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3. EARLY DIAGENESIS AND THE ORIGIN OF DIAGENETIC CARBONATE IN
SEDIMENT RECOVERED FROM THE ARGO BASIN, NORTHEASTERN INDIAN OCEAN (SITE 765)1

John S. Compton2

ABSTRACT

Degradation of organic matter in slightly organic-rich (1 wt% organic carbon) Neogene calcareous turbidites of the Argo Basin
at Site 765 by sulfate reduction results in pore-water phosphate, ammonium, manganese, and carbonate alkalinity maxima. Pore-water
calcium and magnesium decrease in the uppermost 100 meters below seafloor (mbsf) in response to the precipitation of calcian
dolomite with an average composition of Cai.isMgo.83Feo.θ2(Cθ3)2. Clear, euhedral dolomite rhombs range from <l to 40 µm in
diameter and occur in trace to minor amounts (<l-2 wt%) in Pleistocene to Pliocene sediment (62-210 mbsf) The abundance of
dolomite increases markedly (2-10 wt%) in Miocene sediment (210-440 mbsf). The dolomite is associated with diagenetic sepiolite
and palygorskite, as well as redeposited biogenic low-Mg calcite and aragonitic benthic foraminifers. Currently, dolomite is
precipitating at depth within the pore spaces of the sediment, largely as a result of aragonite dissolution. The rate of aragonite
dissolution, calculated from the pore-water strontium profile, is sufficient to explain the amount of dolomite observed at Site 765.
A foraminiferal aragonite precursor is further supported by the carbon and oxygen isotopic compositions of the dolomite, which are
fairly close to the range of isotopic compositions observed for Miocene benthic foraminifers. Dolomite precipitation is promoted
by the degradation of organic matter by sulfate-reducing bacteria because the lower pore-water sulfate concentration reduces the
effect of sulfate inhibition on the dolomite reaction and because the higher carbonate alkalinity increases the degree of saturation of
the pore waters with dolomite. Organic matter degradation also results in the precipitation of pyrite and trace amounts of apatite
(francolite), and the release of iron and manganese to the pore water by reduction of Fe and Mn oxides.

Spherical, silt-sized aggregates of microcrystalline calcian rhodochrosite occur in trace to minor amounts in Lower Cretaceous
sediment from 740 to 900 mbsf at Site 765. A negative carbon isotopic composition suggests that the rhodochrosite formed early in
the sulfate reduction zone, but a depleted oxygen isotopic composition suggests that the rhodochrosite may have recrystallized at
deeper burial depths.

INTRODUCTION

Diagenetic carbonate minerals are commonly observed in
marine sediments in minor to trace amounts (Lumsden, 1988).
Most of the diagenetic carbonate observed at DSDP sites has been
reported as dolomite. Although some marine dolomites are detri-
tal or reworked from shallow water environments, many are
authigenic. For example, dolomite currently is precipitating at
depth in the sediment of a number of organic-rich hemipelagic
DSDP sites (Pisciotto and Mahoney, 1981; Kelts and McKenzie,
1982; Baker and Burns, 1985). In addition to dolomite, early
diagenesis of organic-rich marine sediment can result in the pre-
cipitation of the authigenic minerals pyrite and francolite (carbon-
ate fluorapatite), as observed, for example, in the Miocene Mon-
terey Formation (Kastner et al., 1984; Compton, 1988a).
Dolomite can form by replacement of precursor carbonate or by
direct precipitation from supersaturated pore water. Pore waters
can become highly supersaturated with respect to diagenetic car-
bonate minerals from the increase in carbonate alkalinity that
results from the bacterial degradation of organic matter (Comp-
ton, 1988b). Mg, and some of the Ca, required during dolomite
precipitation are supplied by diffusion from the overlying seawa-
ter (Baker and Burns, 1985; Compton and Siever, 1986). The
mineralogy of the diagenetic carbonate that precipitates will de-
pend largely on the composition of the pore water. Dolomite is a
common diagenetic carbonate in marine sediments, in part be-
cause Mg is abundant in seawater. However, Ca, Fe, and Mn
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carbonates can precipitate instead of dolomite. For example, cal-
cite concretions have been reported from organic-rich Devonian
shales (Dix and Mullins, 1987), and rhodochrosite has been re-
ported from organic-rich sediment from the Baltic Sea (Jakobsen
and Postma, 1989) and from the Franciscan Complex, California
(Hein and Koski, 1987).

Significant amounts of diagenetic carbonate are less common
in pelagic sediments because they generally have lower sedimen-
tation rates and lower organic carbon contents in comparison to
hemipelagic sediments. The occurrence of relatively large
amounts of dolomite in sediment recovered from the Argo Basin
thus was surprising because the basin floor lies below the carbon-
ate compensation depth (CCD) at a water depth of 5740 m, and
the sediment is only slightly organic-rich, with an average of
about 1 wt% organic carbon in the uppermost 100 mbsf (Ludden,
Gradstein, et al., 1990). In this study, I discuss early diagenesis
at Site 765 and the origin of its diagenetic dolomite and rhodo-
chrosite.

