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30. INTERSTITIAL WATER CHEMISTRY, LEG 117: CONTRASTS WITH THE PERU MARGIN1

T. F. Pedersen2 and G. B. Shimmield3

ABSTRACT

Interstitial water analyses made at 12 sites during Leg 117 are used to define the nature of diagenetic reactions in or-
ganic-rich sediments on the Owen Ridge and Oman Margin. Minor variations in chloride concentration profiles are as-
cribed to past changes in bottom water salinity at two mid-depth margin sites and to upward migration of low salinity
water at another. There is no evidence for subsurface brine movement, unlike the case on the Peru Margin. Dolomitiza-
tion is widespread and accounts for the depletions of magnesium observed in pore waters at variable depths at nearly all
sites. The mineral occurs both as disseminated euhedral limpid crystals and, in at least one location, in massive string-
ers. Formation of the latter is suggested to reflect precipitation during sea level transgressions when the sedimentation
rate was low, but when productivity was high. Authigenic carbonate fluorapatite is also widespread, the phosphorus be-
ing derived from the breakdown of organic matter. Sulfate is quantitatively depleted at depth at most locations but the
rate of depletion is markedly less than that observed on the Peru Margin where sedimentation is also similarly influ-
enced by high rates of upwelling. The reason for this contrast is not clear and merits further investigation.

INTRODUCTION

The Arabian Sea is one of the most productive regions in the
world's oceans as a consequence of monsoon-driven upwelling
(Qasim, 1982; Nair et al., 1989). The resulting high-settling flux
of organic matter is primarily responsible for the relatively high
concentrations of marine organic carbon found in sediments on
the Oman Margin and, to a lesser extent, on the Owen Ridge
(Fig. 1). The deposited organic detritus fuels a series of micro-
bially-mediated diagenetic reactions which are manifest in the
sediments by the precipitation of authigenic reaction products,
and in the interstitial waters by depletion of oxidants, particu-
larly sulfate, and the addition of dissolved metabolites. Intersti-
tial water samples were collected at all sites drilled during Leg
117 and a series of analyses was performed on board in an ef-
fort to define the nature and extent of such chemical diagenesis
in the three regionally contrasting depositional environments
(the Indus Fan, Owen Ridge, and the Oman Margin) studied
during the leg.

In addition to diagenesis, a number of other factors influ-
ence the chemistry of pore waters in the Arabian Sea. Sluggish
intermediate-depth circulation and a pronounced settling flux
of organic matter conspire to produce a widespread and severe
oxygen minimum in the northern Arabian Sea (Wyrtki, 1971)
between depths of about 200 and 1500 m. Thus, oxygen concen-
trations are extremely low in the bottom waters which bathe sed-
iments on the Oman Margin. Presumably, the high organic car-
bon flux and the deficiency of oxygen in the water column
should be reflected in the pore waters by the rapid consumption
of sulfate; however, as discussed below, this is not the case. Ma-
jor ion distributions in pore waters are also affected by varia-
tions in time and space of the salinity of bottom water masses.
On the Oman Margin, the magnitude of such effects depends
on the relative proportions of highly saline Red Sea and Persian
Gulf outflow waters present at each location. Such hydrographic
variations may be recorded by chloride (e.g., McDuff, 1985)
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and, to a lesser extent, salinity profiles. The influence of buried
evaporites or subsurface dense brines on pore water chemistry is
minor on the margin, unlike the situation encountered off Peru
during Leg 112 (Suess, von Huene, et al., 1988); however, at
least one site has been influenced by the presumably advective
addition of fresher water from a distal location.

In this chapter we discuss the distributions of Cl~, S, Ca2+,
Mg2+, titration alkalinity, SO2.-, P O ^ , NH4

+ and SiO2 in pore
waters collected from twelve drilling sites in the northwest Ara-
bian Sea. Given the large number of descriptions of pore water
chemistry published to date in DSDP and ODP proceedings, we
shall avoid dwelling on previously well-described phenomena
and will focus instead on several unique aspects of the data, in
particular unexpectedly low rates of sulfate reduction, and dolo-
mite formation. Only brief accounts of controls on the distribu-
tions of parameters judged to exhibit previously observed and
well-documented behavior are offered.

METHODS
Samples were collected aboard the JOIDES Resolution by ex-

pressing pore fluids in a Manheim-type stainless steel squeezer,
without applying precautions for the pressure or temperature-
of-squeezing artifacts which have been described by Murray et
al. (1980), Mangelsdorf et al. (1969), Bischoff et al. (1970), and
Fanning and Pilson (1971). We do not feel that such artifacts
have significantly compromised the quality of the data pre-
sented in this report. Standard ODP shipboard analytical meth-
ods were employed for all analyses reported here (Prell, Nüt-
suma, et al., 1989, p. 28-29) as follows: chloride—Knudsen micro-
titration, with AgNO3 added with a Metrohm Dosimat titrator;
SO2."—ion chromatography; Ca2+—colorimetric titration fol-
lowing Tsunogai et al. (1988); Mg2+—determined as the differ-
ence between the total alkaline earths measured by colorimetric
titration and the Ca2+ concentration; SiO2, NH^, and PO^~—
spectrophotometry, following Gieskes and Peretsman (1986); ti-
tration alkalinity—potentiometric (Gran) titration (Gieskes and
Rogers, 1973) using a Metrohm autotitrator controlled by a
Hewlett-Packard microcomputer. Salinity was estimated using a
Reichert optical refractometer. The relative concentration of dis-
solved organic carbon (Gelbstoffe) was estimated at some sites
by measuring the absorbance at 243.7 nm.

At some sites on the Oman Margin (particularly 723), high
concentrations of H2S interfered with the spectrophotometric
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Figure 1. Location of the Arabian Sea sites drilled during Leg 117. For convenience of
discussion, the sites have arbitrarily been grouped into the clusters shown.

determination of phosphate by causing turbidity in the colori-
metric solutions, probably because of the precipitation of anti-
monyl sulfide during reagent addition. We circumvented this
problem in samples from Hole 723 C and at subsequent sites by
bubbling wet N2 through the samples to strip the H2S prior to
analysis.

The results of all measurements are listed in Table 1.

LITHOLOGIC SUMMARY
Holes were drilled during Leg 117 in three regionally distinct

areas (Fig. 1): the distal Indus Fan (Site 720); the Owen Ridge
(Sites 721, 722, 731), and the Oman Margin (Sites 723-730).
Briefly, the Indus Fan sediments at Site 720 consist of turbiditic
clastic deposits intercalated with pelagic nannofossil ooze. Or-
ganic carbon contents range widely between 0.03% and 3.7%,
with most samples containing < 1 %. At the Owen Ridge sites
foraminifer-bearing to foraminifer-nannofossil ooze-chalks of
Holocene to late Miocene age overlie early late Miocene sili-
ceous-bearing nannofossil to diatomaceous nannofossil chalk
and middle Miocene nannofossil chalk. These pelagic deposits
are underlain by early Miocene silt and mud turbidites. The
ridge sediments are generally rich in organic matter, with Corg
concentrations averaging -1.2% ± 0.9% in the pelagic sec-
tions. The underlying turbidites typically contain <0.2% Corg.

Lithologies on the Oman Margin vary from site to site (see
Prell, Niitsuma, et al., 1989). At Site 723 (808 m water depth)
the deposits consist of marly nannofossil ooze with a variable
terrigenous content. Dolomitic limestone and finely laminated
siliceous and marly ooze occur as minor components below
about 240 mbsf. A calcareous silty clay facies comprises the en-
tire section cored at Site 724 (593 m water depth); at the shallow
Site 725 (312 m water depth), organic- and opal-rich clayey silt
alternates with nonlaminated nannofossil ooze and calcitic silty
clay. Holocene to late Miocene silty clay and clayey silt alternate
with nannofossil/foraminifer ooze in the upper 130 m cored at
Site 726 (331 m water depth). These deposits overlie Eocene(?)
shallow water limestones and dolomites. Calcitic marly nanno-
fossil ooze to calcitic marly calcareous ooze characterizes the

entire section cored at Site 727 at mid-depth (915 m) on the
margin. The lower slope basin drilled at Site 728 (1428 m depth)
hosts mainly marly nannofossil ooze. Poor recovery at Site 729
obviates further discussion of this location. Drilling at Site 730
(1066 m depth) penetrated a thin interval of Quaternary marly
calcareous ooze unconformably overlying late Miocene to mid-
dle Miocene marly nannofossil ooze and diatomaceous silty
clays. Early Miocene(?) calcareous marly chalks containing cal-
careous turbidites were recovered in the lower half of the 400 m
deep hole.

