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Abstract

We examine the link between organic matter degradation, anaerobic methane oxidation (AMO), and sulfate depletion and
explore how these processes potentially influence dolomitization. We determined rates and depths of AMO and dolomite
formation for a variety of organic-rich sites along the west African Margin using data from Ocean Drilling Program (ODP) Leg
175. Rates of AMO are calculated from the diffusive fluxes of CH4 and SOy, and rates of dolomite formation are calculated
from the diffusive flux of Mg. We find that the rates of dolomite formation are relatively constant regardless of the depth at
which it is forming, indicating that the diffusive fluxes of Mg and Ca are not limiting. Based upon the calculated log IAP values,
log K, values for dolomite were found to narrowly range between —16.1 and —16.4. Dolomite formation is controlled in part
by competition between AMO and methanogenesis, which controls the speciation of dissolved CO,. AMO increases the
concentration of CO3~ through sulfate reduction, favoring dolomite formation, while methanogenesis increases the pCO, of the
pore waters, inhibiting dolomite formation. By regulating the pCO, and alkalinity, methanogenesis and AMO can regulate the
formation of dolomite in organic-rich marine sediments. In addition to providing a mechanistic link between AMO and
dolomite formation, our findings provide a method by which the stability constant of dolomite can be calculated in modern
sediments and allow prediction of regions and depth domains in which dolomite may be forming.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

With continued international concern over global
hydrocarbon resources, increasing levels of study are
being directed at the production and fate of methane
(CHy) in marine environments. One facet of this
research has been to examine the role that upwardly
diffusing CH,4 in many sedimentary sequences plays in
the carbon cycle. Anaerobic methane oxidation
(AMO), which is the oxidation of CH4 to CO, using
SO; ™ as the terminal electron acceptor, has been found
to coincide with the sulfate—methane transition (SMT)
zone in many regions ([1-15]; and others). AMO is
thought to convert a large fraction of the globally
produced CH,4 to CO, [16] and has been linked to the
formation of carbonate minerals [8,17-20].

AMO is mediated by a consortium of bacteria and
archea [21-25]. This process occurs through the net
reaction

CH, + SO;"—HCO; +HS™ + H,0 (1)

[3], where CH,4 and SO, are consumed in a 1:1 molar
ratio. Areas in which AMO is occurring, such as
organic-rich sediments along continental shelves, are
characterized by a distinct SMT [3,5,16], an increase
in carbonate alkalinity, a variety of different types of
methane profiles [1-4,26,27], and a distinctive pattern
of 8'3C in dissolved inorganic carbon (DIC). The 6'*C
pattern is brought about by methanogenesis beneath
the SMT according to

2CH,0—CH, + CO, )

which produces isotopically heavy CO, and light CH,
[4,28]. This results in heavier 8'°C pore water values
at depth and lighter values in the SMT due to
oxidation of the isotopically light CH4 (Eq. (1)).
Values of 8'°C in CH4 commonly range between
—50%o0 and —110%o [28].

In addition to its potential importance to the carbon
cycle, AMO may play a critical role in the formation
of dolomite in marine sediments. Although dolomite
is one of the most abundant carbonate minerals, the
method of its formation remains elusive, and the
“Dolomite Problem” continues to be of wide interest.
Under normal seawater conditions, dolomite is the
most oversaturated carbonate mineral (e.g., [29]), and
many pore waters are commonly supersaturated with
respect to it (e.g., [30]). Although a major constituent

of ancient sedimentary rocks, dolomite was only
recently found in modern sediments [30-32]; and
references therein).

Dolomite formed in relation to organic-rich
marine sediments has been termed organogenic
dolomite [30]. This type of dolomite is thought to
be directly related to the diagenetic processes of
sulfate reduction, methane oxidation, and methano-
genesis ([32]; and references therein), as described
further below, and is also controlled by the sources
and sinks of dissolved Ca, Mg, and carbonate ions.
Dissolution of existing primary calcite can provide a
source of Ca [30,31,33]. Addition of Mg from
subsurface advection and release from clays and
other sources has been proposed, but, for most
marine dolomites, these are considered to be minor
sources [31]. Pore water depth profiles from the Deep
Sea Drilling Project (DSDP) and Ocean Drilling
Program (ODP) often show a gradual decrease in Mg
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concentration, which is attributed to downward
diffusion from seawater and formation of dolomite
at depth (e.g., [30,31]). This implies that dolomite
has to occur while the sediments are at relatively
shallow subbottom depths for there to be a significant
diffusive flux of Mg.

