11.90
12.00
11.40
12.14
12.31
12.07
12.18
12.09
12.18
12.03
12.04
11.97

12.06
11.54
11.87
11.23
11.87
11.45
11.72

—
12.10
11.85

11.16
11.26
10.67
10.49
10.69
10.12
9.21
9.81

Li +
(|*M)

42.6
43.6
41.6
40.7
40.8
40.5
39.7
40.2
39.7
39.5
39.8
45.6
47.2
42.1
46.0
47.7
48.9
51.0
53.7

65.8
79.6
92.4

104.4
115.5
125.2
137.5
148.7
143.2
135.2
131.7

34.5
33.4
35.2
34.6
33.4
30.5
29.6
27.0
27.1
25.3
24.9
25.5
28.9
27.3
26.6

29.6
28.7
31.7
42.1
46.2
52.2
66.1
70.9
76.1
76.4

33.9
—
40.1
41.4
44.3
46.1
48.3
49.2

Siθ2
(µM)

186
177
181
192
194
201
214
216
235
246
260
284
310
337
395
504
609
781
899
976

1035
1060
1135
840
622
574
672
647
357
361
378

354
492
497
583
672
700
831
935
950
988

1001
1026
1236
1048
1073

1056
1037
1071
1005
1039
1082
980

1012
990
—

207
—
184
186
190
199
213

Alkalinity
(meq/1)

3.90
4.56
3.63
2.96
2.53
2.95
3.36
2.46
—
3.65
2.89
3.09
2.19
2.38
2.17
2.04
_
2.17
—
1.99

—
2.12
—
2.22
—
—
1.80
—
1.91

—

4.44
3.21
3.87
4.68
5.05
4.32
3.30
2.52
2.64
—
2.58
2.34
_
_
2.21

1.84
_
1.85
—
2.15
1.86
—
2.26
2.43
2.23

2.85
3.39
3.32
3.90
3.84
4.00
4.12
4.04

so2,-
(mM)

18.4
19.1
18.3
—

17.4
17.3
17.3
16.1
16.4
15.7
16.6
16.6
15.1
14.4
15.4
15.6
15.9
16.0
14.9

16.0
15.7
15.9
16.4
17.0
16.3
16.6
16.6
17.6
17.7
18.1

24.3
22.7
21.4
20.7
19.6
18.7
18.9
17.3
18.0
17.9
17.0
16.9
15.7
16.9
16.7

17.0
—
—
—
—
—
—
—
—
—

27.3
26.0
24.9
24.3
22.9
22.4
22.7
21.6
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Table 1. (Continued).

Core-Section
(interval in cm)

Hole 592 (cont.)

18-3, 144-150
20-3, 144-150
22-3, 144-150
24-3, 144-150
26-3, 144-150
28-3, 144-150
31-3, 140-150
33-3, 140-150
35-3, 140-150
37-3, 140-150
39-3, 140-150
41-3, 140-150

Site 593

1-4, 144-150
4-3, 144-150
6-3, 144-150
8-1, 144-150
12-3, 144-150
14-3, 144-150
16-3, 144-150
18-3, 144-150
20-3, 144-150
22-3, 144-150
24-3, 144-150
26-3, 144-150
28-3, 144-150
30-3, 144-150
32-2, 144-150
34-2, 144-150
36-2, 144-150
38-3, 144-150
40-3, 144-150
42-3, 144-150
44-3, 144-150
46-3, 144-150
47-3, 144-150
48-3, 144-150
50-3, 144-150
54-2, 144-150
56-3, 144-150
58-1, 140-150
60-3, 144-150

Hole 594

2-3, 144-150
4-3, 144-150
6-3, 144-150
8-3, 144-150
10-1, 144-150
12-3, 144-150
15-3, 144-150
18-3, 144-150
20-3, 144-150
24-3, 144-150
26-3, 144-150
28-3, 144-150
30-3, 144-150
34-3, 144-150
36-3, 144-150
38-2, 144-150
40-3, 144-150
42-3, 144-150
44-3, 144-150
46-1, 144-150
48-2, 144-150

Hole 594A

11-3, 144-150
12-1, 138-144
14-3, 140-150
16-3, 140-150
19-1, 140-150

Depth
(m)