METHODS

Squeezed pore-water samples were analyzed on board the
JOIDES Resolution using standard techniques (Ludden, Grad-
stein, et al., 1990). Pore-water Sr and K were analyzed using flame
atomic absorption spectroscopy at the University of South Florida
(USF). Sediment samples were collected on board the ship. Bulk
sediment samples were separated into >38-, 2- to 38-, and <2-µm
size fractions by sieving and centrifuging. X-ray diffraction
(XRD) analysis was performed using Cu Kα radiation on the
Philips XRD unit on board the ship and on the Scintag XDS 2000
unit at USF. Relative abundance of the carbonate minerals was
estimated from the intensity (integrated area) of the carbonate
mineral XRD peaks. The dolomite was separated from the bio-
genic carbonate by suspending the 2- to 38-µm size fraction in
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dispersant and then ultrasonicating it. The settled silt-sized frac-
tion was repeatedly treated at room temperature with a sodium
acetate-acetic acid buffer at pH 5 (Jackson, 1969) until calcite and
aragonite were no longer detectable by XRD (<0.5 wt%). The
dolomite underwent only minor dissolution as a result of this
treatment (PI. 1, Fig. 1).

The stable carbon and oxygen isotopic compositions of the
diagenetic carbonate were measured using a Finnigan-MAT 251
mass spectrometer in the laboratory of P. Swart at the Rosenstiel
School of Marine and Atmospheric Sciences, University of
Miami. Scanning electron microscopy (SEM) was performed on
an ISI-DS13O SEM at USF. The elemental composition of indi-
vidual dolomite rhombs was qualitatively determined using a
Kevex EDX attachment during SEM analysis. Quantitative ele-
mental analysis of the diagenetic carbonate was determined using
direct current plasma emission spectrometry (DCP) by T. Plank
at the Lamont-Doherty Geological Observatory, Columbia Uni-
versity.

CARBONATE MINERALOGY
Neogene sediment at Site 765 contains highly variable but

generally large amounts of carbonate relative to the underlying
Cretaceous sediment (Fig. 1). The carbonate content is particu-
larly high and averages 70 wt% in Neogene sediment from 200 to
400 mbsf. These Neogene carbonate sediments have been inter-
preted as having been deposited as turbidites shed off of the
adjacent Australian continental margin (Ludden, Gradstein, et al.,
1990). The turbidite units have variable thickness and typically
consist of a basal foraminiferal sand, an overlying nannofossil
ooze, and an upper clay layer that contains only minor to trace
amounts of carbonate. Carbonate minerals identified at Site 765

include calcite, aragonite, dolomite, and minor amounts of rhodo-
chrosite and siderite. No high-Mg calcite was observed. Low-Mg
calcite is the dominant carbonate mineral and occurs as nanno-
fossils, foraminifers, and recrystallized aggregates (PI. 1, Fig. 4).
Calcitic calcispheres were observed in several places in the basal,
Lower Cretaceous sediment.

Aragonite occurs as benthic foraminifers that originally inhab-
ited water depths of less than 2000 m (Ludden, Gradstein, et al.,
1990). The aragonite content is proportional to the amount of Sr
in the bulk sediment (Fig. 1) because most of the Sr occurs in
aragonite. The Sr content of the bulk sediment (Ludden, Grad-
stein, et al., 1990) indicates that aragonite is most abundant in
sediment from 200 to 440 mbsf and agrees with the aragonite
abundance estimated by XRD (Fig. 1). No aragonite was detected
in sediment older than the Neogene (below 450 mbsf); however,
some aragonite may be present at 510 mbsf because of the ele-
vated Sr content of the bulk sediment at this depth. The fairly
abrupt increase in the aragonite content in the transition from
Paleogene to Neogene sediment at Site 765 corresponds to an
order-of-magnitude increase in the sedimentation rate (Ludden,
Gradstein, et al., 1990). Aragonitic foraminifers are concentrated
in the basal foraminiferal sand layers of the turbidite beds. Long,
prismatic crystals, observed in the SEM, are thought to represent
the tests of aragonitic foraminifers that have undergone extensive
solution (PL 1, Fig. 3).

Diagenetic carbonate at Site 765 occurs as disseminated, silt-
sized rhombohedral crystals. These rhombic crystals were origi-
nally thought to be ankerite because of the larger d-spacing of the
104 reflection and the presence of an iron peak in the SEM EDX
analyses. Quantitative elemental analyses by DCP later revealed
that the carbonate rhombs are calcium-rich dolomite that contains

WT.% CaCO3 DOLOMITE ARAGONITE Sr (ppm)

1000
40 60 80 0 1 0 1 0 1000 2000 3000

Figure 1. Weight percent total carbonate, relative abundance of dolomite and aragonite from the XRD patterns (0 = trace, 4 = abundant), and
the Sr content of the bulk sediment as a function of sediment depth at Site 765. Weight percent carbonate and Sr content of the bulk sediment
from Ludden, Gradstein, et al. (1990).
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an average of only several weight percent iron (Table 1). The
dolomite-ankerite solid-solution series of natural samples exists
from 100% dolomite to about 30% dolomite-70% ankerite; the
ideal ankerite end-member, CaFe(CO3)2, is not known to exist in
nature, nor has it been synthesized in the laboratory (Essene,
1983). Distinguishing between dolomite and ankerite is difficult
in the light microscope because both carbonate minerals com-
monly occur as clear, rhombic crystals. In addition, the distinction
between calcian dolomite and ankerite can be difficult using
routine bulk sediment XRD analysis of samples containing minor
amounts of these carbonate minerals because the d-spacing of
their most intense reflection (104) is similar (0.290 nm for anker-
ite and calcian dolomite, compared to 0.288 nm for near-ideal
dolomite). Therefore, elemental analysis is necessary to distin-
guish between calcian dolomite and ankerite.