Organic carbon contents vary widely both between sites on
the margin and as a function of sedimentary facies. Highest
concentrations, on the order of 7 wt. %, occur in sporadic in-
tervals at Sites 723 and 724; on average Corg contents in margin
sediments are 2%-3%. Organic carbon accumulation rates, cal-
culated using shipboard Corg measurements, and bulk accumu-
lation rates determined from biostratigraphic age datums and
measured bulk densities (Prell, Niitsuma, et al., 1989) tend to be
high (Table 2), ranging up to a maximum of 900 mgcm"2 kyr~l

at Site 723. The mean accumulation rate, however, is on the or-
der of 200 ±150 mg cm"2 kyr ~' over much of the margin. This
average value is similar to that observed on the highly produc-
tive Peru Margin, roughly 250 (range 10-600) mg cm~2 kyr~1,
calculated from data published in Suess, von Huene, et al.
(1988).

RESULTS AND DISCUSSION
For convenience in presentation and discussion of the data,

we have clustered the pore water profiles into three groups based
on geographical separation: the Owen Ridge sites (721, 722, and
731), Oman Margin North (723,724, and 725), and Oman Mar-
gin South (726, 727, 728, and 730). Site 720 (Indus Fan) is dis-
cussed separately where appropriate; Site 729 is not included in
the discussion as noted above. Note that where more than one
hole was drilled at a given site, the data have been combined,
strictly on the basis of sub-bottom depth without adjustment
for possible offsets. In most cases this poses no problem and the
oceanographic consistency of the stacked profiles attests to the
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Table 1. Leg 117 interstitial water data. 8

Sample

Site 720

1H-4, 145-150
3H-3, 145-150
7X-1, 145-150
11X-2, 145-150
16X-1, 145-150
19X-2, 140-150
24X-1, 140-150
30X-1, 145-150
40X-1, 140-150

Holes 721A.B

A 1H-6, 145-150
B 3H-5, 145-150
A 3H-6, 145-150
B 6H-4, 145-150
A 6H-6, 145-150
B 9H-4, 145-150
A 9H-6, 145-150
I 121-1, 000-001
B 12X-1, 145-150
I 151-1, 000-001
B 15X-5, 145-150
B 18X-5, 145-150
B 22X-5, 145-150
B 24X-2, 140-150
B 27X-3, 145-150
B 30X-2, 140-150
B 33X-1, 140-150
B 36X-1, 140-150
B 40X-5, 140-150
B 44X, 140-150

Holes 722A.B

A 1H-4, 145-150
A 3H-4, 145-150
A 6H-4, 145-150
A 9H-4, 145-150
A 12X-4, 145-150
A 15X-5, 145-150
A 19X-4, 145-150
A 22X-4, 145-150
A 27X-2, 140-145
B 27X-4, 140-150
I 30X-1, 000-001
B 31X-4, 140-150
B 34X-2, 140-150
B 37X-5, 140-150
B 40X-2, 140-150
B 43X-2, 140-150
B 46X-5, 140-150
B 49X-1, 140-150
B 52X-5, 140-150
B 58X-4, 140-150

Holes 723A.C

C 1H-2, 145-150
A 1H-4, 145-150
C 1H-5, 145-150
C 2H-2, 145-150
C 2H-5, 145-150
C 3H-2, 145-150
A 3H-4, 145-150
C 3H-5, 145-150
C 4H-2, 145-150
C 4H-5, 145-150
C 5H-2, 145-150
C 5H-5, 145-150
161-1,000-001
C 6H-2, 145-150
A 6H-4, 145-150
C 6H-5, 145-150
C 7H-3, 145-150
C 7H-6, 145-150
I 81-1, 000-001

Depth
(mbsf)

5.95
23.45
59.05
99.35

146.15
176.60
223.40
284.25
377.30

8.95
26.55
28.45
54.05
57.45
82.35
85.75

100.00
106.65
129.00
141.55
170.65
209.45
224.20
254.25
282.10
309.80
338.80
383.30
421.90

5.95
25.35
54.15
82.75

111.85
142.35
179.55
208.65
253.90
252.40
275.60
291.20
317.20
350.80
375.40
404.30
437.90
463.80
495.60
552.10

2.95
5.95
7.45

10.75
15.25
20.45
23.45
24.95
30.05
34.55
39.75
44.25
46.40
49.35
52.35
53.85
59.46
63.96
65.80

pH

7.54
7.80
7.68
7.55
7.79
8.00
7.97
7.63
7.96

7.38
7.66

7.74
7.88
7.42
7.76
8.02
7.61
7.84
7.28
7.28
7.31
7.23
7.26
7.42
7.41
7.33
7.78
7.94

7.48
7.61
7.73
7.79
7.61
7.56
7.49
7.33
7.32
7.67
7.35
7.38
7.48
7.19
7.44
7.49
7.53
7.58
7.66
7.63

7.70
7.65
7.80
7.80
8.00
8.10
8.14
8.10
8.00
7.70
7.80
7.80
7.70
7.60
7.38
7.80
7.60
7.80
7.60

Alkalinity
(mmol/L)

5.08
6.73
5.58
3.88
3.12
4.09

5.68
2.50

5.47
6.99

9.02

10.72
11.56
9.75

10.55
10.57
9.58
8.87
7.77
7.36
5.90
5.20
4.34
3.60
2.59
1.63

5.00
6.75
8.05
9.11
7.94
6.91
6.25
5.63
4.91
4.85
4.02
4.16
3.68
3.02
2.11
1.49
1.83
1.81
1.62
1.69

10.45
7.42

12.04
12.71
13.99
17.35
18.40
20.66
27.39
29.68
32.50
35.26
30.17
36.28
40.60
36.47
41.45
45.33
43.96

S
(g/kg)

34.3
33.0
31.8
32.2
31.7
31.0
31.0
30.6
31.8

34.3
34.2
33.7
33.5
32.0
32.2
32.2
32.3
32.2
31.7
32.2
32.2
32.0
32.2
32.2
32.2
32.2
32.2
32.2
33.0

33.0
33.0
32.5
32.3
32.2
32.0
32.0
31.8
32.3
31.8
34.4
32.0
32.5
32.4
32.6
32.8
33.0
32.0
32.8
33.0

36.0

35.0

34.2

Mg 2 +

(mmol/L)

50.28
41.19
31.40
31.22
30.88
29.98
31.07
28.93
26.32

49.25
45.35
43.16
37.42
36.29
32.77
31.81
33.39
30.54
30.37
29.26
28.18
27.44
26.31
26.26
26.14
26.58
25.49
26.13
26.74

49.90
44.60
37.00
34.40
30.80
28.99
29.17
27.86
27.31
27.14
39.42
27.26
29.21
27.15
27.70
28.00
29.20
28.17
29.08
28.94

55.66
54.15
55.09
52.99
54.69
51.25
48.28
44.67
37.99
37.12
35.57
37.71
41.40
36.56
35.26
34.92
35.33
36.62
43.96

Ca 2 +

(mmol/L)

7.85
4.73
5.91
7.29
6.35
6.55
6.89
6.81
9.36

7.61
7.01
6.75
5.94
6.20
5.93
6.10
6.08
6.42
6.92
7.54
7.99
8.89
9.31
9.44
9.79
9.67
9.89