Potential sources of carbonate ion for dolomite
formation include the dissolution of calcite, diffusion
from seawater, AMO (Eq. (1)), and methanogenesis
(Eq. (2)). The first two of these processes are
relatively straightforward to assess, while the linkage
between AMO, methanogenesis, and the potential
inhibition of dolomitization by sulfate or Mg com-
plexation remains unknown [32,34,35]. Because Mg
and Ca can form complexed ions with sulfate, along
with phosphate and carbonate, a lower effective
concentration may result, which would inhibit dolo-
mite formation. Furthermore, Lippman [37] found that
hydration of these ions is relatively strong, especially
in low concentrations of CO?", and Pytkowicz and
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Hawley [38] found that 11% of Mg and Ca in
seawater are either hydrated or complexed ions.
Arvidson and Mackenzie [39,40] have found that,
while the interpolated rate at which dolomite forms at
ambient temperatures is very slow, it is influenced by
the carbonate alkalinity. An additional complication in
accurately describing the environments and methods
by which dolomite forms is that the thermodynamics
of the system are poorly constrained. The calculated
solubility product of dolomite varies by over two
orders of magnitude [41,42], and so it is difficult to
accurately predict when a solution is saturated with
respect to dolomite.

We address these issues using an extensive pore
water and sedimentary data set [43] gathered during
ODP Leg 175 along the west African Margin (Fig. 1).
In this region, many previous workers have docu-
mented the occurrence of AMO [11,15,44], and
diagenetic dolomite occurring both as dispersed
rhombs and as discrete layers up to several tens of
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Fig. 2. Pore water profiles for ODP Site 1081. Measured 8'>C of the pore water are represented by ¢, and 8'°C of dolomite beds [47] are
represented by A. Concentrations are in mM for sulfate, alkalinity, Ca, and Mg, mmol/L for methane, and %0 PDB for 513C.
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centimeters thick have also been recovered ([45]; Fig.
2). As such, the data set is ideal to explore the
relationship between AMO, sulfate inhibition, meth-
anogenesis, and other parameters and to machinate on
their potential effects on dolomite formation.

2. Site description and analytical methods

ODP Leg 175 occupied 13 sites off the coast of
west Africa between 5°S and 32°S, with the goal of
reconstructing the upwelling history of the Benguela
current. This area is one of the largest regions of
upwelling in the world and is characterized by
organic-rich sediments and high sedimentation rates
[45]. Sites were selected to cover a variety of
geographic and depositional settings, including the

Congo River fan, the Angola Dome, Walvis Ridge,
and sites south of Walvis Ridge associated with
intense upwelling (Fig. 1). Recovered sediments were
primarily composed of diatomaceous and carbonate-
rich clays [45]. We examine Sites 1081, 1082, and
1084 based upon their sampling resolution near the
SMT and throughout the depth of the recovered
material, the amount of dolomite observed, and
shore-based analyses.

Sediment, pore water, and headspace CH,; were
analyzed aboard the JOIDES Resolution according
to standard ODP procedures, and the methods and
data may be found in Wefer et al. [45]. Shore-based
analyses of 6'°C were conducted for organic carbon
[46], dolomite [47], and dissolved inorganic carbon
(DIC). For 8"°C measurements of DIC, samples
were acidified with orthophosphoric acid, and the