The dolomite occurs in the coarse clay to silt size fraction as
euhedral, clear, rhombohedral crystals that range in size from <l
to 40 µm in diameter (PI. 1, Fig. 1; PI. 2, Figs. 1, 2, and 3).
Dolomite rhombs were observed first in Pleistocene foraminiferal
sand at 62 mbsf. Trace (<l wt%) to minor (1-2 wt%) amounts of
dolomite occur from 62 to 210 mbsf. The dolomite content of the
sediment increases to approximately 2 to 10 wt% in Miocene
sediment from 210 to 441 mbsf. This marked increase in dolomite
from 210 to 441 mbsf corresponds to a carbonate-rich, Miocene
sediment interval that contains abundant low-Mg calcite, arago-
nite, and Mg-rich clay minerals (Fig. 1). The dolomite appears to
have grown in the pore spaces of the sediment, forming clear,
euhedral single crystals or clusters of intergrown crystals (PI. 2).
Crystal faces are not pitted or etched and suggest that the dolomite
is in equilibrium with the pore water (etched faces in PI. 1, Fig. 1
are a result of sample processing). Dolomite rhombs were ob-
served in the SEM to be intimately associated with the fibrous
Mg-rich silicates sepiolite and palygorskite (PI. 2, Figs. 1, 2, and
3). In some samples, the fibrous clay minerals drape over the
surface of the dolomite crystals, and in other samples, clay min-
erals appear to be encased in the dolomite. The sepiolite and
palygorskite, as well as a mixed-layered illite/smectite/chlorite,
at Site 765 are believed to be authigenic and to have formed during
dolomite precipitation (Compton and Locker, this volume). Minor
to trace amounts of dolomite also were found in sediment below
485 mbsf. Trace amounts of siderite were tentatively identified in
several samples from 525 to 631 mbsf, while calcian rhodo-
chrosite occurs in places as silt-sized microcrystalline nodules in
Lower Cretaceous sediment from 740 to 900 mbsf.

The texture of the dolomite described above and its intimate
association with delicate authigenic clay minerals demonstrate
that the dolomite at Site 765 is not detrital. If the dolomite were
detrital or had formed on the Australian continental margin and
had been redeposited in the Argo Basin by turbidity currents, then
the more dense, silt-sized dolomite rhombs would be expected to
have settled preferentially at the base of the turbidites. And yet,
the abundance of dolomite does not correspond to the sample
position within the turbidite units; silt-sized dolomite rhombs not
only occur in the basal foraminiferal sands, but are also present
in the overlying nannofossil ooze and clayey tops of the turbidite
units. In addition, comparable amounts of dolomite were not
detected at adjacent sites along the northwestern Australia conti-
nental margin, except at DSDP Site 262 in the Timor Trough,
where high-salinity, aragonite-rich, Pliocene sediment contains
abundant calcian dolomite (Veevers, Heirtzler, et al., 1974; Cooks
et al., 1974).

EARLY DIAGENESIS

Pore waters from Neogene sediments recovered from Site 765
exhibit an exponential decrease in sulfate-ion concentration typi-
cal of marine sediment undergoing organic matter degradation by
sulfate-reducing bacteria (Claypool and Kaplan, 1974; Gieskes,
1983). An asymptotic sulfate concentration of about 7 mM is
attained by 254 mbsf (Table 2; Fig. 2). The organic carbon content
decreases rapidly from about 1 wt% in the uppermost sediment to
less than 0.5 wt% by 100 mbsf (Ludden, Gradstein, et al., 1990).
The relatively low organic carbon content at Site 765 suggests that
sufficient organic carbon is not available to drive the sulfate
concentration to near zero, as commonly observed in more or-
ganic-rich marine sediments (Gieskes, 1981, 1983). Sulfate re-
duction results in an increase in pore-water phosphate, ammo-
nium, and carbonate alkalinity (Table 2; Fig. 2). Although
pore-water H2S was not measured at Site 765, sulfate reduction
usually increases the total dissolved H2S (e.g., Devol et al., 1984).
The rapid increase in pore-water phosphate, sulfide, and carbon-
ate alkalinity can lead to the precipitation of diagenetic phosphate,
sulfide, and carbonate minerals (Fig. 3).

Phosphate ion exhibits two maxima at 14 and 72 mbsf and then
decreases rapidly to near-zero at a depth that corresponds to the
sulfate asymptotic value (Fig. 2). Cemented carbonate nodules
from 52 mbsf (Sample 123-765B-6H-3, 145-150 cm) were found
to contain the mineral francolite, a carbonate fluorapatite,
Ca5(PO4,CO3)3(F). This francolite may have formed by replace-

Table 1. Elemental and isotopic compositions of diagenetic carbonate from Site 765.

Core, section,
interval (cm)

123-765B-

8H-3, 145-150
12H-3, 145-150
15H-3, 145-150
18H-3, 145-150
24X-3, 145-150
27X-2, 145-150
31X-3, 140-150
36X-2, 140-150
39X-1, 66-91

123-765C-

4R-3, 140-150
7R-4, 75-85
10R-3, 140-150
45R-3, 145-150

Mineralogy

Dolomite
Dolomite
Dolomite
Dolomite
Dolomite
Dolomite
Dolomite
Dolomite
Dolomite

Dolomite
Dolomite
Dolomite
Rhodochrosite

Depth
(mbsf)

71.6
110.1
139.0
168.1
226.3
253.9
294.1
340.9
367.6

383.5
413.3
441.0
772.7

CaCO 3

(mol%)

57.6
56.6
57.8
58.6

57.5
56.4

11.5

MgCO3

(mol%)

41.6
42.1
41.7
40.6

40.8
40.9

3.8

FeCO3

(mol%)

0.8
1.2
0.6
0.8

1.6
2.4

1.0

MnCO 3

(mol%)

0.0
0.0
0.0
0.0

0.1
0.3

83.7

Sr
(ppm)

520
165
554
663

711
476

32

Ba
(ppm)

18
16
65
68

77
4

0

δ 1 3 C

(‰)

3.15
3.74
6.62

-0.11
1.66
2.08
1.52
2.32
2.14

1.88
0.63
2.40

-7.97

δ 1 8 θ

(‰)

4.12
5.49
5.51
4.44
4.66
4.05
4.90
5.38
5.10

4.90
2.61
3.71
0.73
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Table 2. Pore water composition, Site 765.

