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Abstract

Sediment cores retrieved in the Benguela coastal upwelling system off Namibia show very distinct enrichments of solid phase

barium at the sulfate/methane transition (SMT). These barium peaks represent diagenetic barite (BaSO4) fronts which form by the

reaction of upwardly diffusing barium with interstitial sulfate. Calculated times needed to produce these barium enrichments

indicate a formation time of about 14,000 yr. Barium spikes a few meters below the SMT were observed at one of the investigated

sites (GeoB 8455). Although this sulfate-depleted zone is undersaturated with respect to barite, the dominant mineral phase of these

buried barium enrichments was identified as barite by scanning electron microscopy (SEM). This is the first study which reports the

occurrence/preservation of pronounced barite enrichments in sulfate-depleted sediments buried a few meters below the SMT. At

site GeoB 8455 high concentrations of dissolved barium in pore water as well as barium in the solid phase were observed.

Modeling the measured barium concentrations at site GeoB 8455 applying the numerical model CoTReM reveals that the

dissolution rate of barite directly below the SMT is about one order of magnitude higher than at the barium enrichments deeper

in the sediment core. This indicates that the dissolution of barite at these deeper buried fronts must be retarded. Thus, the

occurrence of the enrichments in solid phase barium at site GeoB 8455 could be explained by decreased dissolution rates of barite

due to the changes in the concentration of barite in the sediment, as well as changes in the saturation state of fluids. Furthermore,

the alteration of barite into witherite (BaCO3) via the transient phase barium sulfide could lead to the preservation of a former barite

front as BaCO3. The calculations and modeling indicate that a relocation of the barite front to a shallower depth occurred between

the last glacial maxium (LGM) and the Pleistocene/Holocene transition. We suggest that an upward shift of the SMT occurred at

that time, most likely as a result of an increase in the methanogenesis rates due to the burial of high amounts of organic matter

below the SMT.
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1. Introduction

Sediments which underlay areas of high primary

productivity are often enriched in barium bearing

solid phases [1–5]. The link between productivity and

the amount of barium in the sediment is thought to be

established by the formation of distinct barite (BaSO4)
etters 241 (2006) 876–887



Table 1

Location and water depth of GeoB stations of the investigated gravity

cores

Stations Longitude

[E]

Latitude

[S]

Water depth

[m]

GeoB 3703-8 13813.8 25831.1 1369

GeoB 3718-9 13809.8 24853.6 1312

GeoB 8426-3 13821.1 25828.9 1045

GeoB 8455-2 13811.0 25830.4 1503

N. Riedinger et al. / Earth and Planetary Science Letters 241 (2006) 876–887 877
particles in the water column associated with the decay

of organic matter or rather the decay of phytoplankton

[3,6–8]. Thus, in marine deposits barite is often used as

a tracer of paleoproductivity [9–12]. Besides the utili-

zation of excess barium, in particular barite, as a

productivity-proxy several other indications can be

drawn from barium compounds. Marine barite is

often used to reconstruct past Sr isotope compositions

of seawater, or for Sr isotope stratigraphy [13,14].

Furthermore it can be applied to reconstruct the former

sulfur isotope ratio of marine sulfate [15,16], or to

draw conclusions about past changes in the upward

flux of methane [17].