Table 1
ODP Leg 175 DIC 6"*C (%0 PDB)
Site 1081 Site 1082 Site 1084
Depth 81%C Depth 81°C Depth 8" C Depth 81°C
(mbsf) (mbsf) (mbsf) (mbsf)
5.40 —8.16 1.40 —2.23 43.15 3.39 1.40 —4.99
13.30 —13.23 2.90 —4.02 44.55 4.04 5.90 —9.10
24.30 —15.06 4.40 -7.27 47.05 4.94 10.40 —3.68
33.80 —17.95 7.53 —13.06 48.45 8.12 16.90 1.68
52.80 —22.09 9.20 —14.47 49.85 6.51 26.40 5.99
71.80 —17.96 10.70 —16.24 51.35 7.60 35.80 8.91
81.30 —11.89 12.10 —16.18 52.75 6.16 45.20 10.16
90.80 —4.97 13.50 —18.07 59.65 8.57 64.30 12.23
100.30 1.38 14.90 —17.85 78.45 10.59 73.80 13.61
128.94 9.29 16.25 —19.03 88.39 10.91 86.40 14.59
150.35 11.56 18.55 —20.46 97.50 12.22 93.07 13.86
178.20 9.05 19.95 —19.91 107.04 13.01 101.16 14.94
207.20 10.07 21.35 —19.17 131.07 13.88 130.90 16.05
235.80 9.99 22.75 —13.43 160.10 13.28 155.40 13.98
264.75 10.20 25.55 —9.42 189.77 13.04 193.88 12.74
323.00 8.40 28.05 —5.63 219.61 12.56 221.50 12.33
380.38 7.70 29.45 —3.60 248.75 12.35 253.30 12.15
409.28 8.04 30.85 —5.43 277.65 11.78 281.64 12.15
441.15 5.60 32.25 —2.35 306.49 11.41 310.91 12.45
33.65 —1.50 334.04 11.20 340.00 12.16
35.05 1.96 365.04 10.32 368.80 11.42
37.55 1.17 392.34 9.89 397.70 11.39
38.95 1.96 420.55 8.74 427.05 13.71
40.35 2.34 461.61 6.72 457.10 10.69
41.75 2.67 489.05 5.95 483.19 9.92
540.60 8.39
571.30 7.44

599.90 6.11
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evolved CO, measured on an Optimal gas-source
mass spectrometer. Precision of the §'°C measure-
ments of DIC is £0.1%o, and the data are provided
in Table 1.

3. Approach
3.1. Diffusive fluxes

We calculate pore water fluxes by applying Fick’s
first law of diffusion

Ji= = 9D (3)
where J; is the flux of species i, ¢ is the porosity, D;
is the diffusivity in sediment of species i, C; is the
concentration of species i, and z is depth from
sediment-water interface (increasing downward).
Steady-state conditions (abf" = ) are assumed.

For purposes of this study, we will assume that the
flux due to advection is slow relative to the diffusive
term and can therefore be ignored, which is a common
approach in studies of this kind [48—50]. Fluxes of Mg
and Ca were calculated from Eq. (3). Fluxes of SO,
and CH4 were calculated based upon measured pore
water profiles using the PROFILE model [49]. The
PROFILE model is a profile interpretation method
and has been used to calculate the diffusive flux of
SO3~ in nearby sediments [11].

Values of D; were calculated according to Iversen
and Jorgensen [51]

D

Di=——— 4
T 3(1—9¢) “)

using the values of D provided in Table 2.

Table 2

Diffusion coefficients (D)*°

°SO, 2.08x102

°CH,4 331x1072

Mg 1.26x1072

dCa 1.36x1072

HCO,4 1.94x1072

 Units are m” year .

® Calculated at 4 °C and average porosity for the sites.
¢ From Iversen et al. [51].
4 From Atkins [66].

3.2. Anaerobic methane oxidation

As mentioned above, the presence of AMO can be
recognized in pore water profiles by a distinct SMT
and a subsequent decrease in DIC §'°C and increase
in alkalinity. Based upon Eq. (1), the flux of SO, and
CH, into the SMT should be equal:

Jso, —Jen, = 0. (5)

If SO, and CHy are being consumed in a 1:1 molar
ratio (i.e., if they both have the same flux into the
SMT), then it is reasonable to conclude that AMO is
occurring, as has been the case in many similar studies
of the west African Margin [11,15,44].

