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ABSTRACT

The occurrence of dolomite in young Pleistocene sediments off the northeastern coast of Australia offers a special opportunity
to examine dolomite formation relative to the original mineralogy and the remineralization of organic material through the
processes of sulfate reduction and methanogenesis. The four cores examined in this study form a transect from shallow to deep
water (Sites 821, 820, 819, and 822). At all sites, dolomite occurs in sediments of Pleistocene age and is more abundant closer to
the continental margin (Site 821) than in sediments found in deeper water (Sites 819 and 822). In spite of the fact that the classic
diagenetic zones of sulfate reduction and methanogenesis were all well developed at Sites 819, 820, 821, and 822, the δ1 3C of
the interstitial dissolved inorganic carbon (DIC) showed no evidence of these diagenetic processes. The dolomites retrieved from
sediments showed δ1 3C values similar to that of the DIC. The isotopic composition of the dolomite revealed no evidence of having
been formed in either the sulfate reduction zone or the zone of methanogenesis. The Leg 133 sites differ from other anoxic
hemipelagic areas in which extensive sulfate reduction and methanogenesis have been documented in that the sediments are
dominated by CaCO3. Recrystallization of calcium carbonate apparently buffers the isotopic composition of the system, masking
large isotopic changes that might be induced by additions of isotopically light or heavy CO2 derived from the processes of sulfate
reduction and methanogenesis. The dolomite does not appear to be preferentially located in the portion of the cores in which
sulfate is absent. Based on the association between the abundance of high-Mg calcite (HMC) and dolomite, it is thought that
dolomites formed in response to the dissolution of HMC.

INTRODUCTION

The formation of dolomite in continental organic-rich sediments
has been studied mainly in anoxic silicate-dominated sequences.
Examples of such studies include the Gulf of California (Kelts and
McKenzie, 1982), the Miocene-aged Monterey Formation (Burns et
al., 1988; Burns and Baker, 1987; Compton and Siever, 1986; Baker
and Burns, 1985; Pisciotto, 1981), the Miocene-aged Hawthorn For-
mation in the southeastern United States (Prasad, 1985), and the
sediments cored during Leg 112 off the Peru margin (Kastner et al.,
1990). In the majority of these studies, the formation of dolomite is
considered to have occurred in situ under the influence of the oxida-
tion of organic material by sulfate. As regards currently accepted
models of dolomitization, such an occurrence fulfills at least two
criteria. First, the removal of the sulfate ion, which may act as an
inhibitor in the process of dolomitization (Baker and Kastner, 1981).
Second, as a consequence of this process, CO2 is added to the pore
waters, causing the dissolution of the precursor carbonate and increas-
ing the alkalinity. This increases the saturation state of the pore fluids
relative to dolomite, hence, promoting its formation (Land, 1985;
Machel and Mountjoy, 1986).

The process of organic material oxidation by sulfate typically
produces an extremely depleted carbon isotopic composition in the
pore water-dissolved inorganic carbon (DIC), which in turn can be
recorded by authigenic carbonates, including dolomites (Irwin et al.,
1977; Friedman and Murata, 1979; Pisciotto, 1981; Pisciotto and
Mahoney, 1981; Kelts and McKenzie, 1982). In fact, a characteristic
signature of organic dolomites has been considered to be an isotopi-
cally depleted or enriched carbon isotopic ratio. Although many
geological examples have been assigned to the sulfate-organic-rich
model of dolomitization, few studies have been able to document the
process in modern to Pleistocene-aged sediments and to combine such
documentation with measurement of the relative geochemical con-
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stituents in the pore water. This study documents such associations
between the pore-water chemistry and the occurrence of dolomite in
mixed carbonate-siliclastic sediments that occur off the Queensland
continental margin. As these zones are so well developed, one can test
the ideas proposed that diagenetic carbonates (Claypool and Kaplan,
1974; Irwin et al., 1977) record the carbon isotopic signatures of the
various diagenetic zones, in particular those imparted by sulfate
reduction and methanogenesis.

In this study, I have measured the usual geochemical parameters
on squeezed sediment samples on board the JOIDES Resolution, as
well as performed carbon and oxygen isotopic analyses on the fluids
and separated dolomite. Finally, I have synthesized data obtained
from the organic geochemistry, biostratigraphy, and sedimentology
to obtain an integrated model of dolomitization.