However, the use of barium as a proxy (e.g. for

paleoproductivity) is clearly limited as shown in several

studies [9,12,18]. The alteration of the primary barium

signal by diagenetic processes is one of the most impor-

tant limitations for the application of barium and bari-

um-compounds as a proxy. Generally, barite is relatively

resistant to alteration after burial [14,19]. However, in

zones of sulfate depletion barite is dissolved and barium

is released into the pore water. The upward transport of

barium by diffusion into sulfate-bearing pore waters is

leading to precipitation of authigenic barite in diagenetic

fronts. Thus, barite fronts are mainly found directly

above the sulfate penetration depth, at the sulfate/meth-

ane transition (SMT) [9,17,20–22]. The formation of

authigenic barite fronts is affected by diagenetic alter-

ation due to sulfate reduction and driven by anaerobic

oxidation of methane (AOM) [17,23]. Nonsteady-state

diagenesis greatly influences authigenic barite precipi-

tation [24]. Drastic decreases in sedimentation rate can

fix the barite front at a discrete interval which can lead to

the formation of large barite deposits [22]. Moreover,

changes in methane flux can shift the SMT and thus the

position of the barite front [17]. Thus, barite fronts can

be used to reconstruct changes in the upward flux of

methane. However, generally only former barite fronts

above the current depth of the SMT which formed in

association with a downward migration of the SMT

can be used. Burial of barite enrichments in sulfate-

depleted sediments is assumed to result in their fast

dissolution. Up to now, barium enrichments preserved

below the SMT have only been described in deeply

buried sediments, drilled by the ODP (Ocean Drilling

Program). These barium enrichments were mostly de-

scribed as the result of hydrothermal intrusions or

associated with fluid seeps [9,25,26].

In this study we report on barite enrichments at the

SMT and in addition we present data of solid phase Ba-

enrichments in the sulfate-depleted zone. Scanning elec-

tron microscopy (SEM) and energy dispersive spec-
trometry (EDS) were carried out for identification and

semi-quantification of the Ba phases in the sediment.

Furthermore, we discuss the mechanisms and/or condi-

tions which lead to the preservation of the barite enrich-

ments below the SMT. To investigate the processes

involved, we applied numerical modeling of the geo-

chemical data and we calculated the time needed to

produce the barium peaks observed.

2. Materials and methods

2.1. Sampling sites

The gravity cores (Table 1) investigated in this study

were retrieved on a down slope transect (T2) on the

continental margin off Namibia in the eastern South

Atlantic (Fig. 1) during RV Meteor expeditions M34/2

and M57/2. The sediments in the Eastern Cape Basin

are characterized by low input of terrigenous matter and

high biogenic contents. The high amounts of organic

matter (up to 12 wt.% at site GeoB 8426, and 9 wt.% at

site GeoB 8455) in the sediment are due to the en-

hanced primary productivity in the surface water

[10,27]. The Benguela upwelling system is controlled

by the predominant southeasterly trade-winds that drive

the coastal upwelling of cold and nutrient-rich water

[28,29]. Occasional berg winds, perpendicular to the

coast, are the most important means of transport for

terrestrial material [29,30]. Minor amounts of terrige-

nous sediment are supplied by perennial rivers (Orange

River) and rivers sporadically carrying water, like the

Swakop River [31]. The deposition of river discharge is

limited to the shelf, and the slope mainly consists of

calcareous ooze [31,32]. Quaternary slumps and slides

can only be found close to the Walvis Ridge [27,33]

and do not represent important sediment transport pro-

cesses in the study area.

2.2. Sampling and sample processing

The sampling procedures and analytical techniques

are only briefly described below. For detailed infor-



Fig. 1. Map displaying the location of the investigated gravity cores taken at the GeoB stations. The dotted line marks the transect 2 (T2).
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mation regarding analytical methods and devices, the

reader is referred to Schulz [34] and to the homepage

of the geochemistry group http://www.geochemie.uni-

bremen.de at the University of Bremen. The set of pore

water and solid phase data is available via the geolog-

ical data network Pangaea (http://www.pangaea.de/

PangaVista?query=@Ref26531).

