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Quantifying the rates of biogeochemical processes in marine sediments is essential for understanding global
element cycles and climate change. Because organic matter degradation is the engine behind benthic dynam-
ics, deciphering the impact that various forces have on this process is central to determining the evolution of
the Earth system. Therefore, recent developments in the quantitative modeling of organic matter degradation
in marine sediments are critically reviewed. The first part of the review synthesizes the main chemical, bio-
logical and physical factors that control organic matter degradation in sediments while the second part pro-
vides a general review of the mathematical formulations used to model these processes and the third part
evaluates their application over different spatial and temporal scales. Key transport mechanisms in sedimen-
tary environments are summarized and the mathematical formulation of the organic matter degradation rate
law is described in detail. The roles of enzyme kinetics, bioenergetics, temperature and biomass growth in
particular are highlighted. Alternative model approaches that quantify the degradation rate constant are
also critically compared. In the third part of the review, the capability of different model approaches to ex-
trapolate organic matter degradation rates over a broad range of temporal and spatial scales is assessed. In
addition, the structure, functions and parameterization of more than 250 published models of organic matter
degradation in marine sediments are analyzed. The large range of published model parameters illustrates the
complex nature of organic matter dynamics, and, thus, the limited transferability of these parameters from
one site to another. Compiled model parameters do not reveal a statistically significant correlation with sin-
gle environmental characteristics such as water depth, deposition rate or organic matter flux. The lack of a
generic framework that allows for model parameters to be constrained in data-poor areas seriously limits
the quantification of organic matter degradation on a global scale. Therefore, we explore regional patterns
that emerge from the compiled more than 250 organic matter rate constants and critically discuss them in
their environmental context. This review provides an interdisciplinary view on organic matter degradation
in marine sediments. It contributes to an improved understanding of global patterns in benthic organic mat-
ter degradation, and helps identify outstanding questions and future directions in the modeling of organic
matter degradation in marine sediments.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Biogeochemical processes in marine sediments are essential for
understanding the global carbon cycle and climate (e.g. Arthur et al.,
1988; Berner and Canfield, 1989; Berner, 1990; Siegenthaler and
Sarmiento, 1993; Archer and Maier-Reimer, 1994; Mackenzie, 2004;
Ridgwell and Zeebe, 2005; Ridgwell and Hargreaves, 2007). Benthic
biogeochemical dynamics can be traced back directly or indirectly
to the degradation of organic matter. This process controls, among
others, the recycling of inorganic carbon and nutrients, the dissolu-
tion of carbonates, the flux of organic carbon to the deep biosphere
and, ultimately, the burial of organic carbon in the sedimentary re-
cord. As a result, organic matter degradation determines the net CO2

removal from, and oxygen input to, the atmosphere. Consequently,
numerous quantitative models have been developed to describe the
fate of organic matter in marine sediments (e.g. Berner, 1978;
Jørgensen, 1978; Middelburg, 1989; Boudreau and Ruddick, 1991).
The purpose of this communication is to review the main physical,
chemical and biological controls on organic matter degradation and
analysis how they are incorporated into these models.

Almost all of the organic carbon deposited on the seafloor origi-
nates from biological photosynthetic activity in the terrestrial or ma-
rine biosphere. The photosynthetic production of this organic matter
is represented by:

CO2 þH2O →
light

“CH2O”þ O2: ð1Þ

In this greatly simplified reaction, “CH2O” is an idealized chemical
formula representing the multitude of different types of organic com-
pounds produced in variable proportions by photosynthetic organ-
isms (e.g. de Leeuw and Largeau, 1993). For instance, plants that
require structural support are composed largely of rigid polymers
such as cellulose and lignin, complex carbohydrate or phenolic poly-
mers (de Leeuw and Largeau, 1993). In contrast, the bulk of marine
biomass, which is single-celled, is comparatively rich in lipids and ni-
trogenous compounds (Burdige, 2007). Although a large fraction of
the newly produced carbon is rapidly recycled (Middelburg et al.,
1993), the amount of organic matter that ultimately settles onto the
sediment reveals a significant regional variability (e.g. Lutz et al.,
2002). On a global scale, only a very small fraction of the organic car-
bon export production reaches the seafloor (e.g. Holland, 1978;
Hedges and Keil, 1995; Berner, 2004). However, despite the differ-
ences in original composition and processing, detrital organic matter
found in sediments typically contains similar proportions of identifi-
able compounds: 10–20% carbohydrates, 10% nitrogenous com-
pounds (mostly amino acids) and 5–15% lipids (e.g. Hedges and
Oades, 1997; Burdige, 2007). The remaining portion of molecularly
uncharacterized organic matter (MU-OM) is a collection of chemical-
ly complex compounds that are relatively resistant to biological deg-
radation, collectively known as humic substances (Schnitzer, 1991).
The analytical difficulties associated with identifying the specific
compounds that make up natural organic matter do not imply that
MU-OM is biologically inactive (Burdige, 2007). For instance, kero-
gens, complex high molecular weight organic compounds that can
give rise to fossil fuels, can be degraded by microorganisms when ex-
posed to oxygen (Petsch et al., 2000; Henrichs, 2005; Moodley et al.,
2005). The same is true of black carbon (Middelburg et al., 1999;
Marschner et al., 2008) and carbon-based nanomaterials such as C60
fullerol (Schreiner et al., 2009).

The benthic degradation of organic matter proceeds via multiple
enzymatic reactions involving different organisms and oxidants as
well as a number of intermediate compounds. Organic matter oxida-
tion is coupled to the sequential utilization of terminal electron ac-
ceptors (TEAs), typically in the order of O2, NO3-, Mn(VI), Fe(III) and
SO4

2− followed by methanogenesis and/or fermentation. Depending
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on the degradation pathway, organic matter is directly oxidized to
CO2, partly oxidized to intermediate compounds or reduced to CH4.
Ultimately only a small fraction of the deposited organic carbon es-
capes benthic degradation (e.g. Canfield et al., 2005; Middelburg
and Meysman, 2007). Yet, compilation of field data reveals that the
degradation efficiency is not constant (e.g. Canfield et al., 2005) and
that organic carbon burial rates vary significantly in space (e.g.
Canfield, 1994; Blair and Aller, 2012) and time (e.g. Arthur et al.,
1985). Many different factors have been invoked to explain this spa-
tial and temporal variability. They can be conveniently divided into
factors that have an indirect influence on organic matter degradation,
for instance deposition rate (e.g. Müller and Suess, 1979; Calvert and
Pedersen, 1992; Tromp et al., 1995) or macrobenthic activity (e.g.
Aller, 1982) and factors that have a direct effect on the degradation
process. The latter include, but are not limited to, organic matter com-
position (e.g. Westrich and Berner, 1984; Hedges et al., 1988; Cowie
et al., 1992; Tegelaar et al., 1989; Dauwe et al., 2001), for instance
non-hydrolyzable substrates that resist fermentative breakdown
(e.g. Canfield, 1994; Hedges and Keil, 1995), electron acceptor avail-
ability (e.g. Demaison and Moore, 1980; Emerson, 1985; Canfield,
1994), benthic community composition (e.g. Canfield, 1994; Arnosti,
2011), microbial inhibition by specific metabolites (e.g. Aller and
Aller, 1998), priming (e.g. Stevenson, 1986; Graf, 1992; Aller et al.,
1996; Sun et al., 2002; van Nugteren et al., 2009a) or physical protec-
tion (e.g. Keil et al., 1994; Mayer, 1994; Kennedy et al., 2002). Conse-
quently, disentangling the dynamic interplay between these factors
remains a formidable challenge that hampers the identification of
the dominant controlling factor(s) of organic matter degradation.
For instance, it is commonly accepted that enhanced preservation of
organic matter is related to deposition in anoxic environments (e.g.
Demaison and Moore, 1980; Emerson, 1985; Wignall, 1994). Al-
though numerous causes for this pattern have been proposed (e.g.
Canfield, 1994; Hedges and Keil, 1995) anoxic degradation rates sim-
ilar to oxic rates have nevertheless been frequently observed in sur-
face sediments (e.g. Henrichs and Reeburgh, 1987; Lee, 1992;
Kristensen and Holmer, 2001) and the identification of a clear rela-
tionship between water column anoxia and enhanced organic matter
preservation is thus not obvious (e.g. Henrichs and Reeburgh, 1987).
In addition, little is known about the controls on organic matter de-
gradability during burial. Observations show that some organic com-
pounds are preferentially degraded and become selectively depleted
in organic matter (e.g. Cowie and Hedges, 1994; Wakeham et al.,
1997a,b; Lee et al., 2000). As a result, the bulk reactivity of organic
matter decreases by more than tenfold for each tenfold increase in
age. Microbes living at great depths below the seafloor must therefore
rely on highly refractory organic matter to sustain their metabolic
needs (e.g. Parkes et al., 1994; Wellsbury et al., 1997; Jørgensen,
2006). Yet, the microorganisms responsible for the hydrolytic degra-
dation of organic macromolecules and the fermentative pathways in
anoxic sediments remain to be identified.