10.83
11.96

8.22
6.88
6.10
6.18
7.15
7.48
8.71
9.55

10.10
10.14
11.47
11.21
11.98
12.88
13.41
13.58
15.48
15.58
17.15
18.69

7.77
8.58
7.07
6.88
6.76
6.56
7.26
6.01
5.72
5.56
5.53
5.29
7.36
5.09
5.17
4.91
4.74
4.48
7.99

α~
(mmol/L)

554
558
544
546
543
545
548
543
547

556
557
552
558
554
556
554
556
560
559
562
557
564
557
557
559
563
567
567
573

549
555
554
556
555
559
556
558
562
563
566
565
563
566
568
570
569
548
558
562

568

569

559

SO^~
(mmol/L)

21.4
8.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0

20.9
15.0
12.0
6.8
6.1
2.8
2.0
0.0
0.5
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.6

23.0
14.8
8.1
3.5
1.0
0.7
0.7
1.0
0.0
0.0
1.0
0.0
1.0
1.0
2.4
2.4
3.5
3.9
4.6
3.5

20.6
23.2
18.1
16.6
16.3
11.8
12.2
6.1

13.0
8.5
2.2
0.0
4.6
0.7
0.0
0.0
1.6
0.0
7.3

PO^~
(µmol/L)

9.6
13.9

1.9
1.5
1.6
1.0
0.6
3.8
0.2

8.7
8.6

10.3
12.4
30.7
12.0
13.2
2.2

12.9
23.2

9.7
6.3
4.9
3.8
2.6
5.3
3.6
0.5
0.4
0.8

7.2
9.9
8.8
7.8
7.4
4.5
3.2
2.7
2.4
2.0
2.3
1.5
1.5
0.7
0.7
0.0
0.9
0.3
0.3
0.4

12.0
9.5

15.2
10.8
8.1
6.9

24.6
6.7
8.4
8.3

13.0
11.4
43.6
14.4
19.9
18.2
16.7
16.0
19.4

N H /
(mmol/L)

0.58
1.18
2.01
2.79
3.09
2.47
2.43
3.12
2.19

0.60
1.03
1.26
1.66
1.84
2.07
1.99
2.19
2.37
2.48
2.32
2.51
2.34
2.39
2.14
1.96
1.91
1.79
1.07'
1.06

0.51
1.20
1.82
1.92
2.14
2.31
2.13
2.15
2.08
1.93
1.59
1.92
1.56
1.51
1.19
1.21
0.63
0.61
0.43
0.41

1.20
1.22
1.40
1.56
1.81
2.04
2.51
2.13
3.89
5.80
6.91
9.13
7.77

11.69
12.17
12.96
15.09
16.06
13.08

SiO2

(µmol/L)

626
162
218
391
233
116
121

1014
80

855
846
914

1100
1075
1083
1117
1024
1075
948
948
889
745
872
770
897
762
178
280

51

678
893
104

1032
1042
1012
916

1014
1190
1190
846

1257
1161
1208
646
167
320
226
322
361

477
423
562
703
580
625
937
770
799
838

1030
1004
1110
991
991

1082
1030
1053
1077

DOC

Mg/Ca (a.u.)b

6.41
8.71
5.31
4.28
4.86
4.58
4.51
4.25
2.88

6.47
6.47
6.39
6.30
5.85
5.53
5.21
5.49
4.76
4.39
3.88
3.53
3.09
2.83
2.78
2.67
2.75
2.58
2.41
2.24

6.07
6.49
6.07
5.56
4.31
3.88
3.35
2.92
2.70
2.68
3.44
2.43
2.44
2.11
2.07
2.06
1.89
1.81
1.70
1.55

7.16
6.31
7.79
7.70
8.09
7.81
6.65
7.43
6.64
6.68
6.43
7.13
5.58
7.18
6.82
7.11
7.45
8.17
5.50
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Table 1 (continued).

Sample

Holes 723A.C (Cont.)

C 8H-2, 145-150
C 8H-5, 145-150
I 91-1, 000-001
A 9H-4, 145-150
A 13X-4, 140-150
A 17X-1, 145-150
A 20X-4, 145-150
A23X-1, 145-150
A 26X-3, 145-150
A 29X-6, 145-150
A 32X-5, 145-150
A 36X-5, 145-150
A 39X-5, 145-150
A42X-1, 140-150

Holes 724A.B.C

C 1H-1, 145-150
A 1H-3, 145-150
C 2H-4, 145-150
A 3H-4, 145-150
C 3H-4, 145-150
C 4H-4, 145-150
C 5H-4, 145-150
B 6X-3, 145-150
B 9X-4, 145-150
B 12X-5, 145-150
B 16X-4, 145-150
B 19X-4, 145-150
B 23X-3, 145-150
B 25X-4, 145-150

Holes 725A,B,C

A 1H-2, 145-150
B5X-1, 145-150
C 3H-4, 145-150
C 6X-2, 145-150
C 9X-3, 145-150
C 12X-3, 145-150
C 15X-4, 145-150
C 17X-5, 145-150

Hole 726A

A 1H-4, 145-150
A 3H-4, 145-150
I 4H-7, 000-001
A 6H-4, 145-150
A 9X-2, 145-150
A 13X-4, 145-150

Hole 727A

A 1H-4, 145-150
A 3H-4, 145-150
A 41-6, 000-001
A 6H-4, 145-150
A 9H-4, 145-150
A 111-1,000-001
A 12X-4, 145-150
A 15X-5, 145-150
A 18X-3, 145-150

Holes 728A.B

A 1H-4, 145-150
B 2H-4, 145-150
A 3H-4, 145-150
B 4H-4, 145-150
B 71-1, 000-001
A 6H-4, 145-150
B 7H-4, 145-150
A 9H-4, 145-150
B 10X-4, 145-150
B 131-1, 000-001
A 12X-2, 145-150
A 15X-4, 145-150

Depth
(mbsf)

68.75
73.25
75.40
81.35

120.05
154.25
187.75
212.25
244.25
277.65
304.95
333.54
362.45
385.40

1.45
4.45
8.75

21.85
18.15
27.65
37.15
49.45
79.95

110.45
147.65
176.65
213.85
234.65

2.95
37.65
24.55
50.45
80.55

109.35
139.75
160.65

5.95
22.25
34.80
50.65
76.15

117.75

5.95
24.85
35.90
53.25
82.05
95.40

110.95
141.35
167.45

5.95
7.15

25.05
26.05
48.60
53.45
54.55
82.05
83.25

106.10
107.85
139.85

PH

7.70
7.80
7.70
7.58
7.49

7.26
7.96
7.51
7.55
7.47
7.21
7.06
7.81

7.60
8.10
8.00
7.67
8.20
8.20
8.30

7.81
7.70
7.70
7.70
7.10
7.00

7.70
8.15
8.37
8.29
8.05
7.96
8.32
7.95

7.93
7.76
7.80
7.78
7.89
7.55

7.99
8.19
8.26
7.86
7.48
7.42
7.51
7.58
7.30

7.50
7.30
7.90
7.70
8.20
8.10
7.70
8.00
7.20
7.40
8.00
7.70

Alkalinity
(mmol/L)

43.85
35.67
58.91
47.20
73.90
76.30
82.40
88.50
91.60
97.70
97.80

106.80
93.90

106.70

5.00
5.40
6.40
5.74
6.90
8.68

12.70
13.02
13.91
19.66
21.68
28.45
27.18
28.75

3.67
4.77
4.66

10.56
17.31
27.16
32.20
33.93

4.41
3.04
2.69
5.43
5.63
3.42

6.34
10.96
18.26
21.48
27.60
39.57
35.34
44.07
44.56

3.83
3.73
4.13
4.78
9.19
9.35

10.15
13.63
17.49
18.19
15.56
13.30

S
(g/kg)