Immediately after retrieval gravity cores were cut

into 1 m segments on deck and from the bottom of

every segment syringe samples were taken for meth-

ane analysis. Syringe samples of 5 mL of sediment

were injected into 50 mL septum vials containing 20

mL of seawater, and were stored at �20 8C. To

prevent warming of the sediments, all cores were

placed in a cooling container and were maintained

at a temperature of about 4 8C. Within the first 2

days after recovery, gravity cores were cut lengthwise

into two halves and were processed in a glove box

under argon atmosphere. Sediment samples were

taken every 25 cm for pressure filtration. Solid

phase samples for total digestions, sequential extrac-

tions and mineralogical analyses were taken at 10 cm
intervals and were kept in gas-tight glass bottles under

argon atmosphere. To suppress subsequent alteration

processes the storage temperature for all sediments

was �20 8C. Teflon-squeezers fitted with 0.2 Am
cellulose acetate membrane filters were used for pres-

sure filtration (5 bar). For H2S determination, 1 mL

sub samples of the pore water were added to a ZnAc-

solution (400 AL) in order to fix all sulfide as ZnS.

Sub samples for sulfate determination were diluted

1 :20 and stored frozen for ion chromatography

(HPLC). All further analyses were carried out at the

University of Bremen. Methane was measured with a

gas chromatograph (Varian 3400) equipped with a

splitless injector, by injecting 20 AL of the headspace

gas. The concentrations were subsequently corrected

for sediment porosity. H2S was determined using a

titration method. Aliquots of the remaining pore water

were diluted, and acidified with HNO3 for determina-

tion of cations by atomic absorption spectrometry

(AAS, Unicam Solaar 989 QZ), and inductively cou-

pled plasma atomic emission spectrometry (ICP-AES,

Perkin Elmer Optima 3000 RL).

http://www.geochemie.uni-bremen.de
http://www.pangaea.de/PangaVista?query=@Ref26531
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All solid phase analyses were performed on anoxic

sub samples. Sample solutions obtained by total acid

digestion were analyzed by ICP-AES, with an analytical

precision of less than 3%. Solid phase samples from site

GeoB 3703 were measured using X-ray fluorescence

(XRF). Approximately 4 g of freeze dried and homog-

enized sediment material was poured into sample cups,

and analyzed using the compact benchtop energy-dis-

persive polarization XRF (EDP-XRF) analysis system

Spectro Xepos. Total carbon (TC) and total organic

carbon (TOC) contents were determined by measuring

freeze-dried and homogenized samples using a LECO

CS-300 carbon sulfur analyzer. For organic carbon anal-

ysis, the samples were treated with 12.5% HCl, washed

two times with Milli Q, and dried at 60 8C. The accu-

racy, checked by marble standards, wasF3%. Sediment

physical measurements of electrical resistivity, as a

measure of porosity and density, were performed at a

resolution of 1 cm on board using a GEOTEK Multi-

Sensor Core Logger (MSCL). Selected dry bulk sedi-

ment samples were analyzed by scanning electron mi-

croscopy (SEM) using a Philips XL30 SFEG (operating

between 10 and 12 kV) equipped with an EDAX energy

dispersive spectrometer (EDS). The non-embedded

powder samples were fixed on a carbon sticker, previ-

ously stuck onto the top of a standard SEM stub, and

coated under argon atmosphere with a 5 nm Pt/Pd layer.

2.3. Geochemical modeling

To simulate the process of barite dissolution and

reprecipitation, the column transport and reaction

model CoTReM was used. A detailed description of

this computer software is given in the CoTReM User

Guide [35] and by Adler et al. [36]. The transport

mechanism for the solid phase and pore water is the

sedimentation rate. The solutes in the pore water are

transported by molecular diffusion (Ds). Diffusion coef-

ficients were corrected for tortuosity [37] and temper-

ature (3 8C). The model area, representing the core

length of 12 m, was subdivided into cells of 5 cm

thickness. The time step to fulfill numerical stability

was set to 1�10�1 yr. Zero-order kinetics are calcu-

lated for the given reaction by defining maximum

reaction rates. The calculation of the reaction-specific

change in concentration at a specific depth (DCs,d) is

according to the equation:

DCs;d ¼ Rs;d � dtnum � SCs;d ð1Þ

Where Rs,d [mol L�1 yr�1] is the reaction rate, dtnum
is the time step used in the specific model run, and
SCs,d is a stoichiometric factor. The maximum rates are

used as long as they can be fulfilled by the available

amount of the reactant. If the amount decreases, the

rates were automatically reduced to avoid negative

concentrations [36]. Sulfate bottom water concentration

of 28 mmol L�1 and methane concentration of 0.0

mmol L�1, as the major pore water parameters, were

defined as the upper boundary condition. To allow

diffusion across the boundary, the lower boundary is

defined as an open/transmissive boundary. The diffu-

sive flux of methane into the model area from below

was defined by using a fixed methane concentration.

This methane value was defined to create the gradient

necessary to simulate the measured influx of CH4. All

input parameters are given in the respective section

below.

3. Results and discussion

3.1. Authigenic barite fronts

In contrast to the non-reactive terrigenous Ba phase,

biogenic barium is discussed as the labile Ba phase

which is subject to (partial) remobilization in marine

sediments due to sulfate depletion (e.g. [22,38]). The

biogenic barium fraction is part of excess barium that

can be calculated from the total amount of solid phase

barium and the ratio of terrigenous Ba /Al or Ba /Ti

[4,39,40] or determined by sequential extraction

[14,41]. At high productivity area, the main amount

of excess Ba in the underlying sediments is composed

of barite [42]. Because of the high productivity within

the Benguela upwelling area the input of reactive

(biogenic) barium into the sediment in this area is

high, while the amount of terrigenous barium is low

[40,43].

The pore water and solid phase barium profiles at

site GeoB 8426 (Fig. 2) display the typical diagenetic

cycling of barium as discussed by von Breymann et al.

[9]. The reactive solid phase barium is dissolved in the

sulfate-depleted zone below the SMT and Ba2+ is re-

leased into the pore water:

Ba2þ þ SO2�
4 X BaSO4 ð2Þ

The upward migration of the dissolved barium into

the sulfate-bearing zone leads to the precipitation of

authigenic barite at the SMT which is currently located

at about 3.20 mbsf at site GeoB 8426. Just below the

SMT, the solid phase profile shows a pronounced Ba

peak (Fig. 2). This Ba enrichment contains barite par-



Fig. 2. Profiles of pore water and solid phase at sites GeoB 8426 and GeoB 8455. At both sites barium enrichments occur with a second small peak

at the current sulfate/methane transition (SMT). At site GeoB 8455 two further barium enrichments are located a few meters below the SMT,

indicating a release of barium into the pore water displayed by the dissolved barium profile. The solid line indicates the modeled pore water profile

of barium.
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ticles which partially show dissolution structures (Fig.

3A). The bdoubleQ barium peak indicates a recent up-

ward shift in the SMT, with the small uppermost peak

representing the site of the current/active barite front.

Due to the diagenetic cycling of reactive barium, the

authigenic barite peak is slowly but constantly growing.

The active front slowly moves upward, keeping a con-

stant offset to the sediment surface, corresponding to

the SMT.

The penetration depth of sulfate in the study area is

controlled by the anaerobic oxidation of methane

(AOM) as shown by Niewöhner et al. [44]. At the

SMT sulfate is consumed, and hydrogen sulfide is

produced due to AOM (e.g. [45,46]):