162.57
181.77
200.97
220.17
239.37
258.57
287.35
306.55
325.75
344.95
364.15
383.35

5.97
28.77
47.97
62.37

105.57
124.77
143.17
163.17
182.37
201.57
220.77
239.97
259.17
278.37
296.07
315.27
334.47
355.17
374.37
393.57
412.77
431.97
441.57
451.17
470.37
507.27
527.97
544.15
566.37

10.37
29.57
48.77
64.97
84.17

106.37
135.17
163.97
183.17
221.57
240.77
259.97
279.17
316.57
335.77
353.47
374.17
394.37
414.57
429.77
450.47

202.37
496.91
519.15
538.35
564.15

Ca2 +

(mM)

14.50
15.00
15.38
15.70
15.86
15.66
16.10
16.71
17.16
17.20
17.34
17.54

10.56
10.54
10.68
10.74
11.24
11.66
11.62
11.74
12.18
12.15
12.64
12.79
13.17
13.44
13.84
13.94
14.16
14.31
14.77
14.81
15.46
15.86
15.49
15.71
15.69
16.71
17.12
16.02
15.14

6.45
6.46
5.83
3.96
5.03
5.14
5.90
8.01
9.24

12.44
14.17
15.02
16.34
17.83
18.31
19.31
20.05
20.49
21.44
22.00
22.58

12.08
24.82
24.76
24.56
25.23

Mg2 +

(mM)

43.07
42.65
41.36
40.90
40.67
40.75
39.60
38.54
38.08
38.04
37.44
36.86

51.96
51.42
49.99
49.90
48.99
48.69
48.23
47.97
46.37
46.82
46.06
45.91
44.02
43.04
42.68
42.67
42.93
41.73
40.57
39.48
38.69
37.65

37.24
36.60
34.13
33.50
34.81
30.16

51.80
47.66
45.45
44.53
41.96
41.84
43.82
44.03
43.17
41.07
39.63
38.88
38.62
36.33
35.25
33.98
32.34
32.66
29.63
29.07
28.94

40.89
24.59
25.49
25.43
23.83

Sr2 +

(mM)

0.784
0.740
0.778
0.784
0.797
0.784
0.791
0.771
0.791
0.797
0.797
0.797

0.166
0.236
0.338
0.389
0.529
0.671
0.631
0.657

_
0.701
0.733
0.720
0.733
0.752
0.695
0.759
0.714
0.752
0.733
0.759
0.765
0.771
0.746
0.733
0.759
0.708
0.746
0.714
0.689

0.070
0.064
0.070
0.102
0.134
0.140
0.191
0.306
0.338
0.555
0.620
0.657
0.720
0.759
0.797
0.810
0.816
0.835
0.861
0.861
0.867

0.478
0.931
0.931
0.937
0.976

K +

(mM)

8.61
9.36
9.58
9.81
9.05
9.47
8.61
8.93
8.35
8.49
8.37
8.30

11.07
11.74
11.30
10.92
10.81
10.08
9.95
9.91

10.12
9.33
9.44
9.65
9.37
9.35
9.16
9.16
9.09
9.02
8.51

8.30
8.49
9.28
8.45
9.21
8.72

8.84
7.79

11.52
12.16
11.54
12.18
10.85
11.63
11.04
10.88
10.67
9.01
9.51
9.70
9.23
9.46
7.79
8.23
8.54
8.65
8.16
6.58
7.24

_

7.10
6.82

6.44

Li +
0*M)

50.9
51.9
54.7
57.5
58.6
60.7
62.7
65.2
66.4
77.4
80.0
83.0

31.6
29.2
32.6
35.8
38.3
39.4
39.6
41.0
42.5
45.5
45.1
47.3
49.8
51.5
53.1
54.3
57.3
58.2
61.0
62.8
68.4
71.6
71.9
69.7
95.5
83.8
—
88.3

179.5

32.3
34.2
36.1
—
43.7
47.7
40.4
—
31.5
27.6
—
24.8
—
—
24.8
26.1
27.9
30.8
35.5
39.8
43.7

30.2
52.1
56.5
59.7
63.1

Sio2

(µM)