To quantify the contribution of AMO to pore water
DIC (Eq. (1)), and therefore alkalinity, we employ an
isotope mass balance [16,52] as follows:

6" Crin — 6" Chiq ,

%CO =
0-Y2(CHy) 813CCH4_813Cbkg

100, (6)

where %CO,(cn,) is the percent of the ) CO, that is
derived from methane oxidation, §°C,;, is the
minimum value of DIC §'3C observed at the SMT,
613Cbkg is the background DIC &"°C value (0%o to
4%0; [16]), and 813CCH4 is the 8'°C of methane
(—50%0 to—110%o; [28]).

3.3. Dolomite formation and calcite dissolution

As the exact pathway by which dolomite forms in
organic-rich marine sediments is still unknown, we
base our discussion upon the general equation

Ca’* + Mg™" 4 2C05~>CaMg(CO3), . (7)

This does not take into account the effects of
complexed ions and pH (e.g., [36]), but it is sufficient
to describe the process of dolomite formation in a
general sense. Assuming that the effects of uptake/
release of Mg®" from clay are minimal [31,34,53],
then the rate of dolomite precipitation is equal to J™&
(the diffusive flux of Mg). Assuming that stoichio-
metric dolomite is being formed, the rate of Ca taken
up into dolomite, J Si;lomim will equal the rate of Mg
consumption. However, the Ca®>" concentration of the
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pore water reflects both dolomite precipitation and
calcite dissolution/precipitation, so the combination of
Ca*" and Mg”" data can be used to quantify the rates
of precipitation and/or dissolution of both carbonate
minerals.

3.4. Quantification of uncertainty

To assess the validity of our approach, we
quantified the uncertainty introduced by the assump-
tions described above. One source of uncertainty
present in each flux calculation (regardless of
species) arises from the assumption that the effect
of advection caused by sediment compaction is
minor. Lerman [54] noted that changes similar to
what is observed here will result in an uncertainty
of ~10%. Uncertainty in our analytical methods
(e.g., measurements of SO3 ) is much less than that
in our other calculations and can therefore safely be
ignored. Uncertainty introduced by use of the
PROFILE program [49] was tested by varying the

SO, (mM)

40 0 20

|

Mg and Ca

physical parameters of the model (boundary con-
ditions, etc.) and was found to be less than 10%.
Uncertainty in 4 Jcy is similar to that of Jgo, but is
less precise due to the sampling methods employed
by the ODP. Uncertainty in Jyig, Jc, and the rate of
dolomite formation come largely from three sources
[29-31,34,39]: the assumption that Mg is supplied
only by seawater, the uptake/release of Mg and Ca
from clays, and the assumption that stoichiometric
dolomite is being formed. Based upon representative
calculations, the uncertainty in these processes is
approximately a factor of two.

Overall, uncertainties of the scale described here
are common in pore water studies (e.g., [10,54,55]) as
the processes targeted by these studies can be
successfully addressed by even order-of-magnitude
constraints. For example, published time scales in
which “dolomite precipitation” occurs are dim at best
and range from thousands to millions of years [56,57]
at surface conditions and, to our knowledge, have yet
to be more precisely constrained.
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Fig. 3. Pore water profiles for ODP Site 1082. Concentrations are as in Fig. 2. Dashed lines indicate the location of dolomite beds [47].
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4. Results

Site 1081 is characterized by having the highest
amount of dispersed and bedded dolomite observed in
these three sites (Fig. 2), the lowest alkalinity (Fig. 2),
and the lowest sedimentation rate (40—150 m/my).
Site 1082 is characterized by having intermediate
values of alkalinity (Fig. 3) and sedimentation rate
(70-200 m/my). Additionally, this site has less
observed dolomite than Site 1081. Site 1084 has the
highest measured alkalinity (Fig. 4), highest sedimen-
tation rates (100-270 m/my), and has only one
observed bedded dolomite layer. The occurrence of
dispersed dolomite can be found in [45], and the
locations of bedded dolomites are from Pufal and
Wefer [47]. Additionally, Site 1084 has the second
highest recorded alkalinity and NH4 recovered by the
DSDP or ODP [43], exceeded only by Site 688 along
the Peru Margin [58] and, as shown below, behaves
significantly different from the other sites.