CH4 þ SO2�
4 YHCO�

3 þ H2O þ HS� ð3Þ

The sulfate pore water profiles of the investigated

cores GeoB 8426-3 and GeoB 8455-2 show linear

decrease with depth (Fig. 2). At site GeoB 8455 the

SMT is located at about 3.80 mbsf, where solid

phase barium is enriched similar to site GeoB

8426 with a second larger peak slightly below the

SMT. In contrast to site GeoB 8426, the barium

solid phase profile at site GeoB 8455 is character-

ized by the occurrence of two further distinct Ba-

peaks a few meters below the SMT (Fig. 2). The

shape of the barium pore water profile reveals that

the deeper buried barium enrichments provide a

source of barium to the pore water. This indicates

the presence of reactive Ba solid phase. Selected

representative samples analyzed by SEM and EDS

indicate that the main Ba mineral present in the

barium solid phase is barite. Although the deeper

buried barite fronts, at depths of about 7.69 and 9.18

mbsf, are dominated by rather small particles, the

shape of the barite crystals is similar to those found

within the barite peak at the SMT. Some barite

crystals from the barite fronts in the sediments of

core GeoB 8455-2 are displayed in Fig. 3C–H. In

contrast to the displayed barite particles at 4.22

mbsf, the barite grains at 7.69 and 9.18 mbsf show

strong dissolution structures.

3.2. Time calculations for the formation of barite

enrichments

Under the premise of a constant diffusive upward

flux of barium into the sulfate-bearing zone, we

calculated the time needed to produce the measured

barium enrichment in the solid phase at the SMT.
The duration of barium precipitation can be simulated

assuming linear diffusive concentration gradients over

time (cf. [17]). Similar calculations for the enrich-

ment of iron sulfides were carried out by Kasten et

al. [47]. Slight changes in the average porosity have

substantial influence on the calculated enrichment

periods. It has to be clearly pointed out that the

calculated time needed for the formation of each

barium enrichment is just an approximation due to

these uncertainties. The calculation of the diffusive

fluxes was performed according to Fick’s first law

with a diffusion coefficient in free solution (D0) for

barium of 147.6 cm2 yr�1 which was corrected for

tortuosity [37]. The refractory amount of solid phase

barium (the mean concentration of barium in the

lowermost core sediments) at sites GeoB 8426 and

GeoB 8455 amounts to 500 and 650 ppm, respec-

tively, and the dry density of the bulk sediment

averages 2.7 g cm�3. If we assume an average

porosity of 70% for sediments at site GeoB 8426

and 75% for site GeoB 8455, the time needed to

produce the observed barium peaks at the SMT

would be about 14,000 yr. The variation of the

enrichment period due to different porosities is

given in Table 2. Assuming a decreasing barium

flux with time due to the decreased amount of reac-

tive barite at the deeper buried barium fronts or a

decreased dissolution rate, the calculated times would

be slightly overestimated. However, the results of the

calculation emphasize that the barite enrichments in

the deeper sediments at site GeoB 8455 were ex-

posed to a sulfate-depleted environment for at least

ten thousand years.

3.3. Numerical modeling

To assess the influence of different mechanisms

and/or conditions (e.g. dissolution rates, diffusive bar-

ium fluxes, or variations in methane flux or sedimen-

tation rate) on the amount and depth of solid phase

barium, we simulated different scenarios by numerical

modeling using the transport and reaction model

CoTReM.

Dissolution rates for core GeoB 8455-2 were

modeled by simulating the measured pore water

profile of barium. This computer simulation is

based on the assumption that the amount of diage-

netic barite which precipitated at the SMT, was

primarily supplied by upward diffusion of dissolved

barium, resulting from the dissolution of labile barite

in the sediment buried below the SMT, and the

recycling of input barite at the SMT. The concen-



Fig. 3. Scanning electron microscope images of barite crystals. (A) Large barite particle at site GeoB 8426 slightly below the SMT (3.83 mbsf). (B)

Energy dispersive spectra (EDS) of the barite particles displayed in (D). Images of barite at site GeoB 8455 at: (C) and (D): 4.22 mbsf. (E) and (F):

7.69 mbsf. (G) and (H): 9.18 mbsf. The barite particles of the last four panels (E–H) show strong dissolution structures.
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Table 2

Calculation of the time needed for the formation of barite enrichment

at the SMT for different porosities

Core Ba gradient

[mol m�3 cm�1]

Porosity

[%]

Period of time

[yr]

GeoB 8426-3 9.424 10�10 65 19,905

70 14,581

75 10,428

GeoB 8455-2 1.330 10�09 70 19,170

75 13,709

80 9439

The Ba flux is assumed to be constant over time, and the sediment dry

density averages 2.7 g cm�3 .
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tration of refractory solid phase barium below the

SMT was set to 650 ppm and the mean measured

input concentration above the SMT was 1000 ppm.