SITES

Sites 822, 819, 820, and 821 form a distal-to-proximal transect off
the northeastern margin of the Great Barrier Reef (Figs. 1 and 2). The
water depths and penetration at each site are listed in Table 1. Despite
having cored approximately 400 m at each site during Leg 133, the
oldest age of the sediment is only early Pleistocene, with the exception
of Site 822, where the sedimentation rates are slightly depressed and
latest-Pliocene-aged material was cored (Table 2). Sedimentation is
nearly continuous at Sites 821 and 820, while at Sites 822 and 819, a
hiatus of approximately 195 k.y. is seen between CN15 and CN14a
(Davies, McKenzie, Palmer-Julson, et al., 1991). The sediments at
each of the sites are similar, consisting of rhythmically bedded mix-
tures of siliciclastics (clay minerals, quartz, and feldspar) and periplat-
form carbonates (low-Mg calcite, aragonite, and high-Mg calcite).
The variations in carbonate content at these sites appear to be related
to fluctuations in influx from the adjacent Great Barrier Reef that have
been induced through changes in sea level. Superimposed on these
changes in absolute carbonate content are variations in the percentage
of low-Mg calcite (LMC), high-Mg calcite (HMC), aragonite, and
dolomite (Fig 3). Although the chronostratigraphy does not appear to
be correlated with the mineralogy at Sites 821 and 820, the only
dolomite present at Sites 819 and 822 occurs just below the hiatus
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Figure 1. Location of the Queensland continental margin Sites 821, 820, 819, and 822.

Table 1. Summary of penetration data.

Hole Water depth (m) Penetration (mbsf) Oldest sediments

821A
820B
819A
822A

212.7
279.0
565.2
955.2

400.0
400.0
400.0
433.9

early Pleistocene
early Pleistocene
early Pleistocene

late Pliocene

between CN15 and CN14a. Overall, the sampling resolution for X-ray
diffraction (XRD) and the precision of the biostratigraphy does not
permit further correlations to be made at this time.

METHODS

Pore fluids were obtained from 5-cm whole-round cores as described
by Davies, McKenzie, Palmer-Julson, et al. (1990) and squeezed at a
rate of one sample per core according to conventional methods (Man-
heim and Sayles, 1974). All interstitial-water measurements other than
carbon and oxygen isotopes were performed on board the Resolution
and have been reported previously. The data discussed in this study
include alkalinity, sulfate, Mg2+, Ca2+, and Sr2+ (Table 3). Also included

are data on the concentration of methane (originally published in the
Leg 133 Initial Reports volume, Davies, McKenzie, Palmer-Julson,
et al., 1991). Samples for DIC δ'3C analyses were filtered with a
0.2-µm filter, poisoned with HgCl2, and stored in sealed 5-cm3 am-
pules until the time of analysis. Samples for δ 1 8 θ analyses were stored
in a similar manner, with the exception that samples were not treated
with HgCl2.

Using the interstitial-water sample squeezed cakes, the sediment
was disaggregated and sieved to obtain the <63 µm fraction. The
dolomite in this fraction then was concentrated using selective leach-
ing in buffered acetic acid. The concentration of the dolomite in the
separate was continually monitored using XRD until a sample of
>95% dolomite was obtained. The samples were examined using
scanning electron microscopy (SEM) and analyzed for their stable
carbon and oxygen isotopic compositions. The CO2 from the DIC in
the pore waters was extracted by acidification under vacuum. Car-
bonate samples were reacted in phosphoric acid at 90°C for 10 min
(Swart et al., 1991). The oxygen isotopic composition of the water
was measured by equilibrating CO2 with the sample, using the stand-
ard methods of Epstein and Mayeda (1957).

The CO2 produced in all reactions was analyzed using a Finnigan-
MAT 251, and these data were corrected for the usual isobaric inter-
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Figure 2. Schematic section of Sites 819 to 823 from the continental margin
across the Queensland Trough.

Table 2. Summary of calcareous nannofossil data.

