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Abstract

A transport–reaction model was designed to identify the combination and importance of biogeochemical processes operating in four
sites drilled during ODP Leg 207 (Demerara Rise, Equatorial Atlantic). Almost 100 Ma after their deposition, deeply buried Cretaceous
black shales still act as active bioreactors in great sediment depths and control the biogeochemical reaction network of the whole sed-
iment column. According to a model calibrated at the four drill sites through inverse modeling techniques, methanogenesis could be iden-
tified as a key process that dominates not only organic matter degradation but also sulfate availability through the anaerobic oxidation of
methane above the black shales. A complete depletion of sulfate within the black shale sequences promotes the remobilization of biogenic
barium that reprecipitates as authigenic barite at the top of the sulfate depletion zone. Temporal dynamics of degradation processes
caused continuous shifts of the barite precipitation zone during burial, thus inhibiting the formation of an authigenic barite front or
causing the dissolution of earlier formed fronts. Major deviations of pore water sulfate profiles from a linear gradient coincide with
depths of decelerated or accelerated transport caused by local porosity minima or maxima. Model-determined reaction rates are by
far lower than those found in shallower sediments due to the low metabolic activities that are characteristic for the Deep Biosphere.
But even after almost 100 Ma, changing organic matter quality still influences the degradation within the black shale sequences, as it
is indicated by model results.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

First evidence of an active, microbial population in deep
sediments was reported 20 years ago, when microbial activ-
ity was observed in sediment depths of about 150 m in the
framework of the Deep Sea Drilling Program (DSDP)
(Oremland and Polcin, 1982; Whelan et al., 1986; Tarafa
et al., 1987). In recent years, the existence of prokaryotes
down to sediment depths of 842 mbsf was proven (Parkes
et al., 2000) and an extrapolation of cell counts at a small
number of ODP Sites suggests that the biomass of the so-
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called Deep Biosphere constitutes one-tenth (Parkes et al.,
2000) or even one-third (Whiteman et al., 1998) of the total
global, living biomass. Today, increasing attention is paid
to this intriguing but nearly nonaccessible environment
(e.g., Parkes et al., 2000; D�Hondt et al., 2003, 2004). In
particular, a more quantitative understanding of its biogeo-
chemical key processes will be indispensable to evaluate its
role in Earth�s biogeochemical cycles. Nevertheless, our
present understanding of the Deep Biosphere still remains
extremely sparse, since it is characterized by a highly com-
plex interplay of biological, chemical, and hydrostatic pro-
cesses operating over a wide range of spatial and a
characteristic range of temporal scales. The driving force
behind the biogeochemical reaction network is the degra-
dation of organic matter. While the availability of easily
degradable organic matter is often limited to the shallow
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subsurface, deeply buried organic matter-rich black shales
provide a suitable substrate for ongoing microbial activity
in deep sediments (Krumholz et al., 1997; Coolen et al.,
2002; Krumholz et al., 2002). These strata bear testimony
of significant perturbations of the global ocean–atmo-
sphere-system, the so-called oceanic anoxic events [OAE
(e.g., Schlanger and Jenkyns, 1976; Arthur et al., 1990)].
OAEs are defined by massive, global deposition of organic
carbon in marine environments, which occurred either as a
consequence of increased water column preservation, in-
creased oceanic productivity or both (Erbacher et al.,
2001; Wilson and Norris, 2001; Brumsack, 2005).

Concentration–depth profiles of dissolved species are
sensitive indicators of biogeochemical processes in the sed-
iment. However, an intuitive identification of important
processes on the basis of depth profiles is often not feasible,
since the natural system dynamics are usually characterized
by an extremely high degree of complexity. In this respect,
mathematical modeling provide an ideal framework to-
wards a better understanding of the mechanisms that con-
trol sediment biogeochemistry by formulating and testing
hypothetical mechanisms. As it allows a quantitative
assessment of biogeochemical processes, it can be, in care-
ful combination with observations, of extraordinary
explanatory power and might, therefore, provide a key to
one of the last unknown environments on Earth.

Sediment sequences drilled at Demerara Rise (Equatori-
al Atlantic) during ODP Leg 207 are characterized by deep-
ly buried sequences of Cretaceous black shales (Shipboard
Scientific Party, 2004). With a total number of 152 samples
and a relatively high spatial resolution, the interstitial
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Fig. 1. Location of ODP Leg 207, De
water sampling program conducted during ODP Leg 207
is unique among the few other interstitial water data sets
taken at black shale bearing ODP sites, like ODP Leg
122, Exmouth Plateau (Shipboard Scientific Party, 1990)
and ODP Leg 159, Côte d�Ivoire (Shipboard Scientific Par-
ty, 1996). Especially with respect to the extended ODP data
set, the detailed interstitial water data provide an ideal set-
ting for a modeling study of the biogeochemical reaction
network in deep, black shale bearing sediments. By design-
ing a transport–reaction model we intended to identify the
coupling and importance of various processes operating in
four sites (sites 1257–1260) drilled during ODP Leg 207.
Uncertainties in model parameters were constrained for
each site using inverse modeling techniques. Our study is
one of the first quantitative descriptions of biogeochemical
processes in the Deep Biosphere. We aim to resolve the bio-
geochemical reaction network at Demerara Rise and to
propose a first estimate of the most pertinent kinetic rate
constants, thereby creating a basis for future studies.

2. Materials and methods

2.1. Site description

Demerara Rise is a prominent submarine plateau locat-
ed at ca. 5�N off the coasts of Surinam and French Guyana
(Fig. 1). It is built on rifted continental crust of Precam-
brian and early Mesozoic age and was one of the last areas
in contact with West-Africa prior to the opening of the
equatorial Atlantic. The rise stretches ca. 380 km along
the coast and reaches a width of ca. 220 km from the shelf
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break to the northeastern escarpment, where water depths
increase sharply from 1000 to over 4500 m. While most of
the plateau lies in shallow water (700 m), the northwest
margin is a gentle ramp that reaches depths of 3000–
4000 m. Here the plateau is covered by 2–3 km of pelagic
sediment down to water depths >4000 m.

Sediment sequences drilled at Demerara Rise are of low-
er Albian to Neogene origin, thus reflecting a significant
part of the paleoceanographic history of the tropical Atlan-
tic Ocean. Upper Albian sediments are mostly green clayey
carbonate siltstones. The Cenomanian to Santonian se-
quence consists almost exclusively of laminated black
shales with occasional stringers of limestone and chert. In
total, ca. 650 m of black shales were recovered during
ODP Leg 207 (Shipboard Scientific Party, 2004). Critical
intervals recovered include multiple copies of OAEs 2
and 3. Campanian to Paleogene sediments are calcareous
to siliceous oozes and chalks. A prominent submarine
channel system and erosional surface developed in the late
Oligocene to early Miocene. The channels carried sediment
east-to-west over the flank of the plateau and into feeder
channels for a submarine fan that formed northwest of
the Demerara Rise. The channel system was short-lived
and most of the Neogene sediments (hemipelagic and
pelagic deposits) are thin or absent from the distal portions
of the plateau.