Methane concentration at the lower boundary was

set to 36 mmol/L transferred from the current gra-

dient into the zone of SMT. For site GeoB 8455 the

porosity of the sediment averages 75% (Fig. 2) and

we used a mean sedimentation rate of 10 cm kyr�1,

adopted from adjacent sampling sites at similar

water depths with sedimentation rates of 8–11 cm

kyr�1 [48,49].
Fig. 4. Pore water and solid phase profiles at sites GeoB 3703 and GeoB 3

The pore water data of sulfate and methane are taken from Niewöhner et al.

[47].
Modeling of the measured barium pore water pro-

file of site GeoB 8455 (Fig. 2) reveals that the disso-

lution rate of barite directly below the SMT is higher

than at the deeper buried Ba enrichments with rates of

1.1 Amol dm�3 yr�1. This rate is similar to the

dissolution rate for barite dissolution at methane cold

seeps reported by Aloisi et al. [50]. The modeled

dissolution rate decreases with depth down to 0.05

Amol dm�3 yr�1. This indicates that the dissolution

of barite at these deeper fronts is retarded compared to

the dissolution rates directly below the SMT. A further

interesting outcome of the model is that at steady-state

conditions the shape of the barium peak at the SMT

(mainly) depends on dissolution rate and sedimenta-

tion rate.

At the investigated sites, barite enrichments at the

SMT are characterized by a large peak and a second,

smaller one on top, representing the current barite

front. Thus, there must have been a slight recent

upward shift of the SMT, resulting in the formation

of the uppermost barite enrichment. To find out wheth-

er this process is limited to the investigated sites, we

compared barium solid phase data of adjacent coring

sites GeoB 3703 and GeoB 3718 (Fig. 4). The occur-

rence of similar barium profiles with a second larger
718. At the current SMT a second smaller peak occurs at both sites.

[44]. Solid phase data of core GeoB 3718-9 according to Kasten et al.
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peak directly below the SMT at all investigated sta-

tions reveal that the formation of these enrichments is

influenced by more regional process.

Modeling the current positions of the barium peaks

in core GeoB 8455-2 indicates enrichment due to

nonsteady-state situations. At steady-state conditions

only a single barite peak can be modeled. Increasing

sedimentation rate or methane flux leads to the forma-

tion of a second barite peak. Possible nonsteady-state

processes causing the formation of the observed barite

fronts could be related to the sediment composition,

the depositional dynamics, such as drastic changes in

the sedimentation rate, or variations in the upward

methane flux. An increase in the upward flux of

methane over a larger area can be caused by the

degradation of organic matter in deeper sediments, or

the decomposition of gas hydrate. High resolution

echosounder profiles, as recorded by the PARA-

SOUND shipboard system during the cruises, indicate

no depositional irregularities (e.g. caused by gravity

mass flows). This is in good agreement with results

from previous studies for this area [27]. Thus, the shift

of the SMT cannot be explained by such depositional

dynamics.

Although the thermodynamic stability criteria for

gas hydrate at the sampling sites are fulfilled, chem-

ical indications of their existence were not found in

the sediment. An increase in methane concentrations

could be also explained by the burial of high amounts

of non-refractive organic matter below the SMT and

the resulting elevated rates of methanogenesis due to

the degradation of the organic matter. This process is

likely regional. Regional processes can only account

for the recent shift of the SMT leading to the forma-

tion of the small current barite peak which was found

at both studied sites. In contrast, the finding of addi-

tional barium enrichments below the SMT is limited to

site GeoB 8455. However, because the sedimentary

records do not indicate any sedimentary event (e.g.

slumps, slides), we assume that a change in the meth-

ane flux is the only process which also explains the

prior pronounced shift in the SMT, and thus the

preservation of additional barium fronts a few meters

below the current SMT.