Nanno-
fossil
zone

CN15
CN14b
CN14a
CN13b

Site 819
Depth (mbsf)

18.5-27.5
Missing

37.0-46.5
Base

Site 820
Depth (mbsf)

27.2-36.7
93.7-103.2

122.2-131.7
Base

Site 821
Depth (mbsf)

13.9-23.4
108.9-118.4
222.6-232.4

Base

Site 822
Depth (mbsf)

10.4-19.9
Missing

182.6-192.2
288.4-298.1

ferences. The oxygen isotopic compositions of the dolomite have
been corrected using an α value of 1.0087 (P.K. Swart, unpubl. data)
for fractionation of oxygen between CO2 and dolomite at 90°C.

RESULTS

Pore-water Chemistry

Summary of Previous Data

The changes in pore-water chemistry have been discussed pre-
viously (Davies, McKenzie, Palmer-Julson, et al., 1990) and also are
extensively discussed by Swart et al. (this volume). At all sites exam-
ined, the concentration of SO4

2~ in the interstitial pore waters de-
creases from surface seawater concentrations of approximately 28
mM to zero with increasing depth (Table 3). The depth at which this
complete depletion occurs decreases with distance away from the
platform edge (Figs. 4C, 5C, and 6C). For example, at Site 821, the
closest site to the continental margin, SO4

2~ is not completely ex-
hausted until 150 mbsf, whereas at Site 822, it has been used up at a
depth of 20 mbsf. This decrease in sulfate concentration is accompa-
nied by a small increase in alkalinity and dramatic decreases in K+

(10-4 mM), Mg2+ (55-10 mM), and Ca2+ (10-3 mM) and an increase
in Sr2+ (98-800 µM) and Na2+ (460-520 mM) (Fig. 7). The magnitude
of the changes in all these elements is related to the water depth and
the position that the core was taken relative to the platform margin.
Generally, the largest percentage increase and decrease occurred in
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Figure 3. X-ray mineralogy of Sites 819 to 823, as determined on board the
JOIDES Resolution. Using the percentage of carbonate, the relative percent-
ages of quartz, clay, LMC, HMC, aragonite, and dolomite were determined.

the cores closest to the margin, decreasing offshore. Large increases
in the concentration of methane are coincident with the depletion of
sulfate in the interstitial pore fluids (Figs. 4C, 5C, and 6C) . The
concentration of organic material in all the sediments is low (<0.5%),
although there is a tendency for proximal sites to have lower concen-
trations and higher C/N ratios than distal ones (Davies, McKenzie,
and Palmer-Julson, et al., 1991).

Distribution of Dolomite

The concentration of dolomite in the four studied cores decreases
with increasing distance from the continental shelf margin (Table 3).
At Site 821, that nearest the margin, dolomite is ubiquitous throughout
the core; at Site 820, dolomite is predominantly located between 50
and 300 mbsf, while at Sites 819 and 822, dolomite is restricted to an
interval between 20 and 80 mbsf. At Sites 821 and 820, the concen-
tration is inversely correlated with the concentration of HMC (Figs.
4B, 5B, and 6B). At Sites 819 and 822, the main concentrations of
dolomite are associated with a disconformity of approximately 190
k.y. at 34 and 65 mbsf, respectively. Minor amounts of dolomite also
were described by shipboard sedimentologists, but were not detected
using XRD. Under the SEM, the dolomite crystals from all sites
appear similar in size and appearance to other deep-sea dolomites
(Mullins et al., 1984; Swart and Guzikowski, 1988). The crystals are
between 5 and 10 µm in size, are not abraded, and are intimately
associated with aragonite needles (Figs. 8A and 8B).

Pore-water Carbon and Oxygen Isotopic Data

Profiles of the carbon isotopic composition of the pore fluids from
Sites 819, 820, and 821 are shown in Figures 4A, 5A, and 6A. All
three sites show a depletion in the δ13C in the pore-water DIC in the
upper 50 mbsf and indicate values between -1 and +1‰ throughout
the remainder of the cores. The greatest depletion occurs at Site 819,
where values as low as -15‰ were measured. In contrast, at Sites 821
and 820, the δ13C of the DIC only attains a value of approximately
-T/oc. The average δ13C of the DIC at Site 820 is slightly lower than
those at Sites 819 and 821.

The oxygen isotopic composition of the pore waters is heavier in
the upper 100 mbsf and reaches a maximum value of + 1.5‰ in Sites
819 and 821 (Fig. 9). These values become isotopically depleted at
all sites with increasing depth. The magnitude of the depletion is
greatest at Site 822 and least at Site 821.
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Figure 4. A. The δ l 3 C of the DIC and the δ l 3 C and δ l 8 0 of the dolomite as a function of depth at Site 819. B. Comparison of the abundance of HMC

and dolomite, Site 819. C. Interstitial profiles of the dissolved sulfate and methane concentration from Site 819.