2.2. Sampling methods

During ODP Leg 207 interstitial waters from 152 sam-
ples, covering a depth range from the sediment/seawater
interface to 548 mcd (meters composite depth), were col-
lected and processed using standard ODP methods (Gies-
kes et al., 1991). Interstitial water samples were usually
squeezed from whole-round samples immediately after
retrieval of the cores using titanium squeezers, modified
after the standard ODP stainless steel squeezer (Manheim
and Sayles, 1974). At ‘‘critical boundaries,’’ e.g., close to
the C/T-interval, half-round sections were taken to mini-
mize core loss and were then treated in the same way as
whole-round samples. Interstitial water samples were ana-
lyzed onboard. Salinity was routinely determined as total
dissolved solids with a Goldberg optical handheld refrac-
tometer. The pH and alkalinity were analyzed by Gran
titration with a Brinkmann pH electrode and a Metrohm
autotitrator. Dissolved chloride was determined by titra-
tion with silver nitrate. Ammonium was measured by spec-
trophotometric methods (Gieskes et al., 1991) using a
Milton Roy Spectronic 301 spectrophotometer equipped
with a sample introduction system. Barium concentrations
were determined by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) following the general
procedure outlined by Murray et al. (2000). Sulfate was
analyzed at the Institute for Chemistry and Biology of
the Marine Environment (ICBM) in Oldenburg using li-
quid XRF. The analytical procedure applied to sulfate
measurements mainly followed the procedure described
by Wehausen et al. (1999). A 5 ml volume of the sample
solution was pipetted into polyethylene cups supported
by a 6.3 lm polypropylene thin film (Somar, Tuckahoe,
USA). Calibration was based on a dilution series of a stan-
dard solution. Sulfate was measured at its most sensitive
line (Ka). An additional adjustment of the calibration
curve, based on repeated measurements of two sulfate dilu-
tion series, as well as an increase of sulfur measurement
time from 10 to 20 s, provide a higher accuracy in the crit-
ical range of low sulfate concentrations. The reproducibil-
ity of results was ensured via multiple determinations of the
International Association for the Physical Sciences of the
Ocean (IAPSO) standard seawater (alkalinity, Cl� and
SO4

2�), spiked synthetic seawater (ICP-AES determina-
tions), or through the use of a calibration curve (NH4

+).
Methane was determined by headspace measurements fol-
lowing the standard procedure described by Kvenvolden
and McDonald (1986). Immediately after core retrieval
on deck, a 5 cm3 sediment sample was collected using a
borer tool, placed in a 21.5 cm3 glass serum vial, and sealed
on deck or immediately in the laboratory with a septum
and metal crimp cap. For consolidated or lithified samples,
chips of material were placed in the vial and sealed. Prior to
gas analysis, the vial was heated at 70 �C for 30 min. A
5 cm3 subsample of the headspace gas was extracted from
each vial using a glass gas syringe. Methane contents of
gas samples were analyzed using the shipboard GC3 gas
analysis system and the natural gas analyzer when elevated
gas contents were observed. Although samples for gas anal-
ysis are collected almost immediately after the sediment
cores reach the ship, most of the interstitial methane outg-
ases during core recovery and methane measurements,
thus, reflect the gas-saturation concentration at surface
conditions. Measured methane concentrations are, there-
fore, generally underestimated and scattered.
3. Model description

A numerical model was designed to identify the combi-
nation and importance of various processes operating in
sediments at Demerara Rise. One-dimensional conserva-
tion of dissolved species Ci in sediment is referred to as
the General Diagenetic Equation (Berner, 1980) and is giv-
en by

o/Ci

ot
¼ � oF i

oz
þ /

X
Ri; ð1Þ

where / denotes the porosity. Temporal change in pore
water concentration of chemical species i is balanced by the
divergence of mass flux Fi with Fi = DioCi/oz (see Eq. (A.1)
in Appendix A) and the sum of reactions

P
Ri. A more de-

tailed description of the model is given in Appendix A.

3.1. Implementation

Steady state profiles of dissolved species were calculated
applying finite difference techniques. Based on the operator
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splitting approach, transport and reaction equations were
solved separately. At the beginning of each time-step, the
reaction equations were integrated using the Euler–For-
ward method. To ensure numerical stability, the time-step
was automatically adjusted, where necessary, so that the
change in concentration per time-step equals 10% of total
concentration at the most. The transport equations were
solved applying the semi-implicit Crank–Nicolson scheme
solved iteratively by successive over-relaxation with Cheby-
shev acceleration and odd–even ordering. The algorithm
was run with a maximum time-step of Dt = 100 a and an
equally spaced spatial resolution of Dz = 1 m until steady
state as defined by |Ci,t � Ci,t�1| < 1 · 10�4 Æ Ci,t was
reached. Computational time was shortened by setting
the initial conditions for solute concentrations near the ob-
served profiles. Initial conditions for solid species are cho-
sen on the basis of measurements (Hetzel, 2003; Shipboard
Scientific Party, 2004). The organic carbon content in sed-
iments from Demerara Rise reveals a marked contrast be-
tween the black shale sequences, which are characterized by
high values in a range between 1 and 30 wt.%, and the rest
of the sediment column, which generally shows low con-
tents of <0.1 wt.% with slightly elevated values in Albian
siltstones below the black shales (Fig. 6). Since interstitial
sulfate profiles indicate that sulfate reduction is negligible
in the upper sediment column, the organic carbon content
was set to zero at these depths. Due to their lamination and
occasional stringers of limestone and chert, the black shale
sequences show a scatter of organic carbon contents.
Therefore, an average value was generally used throughout
the black shale sequences. At site 1259, the black shale se-
quence was, however, divided in two parts, since very high
organic carbon contents in combination with high methane
concentrations were observed at their lower boundary
(Fig. 6). Albian siltstones are characterized by slightly ele-
vated organic carbon contents. Yet, Rock-Eval pyrolysis of
these samples identifies the organic matter as a mixture of
types II and III, which is less suitable for degradation
(Meyers et al., 2004; Shipboard Scientific Party, 2004)
and organic carbon contents were, therefore, set to zero.
Compared to the other three sites, Albian mudstones at site
Table 1
Fixed parameter values and boundary conditions used in the model

Symbol Description

DSO4
Molecular diffusion coefficient for SO4

2�

DCH4
Molecular diffusion coefficient for CH4

DBa Molecular diffusion coefficient for Ba2+

DNH4
Molecular diffusion coefficient for NH4

2�

CSO4 ;BW Bottom water SO4
2� concentration

CCH4;BW Bottom water CH4 concentration
CBa,BW Bottom water Ba2+ concentration
CNH4 ;BW Bottom water NH4 concentration
CSO4 ;zmax

SO4
2� concentration at the bottom of the sediment

C/N Carbon–nitrogen ratio of organic matter
KNH4

Adsorption constant for ammonium adsorption
KS Half-saturation constant for sulfate reduction (orga
KS,AMO Half-saturation constant for sulfate reduction (AM
1258 reveal, however, much higher average organic carbon
contents (4.2 wt.%) and a higher organic carbon content is,
thus, assumed for these depths (Fig. 6). Solid species are
not transported in the model. This assumption is valid in
the time range, which is needed by the model to reach stea-
dy state pore water profiles, since present sedimentation
rates at Demerara Rise are extremely low
(6.7�15 · 10�6 ma�1) and compaction at these depths is
negligible (Shipboard Scientific Party, 2004).

Measured pore water concentrations are provided as
boundary conditions at the sediment water interface. The
choice of appropriate lower boundary conditions is, how-
ever, a difficult task, as drilling operations were usually
stopped in the top few meters of Albian sediments. Conse-
quently, simulated processes in the black shales might be
driven to a certain extent by the lower boundary condi-
tions. In particular, the lower boundary condition for
methane is difficult to constrain.

Nevertheless, the detailed ODP data set provides a set of
additional information and boundary conditions can be
constrained not only on the basis of pore water measure-
ments but also according to lithostratigraphic observa-
tions, gas compositions or TOC measurements
(Shipboard Scientific Party, 2004). Head space measure-
ments, for instance, indicate a moderate or even an abrupt
decrease of methane concentrations below the black shales
(Meyers et al., 2004) and organic matter of Albian sedi-
ments is, because of its type, less suitable for degradation
(Shipboard Scientific Party, 2004). Thus, we consider a
Dirichlet or fixed concentration boundary condition more
appropriate to describe processes at the lower boundary.
The constant and site-specific parameter values used in
the model are summarized in Tables 1 and 2, respectively.