34.2
35.4
35.0
35.4
35.2
35.5
35.0
35.2
36.0
36.0
36.0

35.9
35.0
36.5
35.0
36.3
36.2
35.0
34.0
33.0
32.5
32.5
32.5
33.5
33.8

35.6
35.6
35.5
35.4
36.0
34.8
34.2
34.2

35.8
36.3
36.3
36.3
36.3
36.3

35.8
34.9
34.4
33.8
33.0
34.6
33.6
34.4
34.2

35.0
35.5
35.4
35.8
34.7
35.0
35.5
32.6
33.2
32.8
32.5
32.2

Mg2 +

(mmol/L)

36.79
35.67
38.61
33.12
33.09
28.65
25.98
22.82
22.60
20.65
18.92
19.09
17.35
16.67

55.49
51.24
55.32
45.96
51.64
45.38
39.64
32.35
25.70
25.32
23.31
20.79
18.74
17.30

54.32
46.11
46.95
43.60
41.90
31.12
27.41
22.13

53.31
50.96
50.71
45.89
45.80
45.90

53.49
47.81
36.09
29.89
30.76
32.94
32.68
32.33
33.66

52.36
52.32
52.14
56.05
48.05
46.45
43.54
33.91
33.30
31.90
32.81
28.10

Ca2 +

(mmol/L)

3.99
3.45
7.32
3.25
4.04
2.66
3.00
1.77
2.76
2.07
2.39
2.74
2.92
4.08

10.29
8.59
8.74
9.03
9.16
9.78
8.84
7.47
6.57
6.00
4.75
4.72
4.55
4.80

10.63
13.03
11.96
12.00
13.49
8.75
7.34
5.39

11.15
13.42
13.67
15.80
17.00
18.72

9.94
7.75
6.91
6.27
5.56
6.96
5.47
5.58
6.00

10.27
10.23
9.54
9.84
9.02
8.15
8.20
6.65
6.60
8.95
8.04
8.06

C\~
(mmol/L)

553
540
534
534
532
529
531
529
533
533
527

565
570
564
572
574
575
578
578
561
555
557
554
555
558

576
583
584
587
592
583
569
565

574
582
588
588
595
593

569
569
569
566
558
558
557
554
554

558
559
565
556
570
568
569
565
565
565
565
565

so2,-
(mmol/L)

0.7
0.0
0.7
0.0
0.0
0.0
0.0
0.0
0.6
1.1
0.4
1.6
1.9
2.2

26.3
19.4
23.5
13.9
22.1
13.9
6.6
0.9
0.7
1.1
1.8
0.7
1.5
1.8

27.2
21.3
21.5
15.5
13.5
0.8
1.1
0.8

26.5
26.4
26.1
22.6
22.6
25.5

24.6
15.2

1.6
0.0
1.6
0.0
1.3
1.0
2.4

25.4
24.0
24.4
26.1
16.3
12.7
12.7
0.0
0.0
0.5
0.0
0.0

pol~~
(µmol/L)

19.4
19.2
6.8

23.2
37.4
29.5
27.7

32.5
31.3
34.6
32.3
29.8
27.4

3.2
3.8
4.5
7.3
5.3
3.7
1.7
2.7
7.1
8.5
3.5
4.5
7.7
7.7

2.8
1.6
1.2
6.4
3.6
5.1
2.0
2.0

2.1
0.7
1.1
7.0
8.1
2.6

5.5
3.0
1.1
2.3

11.6
19.1
15.0
18.6
21.6

6.1
6.2
6.2
5.3
4.0

10.6
7.2
8.2

11.4
18.2
6.4

12.0

(mmol/L)

18.14,
20.03
17.77
20.46
28.29
35.25
37.04
37.84
39.62
41.00
40.00
40.40
40.40
37.00

0.50
1.02
0.65
1.35
0.76
1.02
1.70
2.35
7.61

12.33
15.04
18.37
19.29
19.49

0.65
1.40
1.02
3.10
4.53
9.15

16.47
21.34

0.07
0.22
0.27
0.58
0.69
0.21

0.50
0.64
0.82
5.59

12.71
16.08
18.57
23.29
24.08

0.22
0.17
0.40

2.52
1.89
1.51
3.43
1.19
3.36
4.14
4.89

SiO2

(µmol/L)

1082
1077
1230
941

1020
1062
1085
1042
1052
1211
1144
1196
1211
1401

330
512
395
466
404
483
675
963

1148
998
984

1017
1073
1138

183
310
248
914

1272
1195
1262
1135

147
251
461
885
964
427

285
603
925
990
940
953
923
942
904

293
305
394

775
929
995

1046
1038
1016
1127
1098

Mg/Ca

9.22
10.34
5.27

10.19
8.19

10.77
8.66

12.89
8.19
9.98
7.65
6.97
5.94
4.09

5.30
5.98
6.33
5.09
5.64
4.64
4.48
4.33
3.91
4.22
4.91
4.40
4.12
3.60

5.11
3.54
3.93
3.63
3.11
3.56
3.73
4.11

4.78
3.80
3.71
2.90
2.69
2.45

5.38
6.17
5.22
4.77
5.53
4.73
5.97
5.79
5.61

5.10
5.11
5.47
5.70
5.33
5.70
5.31
5.10
5.05
3.56
4.08
3.49

DOC
(a.u.)b

0.141
0.113
0.294
0.260
2.059
0.987
0.898
1.328
1.535
1.225
1.360
1.172
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Table 1 (continued).

Sample

Holes 728A.B (Cont.)

B 181-1, 000-001
A 18X-4, 145-150
A 21X-4, 145-150
A 24X-3, 145-150
B 261-1, 000-001
A 27X-4, 145-150
A 30X-4, 145-150
A 33X-4, 145-150
A 36X-4, 145-150

Hole 729A

A 1R-2, 145-150
A 3R-4, 145-150

Hole 730A

A 1H-4, 145-150
A 3H-4, 145-150
A 6X-4, 145-150
A 9X-4, 145-150
A 12X-4, 145-150
A 15X-4, 145-150
A 18X-4, 145-150
A 21X-4, 145-150
A 24X-4, 145-150
A 27X-2, 140-150
A 29X-4, 140-150
A 33X-3, 140-150
A 37X-2, 140-150
A39X-1, 140-150
A 42X-2, 140-150

Holes 731A,B,C

A 1H-4, 145-150
A 3H-4, 145-150
A 6H-4, 145-150
A 71-6, 000-001
A 9X-4, 145-150
A 12X-4, 145-150
A 15X-4, 145-150
A 18X-4, 145-150
A 21X-4, 145-150
A 24X-4, 145-150
A 27X-4, 145-150
A 30X-4, 145-150
A 33X-2, 145-150
A37X-1, 140-150
A 40X-2, 140-150
A 43X-4, 140-150
B 3X-1, 140-150
C 2R-2, 140-150
C 10R-1, 140-150
C 12R-1, 140-150
C 14R-1, 140-150
C 16R-2, 140-150
C 19R-2, 140-150
C 22R-3, 140-150
C 24R-3, 140-150

Depth
(mbsf)

154.40
168.75
197.75
225.25
231.80
255.75
284.75
313.75
342.75

2.95
18.65

5.95
23.75
52.25
81.15

110.15
139.15
168.15
197.15
226.15
252.10
274.50
331.60
348.80
366.60
397.10

5.95
25.25
53.75
64.80
82.65

111.65
140.65
169.65
198.75
227.85
256.85
285.85
311.85
347.20
374.80
405.30
429.50
505.30
735.00
792.90
850.80
910.20
939.00
969.50
988.90

pH

7.70
7.60
7.20
7.20
7.60
7.20
7.30
7.40
7.40

7.50
7.50

7.64
7.11
7.23
7.47
7.40
7.68
7.45
7.59
7.61
7.39
7.42
7.42
7.16
7.15
7.48

7.65
7.41
7.60
7.65
7.64
7.58
7.44
7.45
7.56
7.30
7.45
7.58
7.63
7.67
7.84
7.87
7.84
7.79
8.27
8.10
8.18
7.73