Core, section,
interval (cm)

123-765 A-

1H-1, 53-56
1H-3, 145-150
1H-1, 147-150
2H-3, 145-150
3H-3, 145-150
4H-3, 145-150
5H-3, 145-150
6H-3, 145-150
7H-3, 145-150
8H-3, 145-150
9H-3, 145-150
10H-3, 145-150
12H-3, 145-150
15H-3, 145-150
18H-3, 145-150
21X-2, 145-150
24X-3, 145-150
27X-2, 145-150
31X-3, 140-150
36X-2, 140-150
39X-1, 86-91

123-765C-

4R-3, 140-150
7R-4, 75-85
10R-3, 140-150
15R-1, 115-125
18R-3, 140-150
22R-2, 140-150
25R-4, 140-150
28R-2, 140-150
31R-2, 130-140
34R-3, 115-125
37R-3, 140-150
39R-3, 140-150
42R-3, 140-150
45R-3, 140-150
48R-3, 140-150
51R-3, 140-150
54R-3, 140-150
57R-3, 140-150
60R-3, 140-150

Depth
(mbsf)

0.5
4.5
1.5

13.8
23.3
33.0
42.6
52.3
61.9
71.6
81.3
90.9

110.1
139.0
168.1
195.7
226.3
253.9
294.1
340.9
367.6

383.5
413.3
441.0
484.9
516.4
553.1
585.0
610.0
638.2
668.6
697.5
716.2
744.3
772.7
801.4
829.5
858.0
886.2
912.0

pH

8.0
7.6
7.3
7.8-
7.8
7.8
7.6
7.5
7.5
7.5
7.5
7.6
7.7
7.7
7.6
7.6
7.8
7.6
7.7
7.8
7.4

7.5
7.5
7.4
7.9
7.5
7.3
7.1
7.2
7.3
7.2
7.1
7.4
7.5
7.5
7.6
7.3
7.1
7.2
7.5

Alk
(mM)

3.94
5.52
4.35
7.50
8.14
6.96
7.53
8.13
8.64
9.13
8.63
7.55
5.40
3.84
2.99
2.48
2.78
2.27
2.30
2.48
2.71

1.89
0.81
1.57
2.57
3.56
3.03

1.73
1.49

1.60

0.92
1.50

Mg
(mM)

51.9
51.5
51.6
50.9
50.6
50.6
50.2
49.8
48.8
48.6
47.9
46.3
44.0
39.5
35.8
32.7
31.3
29.3
28.7
28.2
26.5

31.4
31.6
31.4
40.0
35.4
34.1
36.8
36.1
35.3
32.0
34.0
18.9
27.8
32.9
31.9
28.6
26.5
28.9
24.2

Ca
(mM)

10.1
10.3
10.5
10.2
9.7
8.3
7.8
7.4
7.2
7.1
6.7
6.0
5.5
6.7
8.1

10.4
11.5
11.3
12.0
13.4
14.4

12.5
13.3
13.4
18.3
20.0
23.9
25.8
30.0
31.4
33.2
34.3
18.5
33.1
41.0
30.9
44.0
45.4
43.3
38.7

Mg/Ca

5.1
5.0
4.9
5.0
5.2
6.1
6.5
6.8
6.8
6.9
7.2
7.7
8.0
5.9
4.4
3.2
2.7
2.6
2.4
2.1
1.8

2.5
2.4
2.3
2.2

.8

.4

.4

.2

.1

.0

.0

.0
0.8
0.8
1.0
0.7
0.6
0.7
0.6

so4
(mM)

27.7
25.3
26.4
23.1
21.6
20.1
19.9
18.7
16.7
15.6
14.5
13.5
12.5
10.6
10.0
9.1
9.0
7.6
7.1
8.0
6.0

7.8
8.0
8.0

16.6
9.8

12.4
15.4
13.6
14.6
16.0
15.6
10.9
13.0
16.2
16.9
15.5
14.3
14.9
11.7

PO 4

(µM)

4.8
4.2
4.4

14.0
11.6
7.9
6.4
6.9
7.7
9.8
7.7
6.4
1.4
0.9
0.6
1.1
0.5
0.9
0.9
0.0
0.5

0.0
0.0
0.0
0.0
0.0

NH4

(mM)

0.2
0.3
0.2
0.5
0.7
0.6
0.6
0.8
1.0
0.8
0.9
0.9

:

:

.0

.0

.1

.2

.6

.6

.7
2.0
1.9

1.5
1.4
1.6
1.0
0.8
0.9
0.6
0.9
0.6
0.6
0.7
0.2
0.8
0.5

0.0
0.5
0.0

Mn
(µM)

43.7
34.4
57.1
72.7
50.9
23.1
21.3
20.7

8.3
4.0
3.3
4.4
6.9
3.8
3.4
0.5
0.5
0.5
0.5
0.8
0.5

2.7
2.7

18.0

Sr
(mM)

0.12
0.15
0.12
0.16
0.17
0.19
0.20
0.23
0.28
0.31
0.33
0.37
0.42
0.64
0.87
1.11
1.41
1.62
1.89
2.09
1.79