Porosity profiles at Demerara Rise exhibit usually
declining porosity values intercepted by low- and high-po-
rosity horizons (Shipboard Scientific Party, 2004). The
notable association between these horizons and discontinu-
ities in depth profiles of dissolved species indicates that
these porosity changes exert a strong physical control on
the transport of dissolved species. Thus, a number n of
low- and high-porosity layers of Gaussian form were super-
Value Unit

0.017 m2a�1

0.028 m2a�1

0.012 m2a�1

0.035 m2a�1

28 mM
0 mM
0 mM
0 mM

column 0 mM
20
1.3

nic matter degradation) 1.6 mM
O) 1 mM



Table 2
Values of site-specific parameters and boundary conditions used in the model

Symbol Description Unit Site 1257 Site 1258 Site 1259 Site 1260

CCH4 ;zmax
CH4 concentration at the bottom of the sediment column mM 0.8 1 1 0.8

CBa;zmax
Ba2+ concentration at the bottom of the sediment column lM 0.0 20 300 0.0

CNH4 ;zmax NH4 concentration at the bottom of the sediment column mM 0.6 1.4 1.5 2.3
CCH2Oð0Þ POC concentration in black shales wt.% 6.55 7.79 7.92 for z = [495, 538 mcd] 7.44

16.36 for z = [539, 549 mcd]
CBaSO4

ð0Þ Initial barite concentration in black shales ppm 500 500 1000 500
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imposed on a linear or exponential porosity–depth
relationship

/ðzÞ ¼ f ðzÞ þ
X
i

ci � e
�ðz�diÞ2

fi

� �
; ð2Þ

where f (z) is a linear function at sites 1257, 1258, and
1260, and an exponential one at site 1259. The fitted
porosity–depth relationships used in the model are listed
in Table 3. The measured as well as the fitted porosity
profiles are shown in Fig. 2.
Table 3
Porosity / versus depth z (mcd) relationships for all model sites

Site 1257
/ðzÞ ¼ 0:67� 1:32� 10�3z� 0:12 � e�ðz�70

25 Þ2 þ 0:2 � e�ðz�72
6 Þ2 þ 0:11 � e�ðz�147

10 Þ2

þ 0:25 � e�ðz�205
25 Þ2

Site 1258
/ðzÞ ¼ 0:24þ 0:41 � eð�2�10�3zÞ þ 0:12 � e�ðz�33

10 Þ2 � 0:03 � e�ðz�172
40 Þ2

Site 1259
/ðzÞ ¼ 0:8� 8:8� 10�4z� 0:23 � e�ðzþ25

70 Þ2 � 0:22 � e�ðz�95:5
8 Þ2 � 0:1 � e�ðz�130

6 Þ2

� 0:1 � e�ðz�466
20 Þ2 þ 0:1 � e�ðz�520

27 Þ2

Site 1260
/ðzÞ ¼ 0:74� 1� 10�3z� 0:25 � e�ðz�11

20 Þ2 þ 0:27 � e�ðz�442
50 Þ2
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Fig. 2. Fitted (line) and measured (dots) porosity–depth profiles at
Demerara Rise (sites 1257–1260). Fitted porosity–depth functions are
listed in Table 3.
According to Eqs. (A.10) and (A.11), the stoichiometric
solubility product of barite is influenced by salinity, tem-
perature, and pressure. The temperature–depth relation-
ship is controlled by the geothermal temperature
gradient. The local pressure is calculated by summing the
hydrostatic pressure of the overlaying water column as well
as the static pressure of the sediment column, taking into
account its density (Shipboard Scientific Party, 2004).

One of the prominent features in interstitial waters from
ODP Leg 207 is the presence of brines at sites 1257 and
1259 characterized by chloride concentrations >60% higher
than standard seawater (Shipboard Scientific Party, 2004).
Maximum chloride concentrations are centered in the
black shale sequences, decreasing above and below this
unit, thus suggesting that the brines are sourced externally
through the black shales. Unlike sites 1257 and 1259, site
1258 and 1260 pore waters are not characterized by the
presence of brines (Shipboard Scientific Party, 2004). Salin-
ity and chlorinity decrease with depth, reaching minimum
values at the base of the drill holes. Measured salinity val-
ues were interpolated by using the piecewise cubic Hermite
interpolation method (Fig. 3).
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Table 4
Rate constants for methanogenesis kG;CH4

, sulfate reduction kG;SO4
,

anaerobic oxidation of methane kAMO, barite dissolution kdiss;BaSO4
, and

barite precipitation kprec;BaSO4

Site kG;CH4

ða�1Þ
kG;SO4

ða�1Þ
kAMO

(a�1)
kdiss;BaSO4

ða�1Þ
kprec;BaSO4

ðlM a�1Þ
1257 1.5 · 10�9 1 · 10�8 4 · 10�4 3 · 10�8 5 · 10�4

1258 2.5 · 10�9 1 · 10�8 2 · 10�4 3 · 10�8 5 · 10�4

1259 3.5 · 10�9 1 · 10�8 3 · 10�4 3 · 10�8 5 · 10�4

1260 3.1 · 10�9 1 · 10�8 4 · 10�4 3 · 10�8 5 · 10�4

log kAMO [a-1]

log kG,SO4 [a-1]

M
to

t

0.25

0.22

0.19

0.16

0.13

Fig. 4. Distribution of the cost function Mtot over a two-dimensional
parameter space (site 1257). The rate of constant of anaerobic methane
oxidation kAMO and sulfate reduction kG;SO4

are varied simultaneously. All
other parameters are held constant at the values indicated in Table 4.
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3.2. Inverse modeling

The Deep Biosphere is still one of the last mysterious
environments on Earth. Exceptional environmental condi-
tions impede a direct estimation of parameters on the basis
of other modeling studies, generally dealing with processes
in shallow sediment depths. Moreover, model parameters
often represent the integrative influence of different pro-
cesses which are not explicitly considered in model formu-
lations and are, thus, hard to be confined. In such cases,
inverse modeling techniques provide a comprehensive
route to settle unknown model parameters based on avail-
able empirical data. Assuming that the rank of a parameter
set depends on the similarity between simulated and mea-
sured data, an optimal parameter set that leads to the best
fit of modeled interstitial water profiles can be determined.
This is done by minimizing a cost function, typically a
measure of the misfit between model results and observa-
tions. The cost functions Mið~pÞ of each species i depending
on a variable parameter set~p are formulated as the sum of
the least-squares differences between simulated Csim

i;z ð~pÞ and
measured concentrations Cobs

i;z at each depth z, weighted by
their respective measurement error r2

i . To avoid an over-
weighting of depths characterized by a high sample density,
model results and observations were averaged over appro-
priate depth intervals z (indicated by a bar). The cost func-
tion Mtot, which has to be minimized, is then simply the
sum over the determined cost functions of each species i:

Mið~pÞ ¼
1

z

X
z

�C
obs

i;z � �C
sim

i;z ð~pÞ
ri

 !2

; ð3Þ

M tot ¼
1

i

X
i

Mið~pÞ. ð4Þ

The choice of the minimization algorithm is a critical
step in inverse modeling, since the shape of the cost func-
tion in the parameter space may reveal, in addition to a
global minimum, multiple local minima, in which the algo-
rithm can easily become trapped. However, the low cost of
forward modeling, the low number of unknown parameters
(<10), as well as the weak nonlinearity of the problem al-
lowed the application of an extremely simple but reliable
method, a Monte Carlo direct search technique with a uni-
form random sampler. The parameter space was sampled
by drawing 1000 random parameter vectors out of a rea-
sonably constrained parameter range. Hereafter, sampling
was concentrated in the region of local minimum values
by drawing 300 parameter vectors out of a parameter
range, which was adapted to the magnitude of the param-
eter�s gradient in the parameter space. Thereby, a set of
model parameters has been determined for each site
(Table 4). The parameter values are not completely inde-
pendent of each other. A stepwise, simultaneous variation
of parameter couples reveals a correlation between fitted
parameter values or a nonlinear fitness landscape, respec-
tively. A low rate constant of anaerobic methane oxidation,
for instance, would lead to a penetration of sulfate into the
black shale layer as a consequence of the decreased con-
sumption above the black shales. Consequently, high val-
ues of the cost function are found for low AMO rate
constants (Fig. 4). Increasing values of the rate constant
of sulfate reduction can, however, compensate this trend
to a certain degree. Higher sulfate reduction rates induce
a fast consumption of sulfate in the top few centimeters
of the black shales and, thus, lower values of the cost func-
tion. However, the value of the cost function becomes vir-
tually independent of the sulfate reduction rate constant if
the AMO rate constant reaches a value which is sufficiently
high to consume the pore water sulfate above the black
shales. In the area of increasing AMO rate constants, the
cost function shows another, even though, lower increase,
since the sulfate penetration depth is shifted upwards by
an enhanced consumption.