3.4. Barite enrichments below the SMT

In sulfate-depleted marine sediments, barite is

supposed to be unstable. The occurrence of barite

enrichments below the SMT at site GeoB 8455

indicates that there are processes or conditions in-

creasing the stability of barite in the sulfate-depleted
sediments. One mechanism in this regard could be

the strikingly high amount of total barium in the

sediment system at site GeoB 8455 (Fig. 2). High

concentrations of dissolved barium below the SMT

could influence the dissolution rate of barite. Model-

ing pore water data from site GeoB 8455 at 7.6 mbsf

by using PHREEQC 2.10 [51] indicates that for an

initial barium concentration of 300 Amol L�1 a low

sulfate concentration of about 5 Amol L�1 would be

sufficient to obtain barite saturation (with an equilib-

rium constant (logKT) of �10.40 at a temperature of

3 8C).
However, sediment volume-normalised dissolution

rates are dependent both on the saturation state of

fluids and on the concentration of BaSO4 in sedi-

ments. Thus, the decrease of the barite dissolution

rate with depth that we calculate with the model

may be due to changes in the concentration of barite

in the sediment, as well as changes in the saturation

state of fluids.

Another explanation for the enrichment of barium

minerals in the sulfate-depleted zone could be the

occurrence of other Ba phases that show oxygen de-

pletion relative to barite. Energy dispersive spectra of

barium particles from the deeper buried barium enrich-

ments at site GeoB 8455 reveal that some barium

phases have low oxygen concentrations while the

amount of sulfur and barium is constant and only

the carbon concentration increases (Fig. 5). This sug-

gests that some barite particles were altered, or that

primary sulfate-free Ba phases exist. González-Muñoz

et al. [52] reported microbially mediated precipitation

of barite under laboratory conditions, and found that

Ba phases were incorporated into spherical aggregates

without sulfate. These spherical aggregates of 0.5 to 1

Am in diameter show a striking similarity to some of

the barium particles which are found within the barium

enrichments at site GeoB 8455 (Fig. 5C). The ob-

served spherical aggregates described by González-

Muñoz et al. [52] mainly contained barium and phos-

phorus and were supposed to represent an early stage

of crystal growth. This does not necessarily imply that

the spherical aggregates found in core GeoB 8455-2

were formed by bacterially mediated processes, but

that the crystals either are in an early stage of growth

or that the growth of the crystals was inhibited at an

early stage.

Another process which could explain the occurrence

of oxygen-depleted barium phases compared to barite,

would be the dissimilatory reduction of sulfate from

barite, as investigated by Baldi et al. [53]. Based on

laboratory results they discussed the microbial reduc-
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tion of barite via the formation of other barium com-

pounds, such as witherite (BaCO3) and the transient

species barium sulfide (BaS). These coexisting barium

phases were also reported by Malysh et al. [54]. They

examined the influence of carbon-containing phases on

the reduction of recycled barite in laboratory experi-

ments. The reduction of barite or more precisely the

reduction of barium-sulfate, with carbon leads to the

formation of witherite via the transient phase barium

sulfide:

BaSO4 þ 2CYBaS þ 2CO2 ð4Þ

BaS þ CO2 þ H2OYBaCO3 þ H2S ð5Þ

This process is accelerated due to the catalyzing

effect of the formed barium sulfide particles [54].

Furthermore, the conversion of barite into barium

sulfide could lead to a sulfide coating, which can be

compared with coatings of ferric iron minerals by iron

sulfides in sulfidic sediments (e.g. [55]). This process

could shield the barite particle, covered with barium

sulfide, from further dissolution. It would also provide

a small sink for hydrogen sulfide in deeper sediments.