4.1. Occurrence of anaerobic methane oxidation

4.1.1. Site 1081

Pore water profiles at Site 1081 exhibit the
characteristic pattern describing the occurrence of
AMO ([9-13,15,44,49]; and others). At a depth range
between 50 and 70 mbsf, there is a distinct transition
between sulfate and methane (Fig. 2). Above this
depth, the sulfate profile is nearly linear, indicating
that there is diffusion with negligible consumption,
and therefore the breakdown of organic matter by
sulfate reduction is only of minor importance [13,48].
Below the SMT, the methane profile is also nearly
linear for 20 m and then becomes more irregular with
depth, which most likely represents methane loss
during the ODP sampling process (e.g., [59]).

The DIC $"°C minimum at the SMT (—22.09%o
PDB, Fig. 2) is slightly more negative than that of the
8'°C of the total organic carbon (TOC) found at this
site (~—21%o0 PDB, [46]). If only the degradation of
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Fig. 4. Pore water profiles for ODP Site 1084. Concentrations are as in Fig. 2. Dashed lines indicate the location of dolomite beds [47].
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organic matter were occurring through this depth
range, then the 6'°C values of the DIC in pore water
should have a value between that of seawater (0%o
PDB, [60]) and this organic matter. Thus, the isotope
signature indicates the addition of an additional source
of light carbon. The most likely source is AMO,
which produces 8'°C values that are isotopically
lighter than that predicted from simple mixing of the
carbon derived from the degradation of organic matter
and seawater, consistent with the observed values.

In the region above the SMT, the DIC '>C profile
is concave downward and approaches 0%o PDB at the
sediment water interface. Below the SMT, the DIC
8'°C profile is also concave downward and reaches a
maximum of +11.56%0 PDB at 150 mbsf. These large
positive values result from methanogenesis below the
SMT due to the preferential uptake of '*C into
methane and partitioning of *C into CO, [61].
Additionally, alkalinity increases at the SMT (Fig.
2), consistent with the production of either/or HCO3,
CO3, and HS™ during AMO (Eq. (1)).

The flux of sulfate and methane into the SMT can
be used to calculate the rate of AMO ([9—
11,13,15,44,50]; and others). Using the PROFILE
model [49] to calculate the flux of SO, and CH,4 into
the SMT (Fig. 2), we obtain a flux of —2.8x10~* mM
m~? year ' for SO, and —2.1x10"* mmol/L m >
year ' for CH,. These two values are in approximate
balance, particularly considering the large uncertainty
in the ODP CH,4 measurements. Using the isotopic
mass balance (Eq. (6); [16,52]) gives an AMO
contribution of 31% to the total carbonate alkalinity
at the SMT. These results are comparable to those of
Zabel and Schulz [15] who found that AMO
contributed ~30% of the > CO, in the same region.

4.1.2. Site 1082

Site 1082 exhibits the characteristic pore water
profile of a distinct SMT and a subsequent decrease in
6'°C (Fig. 3). The SMT occurs between 18-24 mbsf
and has a nearly linear SO, profile, indicating, as at
Site 1081, that the breakdown of organic matter by
sulfate reduction is minor [13,48]. However, unlike
Site 1081, alkalinity does not peak at the SMT,
although there is a noticeable change in the profile at
that depth. Alkalinity continues to increase with depth
below the SMT, indicating that there is another
source, most likely related to CH4 production (Eq.

(2)), as can be seen by the increase in 6'°C values.
The rate of SO, consumption is —3.9% 107> mM m >
year_l, and the rate of CH,; consumption is
—5.8x107> mmol m 2 year '. The contribution of
AMO to the total alkalinity from the isotope mass

balance calculation (Eq. (6)) is 29%.