4. Results and discussion

4.1. Biogeochemical processes at Demerara Rise

Concentration–depth profiles of dissolved and solid
species reveal nearly identical patterns (Fig. 5) (Shipboard
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Fig. 6. Measured organic carbon contents (diamonds) and assumed
organic carbon contents in the model (line) at four drilling sites (sites
1257–1260, Demerara Rise).

Fig. 5. Measured interstitial water profiles of sulfate, ammonium, barium,
and methane at four drilling sites (sites 1257–1260, Demerara Rise). The
depth is given relative to the top of the respective black shale sequence.

414 S. Arndt et al. 70 (2006) 408–425
Scientific Party, 2004). The most striking feature of the
organic carbon profiles is the presence of the deep-seated,
laminated black shale sequences, which exhibit very high
values up to 30 wt.% (Fig. 6). While the underlying calcar-
eous claystones at site 1258 show smaller, though still ele-
vated, organic carbon contents, underlying sediments at
the other sites, as well as overlying Campanian to Pleisto-
cene chalks and oozes reveal relatively low organic carbon
concentrations. Pore water chemistry is to a large extent
controlled by the organic matter-rich Cretaceous black
shale sequences. Pore water sulfate concentrations decrease
almost linearly from typical seawater values near the sedi-
ment/water interface to values close to zero a few meters
above the top of the black shale unit. On the contrary, pore
water ammonium reveals maximum concentrations be-
tween 0.8 and 2 mM in the black shales and slightly lower
values in underlying Albian sediments. Above the black
shale sequences ammonium decreases quasi-linearly to-
wards the sediment/water interface, where ammonium con-
centrations close to detection limit indicates its oxidation in
the very shallow subsurface. Linearity of sulfate and
ammonium profiles indicates the minor importance of sul-
fate reduction at shallower depth intervals. Major devia-
tions of the depth profiles from a linear gradient coincide
with local porosity maxima or minima. Due to the depth-
dependent porosity, two pseudo-advective terms arise in
the transport equation (Eq. (A.1)), leading to kinked pro-
files as a consequence of an accelerated or decelerated
transport. Downhole profiles are controlled by the exis-
tence of one major stratigraphic source/sink and simple
compensatory downward diffusion to/from the sediment/
water interface in the absence of the accumulation of signif-
icant sediments younger than middle Eocene age.
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High methane/ethane ratios, as well as the absence of
heavier hydrocarbons, indicate a biogenic production of
methane in the black shales (Shipboard Scientific Party,
2004). The methane production is rather dominated by
the reduction of interstitial CO2 than by in situ microbial
fermentation of marine organic matter (Meyers et al.,
2004). Methane production is accompanied by the in-
crease in ammonium, a common by-product of organic
matter consumption. The upward diffusion of methane
may support metabolic activity such as AMO at the bot-
tom of the sulfate penetration zone where methane con-
centrations rapidly decrease to background
concentrations. The complete depletion of sulfate above
the black shale sequences promotes the remobilization
of biogenic barium in organic matter-rich sediments
(Brumsack and Gieskes, 1983; Torres et al., 1996; Bréhé-
ret and Brumsack, 2000). Barium profiles are mainly gov-
erned by barite solubility (Church and Wohlgemuth,
1972) and reveal pronounced maxima reaching values be-
tween 50 and 300 lM in the black shales (Fig. 5). Concen-
trations decrease at the top of the sulfate depletion zone
in overlaying Upper Cretaceous chalks, where authigenic
barite crystals of millimeter to centimeter scale are fre-
quently observed (Shipboard Scientific Party, 2004).
Although, barium profiles may be prone to slight contam-
ination by seawater due to the use of ODP�s rotary core
barrel (RCB) drilling technology, the shape of barium
profiles together with the extensive sedimentological evi-
dence indicates intense barium mobilization in the black
shales.

Interstitial water profiles from Demerara Rise are very
similar to those from the Exmouth Plateau (Shipboard Sci-
entific Party, 1990) and the Ghana Transform Margin
(Shipboard Scientific Party, 1996). They all exhibit a linear
decrease of sulfate towards its complete depletion at the
top of the black shale sequences. Maximum ammonium
and methane concentrations coincide with elevated organic
matter contents and they compare well with concentrations
found at Demerara Rise. Methane concentrations rapidly
decrease above the black shales.

4.2. Sensitivity of biogeochemical key processes

As the dynamics of a sedimentary system generally re-
veal a high degree of complexity, an intuitive identification
of essential processes is often unfeasible. With a systematic
variation of system parameters, initial and boundary con-
ditions the relative importance of modeled processes is as-
sessed. The sensitivity of the model response is expressed as
the depth averaged, percentage deviation di between the
simulated pore water concentrations after the variation of
one parameter value Cð~pÞi and the modeled concentrations
of a standard parameter set Cð~pstdÞi (see Table 4, Site 1260)
for each species i at site 1260.

Model parameters can be divided in two groups. The
first set of parameters plays a crucial role for the evolu-
tion of certain concentration depth profiles, but does
not affect the spatial evolution of other species like the
rate constants for barite dissolution and barite precipita-
tion, for instance.

Essentially, the shape of concentration–depth profiles at
Demerara Rise is influenced by two major biogeochemical
processes: the decomposition of organic matter in the black
shales and AMO above the black shale sequences. A
change in one of these rate constants affects not only direct-
ly involved species, but influences also concentration depth
profiles of other species, mainly through the availability of
sulfate. Nevertheless, the quantitative changes of concen-
tration–depth profiles as a consequence of an increase or
decrease of respective rate constants differ considerably.
A modification of sulfate reduction rate, for instance, be-
comes important when significant amounts of sulfate are
available for the degradation of organic matter in the black
shales. In the case of its complete depletion above the black
shales, the influence of a decrease or increase in the rate
constant of sulfate reduction only leads to deviations of
�4 and 0.5% for sulfate profiles and even smaller values
for other species and is, therefore, negligible. AMO is one
of the biogeochemical key processes in sediments from
Demerara Rise, since it represents the link between sedi-
mentary C and S cycles. Consequently, a change of its rate
constant affects sulfate and methane, and to a lesser extent
also the barium depth profile. Methanogenesis is by far the
most dominant process in sediments from Demerara Rise.
It controls the shapes of methane, ammonium, and sulfate
depth profiles to a significant extent and influences barite
dynamics through the availability of sulfate. Generally, a
change in methanogenic rate constant has a greater overall
influence on all concentration–depth profiles than any
other parameter value. The ammonium profile, for in-
stance, reveals a deviation of 20% as a consequence of an
increased methanogenic rate constant, whereas an increase
in its lower boundary condition only results in a 10% rela-
tive deviation. A modification of the lower boundary con-
dition for methane enhances or reduces the upward
diffusional flux of methane and has, thus, a direct influence
on the estimates of reaction rate constants. In particular,
the rate constant of methanogenesis depends on the choice
of the lower boundary condition for methane. Fig. 7 illus-
trates the effect of different, lower boundary conditions for
methane. Higher boundary concentrations or a no-flux
condition cause an enhanced upward diffusion of methane
and would, consequently, lead to lower estimates of meth-
anogenic rate constants. The impact of a change in the low-
er boundary condition for methane on model-determined
rate constants only becomes significant when very high
boundary concentrations or a no-flux boundary condition
are applied. However, methane measurements do not indi-
cate concentrations in this range nor do they support a no-
flux boundary condition (Meyers et al., 2004). In addition,
a change in boundary condition has no effect on the order
of magnitude of methanogenic rate constants since even
small changes in methanogenic rates reveal a significant ef-
fect on sulfate penetration depths.
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4.3. Cretaceous black shales as diagenetic bioreactors