Dolomite Carbon and Oxygen Isotopic Data

The δ l 3C value of the dolomites varies between +1 and -1
with the most depleted value occurring at Site 819 (Figs. 4A, 10 and
11). With only a few exceptions, the average δ13C value of the
dolomites was approximately 1.75‰ heavier than the δ'3C of the
associated DIC (Fig. 10). The δ'8O of the dolomite in the upper
portion of the core is significantly depleted relative to dolomites that
formed deeper in the core (Figs. 4A, 5A, 6A, and 12).

DISCUSSION

Profiles of the Carbon Isotopic Composition of the DIC

One of the more surprising results of this study is that the δ13C of
the pore water does not reflect the processes of sulfate reduction and
methanogenesis, which either have taken place or are currently taking
place in the sediments. For example, at Site 821 the sulfate decreases
to zero by 150 mbsf yet the δ13C only decreases to -4.93 at 30.85
mbsf, significantly above the zone of maximum sulfate depletion.
Similarly, even though an abundance of methane is produced below
the sulfate reduction zone, the δ13C never becomes heavier than +2%o.
Previous studies have shown that the δ1 3C of the DIC responds to the
oxidation of organic material by sulfate-reducing bacteria, producing
highly depleted δ13C values and to the process of methanogenesis by
producing highly enriched δ13C (Presley and Kaplan, 1968; Nissen-

baum et al., 1972; and others). In addition, such signatures have been
frequently recognized in ancient rocks (Irwin et al., 1977). In this
study, the most depleted δ13C values for the DIC are found at Site 819,
the site with the shallowest transition between the sulfate reduction
and methanogenesis zone. Throughout the remainder of the core, the
δ13C of the DIC becomes slightly heavier only attaining values of
+2‰. There is no evidence of any isotopically enriched δ13C signa-
tures higher than +2‰. At the sites closer to the Queensland coast,
similar trends were observed, although the magnitude of depletion of
δ13C is not as great in the upper portion of the cores. The absence of
a δ13C signature in the pore waters at depths greater than 20 mbsf in
spite of the large sulfate depletion suggests that the isotopic compo-
sition of the carbonate system is being heavily buffered and that the
eventual carbon isotopic composition of the DIC is controlled by the
dissolution of the precursor carbonate, rather than the influx of
isotopically exotic (light from sulfate reduction and heavy from
methanogenesis) CO2. Evidence for the precipitation of calcium
carbonate as well as other reactions involving carbon is provided by
other pore-water data and has been discussed previously (Davies,
McKenzie, Palmer-Julson, et al., 1991; Swart et al., this volume).
These studies show large-scale removal of HCO3", Ca2+, and Mg2+

from the pore waters. These depletions and excesses can be explained
by the following reactions.

The addition of CO2 lowers the saturation with respect to calcium
carbonate promoting the dissolution of CaCO3, which in turn raises
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Table 3. Pore-water chemical data, mineralogy, δ13C (DIC), δ13C, and δ 1 8 θ data for dolomites and δ 1 8 θ fluids.

Depth

(mbsf)

0.00

7.4?