222
224
199
190
196
211
286
465

925
1033
946

405
_
182
_
—
177

_
254
241
203
190
—
_
171
—
162
_
_
—
_
_
186

459

425
—

689
761
859

808
819
931
_
954

1039
—

1137
1043
_

1205
—

1139
1173
1196

908
1364
1340
1132
795

Alkalinity
(meq/1)

3.92
3.99
3.98
3.63
3.65
3.28
2.71
3.02

3.29
3.27
3.18

3.42
3.34
3.34
3.36
4.12
3.35
3.94
3.54
_
3.55
3.78
3.14
2.73
—
2.99
2.81
2.28
2.93
2.91
2.64
2.52
2.44
1.99
—
2.08
—
—
2.14
—

9.57
9.83

14.94
—

13.06
9.38
9.28
7.80
5.62
4.84
—
2.48
2.97
—
2.44
2.23
—
3.16
3.22
3.18
3.06

3.11
2.99
2.68
2.82
1.99

S O 2 -
(mM)

20.9
21.1
20.9
20.3
20.9
20.7
19.7
20.1
19.7
19.1
18.7
18.9

27.0
27.1
26.4
25.0
24.9
25.0
25.0
24.1
24.6
23.9
24.3
23.1
22.6
23.1
23.4
22.4
22.4
21.4
21.6
21.0
21.9
21.4
21.9
22.1
21.3
20.9
20.6
21.4
—

19.6
15.3
10.1
9.0
—

10.6
13.3
16.3
18.0
18.9
20.1
19.4
20.3
19.1
19.0
19.3
19.6
19.0
18.3
19.1
18.9

17.6
17.1
17.0
17.6
16.6

1252



PORE-WATER CHEMISTRY OF CARBONATE SEDIMENTS, LORD HOWE RISE

Table 1. (Continued).

Core-Section
(interval in cm)

Hole 594A (cont.)

21-1, 140-150
23-2, 140-150
25-2, 140-150

Depth
(m)

583.35
604.05
623.25

C a 2 +

(mM)

24.94

25.11

Mg 2 +

(mM)

23.10

23.05

Sr2 +

(mM)

0.956

0.963

K +

(mM)

6.34

5.48

Li +

(µM)

68.1

69.0

Siθ2
(µM)

692

Alkalinity
(meq/1)

1.81

S O ? "
(mM)

15.9

16.1

0

100

H 200 "

E

è 300

OT 400 -

500 -

Note: Dashes indicate that no analysis was performed.
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Figure 1. Pore-water concentrations of calcium, magnesium, strontium, sulfate, lithium, and silica as a function of sub-bottom depth of Site 588.

0 200 400 600 800µM Strontium 20 40 60 80 100 120 µM Lithium
0 10 20 30 40 50 mM 0 5 10 15 20 mM Sulfate 0 200 400 600 800 IQOOµM Silica

100 -

~ 200 -
Φ

73

E
£ 300

400 -

500 -

\

\
~ Φ

Φ

Calcium *,
Φ
•

*

•

Φ

/

r
9

* Magnesium
Φ

Φ

Φ

Φ
Φ

Φ

' . J/* "
A A Φ*

• / \

S 1
A Φ

^ Φ

Sulfate A Φ Strontium
A

A Φ

A
A

A * Φ
L A Φ

K

X.
Lithium Φ

A

i
A

AA Silica
Φ A

A
A Φ

Φ

A
A .

Φ

Figure 2. Pore-water concentrations of calcium, magnesium, strontium, sulfate, lithium, and silica as a function of sub-bottom depth at Site 590.
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Figure 3. Pore-water concentrations of calcium, magnesium, strontium, sulfate, lithium, and silica as a function of sub-bottom depth at Site 591.
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Figure 4. Pore-water concentrations of calcium, magnesium, strontium, sulfate, lithium, and silica as a function of sub-bottom depth at Site 592.
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Figure 5. Pore-water concentrations of calcium, magnesium, strontium, sulfate, lithium, and silica as a function of sub-bottom depth at Site 593.