Almost 100 Ma after their deposition, Cretaceous black
shales at Demerara Rise still provide a suitable substrate
for ongoing microbial activity in deep sediments. Model re-
sults (Fig. 8) indicate that degradation of organic matter is
dominated by methanogenesis with first-order decay con-
stants between 1 · 10�9 and 3.5 · 10�9 a�1. Elevated (sites
1257 and 1259) as well as reduced salinities (sites 1258 and
1260) do not seem to stimulate or inhibit the metabolic
activity of methanogenic bacteria, since methanogenic rate
constants do not vary significantly between high and low
salinity sites. The stimulation of bacterial activity by brine
intrusion is often a consequence of the enhanced supply of
sulfate, which may be enriched in brine fluids (e.g., Cragg
et al., 1992; D�Hondt et al., 2004). Brines at Demerara Rise
are, however, sulfate-depleted, as it is indicated by element/
chloride depth profiles. An inhibition of dissimilatory
metabolism is thought to be related to bioenergetic con-
straints. Since methanogenic archaea use organic solutes
to create an osmotic balance, culture studies indicate that
the cost of adaptation exceeds the energy gain at a salt con-
centration of 120 g/L NaCl (Oren, 2002). Nevertheless,
metabolically active microbial communities are known
from a number of deep, high salinity environments (e.g.,
Dickins and van Vleet, 1992; Kotelnikova, 1992; Eder
et al., 2001). Recently, microbial activity was discovered
in one of the most extreme saline environments on earth,
the Discovery basin (van der Wielen et al., 2005).
The simulated rate constants are far lower than those
determined for subsurface environments (e.g., Canfield,
1994; Tromp et al., 1995), reflecting not only the extremely
slow metabolic activity in the Deep Biosphere, but also the
low quality of type II/III organic matter exhibiting C/N ra-
tios between 16.2 and 44.7 (Shipboard Scientific Party,
2004). In marine sediments, degradation rate constants can
vary over a range of eight orders of magnitude (Canfield,
1994) and typically show a continuous decrease with time
due to preferential consumption of easily degradable frac-
tions during early diagenesis.Middelburg (1989) determined
an empirical k–t relationship on the basis of laboratory and
field measurements, validated in a time range of 0–6 Ma. In
his so-called power model, the first-order rate parameter, k,
decreases with time t according to the power function,

kðtÞ ¼ 0:16 � ðaþ tÞ�0:95. ð5Þ
The apparent initial age a accounts for differences in reac-

tivity at the sediment/water interface and varies in a range
between 0.09 a (fresh plankton) and 35,000 a (central Pacif-
ic) (Middelburg, 1989). For organic matter of Cretaceous
origin (ca. 95 Ma) one would calculate a first-order rate con-
stant in an order ofmagnitude of 10�9 a�1. This first estimate
is in good agreement with the rate constant for methanogen-
esis determined by inverse modeling techniques. Further-
more, model-determined methanogenic rates (Table 5)
agree well with maximum rates of H2/CO2 methanogenesis
in deep sediments (below 100 m) from the Japan Sea (ODP
Leg 128), the Cascadia Margin (ODP Leg 146), and the
Blake Ridge (ODP Leg 164), ranging from 0.63 to
3.65 lM a�1 (Parkes et al., 2000). The similarity of these
methanogenic rates indicates that factors, such as bacterial
biomass, metabolic requirements or organic matter quality,
are responsible for limiting conditions in deep sediments
rather than organic carbon concentrations.

Nevertheless, the high amounts of organic carbon in the
black shale sequences are providing a source of carbon and
energy for ongoing microbial activity since almost 100 Ma.
Yet, little can be said about the temporal dynamics of deg-
radation processes. Especially the temporal evolution of
organic matter concentrations in the black shales, their ini-
tial organic carbon contents, and their degradation rate
constants could provide a better understanding of diage-
netic processes below the shallow subsurface environment
and Cretaceous environmental conditions at Demerara
Rise. In this respect, the power model is a useful tool that
can be applied to backtrack temporal processes and to give
an idea of the initial organic matter content G (0) in the
Cretaceous sediments. By substituting Eq. (5) into first-or-
der kinetics of organic matter decomposition one obtains,
after integration,

GðtÞ ¼ Gð0Þ � e3:2�ða1=20�ðaþtÞ1=20Þ. ð6Þ
An intuitive estimation of the apparent initial age of

Cretaceous organic matter is hardly feasible, since oceanic
anoxic events are characterized by extreme environmental
conditions that are still a matter of debate. Nevertheless,
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observations of black shale sedimentation rates (Shipboard
Scientific Party, 2004) allow an estimation of the initial rate
constant of organic matter decomposition based on corre-
Table 5
Degradation rates of organic matter through methanogenesis and depth-
integrated degradation rates (rates in lM a�1 and lmol m�2 a�1)

Site RG;CH4

R
RG;CH4

dz

1257 3.27 34.74
1258 6.49 39.19
1259 9.21–19.10 160.86
1260 7.69 120.81
lations between rate constants and compacted burial veloc-
ities. Tromp et al. (1995) evaluated a large data set and
proposed the following relationship between burial rate w

and anoxic decay constant k

k ¼ 0:057 � w1:94. ð7Þ
At Demerara Rise, black shale sediments were deposit-

ed with typical rates between 3 · 10�4 and
8.4 · 10�4 cm a�1 (Shipboard Scientific Party, 2004).
Assuming Cretaceous conditions and using the averaged
organic carbon content of black shales at Demerara Rise
ð�Corg ¼ 7:74 wt.%Þ (Shipboard Scientific Party, 2004), the
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above equations lead to a rate constant of the order of
magnitude of 10�8 a�1, an extremely high apparent initial
age of 38 Ma, and an initial organic carbon content of
12.67 wt.%. This estimate is, however, subjected to a num-
ber of uncertainties since the environmental conditions
during an OAE can hardly be compared to modern envi-
ronments. For instance, sea level transgressions during the
Cretaceous lead to a reduction of terrigeneous input to
the oceans, thus resulting in reduced overall sedimenta-
tion rates (Stein et al., 1986). The sedimentation of organ-
ic carbon, however, was significantly increased during
these times. Moreover, moderate to poor preservation or
even absence of microfossils limits biostratigraphic age
estimates (Shipboard Scientific Party, 2004) and strong
compaction might falsify observations. One can also ap-
proach the problem by constraining the initial organic
matter contents of Cretaceous sediments to a reasonable
range. Using Eq. (6) the apparent initial age can, then,
be calculated and plugged into Eq. (5) to determine the
temporal evolution of organic matter reactivities. Fig. 9
displays potential, temporal evolutions of organic carbon
contents and organic matter reactivities over a period of
108 a and for different initial ages. Anoxic environments
and upwelling areas usually reveal organic carbon con-
tents between 2 and 40 wt.% (Stein, 1990). Reasonable
values of initial organic carbon contents in the black
shales are only obtained when applying relatively high
values for the apparent initial age, i.e., low initial decay
constants. Thus, an initial organic carbon content of
49 wt.% is determined by assuming an apparent initial
age of 0.5 Ma, a value which is even one order of magni-
tude higher than the value reported for the Central Pacific
(Middelburg, 1989), a deep and relative unproductive area
with low sediment accumulation rates. This implies that
organic matter decomposition at Demerara Rise was
characterized by relatively low organic matter reactivities,
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decay parameters have been calculated using the power model of Middelburg (1
different initial ages (1 = 0.1 Ma, 2 = 1 Ma, 3 = 10 Ma, and 4 = 38.31 Ma).
not exceeding a value of k = 1 · 10�6 a�1. A possible
explanation for these low reactivities might be based on
the anoxic conditions, a diagenetic addition of sulfur to
organic compounds, as well as elevated C/N values of
organic matter that mimic those of land-derived organic
matter. Elevated C/N values might be the result of partial
alteration of marine organic matter due to a preferential
degradation of nitrogen-rich components during sinking
to the seafloor (Shipboard Scientific Party, 2004). An
incorporation of sulfide into functionalized lipids, favored
by high sulfide and low reactive iron concentrations in the
black shales, would have led to a stabilization of the
organic matter towards further degradation (Sinninghe
Damsté et al., 1989; Canfield et al., 1998; Amrani and
Aizenshtat, 2004).