Research questions associated with the degradation, preservation
or burial of organic matter in marine sediments are thus inherently
complex and interdisciplinary. They generally concern the interplay
of multiple transport and reaction processes that operate over a
wide range of temporal and spatial scales. Reaction–transport models
(RTMs) represent powerful tools to deal with this structural and de-
scriptive complexity. Modeling always involves simplification and ab-
straction. Because modelling always involves simplification and
abstraction, the modeling process provides an important platform
for interdisciplinary knowledge synthesis, in which criteria of rele-
vance, the meaning of terms and the underlying model concepts can
be critically discussed. The resulting RTMs are ideal diagnostic tools
for the study of the diagenetic dynamics, as they explicitly represent
the coupling and interactions of the processes involved (e.g. Van
Cappellen and Wang, 1996; Berg et al., 2003; Jourabchi et al., 2005;
Arndt et al., 2006). They can be used, in combination with field or
laboratory observations, to test hypotheses, especially with respect
to the main controls on organic matter degradability. RTMs allow
extracting biogeochemical reaction rates from easily obtainable pore
water profiles. In addition, they can complement organic matter deg-
radation rates determined from direct measurements or extracted
from the analysis of pore water profiles. For instance, field observa-
tions primarily target shallow sediment depths and fast-decaying ma-
terials, although it is well known that the most refractory compounds
may degrade over much longer distances on geological timescales
(Middelburg, 1989). RTMs offer a means to bridge such a large spec-
trum of spatial and temporal scales and to reconstruct the sediment
history in the context of a system that evolves over years to thou-
sands or millions of years as well as over centimeters to tens of me-
ters or kilometers (e.g. Zabel and Schulz, 2001; Riedinger et al.,
2006; Arndt et al., 2009; Dale et al., 2009).

The lack of mechanistic understanding of organic matter degrada-
tion is reflected in the mathematical formulation used to represent
this process in RTMs. Generally, existing organic matter degradation
models do not reflect the complex interplay of factors that may con-
trol organic matter degradation on different scales. As a consequence,
model parameters derived to fit observed pore water and sediment
profiles implicitly account for the neglected factors. The implicit na-
ture of model parameters thus complicates the transferability and
predictive capability of existing approaches in data poor areas. Yet,
the predictive capability of organic matter degradation models plays
a key role for the evaluation of deep carbon cycling, the estimation
of substrate fluxes to the deep biosphere (e.g. Arndt et al., 2006;
Røy et al., 2012), the hindcasting and forecasting of the sediment's
diagenetic history (e.g. Dale et al., 2008a; Arndt et al., 2009; Reed et
al., 2011; Mogollon et al., 2012; Wehrmann et al., 2013), the predic-
tion of methane gas hydrate inventories (e.g. Marquardt et al., 2010;
Gu et al., 2011; Wadham et al., 2012) and oil reservoirs (e.g. Head
et al., 2006) or the extrapolation to regional and global scales (e.g.
Archer et al., 2002; Thullner et al., 2009; Krumins et al., 2013). The
need for a predictive algorithm for model parameterization has led
to the emergence of different global relationships that allow relating
model parameters to single, readily available characteristics of the de-
positional environment, such as deposition rate (e.g. Toth and
Lerman, 1977; Tromp et al., 1995) or organic carbon flux (Murray
and Kuivila, 1990; Emerson, 1985). Nevertheless, these relationships
are generally based on very limited data sets and their applicability
to the global scale, as well as to the geological timescale remains un-
certain. Incorporating the complex interplay of the different factors
that may control organic matter degradation and proposing a consis-
tent, predictive algorithm for parameterizing their equations that
can be applied to the entire spectrum of boundary conditions
encountered at the seafloor represents a major challenge for future
generations of RTMs. Yet, the rapidly expanding geochemical and mi-
crobiological data sets collected in the framework of global monitor-
ing programs, such as the Ocean Drilling Program (ODP), as well as
the need for a better quantification of the past, present and future
benthic carbon turnover in the Earth system calls for the prompt de-
velopment of RTMs.

This review synthesizes the research conducted over the past de-
cades in the field of organic matter degradation kinetics, with a strong
emphasis on the modeling process. It focuses on marine sediments,
although much of the discussion is also relevant to other aquatic sys-
tems. First, the main controls on organic matter degradation are iden-
tified. Next, we analyze the structure, forcings and parameterization
of alternative organic matter degradation models and critically assess
their capability to extrapolate organic matter degradation rates over a
broad range of temporal and spatial scales. Finally, on the basis of 250
published modeling applications covering the entire seafloor, we
evaluate the robustness of proposed global-scale relationships and
identify trends between organic matter degradability and the envi-
ronmental characteristics of ocean provinces.
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2. Controls on organic matter degradation

The susceptibility of organic matter towards microbial degradation is
defined here as its “degradability” and the terms “refractory” and “labile”
are used to describe relative differences in degradability. However, it is
important to note that the degradability is “not an inherent, or absolute,
property of the organic matter itself, but results from the interaction between
the organic matter and its environment” (Mayer, 1995). The benthic degra-
dation of organicmatter is thus a true reaction–transport problem that in-
volves chemical, biological and physical processes. Fig. 1 summarizes the
interconnectedness of factors that affect organic matter degradation in
marine sediments, which is, first and foremost, donor controlled. In
otherwords, the benthic consumers have little or no effect on the external
supply of organic matter at the sediment water interface. Yet, the micro-
bial community exerts an important influence on the degradability of
organic matter. The degradation of the deposited material is thermody-
namically and/or kinetically controlled by the different abilities of the
physiological groups that compete for the common substrate. Transport
processes, such as bioturbation, bioirrigation and sedimentation accumu-
lation control the supply of substrates and terminal electron donors and,
therefore, exert an additional indirect influence on the degradation pro-
cess. The relative significance of these controls and the degree to which
they influence each other strongly depend on the characteristics of the
depositional setting and the timescale of interest. The different processes
that exert an influence on organicmatter degradation are discussed in the
following subsections, starting with those that act most directly.