8.26

Alkalinity
(mmol/L)

16.11
12.57
12.02
10.58
11.91
8.99
7.75
6.18
5.57

3.74
2.34

3.48
2.84
3.71
5.29
6.33
6.75
5.34
5.17
4.34
4.10
3.73
3.27
3.12
2.76
1.92

5.60
7.83
8.77
6.80
9.06
7.68
6.33
5.33
3.41
4.52
3.44
2.39
1.67
2.24
2.25
2.16
2.10
1.79
0.83
1.14
1.28
0.71

1.20
1.04

S
(g/kg)

32.4
32.3
32.2
32.1
32.4
32.0
32.0
32.2
32.0

35.8
35.9

35.2
35.2
35.0
34.3
33.6
32.6
32.6
32.4
32.4
32.3
32.3
32.2
32.2
32.2
32.2

34.2
34.2
33.2
33.9
32.5
32.3
32.2
32.2
32.2
32.1
32.0
32.1
32.1
32.0
32.3
32.1
33.0
31.3
32.2
32.2
32.1
32.3
32.8
32.5
33.6

Mg 2 +

(mmol/L)

28.53
28.34
25.14
24.35
23.83
23.09
22.35
22.86
22.35

52.63
57.84

52.94
51.33
49.72
41.66
35.89
32.72
30.29
28.41
28.26
27.58
27.84
28.07
26.99
26.93
26.68

51.15
49.55
41.50
44.37
37.99
34.92
33.23
31.45
30.27
29.19
28.26
27.71
27.31
27.22
28.66
27.22
27.65
25.58
19.89
20.04
19.08
22.05
21.36
20.89
24.93

Ca2 +

(mmol/L)

9.62
8.54
9.59
9.99

10.98
10.37
11.35
11.40
12.09

10.02
10.27

10.65
10.98
12.04
12.39
12.28
12.98
13.11
14.19
14.58
15.02
15.08
15.41
16.81
16.79
17.04

8.06
6.96
6.51
7.21
6.68
7.84
8.66
9.09
9.71

10.47
10.69
10.84
12.11
12.28
13.86
14.03
14.24
16.22
20.07
21.84
24.44
24.55
25.64
25.47
24.55

Cl~
(mmol/L)

560
564
564
563
560
563
562
561
560

562
562

563
564
568
565
566
562
564
564
564
564
557
564
567
569
566

559
562
563
565
560
559
561
562
559
559
557
555
560
561
564
565
577
560
580
579
580
580
579
582
575

so2,-
(mmol/L)

0.0
1.3
0.0
0.0
0.0
0.0
0.0
0.3
0.0

24.6
24.3

26.1
26.1
23.1
14.9
7.6
3.7
2.2
0.4
0.4
0.0
0.0
0.0
0.0
0.0
0.0

22.2
16.1
9.3

12.1
6.0
4.2
3.9
3.5
3.2
2.0
2.0
1.7
0.5
0.0
2.0
0.2
4.4
1.1
1.1

2.11
0.7
2.4
2.4
1.1
5.1

PO^~
(µmol/L)

19.7
10.9
12.6
9.8
8.4

12.7
9.9
8.8
9.3

3.0
1.5

2.5
2.3
2.4
3.5
2.5
1.7
1.6
3.5
3.2
4.6
3.0
2.0
1.0
1.0
0.7

9.8
11.9
12.0

1.4
8.7
5.8
4.7
4.2
3.2
1.9
0.7
0.2
0.1
0.2
0.1
0.1
0.5
0.4
0.6
0.1
1.0
0.3
0.5
0.5
0.1

N H /
(mmol/L)

4.54
5.21
5.75
5.84
6.01
5.90
5.75
5.71
5.69

0.13
0.14

0.13
0.16
0.22
0.35
0.74
1.01
1.22
1.48
1.60
1.84
2.03
2.29
2.64
2.88
2.49

0.16
0.96
1.61
1.28
.79
.84
.66
.63
.46
.38
.25
.18
.01

0.50
0.17
0.35
0.68
0.41
0.79
0.61
0.82
0.56
0.59
0.82
0.69

SiO2

(µmol/L)

1081
1053
1225
1233
1143
1235
1153
1129
1227

198
350

170
576
917

1065
1129
1097
1252
1103
1008
998

1141
850
800
733
669

722
815
982
788
918
957
963

1114
1223
1126
1219
698
417
310
317
230
168
174
90

100

no
96

110
78
86

Mg/Ca

2.97
3.32
3.12
2.44
2.17
2.23
1.97
2.01
1.84

5.25
6.63

4.97
4.67
4.13
3.36
2.92
2.52
2.31
2.00
1.94
1.84
1.85
1.82
1.61
1.60
1.57

6.34
7.12
6.37
6.15
5.69
4.45
3.84
3.46
3.12
2.79
2.64
2.56
2.25
2.22
2.07
1.94
1.94
1.58
0.99
0.92
0.78
0.90
0.83
0.82
1.02

DOC
(a.u.)b

1.168
0.980
0.891
0.795
0.735
0.685
0.557
0.470
0.396

0.075
0.110
0.223
0.532
0.726
0.793
0.731
0.680
0.467
0.406
0.340
0.305
0.292
0.223
0.236

0.243
0.623
0.885
0.429
0.908
0.605
0.453
0.378
0.300
0.256
0.172
0.120
0.186
0.121
0.179
0.143
0.106
0.133
0.183
0.166
0.140
0.193
0.224
0.160
0.160

a Where more than one hole was drilled at a site, the data have been combined according to sub-bottom depth, assuming that the sediments were laterally homogeneous
over the relatively large depth scales encountered. Sample names correspond to the standard ODP format. Note that H in the sample name indicates collection of the
sediment with the Advanced Piston Corer, X designates use of the Extended Core Barrel drilling head, R indicates rotary drilling, and / indicates collection using the
Barnes in-situ sampler.
Dissolved organic carbon is reported in absorbance units (a.u.) and is a relative measure only.

validity of the assumption that the deposits are laterally homo-
geneous, at least within the coarse sampling resolution charac-
teristic of ODP pore water collection. Results of measurements
made on samples collected with the Barnes in situ sampler are
included in Table 1. Some of the samples, particularly those
from Site 723, were contaminated with drill water, however, and
therefore have not been plotted.

Salinity and Chloride

At most locations, salinity decreases at depth (Table 1) inde-
pendently of chloride as a direct consequence of sulfate reduc-
tion and extraction of Mg2+ from pore water. Relative to bot-
tom water, the decreases range up to ~4 g kg"1. At the Indus
Fan Site 720, for example, lower salinity at depth (Table 1) can
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be largely accounted for by the loss of most of the HCO3~ which
would have been produced as a consequence of the reduction of
-28 mmol L 1 of SO^- (3 g kg~1 S), and about 25 mmol L~1

of Mg2+ (0.7 g kg~1 S). Presumably, the "missing" alkalinity
and Mg2+ reflect precipitation of authigenic carbonate miner-
als, as discussed below. Similar considerations apply at the
other sites, with the notable exception of Site 723 on the Oman
Margin. At this location the salinity decreases to a minimum at
about 50 mbsf (meters below seafloor) before increasing to
about 36 below ~ 300 mbsf (Table 1). The deep increase is not
accompanied by a commensurate chloride enrichment and
therefore does not reflect uptake of water into clays or proximity
to evaporites. Instead, we ascribe the deep S increase to the ex-
tremely high alkalinity observed at depth (described below); 100
mmol L~1 of HCO3~ is equivalent to ~7 g kg~1 of salt, which
more than compensates for the ~ 3.5 g kg~1 of lost sulfate and
magnesium.