As indicated above, organic matter quality may still
influence its decomposition in the deep-seated black shales.
As a first approximation we assumed that the quality of
organic matter in the black shales was homogenized in
the course of time and that, degradation of organic matter
is exclusively controlled by its content. A correspondence
between higher TOC and larger methane gas concentra-
tions confirms this assumption (Shipboard Scientific Party,
2004). Model results, however, indicate the importance of
organic matter quality in respect to degradation processes.
Model C/N ratios of 20 fall in the lower range of observed
values between 16.2 and 44.7, with high average values of
around 30. This indicates preferential degradation of better
degradable organic matter. Moreover, a slight underesti-
mation of model-calculated, normalized methane concen-
trations at sites 1259 and 1260 in combination with
slightly higher rate constants of methanogenesis points to
ongoing organic matter quality dynamics. Excursions from
a simple linear relation between sediment organic matter
and methane headspace measurements, especially at Sites
1259 and 1260 (Fig. 8), support this assumption
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(Shipboard Scientific Party, 2004). By including a higher
number of organic matter fractions, better data fits could
be achieved. However, available information is not suffi-
cient to constrain neither the number of fractions nor the
distribution of the amount and the quality of organic mat-
ter among those fractions. A large number of different pos-
sible formulations led to identical results. Therefore, the
Multi-G-Model approach is little suitable for the descrip-
tion of organic matter dynamics in sediments from Demer-
ara Rise, since the parameter choice would be purely
arbitrary. Although it would potentially provide a better
data fit, this formulation would not lead to a better under-
standing of the system�s dynamics. These results indicate
the need for a formulation of degradation process in the
Deep Biosphere that fully resolves the dynamics on larger
time scales.

4.4. Anaerobic methane oxidation

Anaerobic methane oxidation (AMO) is a common sink
for upward diffusing methane, as well as downward diffus-
ing sulfate in deep marine sediments. This process may ac-
count for the consumption of a considerable fraction of the
diffusive sulfate flux, thus reducing the availability of sul-
fate at depth. Reeburgh (1982) estimated that ca. 50% of
the diffusive sulfate flux is consumed due to AMO in Car-
iaco Trench sediments. Niewöhner et al. (1998) and Adler
et al. (2000) calculated complete consumption of down-
ward diffusing sulfate during AMO in sediments from the
upwelling area off Namibia and the Amazon Fan, respec-
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tively. Generally one can assume that depth-integrated
methane oxidation rates in the sulfate methane transition
zone equal ca. 61–89% of total sulfate reduction (Borowski
et al., 2000). At Demerara Rise, upward diffusing methane
as well as downward diffusing sulfate are totally consumed
in the course of anaerobic methane oxidation above the
black shale sequences (Fig. 10). Consequently, sulfate acts
as a terminal electron acceptor for the whole ecosystem
(D�Hondt et al., 2002).

The depth of the sulfate methane transition zone, as well
as the availability of sulfate at depth, is exclusively con-
trolled by the production of methane in the black shale
sequences. Similar to methanogenic rate constants, mod-
el-determined rate constants for AMO (Table 4) are fairly
low. These findings reflect the low metabolic activity, which
is characteristic for the Deep Biosphere where mean gener-
ation times of bacteria are extremely high (Parkes et al.,
2000). Geochemical evidence from ODP cores indicates
that AMO proceeds very slowly with activities depending
on the CH4 flux (Borowski et al., 1999). Simulated methan-
otrophic sulfate reduction rates reveal peak values of
around 10�2 lM a�1 (Fig. 10). Thus, they are significantly
lower than the average AMO rates, observed in or modeled
for sediments at continental margins and methane seeps
(Hinrichs and Boetius, 2002). Nevertheless, recently mea-
sured methanotrophic sulfate reduction rates in sediments
from ODP Leg 201 (Peru Margin, Deep Biosphere) reveal
similar low values between 10 and 4 · 10�1 lM a�1 in a
depth range between 8 and 290 mbsf (Ferdelman T., Kall-
meyer J., pers. commun.). It is not surprising that AMO
rates in sediments at Demerara Rise fall in the lower range
of these values, since the sulfate/methane interface is locat-
ed deeper in the sediments and concentration gradients are
even smaller than those in sediments from ODP Leg 201.

4.5. Authigenic barite

Barite may serve as a paleoproductivity proxy (Dymond
et al., 1992) and can potentially record neodymium as well
as strontium isotopic composition of seawater (Paytan
et al., 1993, 1996). However, its use as a geochemical tool
is considered to be restricted because of its diagenetic
behavior which can alter its sedimentary distribution to a
significant extent. An often-observed phenomenon in sedi-
ments characterized by high organic matter contents where
ongoing sulfate reduction leads to a complete depletion of
pore water sulfate at a certain depth is the remobilization
of labile, biogenic barites and its subsequent reprecipitation
with sulfate from the isotopically heavy residual pool as
authigenic concretions or fronts (Brumsack, 1986; van Os
et al., 1991; Torres et al., 1996). Increased productivity of
surface waters, in combination with increased preservation
of organic matter in an anoxic environment are thought to
be decisive factors for black shale deposition in the Creta-
ceous (Erbacher et al., 2001; Wilson and Norris, 2001).
Due to the link between biogenic barite formation and sus-
pended organic matter (Dehairs et al., 1980; Bishop, 1988),
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sediments at Demerara Rise are characterized by a deep-
seated, distinct sediment layer enriched in organic matter
and biogenic barite. Additionally, rather low sedimentation
rates of sediments younger than middle Eocene in age and
a sharp geochemical boundary between the black shales
and overlaying sediments provide all the conditions neces-
0 100

0

50

100

150

200

250

 5 15   25

0 1 2 1 2 3

0     

Ba2+

  [µM]

SO4
2-

  [mM]
Baexcess
   [ppm]

    RBaSO4
[µM cm-3 a-1]

BaSO4

D
ep

th
 [m

cd
]

 Site 1257

Ba2+

  [µM]

SO4
2-

  [mM]
Baexcess
   [ppm]

    RBaSO4
[µM cm-3 a-1]

BaSO4

D
ep

th
 [m

cd
]

Site 1259

0 200

0

100

200

300

400

500

600

5 15 25

-0.2 0 0.2 1 2

0

10002000

1000 2000

Fig. 11. Barium and sulfate pore water profiles, barite dissolution (negative
Baexcess, and saturation state of interstitial water XBaSO4

with respect to barite at
saturation state plot indicates a saturation of pore waters with respect to barite
of interstitial waters, respectively. Barium excess values have been calculated b
sary for a formation of an authigenic barite front. Accord-
ing to model results, barite dissolves in the black shales
with dissolution rates of about 0.02–0.15 lmol cm�3 a�1

(Fig. 11) as a consequence of the undersaturation of pore
waters with respect to barite. The small amounts of sulfate
produced are directly consumed by bacterial processes and
0 200 400

0

50

100

150

200

250

300

350

400

450

500

550

 5 15  25 

-0.1 0 0.1 0.5 1 1.5 2

0

Ba2+

  [µM]

SO4
2-

  [mM]
Baexcess
   [ppm]

    RBaSO4
[µM cm-3 a-1]

BaSO4

 Site 1258

0 50 100150

0

50

100

150

200

250

300

350

400

450

500

550

0 10 20

0 0.06 0 0.5 1 1.5
Ba2+

  [µM]

SO4
2-

  [mM]
Baexcess
   [ppm]

    RBaSO4
[µM cm-3 a-1]

BaSO4

 Site 1260

10002000

0 1000 2000

values)/precipitation (positive values) rates RBaSO4
, barium excess values

four drilling sites (sites 1257–1260) at Demerara Rise. The solid line in the
. Values <1 and values >1 indicate an undersaturation and oversaturation
y assuming a Ba/Al ratio of 0.00185.