4.1.3. Site 1084

At Site 1084, the SMT is located at the very
shallow depth of 6 mbsf, with a subsequent decrease
in 8'°C (Fig. 4). The characteristic increase in
alkalinity is not seen at this specific depth most likely
due to high rates of methanogenesis at depth. As at
Site 1082, alkalinity continues to increase with depth
below the SMT, indicating that there is another
source, most likely related to CH4 production (Eq.
(2)), as can be seen in the 5'°C profile (Fig 4). The
rate of SO4 consumption is —1.6x10™% mmol m 2
year ', while the rate of CH4 consumption is
—6.7x107> mmol m 2 year '. These results agree
within 41%, and the difference between them is most
likely an artifact of CH,4 degassing. The contribution
of AMO to the total alkalinity from the isotope mass
balance calculation (Eq. (6)) is only 12%, indicating
that the upward diffusive flux of CO, produced during
methanogenesis dominates the pore water alkalinity.

4.2. Mg and Ca pore water fluxes

Considering all sites together, the diffusive fluxes of
Mg and Ca can provide insight into the rates of calcite

Table 3

Calculated diffusive fluxes®
Depth JMe Depth Je8
(mbsf) (mbsf)

Site 1081 2.4-100 1.1x1073 2.4-35 1.2x1073
100-260 1.3x107% 35-441 —5.4x107°
260-441 7.6%x10°°

Site 1082 1.4-20 3.4x1072 1.4-20 2.8x107°

20-45 2.8x107* 20-586 —5.7x107°

45-70 —8.6x10°*

70-130 8.8x1074
130-390  3.0x107*
390-586 —1.3x10°°

—22x1073 1.4-10 5.7x1073
7.2x107% 10-600 —5.6x107°
1.8x107*

Site 1084 1.4-65
65-370
370-600

mM m > year’].

a
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dissolution and dolomite precipitation and the depth
domains in which they are occurring. Diffusive fluxes
were calculated using Eq. (3) and are listed in Table 3.
All three sites have the same basic pore water trends
with depth. Dissolved Ca®" initially decreases to a
minimum of ~3 mmol/L. Dissolved Mg”" decreases
with depth, and the rate at which it decreases changes
abruptly at depth. Site 1081 demonstrates this most
clearly, while Sites 1082 and 1084 have more
variability in the upper sediments.

5. Discussion

5.1. Anaerobic methane oxidation, methanogenesis,
and > DIC

Rates of AMO observed here agree well with other
observed rates on the west African Margin [15] and
the Black Sea [13]. The rate of AMO and the depth of
the SMT appear to be directly related, where Site 1081
has the lowest rate of AMO with a deeper SMT and
Site 1084 has the highest rate of AMO with the
shallowest SMT. Furthermore, the rate of AMO is
positively correlated with sedimentation rate. This
could be due in part to enhanced organic matter
preservation, especially of the more labile fraction, at
higher sedimentation rates, which could then result in
higher rates of methanogenesis. The potential effect of
differences in grain size and other parameters perhaps
critical to the degradation of organic matter [62—65]
cannot be examined given the available data set but
may also be important.

Since the amount of SO, supplied by seawater
from above the SMT is diffusion-limited, CH,
production and diffusion will control the rate of
AMO and the depth of the SMT. From Eq. (3), the
flux of a species can be increased by either making the
change in concentration greater (0C) or making the
change in depth smaller (0z). From Eq. (5), Jcp, and
Jso, at the SMT should be equal, and therefore, as the
rate of methanogenesis increases, Jcy, will also
increase, which will result in a higher rate of AMO.
To increase Jso,, the depth of the SMT must be
shallower (closer to the seawater source). This trend
can be verified by the increase in alkalinity and rates
of AMO and depth of the SMT between Sites 1081,
1082, and 1083 (Figs. 2—4; Table 2).