2.1. Organic matter flux, donor control

The rate of organic matter degradation in marine sediments is
donor controlled and, thus, closely linked to its production, transport
and alteration in the ocean (Fig. 2). Organic matter that settles in the
OM 
degradation

Donor
control: OM 

flux

Thermodyna

 OM compositio
TEA concentra
and type
Type and 
concentration 
metabolic
intermediates

Fig. 1. Schematic illustration of the main controls of organic matter degradation in marine s
the flux of organic matter to the sediment–water interface (see Sections 2.1 and 2.2) and, th
the degradability of organic matter in the sediment. It is thus thermodynamically (see Sectio
abilities of the physiological groups (see Section 2.3) that compete for the common substrate
rate (see Sections 2.7, 2.8) exert an indirect control on the degradation reaction mainly thro
intermediate concentrations.
ocean is generally derived from an initial mixture of compounds that
are largely photosynthetically produced in the euphotic layer of the
ocean. However, chemoautotrophy and export from terrestrial
sources or near shore coastal areas also contribute to the organic mat-
ter depositional flux (e.g. Schlesinger and Melack, 1981; Ittekkot,
1988; Meybeck, 1993; Hedges and Keil, 1995; Keil, 2011;
Middelburg, 2011). The flux of organic matter is mainly sustained
by the gravitational settling of organic particles through the water
column. Intense water circulation, transport of organic particles
laterally across the shelf and down the slopes, turbidites and strong
bottom water currents can also supply aged sedimentary organic
matter through a succession of erosion/redeposition cycles (e.g.
Jahnke et al., 1990; Ohkouchi et al., 2002; Mollenhauer et al., 2005;
Mollenhauer and Eglinton, 2007; Kusch et al., 2010). In the interme-
diate and deep layers of the ocean, a large fraction of the sinking par-
ticles are fragmented into smaller, non-sinking particles or consumed
by microbes, zooplankton and nekton. The continuous alteration of
organic matter during transport leads to a consumption of the most
labile organic matter components and, thus, to increasingly refractory
chemical structures of the sinking material (Wakeham et al., 1997a,b;
Dauwe et al., 1999). The export efficiency of the organic matter must
therefore play a key role in the degradability of sedimentary organic
matter. A higher vertical transport rate increases the deposition flux
and influences its quality, since it reduces the degree of pelagic degra-
dation and thus the aging of organic matter in the water column.

A compilation of deep sediment trap data reveals large regional var-
iations in export efficiency (Fig. 3, Lutz et al., 2002; Henson et al., 2012;
Wilson et al., 2012). For instance, the fraction of the organic carbon ex-
port flux that reaches depths greater than 1.5 km varies between 0.28
and 30% (5.7% average) of the export production (Fig. 3, Lutz et al.,
2002). The efficiency of terrestrial organic matter export from land is
even more difficult to predict, given variable controls on residence
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times in soils, followed by widely varying degrees of alteration during
transport through the riverine/estuarine/deltaic system and across the
continental shelf. Capturing this variability represents amajor challenge
for global biogeochemical and Earth systemmodels. Thesemodels gen-
erally apply power relationships between particulate organic carbon
flux and depth. However, such relationships are derived from datasets
of limited geographic and depth range coverage (e.g. Martin et al.,
1987, Fig. 3). Thus, when extrapolated to the global scale, the regional
variability in organic matter fluxes calls the robustness of the model
predictions into question (e.g. Berelson, 2001; Lutz et al., 2002; Boyd
and Trull, 2007; Buesseler et al., 2007). The incomplete understanding
of particle transport efficiency between the surface ocean and sediment
is among themost critical factors limiting the development of improved
organic carbon export flux estimates (Buesseler et al., 2007).

The depth attenuation of carbon fluxes in the ocean interior is very
critical to accurately estimating the transfer of anthropogenic carbon
by biological pump into the deep ocean (Yamanaka and Tajika, 1996).
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Martin et al. (1987) (b = −0.858, zo = 105 m).
Although differences in export efficiencies are most likely not attrib-
uted to a single process, many authors have related the strong vari-
ability in organic carbon fluxes to variations in sinking rates (e.g.
Armstrong et al., 2002; Francois et al., 2002; Klaas and Archer, 2002;
Lutz et al., 2002). In general, particulate organic matter is heavy
enough to sink through the water column. Nevertheless, the settling
velocity of small particulate organic matter can be exceedingly slow
(0.1–5.0 m/d) and only the largest particles (diameter >100 μm)
contribute significantly to the organic matter flux to the sediment.
Ballast materials, such as biogenic opal, biogenic calcium carbonate
and lithogenic material from aerosols and riverine inputs usually in-
crease particle sizes and densities and thus accelerate vertical trans-
port. Particle aggregation or biological glues, such as transparent
exopolymers (TEP) exert the same effect and reduce the residence
time of organic matter in the water column (e.g. Alldredge and
Jackson, 1995; Francois et al., 2002; Klaas and Archer, 2002; Passow,
2004). In addition, packaging and protection during settling may re-
duce pelagic degradation (Keil et al., 1994; Mayer, 1999) and favor
deposition.

The role of ballasting on export efficiencies remains controversial.
Francois et al. (2002), Berelson (2002), and Armstrong et al. (2002)
argue that the ballasting effect of carbonate minerals is the main con-
trol on the transfer efficiency of aggregates. Similarly, Klaas and
Archer (2002) conclude on the basis of a compilation of sediment
trap data from 52 locations that most of the organic carbon rain in
the deep sea is carried by calcium carbonate particles, because they
are denser than opal and more abundant than terrigenous material.
Yet, data from different oceanic regions did not confirm a dominant
influence of ballast materials on the efficiency of the carbon pump
(e.g. Lam and Bishop, 2007; Trull et al., 2008; Riley et al., 2012;
Wilson et al., 2012), thereby indicating that differences in organic
matter degradability may exert a first order control on the efficiency
of the biological carbon pump. Antia et al. (2001) attribute the vari-
ability in export efficiency to the seasonality in export production
rather than to a ballasting effect. Furthermore, the global compilation
of organic matter fluxes by Lutz et al. (2002) and the observations by
Buesseler et al. (2008) show that the export efficiency can be higher
in diatom dominated systems. Buesseler et al. (2008) also point to
the important role of the diel migration of zooplankton for carbon ex-
port. Zooplankton feed at the surface at night and subsequently carry
processed organic carbon to depth where it is either excreted or re-
leased as fecal matter. A number of recent studies have confirmed
the role of ecosystem structure as a master variable in determining
the efficiency of the biological pump (e.g. Lam et al., 2011; Henson
et al., 2012; Mayor et al., 2012). They reveal that diatom dominated,
high-latitude ecosystems, which are often characterized by strong
seasonal blooms export a large fraction of their primary production
from the euphotic zone. However, only a very small fraction of this
export flux reaches the seafloor, implying that the organic matter
exported by these systems is relatively labile and is prone to degrada-
tion in the upper mesopelagic zone. Low-latitude ecosystems, in turn,
are characterized by more complex ecosystem structures and an
efficient microbial loop that recycles most of the produced biogenic
material in the euphotic zone. However, the small fraction of
primary production that is finally exported is often pre-processed,
tightly packed in fecal pellets or protected by calcareous shells or
mineral phases and, therefore, less susceptible to microbial degrada-
tion at mesopelagic depths. Evidence for a high variability in export
efficiency is thus not in dispute, but the exact controlling mechanisms
and the far-reaching implications for organic matter deposition and
degradation in marine sediments remain poorly understood.

2.2. Organic matter composition

Sedimentary organic matter contains a vast range of structural
motifs and functional groups, representing a range of degradabilities



0 50 100

Concentration Rel. Contribution
(%)

S
ed

im
en

t D
ep

th

Total Organic Matter

Carbohydrates

Proteins

Lipids

Macromolecules

Fig. 4. Characteristic depth profiles of organic matter and organic matter compounds.
The different organic matter compounds are characterized by different degradabilities.
Therefore, the depths profiles of their relative contribution to the total organic matter
pool reveal a complex pattern with a dominance of refractory compounds at depth.

58 S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
(e.g. de Leeuw and Largeau, 1993). Capturing and defining this com-
plexity is beyond the capacity of current sedimentary modeling,
with the largest impediments being the inability to identify all chem-
ical compounds and the very limited availability of comprehensive
compound-specific kinetic data (e.g. Sun et al., 1993; Harvey and
Macko, 1997; Sun et al., 2002); issues even as basic as the relative
degradation rates of, for example, membrane glycolipids relative to
phospholipids remain the subject of much debate (Schouten et al.,
2010). Nonetheless, some general distinctions do exist and can form
a guide to interpreting overall sedimentary organic matter degrad-
ability in different settings.