1.82
1.71
1.47
1.00
0.68
0.48
0.37
0.37
0.29
0.28
0.26
0.14

0.27
0.27
0.26

ment of CaCO3, and the required fluorine was probably supplied
by diffusion from the overlying seawater (Froelich et al., 1983).
The rare occurrence of francolite is consistent with the relatively
low organic carbon content and low pore-water phosphate con-
centrations of sediments at Site 765. Ammonium increases to a
maximum concentration of 2 mM at 341 mbsf. The ammonium
maximum occurs at a greater sediment depth than the phosphate
maxima, but two local ammonium maxima correspond to the
phosphate maxima (Fig. 2). Ammonium ions can exchange rap-
idly with cations in the interlayer site of smectite minerals (Ro-
senfeld, 1979). However, the potential for ammonium exchange
by sediments within the ammonium maximum at Site 765 is
unclear, because these sediments contain relatively small amounts
of smectite compared to sepiolite and palygorskite (Compton and
Locker, this volume). Although the pore-water H2S and Fe were
not measured at Site 765, the occurrence of pyrite within the
sulfate-reduction zone suggests that H2S and Fe are reacting at
depth in the sediment to form pyrite (Berner, 1970, 1984). The
pyrite is framboidal and occurs as silt-sized nodules composed of
inlocking crystals (PI. 1, Figs. 1 and 2) or, less commonly, as
pyritized burrows.

Carbonate alkalinity maxima occur at 23 and 72 mbsf (Fig. 2).
This increase in carbonate alkalinity results from the CO2 pro-
duced during bacterial degradation of organic matter (Claypool

and Kaplan, 1974). The alkalinity increase promotes carbonate
precipitation by increasing the degree of carbonate saturation
(Compton, 1988b). Dolomite appears to be precipitating currently
at depth in the sediment at Site 765 based on the removal of
pore-water Ca and Mg and an alkalinity maximum at the sediment
depths where dolomite was first observed. The degree of satura-
tion of the pore water with respect to dolomite and calcite was
calculated using the pore-water data from Table 2. The degree of
saturation can be expressed as the ratio of the actual ion activity
product (IAP) to the equilibrium or solubility product (K). The
carbonate ion activity was calculated from the pH and titration
alkalinity, and the effect of temperature and pressure on the
activity coefficients of Ca and Mg was taken into account (Berner,
1971). The geothermal gradient (32°C/km) was used to estimate
temperature, and pressure was estimated from the combined sed-
iment and water depths (10 m = 1 atm). The effect of temperature
and pressure on the equilibrium solubility products of dolomite
and calcite was estimated using the procedures of Langmuir
(1971) and Berner (1965), and the molar volume data from
Millero (1983). The value of the equilibrium solubility product of
near-ideal dolomite was taken as 1017 at 25°C (Hsü, 1963; Hol-
land et al., 1964; Robie et al., 1978).

The pore water at Site 765 is saturated to 10 times supersatu-
rated with dolomite and saturated to slightly undersaturated with
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SULFATE
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Figure 2. Pore-water sulfate, alkalinity, phosphate, and ammonium as a function of sediment depth at Site 765.
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EARLY DIAGENESIS - SITE 765

diffusion of
diffusion of F"

organic matter degradation

CaCCL

cation exchange

carbonate alkalinity
increase

Figure 3. Diagenetic sequence proposed for Neogene sediments at Site 765. Dolomite precipitation results
from the degradation of organic matter by sufate-reducing bacteria and the dissolution of aragonite.
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LOG(IAP/K)CALCITE AND LOG(IAP/K)DOLOMITE
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Figure 4. Log of calculated degree of saturation (IAP/K) of dolomite and calcite
in pore water as a function of sediment depth at Site 765 (saturation = 0).

calcite (Fig. 4). Changes in the degree of saturation with sediment
depth are similar for both dolomite and calcite and reflect changes
in the alkalinity and pH. The calculated values are approximate
because of the uncertainty in the temperature and pressure de-
pendence of the equilibrium solubility products and difficulties in
accurately determining the in-situ pH. The calculated values are
probably too high because the titration alkalinity is greater than
the carbonate alkalinity and, more significantly, because the
measured pH is probably too high from CO2 degassing (Gieskes,
1973). In addition, these are nonideal dolomites because they
contain an average of 7.5 mol% excess Ca (Table 1) and, there-
fore, should be more soluble than ideal dolomite (e.g., Helgeson
et al., 1978). Aragonite is undersaturated at all sediment depths at
Site 765 because the solubility of aragonite is approximately 1.5
to 3 times greater than that of calcite, depending on the thermo-
dynamic data used (Woods and Garrels, 1987).

Dolomite is notoriously difficult to precipitate at low tempera-
tures. Several factors that enhance dolomite precipitation at low
temperature include (1) high degree of supersaturation (high car-
bonate alkalinity), (2) high pH, (3) high pore-water Mg/Ca ratio,
(4) low sulfate concentration, and (5) a metastable carbonate
precursor (aragonite or high-Mg calcite). The lowered sulfate
concentrations at Site 765 may promote dolomite precipitation
because sulfate ion has been shown to inhibit the precipitation of
dolomite in laboratory experiments (Baker and Kastner, 1981;
Kastner and Baker, 1982). Dolomitization of calcite was found to
be inhibited by sulfate at concentrations of 5% to 7% of seawater
sulfate, but dolomitization of aragonite was inhibited only at
sulfate concentrations greater than 50% of seawater sulfate. In
addition, the transformation of aragonite to dolomite was found

to be 4 to 6 times faster than calcite in sulfate-free solutions at
150°C (Kastner and Baker, 1982). The first occurrence of dolo-
mite at Site 765 corresponds to the sediment depth where sulfate
is depleted to below 50% of its seawater value. Sulfate is further
depleted to about 75% of its seawater value in the sediment
interval that contains the most abundant dolomite. The enhance-
ment of dolomitization by an aragonite rather than a calcite
precursor may explain the strong association of dolomite and
aragonite at Site 765.