15.95

25.45

34.95

44.40

53.90

63.40

72.90

82.40

91.90

118.40

139.30

162.30

205.50

218.40

237.40

267.80

296.80

330.30

360.40

397.40

0.00

7.45

14.65

24.15

33.65

43.15

52.65

62.10

71.60

81.10

90.60

119.10

141.60

155.10

182.20

206.30

246.20

271.80

300.80

335.90

360.40

382.60

0.00

2.95

11.85

21.35

30.85

40.35

49.85

59.30

68.85

78.35

87.85

116.35

144.80

182.30

210.90

239.60

268.50

307.10

323.40

355.30

382.70

819
819
819

819

819

819

819

819

819

819

819

819

819

819

819

819

819

819

819

819

819

819

820

820

820

820

820

820

820

820

820

820

820
820

820

820

820

820

820

820

820

820

820

820

821

821
821

821

821

821

821

821

821

821

821

821

821

821

821

821

821

821

821
821

821

A
A
A
A
A
A
A
A
A
A
A
A

A
A
A
A
A
A
A
A

A

A
A

A
A
A
A
A
A

A
A
A
A
B
B
B
B
B
B
B
B
B

A
A
A

A
A
A

A
A
A
A

A
A
A
A
A

A
A
A
A
A

1

2

3

4

5

6

7
8

9

10

13

16

19

23

25

28

31

34

37

40

43

1

2

3
4
5
6

7
8

9

10

13
16

17

20

23

27

30

33
36

39

42

1
2

3
4

5
6

7

8

9

10

13

17
20

23

26

29

33
35
38

41

Sample

Surface seawater

H
H
H
H
H
H
H
H
H
H
H
H
X
X
X
X
X
X
X
X
X

5

5
5
5
5
5
5
5
5
5
5
6

2

5
1

1

2
->

5
6
5

145

145

145

145

140

140

140

140

140

140

140

140

140

140

140

140

140

140

140

140

140

Surface seawater

H
H
H
H
H
H
H
H
H
H
H
V
X
X
X
X
X
X
X
X

X

5
5
5
5
5
5
5
5
5
5
5
1

3
5
2

3

1

1

5
2

4

145

145

145

145

145

145

140

140

140

140

140

140

140

140

140

140

140

140

140

140

140

Surface seawater

H
H
H
H
H
H
H
H
H
H
H
X
X
X
X
X
X
X
X
X

2

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
3

5
4

145

145

145

145

145

145

140

145

145

145

145

140

140

140

140

140

140

140

140

140

150
150
150
150
150
150

150
150
150

150
150
150

150

150

150
150
150
150
150

150

150

150

150
150
150
150

150
150
150
150
150
150
150
150
150
150
150
150

150

150

150

150

150
150
150
150
150
150

150
150
150
150
150
150

150
150
150
150
150
150
150

150

Alk.

(mM)

2.655

9.584

10.926

11.059

9.500

8.388

7.652

6.811

7.936

8.341

8.985

9.988

10.288

11.879

12.423

11.559

10.122

9.691

9.745

7.819

7.528

2.574

6.384

5.386

5.501

6.157

6.490

7.621

7.901

7.700

7.348

6.365

7.311

5.613

6.726

7.651

6.981

6.214

5.382

6.604

5.716

6.356

6.195

2.595

6.996

7.160

4.817

5.086

5.099

5.267

6.047

6.144

5.382

5.887

9.036

6.330

6.322

5.745

4.360
5.266

3.549

5.012

3.650

Mg
Sal. (mM)

35.5 53.68

34.2 48.54

32.5 39.39

31.8 30.63

31.8 25.42

31.6 23.32

30.5 19.79

30.5 18.43

31.0 16.83

31.0 16.05

30.2 15.26

31.5 13.89

30.5 16.35

31.0 17.68

31.0 18.61

31.0 19.27

31.0 25.37

31.0 18.31

31.0 22.07

31.0 17.69

31.5 22.08

31.0 16.51

35.0 52.50

35.0 53.80

36.2 51.13

34.0 43.31

33.0 34.33

32.0 27.07

31.8 22.12

31.8 20.69

31.5 18.91

30.5 15.76

31.2 12.80

31.0 9.58

30.2 8.73

31.0 7.25

31.0 5.65

30.2 4.88

30.2 3.89

31.8 11.20

30.0 5.77

30.5 9.05

31.8 9.25

31.2 9.41

35.2 53.51

35.8 54.65

35.2 54.11

35.2 49.38

35.2 44.40

34.9 35.44

33.8 29.74

33.5 24.85

33.5 21.25

33.0 18.46

32.0 15.58

32.0 7.82

30.2 5.08

30.2 6.96

30.5 5.65

30.5 5.26

30.2 4.74

32.2 7.56

30.5 5.22

31.5 8.71

30.2 6.87

Ca

(mM)

10.36

6.26

4.16

3.32

4.95

4.60

4.35

3.11

3.45

3.41

2.86

2.97

3.41

3.86

4.42

4.81

5.81

4.35

5.50

4.63

5.83

4.95

10.56

8.39

6.96

6.88

6.22

5.20

4.89

4.62

4.05

3.55

3.15

2.74

3.01

2.44

2.31

2.31

1.80

4.32

2.81

2.94

3.48

3.63

10.53

8.61

6.25

7.80

8.05

7.69

6.14

5.96

5.51

4.91

4.43

2.91

2.32

2.84

2.84

2.88

2.66

3.29

3.14

3.79

4.03

Sulfate

(mM)