At the most fundamental level, it is recognized that certain bio-
polymers (e.g. proteins and nucleic acids) are particularly labile
under a wide range of conditions, owing to a combination of relatively
weak bonds between monomers (e.g. peptide bonds) or the particu-
larly important nutrient requirements (e.g. phosphates and nitrogen)
that such compounds provide. At the opposite end of the degradability
spectrum are refractory biomacromolecules (e.g. algaenan and cutan)
typically comprised of aliphatic moieties and cross-linked by relative-
ly non-reactive ether bonds (Tegelaar et al., 1989; de Leeuw and
Largeau, 1993). Between these two end-members lie diverse com-
pounds: carbohydrates, including cellulose, are relatively labile,
whereas others, including aliphatic ester-linked macromolecules
such as cutin and suberin and the highly aromatic lignin, tend to be
less degradable, with relatively few organisms having developed the
specific enzymatic capacity to facilitate degradation (e.g. white rot
fungi; e.g. Hattakka, 1994). Two significant consequences arise from
this chemical heterogeneity. First, organic matter from different or-
ganisms is characterized by different degrees of chemical reactivity
(e.g. Tegelaar et al., 1989). Although the significance of this in terms
of driving overall organic matter preservation/degradation remains
disputed (see below; also de Leeuw et al., 2006; Gupta et al., 2007) it
does appear to be at least responsible for greater degradability of
most algal biomass relative to terrestrial biomass and for the selective
preservation of some algal groups relative to others in the fossil record
(e.g. Goth et al., 1988). Second, the selective preservation of refractory
organic matter at the expense of labile component is perhaps one of
the main reasons that organic matter becomes less degradable with
burial depth.

One of the most important guideposts to the relative degradability
of organic matter in different depositional contexts is the understand-
ing that terrestrial organic matter is relatively more refractory than
algal organic matter (e.g. Hedges et al., 2000), ostensibly due to a
chemical composition dominated by moderately resistant (e.g. cellu-
lose, lignin and cutin) or highly resistant (e.g. cutan) biopolymers (de
Leeuw and Largeau, 1993). Alternatively, the refractory nature of ter-
restrial organic matter could reflect the pre-aging that it undergoes
during burial in soils and subsequent transport, i.e. terrestrial organic
matter in aquatic sediments that has already been extensively de-
graded compared to the relatively ‘fresher’ aquatic organic matter.
Both mechanisms implicitly assume that the lower degradability of
terrestrial organic matter is fundamentally due to its chemical com-
position. However, recent work suggests a more complex relationship
between chemical structure and degradability (Bianchi, 2011).
Huguet et al. (2008) compared the oxidative loss of different com-
pound classes during sediment resuspension and redeposition cycles
in turbidites in the Madeira Abyssal Plain. Branched glycerol dialkyl
glycerol tetraether lipids (GDGTs) of predominantly terrestrial origin
and isoprenoidal GDGTs of predominantly marine origin were both
highly degraded but the latters decrease was almost an order of mag-
nitude greater. A molecular structural explanation seems unlikely be-
cause their structures are almost identical, and instead the authors
suggested that the lower degradability of the terrestrial-derived com-
pounds was due to protection via associations with either minerals or
other organic matter (i.e. encapsulation, see Section 2.6 “Physical
protection”).

Another aspect of the chemical composition of sedimentary or-
ganic matter that appears to directly impact its degradability is its
continual alteration during transport, burial and diagenesis, all of
which appear to impart decreasing degradability on the residual or-
ganic matter (Fig. 4). This may appear intuitive — the less degradable
organic matter persists the longest, such that continual aerobic or an-
aerobic degradation will result in an increasingly refractory chemical
structure (Fig. 4). In fact, such reasoning is the basis of the selective
preservation model for organic matter preservation (Tegelaar et al.,
1989), with sedimentary organic matter thought to primarily derive
from refractory biomolecules. However, the overall importance of se-
lective preservation remains the subject of debate (e.g. de Leeuw et
al., 2006; Gupta et al., 2007), and other mechanisms, such as physical
protection, temperature effects, or physiological constraints also con-
tribute to decreasing organic matter degradability (see following sec-
tions) and may become proportionally more important with depth.
Alternatively or additionally, formation of geopolymers (e.g. humifi-
cation or condensation–polymerisation, forming macromolecules;
Tissot and Welte, 1984) with depth (Fig. 4) likely also contributes to
decreased organic matter degradability. The mechanisms by which
geopolymerisation occurs remain the subject of debate but there is
clear evidence for both oxidative polymerization (e.g. Gatellier et al.,
1993; Riboulleau et al., 2001; Versteegh et al., 2004; Gupta et al.,
2005, 2006, 2007) and sulfidization (Sinninghe Damsté et al., 1989;
Sinninghe Damsté and de Leeuw, 1990) in different settings. Such
reactions can render putatively labile compounds resistant to degra-
dation, with sulfidization having been shown to facilitate the preserva-
tion of even carbohydrates (van Kaam-Peters et al., 1998; Zonneveld
et al., 2010).

2.3. Microbiology

Organic matter degradation processes result from the combined
effort of billions of individual microorganisms. All these microbial cells
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Fig. 5. A. Model of the turnover of microbial biomass and necromass (dead microbial biomass). The model is based on the built-in molecular clock of detrital amino acids driven by
the slow inter-conversion (racemization) between the two stereo-isomers (L- and D-form). The model is here applied to data from a 200 m deep sediment core obtained from the
Peru Trench at 5 kmwater depth during the IODP Expedition 201 (D'Hondt et al., 2004). B. The total number of DNA-stained cells (blue circles) is shown in comparison to the global
mean curve (red) compiled by Parkes et al. (2000) and later amended. The number of bacterial endospores (orange triangles) was >10-fold lower than the vegetative cell numbers
near the sediment surface but exceeded the vegetative cells in the deeper sediment column. C. The turnover time of the total microbial necromass (red stars) calculated by the D:L
racemization model was 105–106 years. The living microbial biomass (blue circles) turned over >100-fold faster with a calculated turnover time of 200–1000 years. (Redrawn from
Lomstein et al. (2012)).
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have highly diversemetabolic potentials and requirements and are con-
tinuously involved in synergetic or competitive interactions that deter-
mine the outcome of their activities. The observed depth-profiles of
their main substrates and products are the net result of the complex
networks of these metabolic interactions. Natural organic matter de-
posited on the seafloor comprises a complex mixture of high molecular
weight compounds that cannot be taken up directly by the cells. There-
fore, extracellular hydrolysis is required to produce smaller, monomeric
organic molecules such as sugars and amino acids. Aerobic organisms
have the ability tomineralize organicmatter completely to carbon diox-
ide via the tricarboxylic acid cycle. In contrast, in anoxic environments
organic matter is mineralized in an anaerobic food chain. The initial
breakdown occurs through extracellular and membrane-bound hydro-
lytic enzymes produced by certain microorganisms. The hydrolytic
products are then consumed by fermenting and acetogenic bacteria
that produce compounds such as acetate and hydrogen. The terminal
step in this anaerobic food chain involves the utilization of these latter
compounds by microorganisms that reduce sulfate and oxidized man-
ganese/iron or produce methane.

Although the main mineralization processes involved in the termi-
nal degradation of organic matter are well described and their stoi-
chiometry is well constrained, it remains highly uncertain which
microorganisms are responsible for the upstream processes in the mi-
crobial food web of anoxic marine sediments, namely the hydrolytic
degradation of macromolecules and the fermentative pathways. The
large gaps in our knowledge of sediment microbiology have become
clear from observations that archaea with no cultivated relatives
and therefore of completely unknown physiology are widespread
and perhaps even predominant in subsurface sediments (Biddle et
al., 2006; Lipp et al., 2008; Schippers et al., 2008). This great diversity
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of unknown archaea must play important roles in the complex degra-
dation of organic matter, roles that affect the pathways and the kinet-
ics of degradation. Yet, the overall net processes remain the same, as
we know from experimental process studies, detailed sediment
chemistry, and RTMs.