5.2. Dolomitization: competition between AMO and
methanogenesis

The trends between these three sites are also
reflected in the amount of dolomite observed,
although it is counterintuitive to what would be
expected were the total alkalinity is the main
controlling feature of dolomitization. Recall that Site
1081 has the lowest total alkalinity of the three sites
yet the most abundant dolomite, and Site 1084 has the
extremely high total alkalinity yet minimal dolomite.
As the formation of dolomite is dependent in part
upon the concentration of CO3;~ (Eq. (7)), it is the
speciation of dissolved carbonate in the system, not
the total alkalinity, which directly affects the for-
mation of dolomite. Both AMO and methanogenesis
increase the pCO,, which shifts the carbonate
equilibria towards H,CO3 and lowers the carbonate
saturation state. However, AMO also increases the
alkalinity, which will increase CO3 , more than
compensating for the increase in pCO,. Depths where
the alkalinity is dominated by AMO should favor
dolomite formation, while depths dominated by
methanogenesis should not. Hence, the speciation of
>"CO, associated with AMO and methanogenesis is
controlled by the relative rates of AMO and methano-
genesis. Based upon this, the carbon isotope mass
balance (Eq. (6)) can be used to determine the
contribution of AMO to > CO, and thereby predict
at which sites the formation of CO7~ and dolomite are
favored.

Depths where dolomite is forming at present can be
identified where there are significant sinks in the
dissolved Mg profile. We predict that dolomite should
be forming below 100 mbsf at Site 1081, between 20—
70 mbsf and below 390 mbsf at Site 1082, and below

Table 4
Calculated rates of dolomite formation™”
Depth Rate of formation
(mbsf)
Site 1081 100-260 1.3%x107%
260-441 7.6x107°
Site 1082 20-45 2.8x10°%
70-390 3.0x107*
Site 1084 370-600 1.8x107*
*mMm Zyr
b See Eq. 7.
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~400 mbsf at Site 1084. Calculated rates of dolomite
formation are equal to the flux of Mg*" into these
areas and are listed in Table 4. The amount of Ca*"
taken up during dolomite formation is equal to the
amount of Mg (Eq. (7)). Dissolved Ca at all three sites
reach a minimum of ~3 mM at a relatively shallow
depth followed by a gradual increase with depth. At
Site 1081, the fluxes of Ca and Mg are initially similar
until Ca reaches a minimum at 35 mbsf. Below this,
Mg continues to decrease, while Ca remains relatively
constant. This suggests the formation of an authigenic
Ca-bearing mineral phase near the SMT, such as that
seen by Zabel and Schulz [15] in the Congo Fan, and
that the pore waters are in equilibrium with a Ca-
bearing mineral phase below this depth. The profiles
clearly indicate that the Mg depletion is deeper,
indicating that Ca is not limiting the formation of
dolomite and that the dissolution of the Ca-bearing
phase between 35 mbsf and the deep Mg sink is
providing the additional Ca necessary for dolomitiza-

tion at depth. The same trend is seen in Sites 1082 and
1084. This is dolomitization as calcite is dissolving
and being replaced at depth by dolomite. Using a log
K, of —8.48 for calcite (25 °C, 1 atm; [28]), the pore
water [CO3 ] can then be calculated for any pore
waters where the sediments are in equilibrium with
calcite (i.e., where the dissolved Ca concentration
remains relatively constant) by

K .

2—7 _ fspCalcite

[CO3 | = ] (8)
Once the CO3~ concentration of the pore waters

has been determined, the ion activity product IAP of

dolomite can be calculated by

IAPDolomite = [Ca] [Mg] [CO3]2 (9)

Assuming that concentration is equal to activity,
the measured [Mg] and [Ca] and the calculated [CO5]
can be substituted into Eq. (9), and the log IAP can
then be found for all depths at which calcite is

Log IAP for Dolomite
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-16
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Fig. 5. Calculated log IAP values for dolomite in ODP Sites 1081, 1082, and 1083. Grey area indicates depths at which the log IAP of dolomite
is greater than 16.1. Stars indicate depths of predicted dolomite formation based upon the dissolved Mg profiles.
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dissolving. Although our IAP calculations neglect the
effects of temperature and pressure on the equilibrium
constant of calcite, this will introduce much less
uncertainty than the assumption of equilibrium with
calcite. Comparing the log IAP values (Fig. 5) to areas
in which dolomite is predicted to be forming (Table 3)
reveals that, at all three locations, dolomite is forming
at alog IAP of —16.1 to —16.2 or lower. If dolomite is
precipitating when the IAP of the pore waters is equal
to or lesser than the K, of dolomite, then the log K,
for dolomite in these sites will then be equal to the log
IAP (—16.1 to —16.4) at which dolomite initially
begins to form. These values are more than an order of
magnitude greater than the predicted range of log K
for stoichiometric dolomite (log K=—17.33 to
—19.71; [42]; and references therein) but agree
extremely well with calculated log K wvalues of
disordered dolomite (log K=—16.52; [41]).