Pore-water Ca decreases in the uppermost 110 mbsf and then
increases with sediment depth (Fig. 5). An initial decrease in Ca,
associated with an increase in alkalinity, was commonly observed
in rapidly deposited, organic-rich sediments and is a result of
carbonate precipitation (Gieskes, 1981). Depletion of Ca at Site
765 may result from the direct precipitation of dolomite,

Ca2+ + Mg2+ + 2HCO-3 = CaMg(CO3)2 + 2H+, (1)

or calcite because pore waters are supersaturated with both minerals
in the sediment interval of Ca depletion (Fig. 4). The increase of Ca
below 110 mbsf corresponds to a decrease in alkalinity and an in-
creased gradient in Mg, suggesting that the carbonate reaction changes
from predominantly direct precipitation (Eq. 1) to replacement of
precursor aragonite or calcite below 100 mbsf,

2CaCO3 + Mg2+ = CaMg(CO3)2 + Ca2+. (2)

The Mg concentration decreases gradually from 0 to 100 mbsf
and then more rapidly from 100 to 250 mbsf (Fig. 5). The decrease
in Mg results from the precipitation of dolomite as well as the
Mg-rich clay minerals sepiolite and palygorskite (Compton and
Locker, this volume). The Mg gradient is slightly greater than the
Ca gradient in the uppermost 100 mbsf, which suggests that both
the replacement reaction (Eq. 2) and direct precipitation (Eq. 1)
are occurring in the uppermost sediment. The replacement reac-
tion is also supported by the strong correlation between the
amount of aragonite and dolomite in the sediment (Fig. 1). The
pore-water Mg/Ca ratio increases rapidly in the uppermost 100
mbsf, which favors the precipitation of dolomite (Eq. 2). The
Mg/Ca ratio then decreases to an asymptotic value of about 1, a
trend commonly observed in marine sediments undergoing dolo-
mitization and a ratio that is predicted for pore water in thermo-
dynamic equilibrium with dolomite (Robie et al., 1978; Compton,
1988b).

Pore-water Mn increases rapidly to 73 µM in the uppermost
14 mbsf and then decreases to near zero by 100 mbsf (Fig. 5). The
Mn concentration spike probably results from the reduction of Mn
oxides. The reduced Mn is then available for incorporation into
precipitating carbonate. No rhodochrosite (MnCO3) was identi-
fied positively in the Neogene sediments at Site 765; however, the
presence of small amounts of rhodochrosite cannot be ruled out
because the most intense rhodochrosite XRD peak coincides with
a calcite peak, making it difficult to detect small amounts of
rhodochrosite in these calcite-rich sediments. Much of the pore-
water Mn was probably taken up by dolomite, which contains
minor to trace amounts of Mn (Table 1). Similar to Mn, Fe was
probably derived from the reduction of Fe oxides and taken up
directly from pore water during dolomite and pyrite formation.
The amount of Fe available for carbonate precipitation may have
been limited by the removal of Fe from the precipitation of pyrite,
whereas the amount of Mn carbonate may have been limited by
the low Mn concentrations at depth in the sediment (Fig. 5).

The availability of reduced Fe and Mn for carbonate precipi-
tation in these sediments may be related to the periodic deposition
of the turbidite sequences. Each new turbidite event results in the
sudden deposition of calcite, aragonite, aluminosilicates, and
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Figure 5. Pore-water calcium, magnesium, Mg/Ca ratio, manganese, and strontium as a function of sediment depth at Site 765.
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organic matter derived from the continental margin. The trans-
ported organic matter avoids significant degradation by oxygen-
ated bottom waters because of its rapid burial. After burial, the
organic matter undergoes degradation by sulfate-reducing bacte-
ria. Fe and Mn oxides that had accumulated at the sediment/
seawater interface prior to turbidite deposition were reduced and
diffused through the sediment to precipitate as carbonate or sul-
fide minerals, or they were diffused to the new sediment/seawater
interface to precipitate as Fe and Mn oxides. Most turbidites
appear to have had enough organic carbon to create the reducing
conditions to recycle the previously accumulated Fe and Mn
oxides. During periods of slow pelagic sedimentation between
turbidite deposits, carbonate at the sediment/seawater interface
should dissolve and biogenic silica and aluminosilicates should
accumulate below the CCD, but the bulk of the redeposited
carbonate was removed from undersaturated bottom waters by
rapid burial. Calcite and aragonite underwent gradual recrystalli-
zation with increasing burial depth, partially lithifying the cal-
careous turbidites by 200 mbsf and forming chalks by 550 mbsf,
similar to the carbonate burial diagenesis described at other deep-
sea sites (e.g., Garrison, 1981). The partial lithification of the
sediment below 200 mbsf may have been enhanced by dolomite
precipitation. Chalk from below 600 mbsf at Site 765 contains
recrystallized calcite (observed in SEM) and a much lower bulk
sediment Sr content (Fig. 1; Baker et al., 1982).