The main depth sequence of mineralization processes using differ-
ent terminal electron acceptors follows roughly their increasing Gibbs
energy yields (see Section 2.4 Thermodynamics). However, the com-
monly observed depth sequence also generally reflects physiological
constraints of the microorganisms that use the different terminal elec-
tron acceptors in their respiratory energy metabolism. Aerobic respira-
tion is confined to the oxic zone, which in many organic-rich shelf
sediments is only a few mm to a cm deep. The bacterial community in
this thin oxic skin of the seabed can account for more than half of the
total organic carbon mineralization in the entire sediment column
(e.g. Jørgensen and Revsbech, 1989). Their disproportionate importance
stems from their relatively high cellular activity. These communities
typically have a density of 109–1010 cells cm−3 and a respiration rate
of 1–10 μmol O2 cm−3 d−1 (Rasmussen and Jørgensen, 1992). This
yields a mean respiration rate of 1 fmol O2 cell−1 d−1 (1 fmol =
10−15 mol), which is 100-fold lower than for aerobic plankton bacteria
under optimal substrate conditions (e.g. Warkentin et al., 2007), yet 10
to 100 times higher than the mean respiration rate of sulfate reducing
bacteria a few cm deeper in the sediment (Sahm et al., 1999) and
about 1000 times higher than aerobic microbes living at 10 m below
the seafloor (Røy et al., 2012). Although aerobic respiration is confined
to the thin surface layer, many aerobes are able to live anaerobically and
subsist in the anoxic sediment, ready to respire with oxygen as soon as
this becomes available through bioirrigation or bioturbation by benthic
macrofauna. At the other extreme, subsurface bacterial respiration is
extremely low and oxygen penetration may reach tens of meters into
the sediment in central ocean regions with low plankton productivity
and very low deposition rates, such as the North and South Pacific
Gyres (Fischer et al., 2009; Røy et al., 2012). Many bacteria are strict an-
aerobes and are confined to the reducing subsurface sedimentwith low
redox potential. The zonation of mineralization processes may thus be
kinetically or energetically controlled through the different abilities of
the physiological groups to compete for common substrates. A clear ex-
ample of energetic control is the regulation by sulfate reducing bacteria
or methanogenic archaea of the ambient H2 at a minimum concentra-
tion that still enables these organisms to maintain the required energy
yield of ≤−10 to −20 kJ mol−1 (Hoehler et al., 2001). The energetic
minimum concentration that can bemaintained by the sulfate reducers
is below the level required for the archaea to conserve energy through
methane formation from H2 and CO2, which is the predominant
methanogenic pathway in marine sediments. Acetate is another com-
mon energy substrate for both sulfate reduction and methanogenesis.
Interestingly, measured pore water concentrations of acetate in marine
sediments are typically on the order of 10−5 M, even in the sulfate zone.
Such concentrations could potentially support both sulfate reduction
and methanogenesis. Yet, sulfate reduction is completely dominant
and net methanogenesis is not detected. The competitive and potential
syntrophic relationships between these two distinct groups of microor-
ganisms may therefore be more complex than has so far been recog-
nized. For example, acetoclastic methanogens growing in syntrophy
with sulfate reducers may shift from producing methane from acetate
to feeding the sulfate reducers with H2 (Finke et al., 2007).

In addition, processes that disturb the commonly observed verti-
cal zonation of marine sediments may further increase the complexi-
ty of sedimentary biogeochemical dynamics. The addition of labile
organic matter to deeper sediment layers may stimulate the degrada-
tion of more refractory material (e.g. Van Nugteren et al., 2009a). Dif-
ferent mechanisms have been proposed to explain this priming effect
(e.g. Guenet et al., 2010). The availability of labile organic matter may
stimulate the production of extracellular enzymes that concomitantly
degrade the more refractory organic matter into simpler intermediate
metabolites. The resulting intermediate metabolites can perhaps not
be utilized by the enzyme-producing organisms, but are degraded
by another population. Alternatively, a part of the labile organic mat-
ter degradation products may provide energy to the second popula-
tion that in turn produces extracellular enzymes to degrade the
refractory organic matter. However, the priming effect may also
cause a homogenous community to degrade refractory organic matter
when labile organic matter is available as an energy source. These
three hypotheses are not exclusive, and their relative importance is
currently unknown. Moreover, terminal electron acceptors may also
bypass the traditional redox-sequence. For instance, although the re-
duction of solid-phase Mn(IV) or Fe(III) predominates in the interme-
diate “suboxic” zone, unreactive Fe(III) species in particular may
persist for years to many thousands of years after burial into sulfidic
sediment (Canfield et al., 1992). The continued reactivity of this
Fe(III) may not be obvious from the pore water chemistry in the sul-
fate reduction zone. However, a drop in sulfide concentration deep
down in the methane zone, which is often observed in continental
shelf and slope sediments, reveals the continued iron reactivity. Al-
though the reaction rate of this iron is extremely low, so is the organic
carbon degradation rate at that depth. The oxidative reaction of
Fe(III) with sulfide may even drive a cryptic sulfur cycle by which sul-
fate is produced and becomes available to the large populations of
sulfate reducing bacteria that are observed in deep methanogenic
sediments (Holmkvist et al., 2011).

Similar to organic matter degradation rates, the global depth distri-
bution of microbial cell numbers in marine sediments decreases with
sediment depth according to a power law (Bacteria per cm3 =
6 · 107 · z−0.57, where z is the sediment depth in meters, Parkes et
al. (2000)). However, the bacterial numbers drop off less steeply with
depth and age than do the organic carbon degradation rates. Conse-
quently, the mean carbon and energy flux per cell and time is the
highest near the sediment surface and drops off with depth and age in
the sediment. This has been confirmed for sulfate reducers and sulfate
reduction in a continuous depth profile of a coastal sediment
(Holmkvist et al., 2011) and it is evident from the extremely low rates
of cellular metabolism in deep subsurface sediments (e.g. Arndt et al.,
2006; D'Hondt et al., 2009; Røy et al., 2012). The observed mean rates
in the deep biosphere are many orders of magnitude below the metab-
olism known from pure cultures, even orders of magnitude belowwhat
is considered to bemaintenance metabolism in pure cultures. As a con-
sequence of their extremely low metabolic rates, potential turnover
times of deep subsurface microorganisms are hundreds to thousands
of years (Jørgensen, 2011). In fact, it is not even known that they divide
at such generation times since they may partly be turning over cell bio-
mass without cell division. Consequently, livingmicrobial biomass con-
stitutes only a minor fraction of the total organic matter in marine
sediments as the following example shows. With a typical cell density
of 106 cells cm−3 (Parkes et al., 2000) in the deep subsurface and
a typical dry weight per cell of 1.7 · 10−13 g (Balkwill et al., 1988),
the dry weight of living microbial biomass in the sediment is
1.7 · 10−7 g cm−3. The organic matter content of deep-sea sediment
may be 1% dry weight and the total dry density 0.5 g cm−3, thus yield-
ing 5 · 10−3 g cm−3 of the total organic dry weight. The living bacteri-
al biomass thus accounts for only 0.003% of the total organic matter in
this example.

The remains of dead microbial cells (microbial necromass) such as
cell lysis products or remains of bacterial cell walls and of endospores
may accumulate over time and thereby contribute to the sedimentary
organic matter pool over geological time scales (Burdige, 2007). Since
a considerable fraction of the organic matter becomes degraded and
mineralized by microorganisms over the thousands to millions of
years of burial, the total microbial biomass production integrated
over time may be a significant fraction of the initially buried organic
matter. How much biomass is produced depends on the effective
growth yield of the microorganism, i.e. which fraction of mineralized
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organic matter is assimilated into cell biomass. This in situ growth
yield is currently not known and may well be lower than in laborato-
ry cultures as the cells presumably use much of the available energy
for maintenance rather than for growth. Lomstein et al. (2012) used
the slow chemical racemization between D- and L- amino acids in
deep marine sediments as a molecular clock to calculate the turnover
of microbial necromass and of living microbial biomass. A simplified
diagram of this racemization model is shown in Fig. 5a. The model
uses the depth distribution of vegetative cells in the sediment column
(Fig. 5b). In the example used in Fig. 5 the total cell numbers of pro-
karyotic cells in the deeper sediment exceeds by ca. 3-fold the global
mean trend in the sub-seafloor found by R. John Parkes and Barry
Cragg (updated from Parkes et al. (2000)). Dormant cells in the
form of bacterial endospores are not included in the following turn-
over calculations although such spores may outnumber vegetative
cells in the subsurface. The extent of D–L conversion in aspartic acid
of dead microbial biomass is used to calculate the age of the total de-
trital amino acid pool and thereby its turnover time. As the necromass
pool is produced by the turnover of a much smaller amino acid pool
within living microbial cells, the turnover time of microbial biomass
is faster by 100–1000-fold. The necromass was shown to turn over
on a time scale of 105–106 years (Fig. 5c). Dead organic matter from
microbial production in the subsurface is thus refractory over tens
of thousands of years but is labile over millions of years. Using the
same molecular clock, the turnover of living microbial biomass, i.e.
the “generation time” of bacteria, was found to be 102–103 years,
i.e. similar to the results above based on process rates divided by mi-
crobial cell numbers.