At Site 723, chloride decreases with depth, reaching a mini-
mum value of 527 mmol L~1 (Fig. 2) at 385 mbsf. This distribu-
tion probably reflects dilution of the pore waters by upward dif-
fusion and/or advection of fresher water. A similar but less pro-
nounced decrease occurs at Site 727 (Fig. 2), which is located at
a similar water depth some 50 km to the south. Distinct chloride
maxima occur at Sites 724 and 725 between sub-bottom depths
of 25 and 50 m, and 50 and 100 m, respectively (Fig. 2). The in-
crease in concentration relative to bottom water (about 25 mmol
L~1) is considerably greater than the ~ 1% increase with depth
commonly observed in the top 40 m at DSDP or ODP sites (Mc-
Duff, 1985). The latter distributions have been explained by Mc-
Duff (1985) as being a result of diffusion of salt through pore
waters in response to glacial-interglacial changes in mean oce-
anic salinity. Such a mechanism cannot explain the distributions
at the proximal northern Sites 724 and 725, however, because
the chloride maxima occur at significantly different depths at
the two locations (Fig. 2); if the distributions had been caused
by downward diffusion from a saltier Pleistocene ocean, then
the maxima would appear at the same depths because the sites

have similar porosities and lithologies and diffusion would have
acted in a like fashion at both locations. Plotting the two pro-
files on a common age scale (Fig. 3) offers an alternate, and
somewhat speculative, explanation. The temporal coincidence
of the Cl~ maxima suggests that more saline bottom water may
have been buried with the sediments during the mid-Pleistocene
at the two sites. The source of water of sufficient salinity to ac-
count for the maxima, giving due allowance for diffusion since
the time of burial, is not clear, however.

Silicate
Two main factors control the dissolved silica distribution at

the ridge and margin sites. First, dissolution of biogenic opal
releases silica to solution. Where the sedimentary opal content
is significant, pore water silica concentrations are high, in many
cases reaching concentrations approximately at the solubility
limit for opal (~ 1100 µmol L"1; Hurd and Theyer, 1975). Sec-
ond, the dissolved silica deficiency observed at depth on the
Owen Ridge (Table 1) cannot simply reflect a paucity of opal in
the turbidites below about 300 mbsf because the rate of sedi-
mentation of the nannofossil oozes just above the turbidites is
about half the effective rate of diffusion of dissolved SiO2.
Therefore, the low silica concentrations below 400 m depth
must reflect precipitation. Indeed, both silica overgrowths on
discoasters and replacement of discoaster calcite by SiO2 are ob-
served in the turbidites (Prell, Niitsuma, et al., 1989).

Sulfate and Alkalinity
Pronounced and essentially quantitative reduction of sulfate

occurs at all sites drilled with the exception of the slowly accu-
mulating silty clays and nannofossil oozes at Site 726. On the
Owen Ridge, sulfate concentrations fall to very low or zero val-
ues by about 100 mbsf (Fig. 4); on the margin, sulfate is de-
pleted at depths as shallow as 44 mbsf (Fig. 5). In general, the
depth at which SOü~ is depleted is inversely related to the or-
ganic carbon accumulation rate as can be seen by comparing
Figure 5 with Table 2. This relationship is a reflection of the

520
Chloride (mmol/L)

600

400

Figure 2. Interstitial chloride profiles at Sites 723, 724, 725, and 727 on
the Oman Margin.
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Figure 3. Chloride profiles at Sites 724 and 725 plotted on a common
age scale.
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700-

800-

900-

1000

Sulfate (mmol/L)
10 20 30

Owen Ridge Sites

• Site 721
D Site 722
O Site 731

Figure 4. Interstitial sulfate profiles for Owen Ridge sites, Leg 117.

Table 2. Approximate organic carbon accumulation
rates at Oman Margin drilling sites.

Site

723
724
725
726
727
728
a73O

[Corgi
(wt.%)

0.71-6.83
0.32-7.32
0.22-4.16
0.43-4.79
0.80-4.96

-1.0-4 .0
0.92-3.4

Mean [Corg]
(wt.%)

3.2
3.0
2.5
2.5
2.5

~ 2
2.3

C o r g accumulation
(rate, mg cm 2 k.y. l)

340-900
90-370
40-200
29-115

200-400
-20-235
-40-140

Note: Data compiled from Prell, Niitsuma, et al. (1989).
aTop 100 m only.

higher bacterial oxidant demand associated with faster accumu-
lation of degradable organic matter; the latter, in turn, is often
positively correlated with the bulk accumulation rate (Müller
and Suess, 1979).

Titration alkalinity (predominantly HCOf) is theoretically
produced in the ratio 2:1 relative to sulfate when the latter is
used as the terminal electron acceptor during the degradation of
organic matter (e.g., Sholkovitz, 1973). Therefore, quantitative
reduction of the 28 mmol L~! of sulfate found in normal seawa-
ter should produce about 56 mmol L~ of alkalinity, in the ab-
sence of other sources or precipitation reactions which remove
carbonate species from solution. As can be seen by comparing
Figures 6 and 7 with Figures 4 and 5, the alkalinity at all sites
with the exception of 723 is less than would be predicted on the
basis of the sulfate profiles. This deficiency is attributed to
widespread precipitation of authigenic carbonate minerals as
discussed below.
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Figure 5. Interstitial sulfate profiles for Oman Margin sites, Leg 117.
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Figure 6. Titration alkalinity in interstitial waters at Owen Ridge sites,
Leg 117.

The distributions of both alkalinity and sulfate at depth at
Site 723 are unusual. The high resolution profile shown in Fig-
ure 5 indicates that the sulfate concentration falls to zero near
44 mbsf. However, significant concentrations of up to 2.2 mmol
L~1 were measured in the lower 200 m of Hole 723A (Fig. 5);
the gradual increase with depth between 240 and 400 mbsf sug-
gests that sulfate is diffusing upward from a source below the
base of the cored sequence. Bacterial reduction of the upward-
diffusing sulfate may be occurring at almost any depth between
200 and 400 mbsf. It is not possible given the available resolu-
tion to pinpoint more precisely the zone or zones of reaction in
the lower half of the hole. The titration alkalinities measured in
723A are among the highest ever observed during the history of
deep-sea drilling, exceeding 100 mmol L~1 near the bottom of
the hole (Fig. 7). These very high levels must reflect a source or
sources of alkalinity other than that which can be produced by
reduction of the total sulfate inventory of buried seawater. One
source for the "excess" alkalinity must be the generation of am-
monia and bicarbonate via methane-producing fermentation re-
actions, which increases titration alkalinity by producing HCO3~
and hydroxyl, the latter in the reaction NH3 + H2O = NH4

+ +
OH". In Hole 723A, ammonium concentrations increase with
depth by about 20 mmol L~' in the zone between —60 and 200
m depth (Table 1; Fig. 10) where no sulfate is present; this distri-
bution most probably reflects production of ammonia during
methanogenesis. Methane is abundant throughout this portion
of the sediment column at the site (Prell, Niitsuma, et al., 1989).
Between ~ 185 and 385 mbsf, where sulfate is present, alkalinity
increases by ~ 20 mmol L ~' while ammonia increases only by
about 3 mmol L~1. Presumably, the maintenance of high alka-
linity in this zone reflects the reduction of sulfate which is dif-
fusing upward from a deep-seated source and continuing to pro-
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Figure 7. Titration alkalinity in interstitial waters at Oman Margin sites, Leg 117.
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duce HCO3~. In addition, upward diffusion of carbonate could
contribute to the observed distribution of alkalinity in the low-
ermost 200 m of the hole. Such phenomena were observed on
the Peru Margin during Leg 112, where both chloride and sul-
fate profiles indicated that upward-diffusing brines were supply-
ing sulfate to zones of reduction at depth in a number of holes
(Suess, von Huene, et al., 1988). A major difference between
the Peru Margin model and our observations here, however, is
that the chloride concentration at Site 723 decreases with depth.
We speculate that the only mechanism which can explain the ob-
served trio of distributions (the chloride decrease, the deep alka-
linity, and sulfate increases with depth) is diffusion related to an
underlying fluid which is sulfate-enriched and chloride-depleted.
Such a fluid could be produced by the percolation of relatively
fresh groundwater through gypsum or anhydrite beds. The

proximity of such deposits is unknown, however. If such a
mechanism was active, one would expect calcium, in addition to
sulfate, to be added to the percolating water. A small increase in
the calcium concentration with depth is indeed observed in the
lower 100 m of Hole 723 A (Table 1), which tends to support our
suggestion. Further support for the idea of upward migration of
fluid at this site is furnished by downhole logging results, which
indicate that the sediments at depth are undercompacted, prob-
ably as a consequence of pervasive upward or subhorizontal
fluid flow (Prell, Niitsuma, et al., 1989, p. 360).