10 20 30 40
0

50 mM 0
200
5

400
10

600 800µM Strontium 20
15 20 mM Sulfate 0

40
200

60 80 100 120 µM Lithium
400 600 800 1000 µM Silica

100

200

300

400

500

Calcium Magnesium

Strontium > Sulfate

•A
A
A*
A

A

Silica

Lithium

Figure 6. Pore-water concentrations of calcium, magnesium, strontium, sulfate, lithium, and silica as a function of sub-bottom depth at Site 594.

port for the hypothesis that the entire Lord Howe Rise
has an affinity with continental crust (van der Lingen,
1973; Willcox et al., 1980). The minor amount of curva-
ture (toward lower magnesium values) displayed in Fig-
ure 7 is consistent with some volcanic ash alteration with-
in the sediment column (Gieskes and Lawrence, 1981),
particularly at Sites 590 and 591.

The alkali metals, lithium and potassium, exhibit trends
similar to those observed at many other DSDP sites (e.g.,
Gieskes, 1983). At all sites except Site 591 there is a

slight tendency for potassium concentrations to decrease
and lithium concentrations to increase with increasing
burial depth. It is clear from the shapes of the lithium
concentration-depth curves, that sources and sinks for
lithium must occur within the sediment column. At the
present time, the nature of these sources and sinks is un-
known (Gieskes, 1983).

Dissolved silica concentrations reflect the amount of
biogenic silica present in the surrounding sediments (e.g.,
Gieskes, 1981). Thus, high values of dissolved silica are
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Figure 7. Pore-water concentrations of calcium and magnesium for ev-
ery sample from the Lord Howe Rise Sites 588, 590, 591, 592, and
593. The data from Sites 590 and 591 lie beneath the general trend.

found at Sites 591 and 594, the two sites that contain the
most abundant solid silica. Elsewhere, silica concentra-
tions increase at depth at Sites 590 and 592. The trans-
formation of biogenic silica to opal-CT is associated with
a decrease in dissolved silica as observed at Sites 590,
592, and 594. This "silica front" occurs at depths of
about 350, 375, and 550 m at the respective sites. Chert
was recovered at 335 and 380 m sub-bottom at Site 592,
but was not identified at Sites 590 or 594.

Because of the relatively high rates of carbonate sedi-
mentation, microbial sulfate reduction occurs to some
degree at all sites of Leg 90. There is some correlation
between the degree of sulfate reduction and the rate of
sedimentation, with Sites 590 and 591 having slightly
lower sulfate concentrations and higher sedimentation
rates than at other sites. Site 594, with its thick hemipe-
lagic Pleistocene section, has a much greater degree of
sulfate reduction than any of the Lord Howe Rise sites.
At Site 594 an increase in alkalinity accompanies the de-
crease in sulfate. In turn, the alkalinity increase causes
the precipitation of calcium carbonate and a decrease in
the Ca 2 + concentration.

The strontium concentration profiles are a product of
two reactions: carbonate recrystallization and celestite
(SrSO4) precipitation. As previously shown by Baker et
al. (1982), the calcium carbonate tests of foraminifers
and coccoliths are enriched in strontium relative to re-
crystallized calcium carbonate precipitated during bur-
ial diagenesis. As a result, there is a net input of stronti-
um to the pore waters of carbonate-rich sediments dur-
ing the calcite dissolution-reprecipitation reaction. The
amount of strontium incorporated into diagenetic car-
bonate is predicted by the product of the distribution
coefficient of strontium in calcite, ksπ and the ratio of
dissolved strontium to dissolved calcium Sr 2 + /Ca 2 + :

( I) / S r

calcite

Sr2+\
Ca2V '

As the amount of recrystallization increases in older and
deeper carbonate sediments, the Sr2 + concentration in-
creases, more strontium is incorporated into the repreci-
pitated calcite, and eventually a steady-state plateau con-
centration of Sr2+ is achieved.

The Sr2 + concentration at the plateau is typically 0.4
to 0.7 mM in deep-sea carbonate porewaters (Baker et
al., 1982). The relatively high sedimentation rates at the
Leg 90 sites has led to higher plateau concentrations,
ranging from 0.7 mM at Site 588 to 0.9 mM at Sites 591
and 594. As a consequence of these higher concentra-
tions, celestite precipitation occurs. Small nodules of ce-
lestite were recovered at Sites 590, 591, and 592. The
observed concentration product of strontium sulfate at
depth in all the Leg 90 sites averages about 15.2 × 10~6

mol2/l2. The exact value of the Sr2+ concentrations are
controlled by celestite precipitation and thus, by the de-
gree of sulfate reduction at each site.