In summary, the organic matter degradation processes result from
the combined effort of billions of individual microorganisms. The ener-
getic and kinetic parameters used to describe the dynamic microbial
food web in marine sediments therefore need to be tested against
known microbial physiologies — with an open mind towards
undiscovered physiologies that in the futuremaygenerate newperspec-
tives on the pathways of organic carbon degradation. Examples of such
discoveries in the past include disproportionation reactions of elemental
sulfur or thiosulfate to produce sulfate and sulfide (Jørgensen, 1990;
Thamdrup et al., 1993) or the anammox reaction of nitrite and ammoni-
um to produce dinitrogen (Thamdrup and Dalsgaard, 2002). Most re-
cently, the discovery of extracellular electron transfer as a mechanism
for remote oxidation of organic carbon or sulfide with oxygen has
added a novel mechanism of mineralization to the known toolbox of
microorganisms (Nielsen et al., 2010).

2.4. Thermodynamics

The degradation of organic matter proceeds via multiple enzymatic
reactions involving different organisms, organic compounds and oxi-
dants, aswell as a number of intermediate compounds. The net redox re-
action is the sum of electron donor reaction and electron acceptor half
reactions (Table 1). Yet most work on the thermodynamics of organic
matter degradation by heterotrophic organisms has so far focused on
the relative energy yields associated with different TEAs. The sequential
utilization of TEAs (O2, NO2- or NO3-,Mn(VI), Fe(III), SO4

2−) and the onset
of fermentation reactions usually follows themagnitude of the Gibbs en-
ergy yield of the electron accepting processes with a progressive de-
crease in energy yield down the redox ladder (Table 1; Claypool and
Kaplan, 1974; Froelich et al., 1979; StummandMorgan, 1996). However,
this sequential use of TEAs is only valid if the reactions are normalized
per mole of carbon oxidized or, preferably, per electron transferred. For
instance, iron reduction involves the transfer of only one electron,
while sulfate reduction to sulfide involves 8 electrons. Comparing the en-
ergetics of these two reactions on a per mole basis would lead to the er-
roneous conclusion that iron reduction never occurs until all sulfate is
exhausted (LaRowe and Van Cappellen, 2011). In addition, the order of
TEA consumption (Table 1) is based on standard state calculation of
the Gibbs energy of the reactions at 25 °C and 0.1 MPa. Under
non-standard state conditions, this order may no longer hold (Amend
and Teske, 2005; Bethke et al., 2011; LaRowe and Van Cappellen,
2011). and sulfate may, for instance, become an energetically more fa-
vorable TEA than iron oxides (LaRowe and Van Cappellen, 2011). In ad-
dition, the energy yield also depends on the chemical structure of the
oxidant source, for e.g. the specific iron mineral. Comparison of the ΔGr

values for the oxidation of glucose coupled to the reduction of goethite
and 2-line ferrihydrite illustrates the significant range in energy yields
associated with different Fe(III) minerals (Table 1). When 2-line
ferrihydrite rather than goethite is the electron acceptor for glucosemin-
eralization, iron reduction is nearly 20 kJ (mol e− transferred)−1 more
exergonic (LaRowe and Van Cappellen, 2011).

The aforementioned thermodynamic analysis can be expanded to
take into account the nature of the electron donor. Table 1 (see LaRowe
and Van Cappellen (2011) for a more extensive analysis) and Fig. 6 pro-
vide an overview of standard state Gibbs energies for the oxidation half
reactions,ΔGr

0, of a number of selected organic compounds found inma-
rine sediments. Most values are positive, indicating that organic carbon
oxidation must be coupled to the reduction of a TEA or the production
of a reduced carbon product in order to proceed forward. However,
Gibbs energies of reaction span a range of ca. 20 kJ (mol e− trans-
ferred)−1. The observed difference in Gibbs energies between different
compounds can be directly linked to the chemical structure and the ox-
idation state of carbon in organic matter (Fig. 6, see also Section 2.2).
However, the Gibbs energy of the oxidation reaction also depends on
the complex interplay between the types and numbers of bonds in
these compounds and the overall molecular orbitals of their constituent
electrons. For instance, oxidation of the carbon in the amino acid serine
yields a higher Gibbs energy per mole of carbon and per electron trans-
ferred than that of alanine, another amino acid (see Table 1).

The average nominal oxidation state of the carbon (NOSC) repre-
sents a simple proxy that can be used to scale the bonding in organic
compounds to their energetic content. The NOSC has the advantage
that it does not require structural information in order to estimate the
energetic potential of complex, natural organic matter. Fig. 6 relates
the standard state Gibbs energies of the half reaction describing the
complete oxidation of a broad array of organic compounds to the
NOSC. The Gibbs energies of reaction permole of carbon oxidized corre-
lates inversely with the average nominal oxidation state of the carbon
atom, NOSC, although values may vary by as much as 30 kJ mol C−1

(Fig. 6). This inverse trend is expected because more electrons can be
transferred per carbon atom when a compound with a lower NOSC is
oxidized. However, a similar inverse relationship between Gibbs ener-
gies of reaction and NOSC can also be observed when Gibbs energies
are normalized to the number of electrons transferred (Table 1,
LaRowe and Van Cappellen, 2011). Thus, on average, the removal of
an electron from an organic compound becomes thermodynamically
more favorable as NOSC becomes more positive. The inverse trend in
Fig. 6 therefore reflects variations in both the number of electrons re-
moved from carbon atoms during degradation and the average energy
required to remove individual electrons This correlation can be used
to estimate the energetics of organic matter oxidation with any TEA as
long as the average NOSC, which can be directly calculated from ele-
ment ratios, is known (see LaRowe and Van Cappellen, 2011).

The energetic differences between different organic matter com-
pounds and TEAs have important implications for the degradation
rates of organicmatter. For instance, the oxidation of a given compound
may be thermodynamically possiblewhen coupled to a powerful termi-
nal electron acceptor, such as oxygen, but may become thermodynam-
ically limited when oxygen is depleted. Thermodynamic limitationmay
thus partly explain the difference between organic matter degradation
in oxic and anoxic environments. Much controversy and confusion
have revolved around the influence of oxic and anoxic conditions on or-
ganic matter degradation. Laboratory experiments have demonstrated
that fresh, marine-derived organic matter is initially mineralized at



Table 1
Common terminal electron acceptor (TEA) and electron donor (ED) species, half-reactions, Gibbs energy yields and nominal oxidation state of carbon (NOSC).