2 9 . 7 4

1 8 . 1 1

6 . 9 7

0 . 0 0

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2.66

2.47

1.27

1.95
6.23

1.06

3.06

0.34

7.13

0.39

29.39

24.91

22.46

16.62

9.63

3.46

0.00

0.80

0.00

().()()

0.00

0.00

0.88

0.29

0.29

0.43

0.36

5.86

().(X)

2.62

3.54

2.20

30.15

26.19

23.54

24.47

21.73

18.44

15.65

13.29

11.69

11.17

9.22

4.04

0.00

0.31

0.00

0.44

0.11
1.60

0.00

0.83

1 3 }

A r a g .

(%)

31.4

35.6

43.1

25.9

37.3

30.9

33.8

54.3

37.6

34.7

27.7

39.6

38.5

34.7

47.6

37.3

43.5

34.5

44.7

50.5

44.9

27.30

37.10

36.70

44.50

37.90

34.80

30.50

33.50

48.20

44.50

30.40

28.10

41.70

16.50

46.70

63.50

35.30

39.30

37.40

37.80

40.50
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the alkalinity. The addition of carbonate from the dissolution of more
soluble carbonate minerals raises saturation with respect to the less
soluble minerals (such as LMC and dolomite) and, hence, causes
precipitation to take place.

Dissolution and precipitation can also be governed by so-called
mineralogic control. In this type of mechanism, the system is driven
by the relative differences in solubility between LMC and aragonite
and HMC. Once the system initially becomes undersaturated with
respect to either aragonite or HMC, these minerals start to dissolve.
However, the dissolution drives the system toward greater oversatu-
ration with respect to LMC; hence, this mineral precipitates, while
aragonite and HMC dissolve. As long as less stable minerals are
present, no additional CO2 needs to be added to the system to maintain

undersaturation. In such a case, the carbon isotopic composition of
the pore fluids should be dominated by the isotopic composition of
the precursor carbonate, not by the carbon isotopic composition of
the oxidized organic material. Further confirmation of the high rates
of carbonate recrystallization at Sites 820 and 821 is provided by the
profiles of dissolved Sr2+ (Fig. 8).

To test this theory, it is possible to estimate the change in the pCO2

as a result of the influx of CO2 produced during sulfate reduction. If
the isotopic composition of the organic material is assumed to be
-\5%c, then the isotopic composition of the DIC can be estimated. In
a closed system having a porosity of approximately 50‰, one may
estimate that the ρCO2 will increase to 0.1 should all the sulfate be
oxidized using the stoichiometry depicted by Equation 1. The results
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Figure 5. A. The δ l 3 C of the DIC and the δ l 3 C and δ l 8 0 of the dolomite as a function of depth at Site 820. B. Comparison of the abundance of HMC and
dolomite, Site 820. C. Interstitial profiles of the dissolved sulfate and methane concentration from Site 820.

from this calculation show that the δ13C of the DIC only decreases at
most to -2‰. This value is not significantly different from what was
actually measured in this study. The fact the δ13C of the DIC at Site
820 is slightly more depleted than at Site 819 or 821 might be expected
if, as suggested by the shipboard reports, this site contains a greater
proportion of terrestrial organic material that initially contains a more
depleted carbon isotopic value than marine organic carbon.

Origin of the Dolomites

Evidence from SEM photomicrographs clearly suggests that the
dolomites are not detrital in origin, but rather formed as authigenic
precipitates and/or replacements of the primary carbonate minerals.
The morphology and the replacive nature of these dolomites is similar
to dolomites studied in other periplatform sediments (Mullins et al.,
1984; Swart and Guzikowski, 1985). Mullins et al. (1984) suggested
that the dolomites which they studied in sediments north of Little
Bahamas Bank formed in situ, perhaps in response to fluid movement
through the sediments. In a similar study, Swart and Guzikowski
(1988) concluded that the dolomites formed close to the seawater/
sediment interface, with the Mg2+ being derived principally from the
dissolution of HMC and with additional Mg2+ being supplied from
the interstitial pore fluid and by diffusion from overlying seawater.