Calcium and Magnesium

The distributions of dissolved calcium and magnesium at the
three Owen Ridge sites are essentially identical (Fig. 8). The
downward concavity of the Ca2+ profile over the top 100 m and ,
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Figure 9. Calcium, magnesium, and Mg/Ca profiles in interstitial water at Oman Margin sites, Leg 117.

Mg2+ over the top 300 m indicates that both ions are removed
from solution in these sections. Below 100 m, the calcium con-
tent increases approximately linearly to nearly 1 km sub-bottom
depth, suggesting control by diffusion from a source near the
bottom of the hole. Similar considerations apply to Mg2+ in the
section between 400 and 1000 mbsf. The steady first-order de-
cline in the Mg/Ca ratio over the 1000 m of section sampled on
the ridge indicates that precipitation or alteration reactions con-
sume substantially more magnesium than calcium from the pore
solutions. These distributions are ascribed to precipitation of
carbonate phases, including dolomite, as described below, and
to alteration of volcanic ash and lithic fragments in the Miocene
to late Oligocene(?) turbidites which comprise the lower two-
thirds of the section (-350-1000 mbsf) in Hole 731C. Smear
slide observations indicate that ash is a common minor constit-
uent in the turbidites, ranging up to 10% by volume. Alteration
of this material to magnesian smectite or possibly sepiolite may
account for some of the observed Mg2+ depletion. Similarly,
Ca2+ may be released to solution during the alteration of feld-
spars (and ash?) in the turbidites, particularly in the lowermost
150 m of the hole where Ca2+ concentrations are highest; in-
deed smear slide observations indicate that alteration of feld-
spars is a common phenomenon in the turbidite facies (S. Cle-
mens, pers. comm.).

At most Oman Margin sites, as on the Owen Ridge, dis-
solved magnesium is significantly depleted at depth, unlike
Ca2+, which is depleted at some sites and enriched at others
(Fig. 9). The depletion of both elements is particularly severe at
Site 723, where extremely high alkalinities occur below depths
of only ~ 50 mbsf. Presumably, precipitation of calcite is re-
sponsible for the increase in the Mg/Ca ratio seen in the top 15
m at this site. Immediately below this level, the magnesium con-
centration decreases quite markedly to —37 mmol L~1 at 40

mbsf which we attribute to precipitation of authigenic dolomite.
At other sites, both precipitation of dolomite and dolomitiza-
tion of calcite may explain the ubiquitous magnesium deple-
tions along with occasional calcium enrichments. Similar con-
clusions have been drawn to explain the comparable distribu-
tions of dissolved magnesium and calcium at Peru Margin
drilling sites (Suess, von Huene, et al., 1988).

It is noteworthy that the changes observed in the Mg2+ and
Ca2+ distributions reported here are typically most profound
within the zone of sulfate reduction, which is still open to diffu-
sional contact with overlying seawater, but well above any influ-
ence that the alteration of basaltic or mafic-type basement may
have on pore water chemistry (commonly evinced by the concur-
rent depletion of magnesium and elevation of calcium (Sayles
and Manheim, 1975; McDuff and Gieskes, 1976)).

Authigenic dolomite occurs in several forms on the Owen
Ridge and the Oman Margin. At shallow depths (—10-100
mbsf), disseminated, euhedral, limpid rhombs were clearly ob-
served in smear slides. No evidence of transport attrition was
visible. At greater depths the quantity of euhedral dolomite typ-
ically increased, although the distribution was patchy in time
and space. Finally, in the rapidly deposited and organic-rich
sediments at Site 723, well-lithified stringers or beds of almost
pure dolomite up to a meter thick were intersected and the min-
eralogy determined by X-ray diffractometry. Geophysical log-
ging over the top 400 m at the site outlined nine "hard streaks"
in total which are interpreted as being dolomite stringers (Prell,
Niitsuma, et al., 1989, pp. 356-357).

Based on these observations and the pore water data, we pro-
pose a tentative model for the formation of dolomite on the
Oman Margin. During sulfate reduction, alkalinity increases to
a point where the solubility product of calcite is exceeded, fos-
tering precipitation of CaCO3 which increases the Mg/Ca ratio
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(as seen in the upper 20 m of the high resolution records for
Sites 723 and 724), making subsequent formation of dolomite
chemically more favorable. Dolomite can precipitate via a num-
ber of pathways, including the following (Baker and Burns,
1985):

(1) 2CaCO3 + Mg2 + = CaMg(CO3)2 + Ca 2 + (replacement
of aragonite or calcite);

(2) Ca2 + + Mg2 + + 4HCOf = CaMg(CO3)2 +
2H2O (direct precipitation from solution); and

(3) CaCO3 + Mg2+ + 2HCO3- = CaMg(CO3)2

H2O (addition of magnesium without Ca 2 + release).

2CO2

CO 2

As dolomite formation subsequently commences, the Mg2+ con-
centration and therefore the Mg/Ca ratio drop, as seen at most
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of the margin sites. Note that the Mg/Ca ratio in seawater is
> 5, the theoretical stability limit for dolomite vs. calcite precip-
itation. The occurrence of ratios lower than this at depth sug-
gests that at some sites reaction (1) above may be applicable.
This is not true for Site 723, however.

The dolomite layers at Site 723 range up to nearly a meter in
thickness. It is clear that they could not have formed at any sig-
nificant depth in the sediments because it is physically impos-
sible for vertical diffusion to supply much magnesium (and/or
calcium) to precipitation loci at depth in rapidly accumulating
deposits. We suggest, therefore that the formation of the dolo-
mite layers must have commenced when those horizons were
near the sediment-water interface. Because reactions (2) and (3)
above would be more likely to proceed when the HCOf is high,
a rapid accumulation of organic carbon, which would lead to
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high alkalinity in interstitial waters, would facilitate dolomite
formation. A slowed rate of sedimentation will also permit
more Mg2+ to diffuse to the precipitation site from overlying
seawater. Therefore, we suggest that the dolomite layers at Site
723 represent periods of high organic matter input coincident
with episodes of reduced sedimentation. Such an association
has been proposed previously to explain the distribution of do-
lomite in Holocene sediments off Baja California (Shimmield
and Price, 1984). The depositional conditions required to sup-
port such a model are met at times of maximum transgression
of sea level and lead to the formation of condensed sections
(Haq et al., 1987). Deposition under an oxygen minimum would
also be a positive influence in that low oxygen concentrations in
bottom water would ensure that degradation of organic matter
proceeds largely via sulfate reduction, which keeps the alkalinity
high.

The ubiquity of dolomite formation on the Oman Margin
and Owen Ridge suggests that the hypothesis of Baker and
Kastner (1981), regarding the necessity for extensive sulfate de-
pletion before dolomitization can commence, may not be uni-
versally applicable. It is clear from the pore water data that
Mg2+ depletion relative to Ca2+ occurs well within the zone of
sulfate occurrence. Formation of dolomite during early diagene-
sis is confirmed by smear slide observations of fresh, euhedral
crystals of the mineral at shallow depths. Precipitation of dolo-
mite was also noted to occur in the presence of copious concen-
trations of sulfate at Peru Margin sites during Leg 112 (Suess,
von Huene, et al., 1988). Therefore, although the presence of
sulfate or other large anions may indeed retard precipitation of
dolomite from a suitable solution, we suggest that the primary
requirement for dolomite formation in hemipelagic deposits is a
high organic matter input coupled with a relatively low sedi-
ment accumulation rate. A similar model has been proposed to
explain the widespread occurrence of authigenic dolomite on
the Peru Margin (Suess, von Huene, et al., 1988).