Stratigraphically above the SMT, the IAP of
dolomite could not be calculated since the concen-
tration of dissolved Ca is changing, and hence we
cannot assume equilibrium with calcite. However, SO4
is thought to inhibit dolomite formation [34,36], and
its presence shallower than the SMT could therefore be
preventing dolomite formation. At Site 1082, the
decrease in [Mg] between 20—45 mbsf could be
interpreted as indicating dolomite formation [43].
However, this is not supported by the calculated IAP
values. We interpret the Mg decrease, therefore, as
indicating nonsteady state conditions in this narrow
depth range by a process which has not yet been
identified. At Site 1084, the peak in dissolved Mg at 65
mbsf is most likely due to the dissolution of previously
formed dolomite (such as in Site 1082) or of another
Mg-bearing mineral phase. It is unlikely that complex-
ation of Mg (e.g., by CO3~ or C17) is responsible for
the maximum at Site 1084 as the Mg values exceed
seawater concentrations, and thus the maximum must
be caused by addition from some other Mg source.

Further evidence for spatially and geochemically
linking AMO and dolomite precipitation is demon-
strated by the 8'°C values reported by Pufahl and
Wefer [47] for the bedded dolomites in this region
(Fig. 2). These values parallel the pore water 6'°C
values at depth, with the lighter values seen in these
beds, indicating that they had to have initially formed
near 100 mbsf and that continual dolomite precip-
itation has been occurring.

6. Summary and conclusions

Pore water profiles from deep drilling sites visited
during ODP Leg 175 along the west African Margin
provide a good natural laboratory to study the
formation of dolomite in modern organic-rich sedi-
ments. The three sites discussed here record a
progression in methanogenesis and dolomitization.
The depth at which SO, is depleted is related to
alkalinity, and sites with high alkalinity typically
have a shallow SMT. In general, dissolved Mg
decreases with depth, and the pore water profile
undergoes a noticeable change, which is attributed to
dolomite formation. Dissolved Ca typically decreases
with depth until it reaches a concentration of ~3 mM
after which it gradually increases due to calcite
dissolution.

Diffusive fluxes calculated from pore water pro-
files of dissolved SO, and CH, demonstrate that there
is a correlation between sedimentation rate, the rate of
AMO, and the depth of the SMT, with higher rates of
methanogenesis causing higher rates of AMO and a
shallow SMT. Additionally, sites with higher rates of
AMO have less dolomite than those with lower rates
of AMO. The rates of dolomite formation are
relatively constant regardless of the depth at which
it is forming, indicating that the diffusive fluxes of Mg
and Ca are not limiting. Instead, the concentration of
CO3~ appears to control the stability of dolomite
based upon the calculated log IAP. Additionally, the
formation of dolomite appears inhibited by the
presence of SO, most likely due to the presence of
Mg-SO, complexes.

The formation of dolomite in these sites is
controlled by competition between AMO and
methanogenesis on the speciation of dissolved pore
water CO,. Both AMO and methanogenesis
increase the pCO,, shifting the carbonate equilibria
towards H,CO; and lowering the carbonate satu-
ration state. This increase in pCO, prohibits the
formation of dolomite at the alkalinity maximum.
However, the increase in alkalinity during AMO
increases the CO3~ concentration, offsetting the
increase in pCO,, resulting in a net increase in
CO3 . By regulating the pCO, and alkalinity,
methanogenesis and AMO control the formation
of dolomite in organic-rich marine sediments. These
findings allow us to calculate the stability constant
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for dolomite in a modern environment. Additionally,
they provide us with the methods to predict the
formation of dolomite in modern organic-rich
marine environments.
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