One aspect of the dolomite occurrence that cannot be explained is
its higher concentration in sediments closer to the continental margin.

All sites appear to have similar sedimentation rates, physical proper-
ties (permeability and porosity), similar concentrations of organic
material, and sufficient concentrations of HMC. The present distribu-
tion of dolomite does not appear to be related to the presence or
absence of sulfate in the sediments, as has been previously suggested
(Baker and Kastner, 1981). In fact, higher concentrations of dolomite
occur at Site 821, where the sulfate is not completely depleted until a
depth of 150 mbsf. It is true that at Sites 819 and 820 dolomite is not
present in the sediments until the sulfate is exhausted, but it is only
localized to a small interval and the vast majority of the core that
contains no sulfate also contains no dolomite, yet does contain abun-
dant HMC.

Further information about the formation of the dolomite in this
study is provided by comparing the δ13C and δ 1 8 θ of the dolomite
with the δ13C of the DIC and the temperature and δ I 8 0 of the pore
fluid. If all the dolomites contain depleted δ13C values, then this might
suggest that these dolomites formed at the same depth relative to the
seafloor and have ended up at their present position as a result of
continued sedimentation. However, in most instances, the δ13C of the
dolomite is close to that of the present-day DIC (Fig. 10). In addition,
with the exception of the dolomites in the upper 50 mbsf, the δ 1 8 θ of
these dolomites decreases with increasing depth (Fig. 13). The mag-
nitude of these depletions corresponds approximately to the decrease
that might be expected as a result of recrystallization in the present
geothermal gradient and is in excess of changes seen in the pore-water
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Figure 6. A. The δ l 3 C of the DIC and the δ1 3C and δ I 8 0 of the dolomite as a function of depth at Site 821. B. Comparison of the abundance of HMC and dolomite,
Site 821. C. Interstitial profiles of the dissolved sulfate and methane concentration from Site 821.

δ 1 8 θ (Fig. 7). Two possible explanations can be offered for the
variation in the δ 1 8 θ of the dolomite seen in the upper portion of the
cores. First, these dolomites may still contain remnant chemical
signatures from their precursors. With increasing depth, continued
recrystallization may remove this signature. A second possibility is
that these dolomites formed in the presence of waters having variable
δ 1 8 θ. The pore fluids from the upper 100 mbsf do show a high degree
of variability, which probably relates to the original variation in the
water buried with the sediment during glacial and interglacial periods.

These data suggest one of the following hypotheses: (1) the
dolomites formed from the present pore fluids and continue to form
at the present time or (2) the dolomites formed at an earlier time and
are undergoing a process of continual recrystallization and equilib-
rium with their pore fluids.

Although evidence is based on SEM observations, I have been
unable to document dolomite replacing HMC, and, in fact, the SEM
micrographs show that dolomite predominantly replaces aragonite
rather than HMC; the inverse relationship between the concentrations
of HMC and dolomite at Sites 820 and 821 suggests that these
dolomites formed from the alteration of HMC. As an example of the
amount of dolomite which might be formed from the alteration of
HMC a typical sediment having 20 wt% of HMC containing 20 mol%
Mg can be considered. If all the Mg is released by dissolution, then
only 4 wt% dolomite could be produced. This is approximately the
average amount of dolomite found at all sites, although in some

instances concentrations as high as 37% were reached. Higher concen-
trations could be produced if the initial concentration of HMC in the
sediments was also greater. The only other sources that might provide
Mg2+ are diffusion from the overlying seawater and from the ambient
pore water; supply of Mg2+ from advection is ignored as a result of the
steep geochemical gradients present. Both these latter two sources are
simply too small to provide sufficient quantities of Mg2+. If the source
of Mg2+ is predominantly the dissolution of HMC and the dolomite is
inversely correlated with abundance of HMC, then significant amounts
of dolomite cannot be forming at the present time in the areas where
no HMC is present. For example, at Site 821 there is apparently no
HMC between 150 and 340 mbsf. If dolomite is presently forming
here, it must be utilizing the Mg2+ in the pore fluids. However, at this
site the maximum gradient is between the sediment/water interface and
144.35 mbsf. This depth also corresponds to the disappearance of HMC
and with the exception of one sample at 300 mbsf, the depth at which
dolomite is the most abundant mineral in the core. Below 144.35 mbsf,
as there is no HMC or any Mg2+ gradient one can conclude that prob-
ably no significant dolomite formed either as a result of the dissolution
of HMC or diffusion of Mg2+ from above. At Site 820, a similar pattern
is present, with the minimum Mg2+ concentration occurring at 206.35
mbsf, approximately coincident with the disappearance of HMC and
the maximum abundance of dolomite. Hence, the isotopic equilibrium
between the dolomite and the pore waters must either be coincidence
or the dolomite is continually re-equilibrating and recrystallizing. The
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Figure 7. Summary of interstitial pore-water concentrations of Ca2+, Mg2+, alkalinity, and Sr2+ from Sites 819 to 822.