Compound Half reaction ΔGr
0(k J (e−)−1) 25 °C NOSC

Terminal electron acceptor (TEA) reaction
Oxygen O2 + 4e− + 4H+ → 2H2O −122.7
Nitrate NO3

− + 5e− + 6H+ → 1/2 N2 + 3H2O −118.3
Pyrolusite MnO2 + 4H+ + 2e− → Mn2+ + 2H2O −120.0
Goethite FeOOH + 3H+ + e− → Fe2+ + 2H2O −75.9
Hematite Fe2O3 + 6H+ + 2e− → 2Fe2+ + 3H2O −74.6
2-line Ferrihydrite Fe(OH)3 + 3H+ + e− → Fe2+ + 3H2O −94.7
Sulfate SO4

2− + 8e− + 9H+ → HS− + 4H2O −24.0

Electron donor reaction (ED)
Amino Acids
Serine C3H7NO3 + 6H2O ↔ 3HCO3

− + 13H+ + NH4
+ + 10e− 10.18 0.67

Asparagine C4H8N2O3 + 9H2O ↔ 4HCO3
− + 14H+ + 2NH4

+ + 12e− 12.82 1.00
Alanine C3H7NO2 + 7H2O ↔ 3HCO3

− + 14H+ + NH4
+ + 12e− 16.00 0.00

Tryptophan C11H12N2O2 + 31H2O ↔ 11HCO3
− + 55H+ + 2NH4

+ + 46e− 18.49 −0.18
Mononucleotides (x-MonoPhosphate)
Adenosine-MP (AMP2−) C10H12N5O7P2− + 27H2O ↔ 10HCO3

− + 35H+ + 5NH4
+ + 30e− + HPO4

2− 2.85 1.00
Deoxycytidine-MP (dCMP2−) C9H12N3O7P2− + 24H2O ↔ 9HCO3

− + 38H+ + 3NH4
+ + 32e− + HPO4

2− 10.23 0.44
Saccharides
Glucose C6H12O6 + 12H2O → 6HCO3

− + 24e− + 30H+ 10.0 0.00
Deoxyribose C5H10O4 + 11H2O ↔ 5HCO3

− + 22e− + 27H+ 12.66 −0.40
Membrane-type compounds
C16 n-alkane C16H34 + 48H2O ↔ 16HCO3

− + 114H+ + 98e− 19.84 −2.13
Hopane C30H52 + 90H2O ↔ 30HCO3

− + 202H+ + 172e− 20.61 −1.73
Complex organics
Type I kerogen C415H698O22 + 1223H2O ↔ 2729H+ + 415HCO3

− + 2314e− 19.95 −1.58
Fulvic substance C27H28O7 + 74H2O ↔ 149H+ + 27HCO3

− + 122e− 20.73 −0.52
Misc species
Hydrogen H2 → 2H+ + 2e− −8.9
Formate CHO2

− + H2O ↔ 2H+ + HCO3
− + 2e− 0.56 2.00

Ammonia NH3 → 1/2 N2 + 3e− + 3H+ 11.9
Acetate C2H3O2

− + 4H2O ↔ 9H+ + 2HCO3
− + 8e− 18.02 0.00

Methane CH4 + 3H2O → 9H+ + HCO3
− + 8e− 19.9 −4.00

Hydrogen sulfide HS− + 4H2O → SO4
2− + 8e− + 9H+ 24.0

Ferrous Iron Fe2+ → e− + Fe3+ 74.2
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the same rate under oxic and anoxic conditions (e.g. Westrich and
Berner, 1984; Henrichs, 2005). However, this is only true for planktonic
biomass, polysaccharides and proteins, and is not valid for lignins,
lipids, chloropigments and other carbon-rich polymers (e.g. Henrichs,
1992, 1993). When the most labile organic compounds have been
consumed, the rate of organic matter degradation in anoxic settings
decreases much more rapidly than when oxygen is present (e.g.
Westrich and Berner, 1984; Henrichs, 2005). It has thus been hypothe-
sized that the enzymes catalyzing the respiration of phenolic and other
terrestrial-derived organic compounds, such as lignin, cellulose and
tannins, are more active in the presence of oxygen (e.g. Hedges and
Oades, 1997; Freeman et al., 2001). However, the observed pattern
may also be explained by the different amounts of energy released dur-
ing the oxidation of different organic compounds under oxic and anoxic
conditions (LaRowe and Van Cappellen, 2011).When energetic organic
carbon compounds are available and degraded, theGibbs energy yield is
large in both oxic and anoxic settings. However, once these energy rich
compounds are consumed, the oxic and anoxic degradation rates pro-
gressively drift apart (e.g. Canfield, 1993; Canuel and Martens, 1996;
Hartnett et al., 1998; Henrichs, 2005; Jin and Bethke, 2009). Under
oxic conditions, organic matter degradation rates remain high because
of the very high oxidative potential and the resulting weak sensitivity
towards the depletion of energy-rich organic compounds. However, in
anoxic environments deprived of energy rich-organics and powerful
TEAs, the degradation rate becomes thermodynamically limited.

Observations have shown that the rate of organic matter degrada-
tion is also affected by the presence of reactive intermediates or
by-products (e.g. Aller and Aller, 1998). For example, the Gibbs ener-
gy yield of acetate oxidized by sulfate,

CH3COO
− þ SO2−

4 →2HCO−
3 þ HS− ð2Þ
at 25 °C and 0.1 MPa is−6.5 kJ (mol e−)−1 when the concentrations of
acetate, sulfate, bicarbonate and sulfide are 10−5, 10−2, 10−1.6 and 10−
4.5 mol l−1, respectively.When the concentration of sulfide, an inhibiting
specieswith regard to the reaction (Eq. 2), increases to 10−2 mol l−1 the
thermodynamic drive for this reaction decreases to−4.7 kJ (mol e−)−1.
Thus, if there is a bioenergetic threshold energy thatmust be overcome in
order for organisms to catalyze a reaction (Schink and Thauer, 1988;
Schink, 1990, 1997; Hoehler et al., 2001; Jin and Bethke, 2002; Curtis,
2003; Jin and Bethke, 2003; Hoehler, 2004; Jin and Bethke, 2005, 2009;
Regnier et al., 2011; LaRowe et al., 2012), then the Gibbs energy yield of
the reaction might not be sufficient for acetate oxidation by sulfate.
From an energetic point of view, the rate of organic matter degradation
can thus be related to the bioenergetic potential of organic matter,
the specific oxidation pathway and the concentration of metabolic
by-products.
2.5. Temperature effects

Temperature is an important factor regulating the rate of biogeo-
chemical processes. In general, chemical reaction rates increase with
increasing temperatures. However, the benthic degradation of organ-
ic matter cannot be reduced to a single chemical process, but pro-
ceeds via multiple enzymatic reactions resulting from the combined
effort of billions of individual microorganisms and involving a num-
ber of oxidants and intermediate compounds. Therefore, factors
such as physiological adaption, selective pressure and reaction path
play an important role in the temperature response. As a conse-
quence, the effect of temperature on organic matter degradation
rates follows a complex pattern on both short- and long-time scales
(e.g. Arnosti et al., 1998; Thamdrup and Fleischer, 1998; Ågren and
Bosatta, 2002; Kirchman et al., 2005; Davidson and Janssens, 2006;
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Fig. 6. Standard molal Gibbs energies of the oxidation half reactions of different organic compounds as a function of the average nominal oxidation state of carbon (NOCS) that
serves as a proxy for the bond strength, at 25 °C and 1 bar (redrawn from LaRowe and Van Cappellen (2011)). The chemical structures of selected compounds are also shown.
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Kirschbaum, 2006; Finke and Jørgensen, 2008; von Lützow and
Kögel-Knabner, 2009; Robador et al., 2010).

Observational evidence from temperate environments reveals a
strong increase of organicmatter degradation rateswith a seasonal tem-
perature increase (e.g., Jørgensen and Sørensen, 1985; Crill andMartens,
1987; Westrich and Berner, 1988; Middelburg et al., 1996). In contrast,
organic matter degradation rates measured in permanently cold Arctic
sediments are not intrinsically slower than those measured in temper-
ate or tropical sediments (Arnosti et al., 1998; Glud et al., 1998;
Sagemann et al., 1998; Thamdrup and Fleischer, 1998; Knoblauch and
Jørgensen, 1999; Jørgensen, 2006). This seemingly contradictory
observation is the direct result of the physiological adaption of the
in-situ bacterial community to the prevailing environmental conditions
(e.g. Robador et al., 2009). In polar and tropical environments, bacteria
generally exhibit physiological characteristics that increase their fitness
to the permanently cold or warm habitat and, therefore, support high
organic matter degradation rates at in-situ temperatures. In contrast,
habitats with seasonally changing temperatures favor the development
of psychrotolerant ormesophilicmicroorganismswhose combinedmet-
abolic response allow for organicmatter degradation over a broad range
of temperatures. This community maintains, despite a competitive dis-
advantage against psychrophiles in winter, a large population all year
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round. However, mesophilic microorganisms are adapted to colder
temperatures and organic matter degradation rates thus significantly
decrease during the cold period.