0 50 100 150

0

50

100

150

200

250

300

350

400

450

500

550

0 10 20

0 0.5 1 1.5

SO42-

Ba2+

SO4
2-

[mM]

Ba2+

[µM]
BaSO4

kG,CH4
standard

kG,CH4
increased

kG,CH4
decreased

D
ep

th
 [m

cd
]

Fig. 12. Variation of the rate constant of methanogenesis kG,CH4
and its

influence on barite dynamics. Significant changes in the shape of sulfate,
barium, and saturation state depth profiles arise as a consequence of an
increase (dashed line) or a decrease bisection (dotted line) of the rate
constant by a factor of two.

Cretaceous black shales as active bioreactors 421
remobilized barium accumulates in the interstitial waters.
Dissolved barium concentrations sharply decrease above
the black shales, where the available sulfate increases the
saturation state of the interstitial waters, leading to the rep-
recipitation of authigenic barites with rates around 0.06–
2.4 lmol cm�3 a�1 (Fig. 11). While the constrained value
for the kinetic constant of barite precipitation is compara-
ble to the rate constant used by Aloisi et al. (2004) in their
study of giant cold seeps in the Derugin Basin, the rate con-
stant for barite dissolution used in this model differs from
their value. Precipitation of barite in seawater may lead
to the incorporation of other minor elements, mostly stron-
tium (Dehairs et al., 1980). The substitution of this stron-
tium into the lattice increases the activity of barite and
thus its solubility (McManus et al., 1998). Moreover, barite
preservation may be reduced even under suboxic diagenetic
conditions in marine sediments for unknown reasons, yet
(McManus et al., 1998). These factors are not explicitly for-
mulated in the model and are thus introduced implicitly
through the rate constant of barite precipitation, leading
to deviations between constrained values in different mod-
eling studies.

Although observed sedimentation rates in younger sed-
iments are low and model results indicate the reprecipita-
tion of barite in a relatively pronounced zone near the
sulfate/methane interface, core observations as well as a
limited data set of solid phase barium excess values do
not reveal the presence of an authigenic front (Fig. 11).
In fact, a high number of authigenic barite concretions
have been recovered over the whole length of Campanian
to Paleogene sediment sequences. The formation of an
authigenic front requires the existence of (quasi)steady
state conditions over a rather extended period of time.
Hence, its absence might indicate the variability of sedi-
mentary states. Model results reveal the strong control of
methanogenesis on barite dynamics through the availabili-
ty of pore water sulfate, thereby pointing to varying inten-
sities of methane production as a cause for nonsteady state
conditions in sediments from Demerara Rise. The temporal
dynamics of organic matter degradation, characterized by
a decrease of the rate constant over eight orders of magni-
tude (see previous section, and Middelburg, 1989; Bosatta
and Agren, 1995), reinforces this hypothesis. Fig. 12 illus-
trates the effect of an increased and decreased methane flux,
caused by an increase or a decrease of the rate constant of
methanogenesis, respectively, on the location of the barite
precipitation zone. As a consequence of a doubled rate
constant of methanogenesis, an enhanced production of
methane in the black shales leads to an enhanced diffusion-
al flux out of this lithological unit. Above the black shales,
the penetration depth of sulfate is reduced due to an in-
creased consumption of downward diffusing sulfate in the
course of AMO. The reduced availability of sulfate in the
Campanian chalks results in an upward shift of the barite
precipitation zone of about 80 mcd. A decrease of the
methanogenic rate constant, however, allows a deeper pen-
etration of sulfate due to a reduced diffusion of methane
out of the black shale sequences. The deeper penetration
depth of sulfate promotes reprecipitation of barite in great-
er sediment depths and thus a downward shift of its repre-
cipitation zone of about 50 mcd. Thus, it can be concluded
that the formation of authigenic barite fronts in these sed-
iments was inhibited or already formed fronts have been
dissolved as a consequence of the dynamics of methano-
genesis. This shows that the distribution of barite in the
sediment potentially may serve as a fingerprint for the tem-
poral evolution of biogeochemical processes and that the
proxy use of barite is not restricted to sediments lacking
strong diagenetic influences if experimental data and model
results are carefully combined.

5. Conclusion

Interstitial water chemistry at Demerara Rise is mainly
influenced by diagenetic processes driven by deep-seated,
Santonian, Turonian, and Cenomanian organic matter-
rich black shale sequences. Almost 100 Ma after their
deposition, these sediments still provide a suitable substrate
for ongoing microbial activity in the Deep Biosphere.
According to the calibrated model, methanogenesis is the
predominant biogeochemical process since it controls the
degradation of organic matter as well as the availability
of sulfate at depth. Upward diffusing methane as well as



Table A1
Peclet number Pe ¼ v�L

D for the transport of barium (DBa = 0.012 m2 a�1)
over the length scales L in meter

Site L 50 150 200 Lmax

1257 Pe 0.04 0.11 0.15 0.17
1258 Pe 0.06 0.19 0.25 0.59
1259 Pe 0.05 0.16 0.22 0.59
1260 Pe 0.03 0.08 0.11 0.27

The maximum length scales equal the lower limit of the black shale
sequences at each site (Lmax,1257 = 227 m, Lmax,1258 = 475 m,
Lmax,1259 = 549 m, and Lmax,1260 = 484 m). Advection velocities were
chosen according to current sedimentation rates of the uppermost sedi-
ment units (Shipboard Scientific Party, 2004).
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downward diffusing sulfate are totally consumed in the
course of AMO above the black shales, driving an en-
hanced diffusional flux of sulfate from the sediment/water
interface to the top of the sulfate depletion zone. Major
deviations of sulfate depth profiles from a linear gradient
coincide with local porosity maxima or minima. Due to
the depth-dependent porosity, two pseudo-advective terms
arise in the transport equation, leading to kinked profiles as
a consequence of an accelerated or decelerated transport.
Hence, other sulfate consuming/producing processes are
of minor importance in sediments younger than middle Eo-
cene in age. A complete depletion of sulfate within the
black shale sequence promotes the remobilization of bio-
genic barium. Barite is reprecipitated as authigenic crystals
in the zone of increasing sulfate concentrations where pore
waters become oversaturated. Model results indicate that
temporal dynamics of the degradation processes caused
various shifts in the barite precipitation zone during burial,
thus inhibiting the formation of an authigenic barite front.