The concentration gradients of Sr2+ versus depth over
the upper 100 m of core at Sites 588, 590, 591, and 592,
average 7 × 10~n mol Sr2+/cm4. The average diffusive
flux of Sr2+ out of the pore waters at these sites can be
calculated simply from Fick's law:

Flux = -D~
dx

where D is the diffusion coefficient of Sr2+ in pore wa-
ters and dc/dx is the average concentration-depth gradi-
ent of Sr2+. Substituting a value of 4 × 10 ~6 cmVs for
D, we calculate an average flux of Sr2+ out of the sedi-
ments of 2.8 × 10-16 mol/cm2 per s or 8.8 × 10~3

mol/cm2 per m.y. In a column of sediment that is 100 m
thick, with a porosity of 67%, an average carbonate con-
tent of 90% and an average Sr/Ca ratio in the carbonate
of 2.0 × 10-3 (Baker et al., 1982), there are about

g CaCO/2 7
(0.9 × 5 × 103cm3 CaCO3 ( —

/ 1 mol Ca \ /2.0 × 10~3 mol Srλ
\100 g CaCO3/ V mol Ca /

mol Ca
,100 g CaCO3// V mol Ca

= 0.24 mol Sr in the solid phase per cm2 of pore water.

The average age of the sediments at 100 m sub-bottom is
about 3 m.y. The diffusive flux of Sr2 + over a 3-m.y.
time span amounts to a loss to seawater of 0.026 mol or
11 % of the total amount of strontium contained in the
original sediment. Thus, the minimum rate of recrystal-
lization of the surface sediments is 11% in 3 m.y. How-
ever, much of the strontium released during the dissolu-
tion of biogenic calcite is immediately sequestered dur-
ing the reprecipitation of authigenic calcite. In fact, the
"efficiency" of strontium release is probably only about
one-third in the upper 100 m of sediment (and almost
zero below 100 m). This implies that as much as 30-
35% of the carbonate in the upper 100 m of sediment is
recrystallized!

Values for the distribution coefficient, ksπ have previ-
ously been derived mostly from experimental studies. A
limiting value also can be derived in the following man-
ner. The amount of strontium incorporated into authi-
genic calcite cannot exceed the average amount of stron-
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tium in the biogenic calcite. The latter value, as used, is
about 2 × 10~3 mol Sr/mol Ca. At the Sr2+ concentra-
tion plateau:

2 × lO~3 > k
plateau

Using an average value of 5 × 10"2 mol/mol for the
(Sr2+/Ca2+)p la t eau , yields a value of ksr < 0.04. This
number agrees very well with the results of Katz et al.
(1972) and Baker et al. (1982). In the latter paper, we
predicted a value of ksr 0.04 at 5°C and 0.08 mM
Sr2+ .

CONCLUSIONS

In summary, we can make the following statements
on the basis of the observed pore-water chemistry of Leg
90 drill sites. (1) The calcium and magnesium concen-
tration-depth gradients are dominated by silicate alter-
ation reactions occurring mostly at depth beneath the
sampled sediments. The unusual value of ΔCa 2 + /ΔMg 2 +

-0.45 mol/mol is consistent with the observation
that the entire Lord Howe Rise is underlain by siliceous
rocks. Some volcanic ash alteration can be detected with-
in the sediments at Sites 590 and 591. (2) Minor amounts
of microbial sulfate reduction occur at all sites on the
Lord Howe Rise. A much higher amount of sulfate re-
duction occurs in the hemipelagic sediments at Site 594.
(3) Strontium pore-water concentrations are determined
by carbonate recrystallization reactions. Dissolved stron-
tium concentrations increase downcore until celestite pre-
cipitation occurs. At greater depths, strontium concen-
trations are controlled by thermodynamic equilibrium with
respect to celestite, thus Lord Howe Rise sites with lower
rates of sulfate reduction have lower concentrations of
dissolved strontium. (4) The diffusive flux of strontium
in the upper 100 m of the pore waters can only reasona-
bly be explained by recrystallization of the bulk carbon-
ate sediment at an initial rate of about 10%/m.y. To ver-
ify paleoceanographic conclusions based on isotopic and/
or chemical compositions of the carbonate constituents
therefore will require detailed study of the relative reac-
tion rates of different sediment components.
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