Solution of aragonite is shown by the pore-water Sr profile
(Fig. 5). Pore-water Sr rapidly increases with sediment depth to a
maximum of 2.1 mM at 341 mbsf and then decreases to 0.3 raM
at 668 mbsf. The pore-water Sr maximum corresponds to the
aragonite-rich sediment interval (Fig. 1). A Sr concentration of
2.1 mM is unusually high for pelagic carbonate sediments and is
the result of rapid solution of Sr-rich aragonite and limited uptake
of Sr by the recrystallized carbonate minerals (Baker et al., 1982).
Celestite (SrSO4) nodules have been reported from pelagic car-

bonates where the Sr concentration is relatively high (Baker and
Bloomer, 1988). Celestite was not detected at Site 765. High Sr
concentrations do not result in the precipitation of celestite at Site
765 because the Sr maximum corresponds to the sulfate minimum.
Pore waters at Site 765 were calculated as undersaturated to
slightly supersaturated with celestite, assuming atmospheric pres-
sure. However, the pressure in these sediments is on the order of
600 atms, and the solubility of celestite appears to increase with
increasing pressure (North, 1974; Baker and Bloomer, 1988),
suggesting that pore waters at Site 765 are undersaturated with
respect to celestite.

The rate of aragonite dissolution can be estimated from the
average diffusive flux of pore-water Sr, assuming steady-state
diagenesis (Berner, 1980). The Sr content of the aragonite was
estimated as on the order of 0.8 wt%, based on the correlation
between Sr and CaCO3 contents of the bulk sediment (Ludden,
Gradstein, et al., 1990). The amount of Sr removed from the pore
water was assumed to be negligible because the recrystallized
calcite and dolomite contain much less Sr than aragonite. The total
average flux of Sr out of the aragonite-rich sediment interval was
calculated as approximately 2.3 × 10~10 µM Sr cm 2 s~1, using
Fick's first law of diffusion and assuming a constant bulk-sedi-
ment diffusion coefficient of 4 × 106 era2 s~1. Averaging over the
aragonite-rich sediment interval from 200 to 450 mbsf and using
an average bulk-sediment density of 1.9 g cm3 , the Sr flux
requires the solution of roughly 0.3 wt% aragonite/m.y. The total
amount of dissolved aragonite required since deposition to sup-
port the current Sr flux is on the order of the amount of dolomite
observed in the sediment interval from 200 to 450 mbsf (2-6
wt%), suggesting that aragonite was an important precursor to
dolomite precipitation.

Total carbonate and diagenetic carbonate minerals are far less
abundant below 500 mbsf at Site 765. Trace to minor amounts of
dolomite occur below 440 mbsf; rhodochrosite was observed from
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740 to 900 mbsf; and siderite was tentatively identified by XRD
from 525 to 631 mbsf. The rhodochrosite occurs as silt-sized,
spherical aggregates of intergrown microcrystals. Most of the
rhodochrosite has been interpreted to have precipitated in situ
(Ludden, Gradstein, et al., 1990). The formation of rhodochrosite
is most often associated with the degradation of organic matter in
anoxic sediments (Suess, 1979; Pedersen and Price, 1982; Jakob-
sen and Postma, 1989). Reduction of Mn oxides releases Mn to
the pore water, where it can directly precipitate as rhodochrosite
in high-carbonate alkalinity pore waters that are supersaturated
with respect to rhodochrosite. Rhodochrosite in organic-rich
marine sediment from the Baltic Sea was found to contain 10 to
40 mol% CaCO3 and 2 to 5 mol% MgCO3 (Jakobsen and Postma,
1989). The elemental composition of a single rhodochrosite sam-
ple (123-765C-45R-3, 140-150 cm) from 773 mbsf is similar
to the composition of rhodochrosites from the Baltic Sea,
(Mn 0 8 4 Ca 0 n M g 0 0 4 F e 0 0 1 ) C θ 3 . The large negative δ1 3C value of
the rhodochrosite (Table 1) suggests that it formed early in the
sulfate-reduction zone during decomposition of organic matter
(see below). However, the depleted δ 1 8 θ value suggests that the
rhodochrosite may have recrystallized at a higher temperature
associated with deeper burial depths (Fig. 6). The sediment inter-
val where rhodochrosite occurs also contains pyrite, which is
consistent with its origin in sulfate-reducing, anoxic pore waters.
The organic carbon content of the sediment is generally low, with
the exception of a single measurement of 5 wt% organic carbon
at 774 mbsf, 1 m below the analyzed rhodochrosite sample.

Elemental and Isotopic Analyses of the Dolomite

The elemental and carbon and oxygen isotopic analyses of
dolomite samples and one rhodochrosite sample from Site 765 are
listed in Table 1. The Ca and Mg contents of the bulk dolomite
samples are remarkably similar, but the Fe and Mn contents are

variable. Calcian dolomites commonly precipitate from solutions
that have salinities and Mg/Ca ratios that are close to those
observed at Site 765 (Morrow, 1982). Oxygen and carbon isotopic
values of the dolomite samples range from 2.6 to 5.5%o δ 1 8 θ
(PBD) and -0.1 to 6.6%o δ 1 3C (PDB), respectively (Fig. 6). Over-
lapped onto Figure 6 is the generalized pore-water dl3C curve
observed for organic-rich marine sediments (Claypool and
Kaplan, 1974; Irwin et al., 1977; Pisciotto and Mahoney, 1981;
Kelts and McKenzie, 1982). The negative δ 1 3C shift to about
-2O°/oo occurs in the sulfate-reduction zone from the preferential
bacterial degradation of light organic carbon. The swing to heav-
ier δ 1 3C values occurs during the transition from sulfate reduction
to methanogenesis, where isotopically light bicarbonate is prefer-
entially reduced to methane, resulting in a heavier residual pore-
water bicarbonate. The actual position of the pore-water δ1 3C
curve with respect to sediment depth will depend, in part, on the
sedimentation rate and the geothermal gradient (e.g., Pisciotto and
Mahoney, 1981). Also shown in Figure 6 are the ranges in isotopic
compositions reported for Neogene benthic foraminifers (e.g.,
Miller and Fairbanks, 1985; Vincent and Berger, 1985) and Pleis-
tocene to Holocene marine dolomites (adapted from Hardie,
1987). Organogenic dolomites from the Miocene Monterey For-
mation are not plotted in Figure 5, but cover a broad range of
isotopic compositions from -20 to 2O%o δ1 3C and -6 to 6°/oo δ 1 8 θ
(e.g., Garrison et al., 1984).