All reaction rates determined by our model are by far
lower than those found in shallower sediments due to the
low metabolic activities in the Deep Biosphere. The first
estimates of rate constants in those depths contribute to
a better understanding of this environment. Uncertainties
may arise, in particular, due to the poorly constrained
lower boundary condition of methane in combination
with the dominant influence of methanogenesis in those
sediments. Nevertheless, these uncertainties are reduced
by a number of additional information provided by the
detailed ODP data set from Leg 207. In addition, a com-
parison with experimentally determined methanotrophic
sulfate reduction rates from ODP Leg 201 (Ferdelman
T., Kallmeyer J. pers. commun.), other model studies
(Aloisi et al., 2004) as well as an empirical k–t relation-
ship (Middelburg, 1989) confirms the order of magnitude
of model-determined rate constants. Moreover, model re-
sults as well as observations indicate that organic matter
quality still influences methanogenic processes in the Cre-
taceous black shales. These findings are challenging our
understanding of diagenetic processes and emphasize the
need for a formulation of degradation process in the Deep
Biosphere that fully resolves the dynamics on larger time
scales.

Acknowledgments

We thank the crew and the scientific party of ODP Leg
207 for their kind support. We are very grateful to Andy
Dale and Bernhard Schnetger for their critical comments
on earlier drafts of the manuscript and many valuable dis-
cussions. Almut Hetzel kindly provided barium data for
the squeeze cake samples. A special thanks goes to Tim
Ferdelman for a critical discussion of AMO in sediments
at Demerara Rise and especially for providing information
on sulfate reduction rates in sediments from ODP Leg 201.
We are grateful for the valuable comments of Klaus Wall-
mann and one anonymous reviewer. This research was sup-
ported by the German Science Foundation (ODP-SPP, Br
775/16, and Br 775/17).

Associate editor: Jack J. Middelburg

Appendix A

A.1. Transport

A large number of different processes, such as advection,
diffusion, porosity or temperature gradients, may control
the shape of observed concentration profiles. Thus, the
choice of processes during model design will have a direct
effect on the estimates of chemical kinetic parameters.
Yet, one always aims for the simplest model that is poten-
tially able to explain the observed distributions. Processes,
which have a negligible effect on concentration profiles,
should, therefore, be excluded.

The Peclet number Pe ¼ v�L
D indicates the relative impor-

tance of advective to diffusive transport over a chosen
length scale L. As in most deep sea sediments, present sed-
imentation rates at Demerara Rise are, generally, small
(6.7 · 10�6–15 · 10�6 ma�1) (Shipboard Scientific Party,
2004) and transport processes are, thus, diffusion dominat-
ed. Even if one considers the transport of dissolved species
over the length of the whole sediment column, Peclet num-
bers still reveal values smaller than 1 (Table A1). In sedi-
ments at Demerara Rise, most of the biogeochemical
transformations act over depth scales of about 100 m and
advection related to the deposition of sediment is, there-
fore, negligible. Variations by some small factor, which
may arise as a consequence of neglecting advection, may
be admissible, if they are viewed within the scope of other
uncertainties, such as measurement errors or diffusion
coefficients.

For a dissolved species undergoing transport by molec-
ular diffusion, the temporal change in concentration due to
transport processes can be formulated as

oCi

ot
jtransport ¼ D0

i

oC2
i

oz2
þ D0

i

/
o/
oz

þ oD0
i

oz

� �
oCi

oz
; ðA:1Þ

where / is the porosity. The effective diffusion coefficients
D0

i for dissolved species are determined by correcting the
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diffusion coefficients in free solution D0,i (Boudreau, 1997)
for tortuosity H2

D0
i ¼

D0;i

H2
; ðA:2Þ

where the tortuosity H2 is calculated by means of porosity
according to a relationship proposed by Boudreau (1997),

H2 ¼ 1� 2 � ln/. ðA:3Þ
It is important to note that two pseudo-advective terms

arise in the conservation equation as a consequence of dif-
fusion through a porosity gradient.

A.2. Biogeochemical processes

The degradation of organic matter is the driving force
behind the biogeochemical reaction network in sediments.
It is formulated according to the G-Model (Berner,
1980). Since the remineralization of organic matter in sub-
surface (>1.5 m) sediments is mainly controlled by sulfate
reduction and methanogenesis (Jørgensen, 1982; D�Hondt
et al., 2002), the G-Model approach simply reads,

RG ¼ �foxkG½CH2O�. ðA:4Þ
The overall rate of carbon degradation RG is propor-

tional to the total concentration of organic matter
[CH2O]. A term fox accounts for the oxidant limitation
which equals 1 ðfCH4

¼ 1Þ for methanogenesis where no
external oxidant is involved. The dependence of the rate
of organic matter oxidation on sulfate availability is de-
scribed by the Monod law

fSO4
¼ ½SO 2�

4 �
½SO 2�

4 � þ KS

; ðA:5Þ

where the half-saturation constant for sulfate utilization KS

is 1.6 mM (Boudreau and Westrich, 1984).
Sulfate concentration greater then 1–2 mM exert no sig-

nificant influence on AMO rates. We therefore use a Mon-
od dependence on the sulfate concentration with a Monod
constant KS,AMO of 1 mM (Nauhaus et al., 1995). Rate
laws of a similar type have already been used successfully
by other authors (e.g., Treude et al., 2003), even though
the mechanism of AMO is poorly understood

RAMO ¼ kAMO � ½CH4�
½SO 2�

4 �
KS;AMO þ ½SO 2�

4 �
. ðA:6Þ

The total depletion of sulfate in the sulfate reduction
zone can promote the dissolution of biogenic barite in sed-
iments due to a shift in equilibrium. The relatively fast rate
of mineral dissolution and precipitation allows a solely
thermodynamic formulation. Reaction rates of dissolution
and precipitation are expressed in the form of empirical
rate laws following experimental results (Christy and Put-
nis, 1993; Bosbach, 2002):

RBaSO4;diss ¼ kBaSO4;diss½BaSO4�ðX� 1Þ; ðA:7Þ

for X < 1 and
RBaSO4;prec ¼ kBaSO4;precð1� XÞ2; ðA:8Þ
for X > 1,where kBaSO4;diss and kBaSO4;prec are the rate con-
stants for dissolution and precipitation, respectively. The
state of saturation of the pore water solution X is defined
by the ratio of the ion activity product over the corre-
sponding stoichiometric solubility product equilibrium
constant Ksp,

X ¼ ½SO 2�
4 �½Ba2þ�
Ksp

. ðA:9Þ

Values of Ksp are calculated as a function of salinity S

and temperature T (kelvin) using an empirical relation pro-
vided by Rushdi et al. (2000)

lnKsp ¼ Aþ B � ln T þ C
T
þ D � Sn; ðA:10Þ

where the constants A, B, C, D, and n are 247.6157,
�38.3226, �15421.20, 1.2645, and 0.3, respectively. In
addition to temperature, the effect of pressure on Ksp can
play an important role in deep sediment depths with an
increasing weight of the overlaying sediment and the water
column. Therefore, the stoichiometric solubility product
equilibrium constant at a pressure of 0 atmospheres, K0

sp,
is corrected for the effect of pressure using an equation of
the form (Rushdi et al., 2000)

ln
Kp

sp

K0
sp

¼ ðt0 þ t1T CÞ �
P

RTK

þ 1

2
ðk0 þ k1T CÞ �

P 2

RTK

; ðA:11Þ

where the constants are t0 = 45.61714 cm3 mol�1, t1 =
�0.25097 cm3 mol�1, k0 = �14.445 · 10�3 cm3 mol�1

atom�1, and k1 = 1.251 · 10�4 cm3 mol�1 atom�1. The
temperatures TC and TK are given in C and kelvin, respec-
tively. R is the gas constant in J mol�1 K�1 and P the
pressure in atmosphere.

Ammonium is a typical product of organic matter deg-
radation, reveals maximum concentrations in the zone of
organic matter decomposition, and diffuses upwards in
the sediment column. Adsorption is a fairly fast process
with respect to most microbial controlled processes and
can therefore be assumed to be in steady state, i.e., ad-
sorbed ammonium equals dissolved ammonium times an
equilibrium constant KNH4

¼ 1:3 (Berner, 1980). Conse-
quently, adsorption slows down ammonium dynamics
(Berner, 1980).
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