One indication for the process of barite reduction to

occur in this environment is the increasing amount of

carbon with decreasing oxygen concentrations found

in some of the barium particles from the deeper buried

barite fronts at site GeoB 8455 (Fig. 5). The sediments

of the coring sites are characterized by high concen-

trations of hydrogen sulfide, high alkalinity (up to 80

mmol(eq) L�1), and high amounts of TOC, and thus

would provide a suitable environment for the alteration

of barite into witherite (via barium sulfide). However,

these processes in marine sediments require further

investigations.

4. Conclusions

Sediments of two sites from the Eastern Cape Basin

were examined for pore water and solid phase geo-

chemistry. Small uppermost barium enrichments at

both sites at the current SMT and large barium

peaks slightly below imply a small upward shift of

the SMT in the recent past which is likely to be a

widespread regional phenomenon in the study area. At

one site, distinct solid phase barium enrichments occur

a few meters below the SMT in sulfate-depleted sedi-

ments which are dominated by small barite particles.

These preserved buried barite fronts indicate former

positions of the SMT. We assume that the abrupt

relocation of the SMT, and thus the formation of
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new barite fronts, is most likely triggered by an in-

crease in the upward flux of methane. Calculations of

the formation time of these enrichments and numerical

modeling suggest that this shift of the SMT occurred

between the last glacial maximum (LGM) and the

Pleistocene/Holocene transition. High amounts of

non-refractive organic matter buried below the SMT

which lead to higher rates of methanogenesis, could

explain such increases in methane concentrations and

fluxes. Furthermore, the detection of barite below the

SMT indicates that although being metastable/unstable

in the prevailing geochemical environments, such

minerals can be preserved/shielded from dissolution

by specific processes or mechanisms, and thus be

buried into deeper sediments. At such depths barite,

for example, could fuel/support AOM to proceed

below the SMT. Thus, reactive minerals buried in

deeper sediments can have great influence on biogeo-

chemical processes in the deep biosphere by providing

terminal electron acceptors.
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G. Bohrmann, M. Kölling, and M. Zabel are thanked

for detailed comments on an earlier version of the
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Modeling of subsurface calcite dissolution by oxic respiration in

supralysoclinal deep-sea sediments, Mar. Geol. 177 (2001)

167–189.

[37] B.P. Boudreau, Diagenetic Models and Their Implementation:

Modeling Transport and Reactions in Aquatic Sediments,

Springer, 1997.

[38] J. McManus, W.M. Berelson, G.P. Klinkhammer, T.E. Kil-

gore, D.E. Hammond, Remobilization of barium in continen-

tal margin sediments, Geochim. Cosmochim. Acta 58 (1994)

4899–4907.

[39] K.B. Averyt, A. Paytan, A comparison of multiple proxies for

export production in the equatorial Pacific, Paleoceanography 19

(2004) , doi:10.1029/2004PA001005.
[40] A. Reitz, K. Pfeifer, G.J. de Lange, J. Klump, Biogenic barium

and the detrital Ba /Al ratio: a comparison of their direct and

indirect determination, Mar. Geol. 204 (2004) 289–300.

[41] A. Rutten, G.J. de Lange, A novel selective extraction of barite,

and its application to eastern Mediterranean sediments, Earth

Planet. Sci. Lett. 198 (2002) 11–24.

[42] M. Eagle, A. Paytan, K.R. Arrigo, G. van Dijken, R.W. Murray,

A comparison between excess barium and barite as indicators of

carbon export, Paleoceanography 18 (2003) 21–1–21–13.

[43] K. Pfeifer, S. Kasten, C. Hensen, H.D. Schulz, Reconstruction of

primary productivity from the barium contents in surface sedi-

ments of the Atlantic Ocean, Mar. Geol. 177 (2001) 13–27.
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