The large, positive δ 1 8 θ values of the dolomites from Site 765
suggest that the dolomite formed at relatively low temperatures
during early burial diagenesis. This is consistent with their occur-
rence in the uppermost 450 mbsf and a geothermal gradient at Site
765 of 32°C/km (Ludden, Gradstein, et al., 1990). The δ 1 8 θ values
do not show a trend to lower values with increasing burial depth.
The positive δ 1 8C values suggest that most of the carbon in the
dolomite was derived from precursor biogenic carbonate (pelagic
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Figure 6. Stable oxygen and carbon isotopic compositions of dolomite samples (filled squares) and one rhodochrosite
sample (filled circle) from Site 765. Solid line represents generalized pore-water δ1 3C of organic-rich sediment from
the sediment/seawater interface through the sulfate-reduction and methanogenesis zones (Claypool and Kaplan,
1974). Rectangular area is the range in isotopic values for Neogene benthic foraminifers (e.g., Miller and Fairbanks,
1985; Vincent and Berger, 1985), and the circular area is the range of Pleistocene to Holocene marine dolomites
(after Hardie, 1987). Refer to discussion in text.
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calcite and benthic aragonitic (Ludden, Gradstein, et al., 1990).
The 518O values do not exhibit a trend to lower values with
increasing burial depth. The positive δ1 3C values suggest that
most of the carbon in the dolomite was derived from precursor
biogenic carbonate (pelagic calcite and benthic aragonitic fora-
minifers), not from the degradation of organic matter in the
sulfate-reduction zone. This is particularly true for the dolomite
that occurs in the present sulfate-reduction zone, where the alka-
linity maxima occur and where the pore-water bicarbonate is
anticipated to have large negative 613C values. Most of the dolo-
mite samples have δ1 3C values that are somewhat heavier than
biogenic carbonates, suggesting that some of the carbonate may
have been derived from the degradation of organic matter near the
boundary between sulfate reduction and methanogenesis. In sum-
mary, the isotopic composition of the dolomites suggests that they
formed during early burial, predominantly by replacement of
precursor aragonite and calcite and that organic matter degrada-
tion provided only a minor source of carbonate during dolomite
precipitation. This is consistent with the correlation between
dolomite and aragonite contents, and the low organic matter
content of sediment from Site 765 in comparison to the high
organic matter content associated with most organogenic dolo-
mites (e.g., Garrison et al., 1984).

CONCLUSIONS

The abundance of diagenetic dolomite is surprising when one
considers the relatively low organic matter content of the sedi-
ment at Site 765. The key factor for explaining the precipitation
of dolomite at Site 765 is the abundance of aragonite. The carbon
isotopic composition of the dolomite suggests that most of the
carbon was derived primarily from precursor biogenic carbonate,
not from the degradation of organic matter. Most of the dolomite
at Site 765 appears to have formed by replacement of aragonite,
based on the Sr mass-balance calculations, the pore-water Ca and
Mg profiles, and the strong correlation of dolomite and aragonite
contents. However, some of the carbonate in the dolomite was
probably derived from the degradation of organic matter. Al-
though limited in. amount, organic matter degradation promotes
dolomite precipitation at Site 765 because it reduces the sulfate-
ion concentration and increases the carbonate alkalinity. Dolo-
mite probably nucleates in the alkalinity maxima observed in the
uppermost sediment, as suggested by the high degree of super-
saturation and the first observation of fine-grained dolomite
rhombs at 62 mbsf. Once nucleated, dolomite might continue to
precipitate as aragonite dissolves. The required Mg is supplied by
diffusion from the overlying seawater. Therefore, organic matter
degradation at Site 765 is important because it enhances dolomite
nucleation and growth by producing supersaturated pore waters
and by significantly depleting sulfate ion for less-inhibited dolo-
mitization of aragonite.
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Plate 1. SEM photomicrographs of middle Miocene sediment from Site 765. 1. Sample 123-765C-10R-3, 140-150 cm. Processed bulk sediment that contains
single and clustered dolomite rhombs, pyrite framboids, and detrital quartz grains (scale bar = 50 µm). The dolomite rhombs are slightly etched from treatment
with a sodium acetate-acetic acid buffer at pH 5 that was used to remove calcite and aragonite from the sample. 2. Close-up of pyrite framboid in lower-center of
previous photomicrograph that shows intergrown pyrite crystals (scale bar = 10 µm). 3. Sample 123-765C-5R-4, 39^42 cm. Elongate crystals interpreted to be
corroded aragonite crystals (scale bar = 5 µm). 4. Sample 123-765B-38X-1, 44-̂ 48 cm. Blocky, recrystallized calcite crystals (scale bar = 5 µm).
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Plate 2. SEM photomicrographs of fibrous clay minerals associated with dolomite. 1. Sample 123-765C-4R-3, 140-150 cm (middle Miocene). Single, euhedral
dolomite rhomb with fibrous palygorskite growing on crystal faces (scale bar = 5 µm). 2. Sample 123-765B-27X-2,145-150 cm (upper Miocene). Dolomite rhomb
in bulk sediment containing sepiolite and palygorskite clay minerals (scale bar = 10 µm). 3. Sample 123-765B-39X-1, 86-91 cm (middle Miocene). Cluster of
euhedral dolomite crystals (scale bar = 10 µm).
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