Ammonia and Phosphorus
Ammonia concentrations range widely in Leg 117 pore wa-

ters, with extremely high concentrations being encountered at
depth at Site 723, and relatively low values characterizing the
Miocene turbidites on the Owen Ridge (Fig. 10). Two main fac-
tors govern these distributions. First, high ammonia levels on
the Oman Margin reflect the anaerobic degradation of buried
organic matter; at Site 723 this is particularly pronounced as
noted above. Second, the turbidites contain very little organic
material and therefore little organic nitrogen which is the pre-
cursor for pore water ammonia, and they also contain illite
which is known to exchange K+ for NH4

+ (Müller, 1977). It is
probable that uptake of NH4

+ by illite and mixed-layer clays is
responsible for the downward decrease in the NH4

+ profile seen
between 100 and 400 mbsf at the Owen Ridge sites.

In contrast to the high levels of ammonia seen in margin sed-
iments, phosphate concentrations are low (Table 1). We attrib-
ute the widespread deficiency to the precipitation of authigenic
fluorapatite, which occurs in visible quantities at several margin
sites (e.g., Site 723) as brown-to-golden or black aggregates or
clasts up to 2 mm in size with a knobby surface texture, and fri-
able to indurated nodules up to 5 cm diameter at Site 726. The
latter occurrence was interpreted to represent a lag deposit. The
composition of both forms of the phosphorite was confirmed
by X-ray diffractometry, which yielded the characteristic spec-
trum of carbonate fluorapatite (francolite).

THE SULFATE PROBLEM: COMPARISON WITH
THE PERU MARGIN

Despite the co-occurrence of high productivity and conse-
quent high settling flux of organic carbon (see Table 2) and dys-

aerobic bottom waters along much of the Oman Margin, the
rate of sulfate depletion in the pore waters is not pronounced
when compared to hemipelagic settings elsewhere. To illustrate
this contrast, we have compared in Figure 11 the relationship
between linear sedimentation rate and the rate of sulfate deple-
tion as a function of depth for the Peru and Oman Margins.
The data used in this plot are listed in Table 3. The Peru Margin
data are taken from Suess, von Huene, et al. (1988, p. 16). The
Oman Margin data are calculated for the five sites listed using
the age (0.19 Ma) and depth of first appearance of Emiliania
huxleyi for the determination of average late Pleistocene sedi-
mentation rates, and the slopes of the sulfate profiles deter-
mined from the data in Table 1 using only measurements from
the upper 20-50 m at each site. Note that data from Sites 726
(deposition punctuated by hiatuses) and 729 (poor recovery) are
not included in the compilation.

It is clear from Figure 11 that a considerable difference exists
between the relative rates of sulfate reduction at a given sedi-
mentation rate on the two margins. We suspect that the reason
for this contrast lies in the nature of the organic matter which is
buried in each region. Organic matter at most of the Peru Mar-
gin sites tends to be lipid-rich and has a relatively high mean hy-
drogen index and a low oxygen index (Suess, von Huene, et al.,
1988). These characteristics imply that the organic material is in
general well preserved and of marine origin. In contrast, or-
ganic matter on the Oman Margin tends to be degraded to a sig-
nificant degree even before burial. Relatively high C/N ratios
typify organic detritus in surface sediments from the area (Wise-
man and Bennett, 1940; Shimmield et al., 1990), irrespective of
the bottom water oxygen concentration (Calvert and Pedersen,
in press). Shimmield et al. (1990) have shown that a strong posi-
tive correlation exists between the degree of reworking of the
sediments, as indicated by the Cr content (which proxies for the
proportion of heavy minerals present) and the degree of degra-
dation as evinced by the C/N ratio. Hydrogen and oxygen index
measuremenis made by pyrolysis during Leg 117 (Prell, Niit-
suma, et al., 1989) similarly suggest that the organic matter
along the margin is less labile than on the slope off Peru. δ13C
measurements made on the organic fraction at Site 724 (Mu-
zuka et al., this volume) indicate that the organic inventory in
the sediments is dominated by marine organic matter, which is
consistent with the low or absent input of fluvial (thus, terres-
trial) detritus along the margin. Therefore, we do not believe
that the apparent refractory nature of the buried carbon com-
pounds is a reflection of a predominance of terrigenous mate-
rial.

On a broader scale, it is not clear why there should be such a
contrast between the nature of the organic matter buried on the
Peru and Oman Margins. The particle flux to the deep Western
Arabian Sea during the southwest monsoon appears to be dom-
inated by coccolithophorids (Nair et al., 1989). In contrast, dia-
toms dominate the settling flux on the Peru Margin (Henrichs
and Farrington, 1984). The compositions of the bulk sediments
underlying both up welling regimes attest to this contrast: nan-
nofossil-foram ooze (rarely diatomaceous: Shimmield et al.,
1990) characterizes much of the Oman Margin, while diatoma-
ceous ooze typifies the deposits on the slope off Peru. It may be
that the character of the organic matter delivered to the sedi-
ment-water interface, a portion of which is subsequently bur-
ied, is sufficiently different on the two margins as to generate
the observed diagenetic contrast. The difference clearly war-
rants further, and detailed, investigation.

CONCLUSIONS

Interstitial water profiles were collected during Leg 117 from
a single site on the Indus Fan, three sites on the Owen Ridge,
and eight sites on the Oman Margin. Diagenetic reactivity is ob-
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Figure 10. Ammonia profiles in interstitial waters at Owen Ridge and Oman Margin sites, Leg
117.

served to varying degrees at all locations, but is most pro-
nounced on the Oman Margin, where high rates of accumula-
tion of organic matter are characteristic. Extremely high alka-
linities at Site 723 reflect quantitative sulfate reduction, and
ammonia production during methanogenesis. The co-occurrence
of sulfate and enriched calcium at depth along with a chloride
deficiency and physical indications of undercompaction suggest
that upward migration of a fluid of unusual composition is oc-
curring at this mid-slope location. Widespread magnesium de-
pletions on the margin and the ridge are attributed to the ubiq-
uitous precipitation of dolomite or dolomitization of preexist-
ing calcite. The presence of dolomite stringers at Site 723 is
attributed to their formation during episodes when the sedimen-

tation rate was low but productivity was high, possibly during
sea level transgressions. Authigenic carbonate fluorapatite is
also widespread on the margin. The precipitation of this mate-
rial can explain the low phosphate concentrations observed in
pore waters.

Although sulfate is quantitatively depleted from interstitial
solution at depth at most of the drilled sites, the rate of deple-
tion as a function of depth is significantly less than expected,
and markedly less than that observed on the Peru Margin where
similarly high rates of upwelling and organic carbon accumula-
tion occur. The reason for this contrast is not clear but it may
reflect differences in the degree of reworking of organic matter
prior to burial on each of the two margins, or a generic differ-
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Figure 11. Sedimentation rates plotted against rates of sulfate depletion
at Oman Margin and Peru Margin sites.

Table 3. Rates of sulfate depletion as a
function of depth at Oman and Peru Mar-
gin sites.

Site
Sed. rate

(mMa~ 1 )

Oman Margin

723
724
725
727
728

194
84

150
137
73

Peru Margin

679
680
681
682
683
684
685
686
687
688

12
55
80
26

110
?

130
160
65

150-300

ΔSO^-
(mmol L per 10 m)

8
5.7
2.4
7.2
2.9

1.5
9
9.3
4

17.6
14.7
22.3
22.6
10.7
41

Note: Derivation of the data is described in the
text.

ence in the nature of the organic matter which is produced in
the upwelling regimes in the two areas. This highly interesting
contrast begs further investigation.
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