process of re-equilibration need not necessarily involve solid-state
processes, but could conceivably be a process of dissolution of small
(<l µm) dolomite crystals and the nucleation of larger ones. Although
there is direct evidence of this process, dolomite rhombs do appear to
range in size from <l to 10 µm in size (Fig. 9B).

Sites 819 and 822 exhibit different patterns of dolomite distribu-
tion. First, although dolomite occurs in minor amounts throughout the
cores, most is concentrated below a disconformity surface, suggesting
that the dolomite formed in association with a period of nondeposi-
tion. Second, the top of the dolomite occurrence at both these sites
corresponds approximately to the base of the sulfate reduction zone.
Third, Site 819 was the only site to show significant depletions in the
δ13C of the DIC (no samples for DIC have been measured from Site
822), and the dolomites at Site 819 also recorded a depleted δ'3C
signature. Fourth, at both these sites, the concentration of dolomite is
not related to the absence of HMC. One may suggest that the forma-
tion of dolomite at Sites 819 and 822 is not related to the dissolution
of HMC, but instead to the period of nondeposition between 0.265
and 0.465 Ma. During this time, intense sulfate reduction caused
dissolution and an increase in alkalinity in the sediments. This pro-
moted the formation of dolomite, with the Mg2+ being supplied by
diffusion from the surface. This episode did not take place at Sites
820 and 821, as these areas did not experience a hiatus in deposition.

CONCLUSIONS

The interstitial pore-water profiles from Sites 819 to 822 show
clear evidence of extensive sulfate reduction and methanogenesis;
however, the expected carbon isotopic signatures associated with
these process were largely absent. Similarly, diagenetic dolomites that

formed within these sequences did not contain any evidence of carbon
isotopic signatures associated with these zones even though they were
clearly formed or are forming at the present time within these zones.
The explanation for the absence of such signatures in these pore fluids
and dolomites formed from the same pore waters appears to lie in the
fact that the sediments contain a high percentage of calcium carbon-
ate, which is buffering the influx of CO2 derived from the processes
of sulfate reduction and methanogenesis. Here, I suggest that the
interpretation of zones of organic carbon diagenesis in ancient rocks
must be treated with caution, especially in situations where the
sediment was originally composed of a significant proportion of
calcium carbonate.

Finally, the data presented here suggest that there may be a process
of continued recrystallization and re-equilibration between the pore
water and the dolomites. Hence, the present isotopic signatures in the
dolomites do not necessarily reflect the chemical conditions under
which these dolomites formed, but merely the present conditions in
the core.
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Figure 9. Summary of the δ 1 8 θ of the pore water relative to SMOW for Sites
819, 820, 821, and 822.

Figure 8. SEM photomicrographs of the dolomites isolated from (A) Sample

133-821A-5H-5,140-150 cm and (B) Sample 133-821A-13H-5,140-150 cm.
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Figure 10. The relationship between the δ 1 3C of the DIC and the δ1 3C of the
dolomite.
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Figure 11. Crossplot of the carbon and oxygen isotopic compositions of the

dolomite from Sites 819 to 821.
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Figure 12. The δ 1 8 θ of the dolomite as a function of depth at Sites 819 to 821.
Also plotted in this figure are compositions of dolomites expected if the
dolomite is formed in equilibrium with pore fluids of differing isotopic com-
positions (-1, 0, and +1‰ SMOW) with the measured geothermal gradient at
these sites. The equation used to calculate the equilibrium values for dolomite
is that proposed by Land (1985), which has been modified to take into
consideration that these data have been corrected for differences in the frac-
tionation between calcite and dolomite during dissolution by phosphoric acid.
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