These observations show that the dominant microbial populations
in each environment are optimally adapted to the prevailing environ-
mental conditions. On the one-hand, short-term changes of ambient
temperatures below or above their optimal thermal range most likely
result in functional constraints. On the other hand, long-term temper-
ature changes such as those induced by geothermal gradients in sedi-
ments or climate change may result in shifts in microbial community
composition and, thus, an adaptation to changing conditions (e.g.
Robador et al., 2009). Incubation experiments with Arctic sediments,
for instance, have shown that extreme temperatures well above
in-situ temperatures may activate diverse populations of dormant
mesophilic or thermophilic bacterial spores, which produce different
hydrolytic enzymes that could, if not limited by substrate availability,
degrade otherwise refractory organic matter (e.g. Hubert et al., 2009,
2010). The activation of bacterial spores might also be the reason for
the weakening in the decrease in organic matter degradability with
depth along the geothermal gradient (Parkes et al., 2007; Hubert et
al., 2010).

Long- and short-term temperature changes may not only affect
the microbial community composition, but also exert a direct influ-
ence on the reaction rate. Comparative studies from temperate and
Arctic sediments show that, on short timescales, the balance between
the rates of extracellular enzymatic hydrolysis and terminal oxidation
is robust over a large temperature range (Arnosti and Holmer, 2003;
Brüchert et al., 2003; Arnosti and Jørgensen, 2006). On these time-
scales, the increase in temperature generally is associated with an in-
crease in the rates of both the initial and terminal step of organic
matter degradation. The significance and extent of this positive effect
depend on in situ temperature, the thermal tolerance of the microor-
ganisms and on the specific metabolic process (Arnosti et al., 1998;
Sagemann et al., 1998; Knoblauch and Jørgensen, 1999; Robador et
al., 2010). Yet, long-term incubation experiments (24 months) of
Arctic and temperate sediments reveal a different behavior
(Robador et al., 2010). In these experiments, hydrolysis and terminal
oxidation rates initially increase with temperature in accordance with
previous findings. However, in the long-term, hydrolysis outpaced
the terminal oxidation step. At the same time, degradation rates de-
creased by a factor of two to four relative to the initial rates. The accu-
mulation of refractory dissolved organic carbon (DOC) compounds
indicates that this observed decrease in degradation rate is associated
with an increasing inability of the microbial community to ferment
the hydrolytically produced DOC to smaller organic compounds
(Robador et al., 2010). These results thus indicate that an increase
in temperature induces a differential temperature response on the
different organic degradation steps. It may limit carbon mineraliza-
tion in deep anoxic sediments by triggering an increased production
of refractory DOC that cannot be taken up by the anaerobic microbial
communities (Weston and Joye, 2005; Robador et al., 2010).

Putting all arguments together, it currently remains difficult to as-
sess the exact influence of temperature on organic matter degrada-
tion rates. Observations show that the response of degradation rates
to temperature changes depends on numerous factors such as micro-
bial physiology, the reaction pathway, the timescale of interest, the
magnitude and duration of the temperature perturbation, the climatic
zone and potentially the overall degradability of the organic matter.
Observational evidence however clearly indicates that the effect of
seasonal temperature variations cannot be translated to long-term
temperature increases induced by e.g. slow burial of organic matter
along the geothermal gradient or by climate change. Therefore, our
ability to quantify the cycling of carbon in deep sediments or under
changing climate conditions will strongly depend on a better mecha-
nistic understanding of the effect of long-term temperature changes
on organic matter degradation.
2.6. Physical protection

Physical protection of organicmatter by interactionswith themineral
matrixmay inhibit the degradation of organicmatter and controls organ-
ic matter degradation on the micro-scale (Fig. 7a). Sorption of organic
matter to mineral surfaces has been identified as a likely mechanism to
explain the observed correlation between the content of organic matter
and mineral surface area (e.g. Mayer et al., 1985; Keil et al., 1994;
Mayer, 1994). However,multiplemechanisms have beenproposed to ex-
plain the observed physical protection of organic matter byminerals and
this remains the subject of much debate. Direct sorption of organic mol-
ecules in small pores on the mineral surface that are not accessible to
most of the hydrolytic enzymes could kinetically inhibit organic matter
degradation (Keil et al., 1994; Mayer, 1994; Hedges and Keil, 1995;
Mayer, 1999). Alternatively, the strong sorption of organic matter on
mineral surfaces may sterically limit the enzymes. Sorption of organic
matter to clay interlayer surfaces has been proposed as another mecha-
nism of enhanced preservation (Keil and Hedges, 1993; Keil et al.,
1994; Mayer and Xing, 2001; Kennedy et al., 2002). However, measure-
ments of the pore volume distribution of mesopores before and after re-
moval of organicmatter show that they aremainly empty (Mayer, 2004).
Furthermore, adsorption of organic molecules to mineral surfaces may
favor condensation reactions and, thus, the formation of refractory mac-
romolecules (e.g. Hedges et al., 1988; Keil and Kirchman, 1994). Recent
observational evidence has shown that organic matter associated with
the mineral matrix may also be present in the form of thick, discontinu-
ous aggregates rather than continuous coatings (e.g. Mayer, 1999;
Arnarson and Keil, 2001). This challenges the view of a sorption-driven,
continuous coating of organic matter over mineral surfaces, and it has
been postulated that the interaction occurs through the formation of
organo-clay aggregates. Within the aggregates, organic matter acts as a
glue, which holds the mineral fragments together (Ransom et al., 1997,
1998). At the aggregate surface, refractory organic matter or the mineral
matrix probably shields organic matter from microbial attack, hence de-
creasing organic matter degradation. This process is effective only if the
resulting aggregates are, at least partly, inaccessible to enzymatic attack
and if they are stable over sufficiently long periods of time (Henrichs,
2005). The formation of organo-clay aggregates must also be correlated
to the mineral surface area. In addition to the widely discussed external
mineral surface area controls, Kennedy andWagner (2011) have recently
emphasized the importance of the internal surface areas of expandable
clay minerals in controlling organic matter preservation under anoxic
conditions. They show that an increase in expandable clay mineral con-
tent under anoxic conditions can enhance organic matter burial by up
to a factor of 10. Therefore, not only the mineral surface area, but also
itsmineralogymayplay an important role in organicmatter preservation.
In addition, Lalonde et al. (2012) suggested a protection of organicmatter
by its association with reactive iron, through a co-precipitation with iron
salts or the formation ofmacromolecular iron-organic-carbon complexes.
However, the precise mechanism of this potential “rusty carbon sink”, as
well as its evolution during burial remains unknown (Eglinton, 2012).
Furthermore, microbiologically produced exopolymeric substances
(EPS) have been promoted as a protective agent in the sorptive preserva-
tion pathway (e.g. Pacton et al., 2007a,b).

However, sorption does not always inhibit organic matter degrada-
tion. It may merely slow down (Sugai and Henrichs, 1992; Ding and
Henrichs, 2002) or even enhance (Taylor, 1995) the degradation of or-
ganicmatter. This wide range of behavior can be related to the nature of
organic matter–mineral interactions. A thick coating leads to a weak as-
sociation of bulk organic matter with the mineral surface and results in
enhanced degradation, whereas, a thin coating results in a strong asso-
ciation,which decreases degradation rates. In addition, Henrichs (1995)
pointed out that adsorption of organicmatter to themineral matrix can
only decrease organic matter degradability if adsorption is strong, irre-
versible and if the sorbed organic matter is refractory to decay. Howev-
er, despite the controversy concerning the exact mechanisms, more
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than two decades of observations confirm that physical protection ex-
erts an influence on organic matter degradation and preservation in
marine sediments.

2.7. Macrobenthic activity

In oxic sediments, benthic invertebrates such as polychaetes, holo-
thurians and bivalves extensively rework the upper centimeters of the
sediment column, modifying their physical and chemical properties. A
large fraction of the deposited organic matter may be decomposed
within these shallow sediment horizons and, therefore, macrobenthic
activity exerts an important influence on organic matter degradation
on different spatial and temporal scales (Fig. 7b–d; e.g. Aller, 1980;
Emerson, 1985; Aller and Yingst, 1985; Kristensen and Blackburn,
1987; Banta et al., 1995). The impact of macrobenthic activity on organ-
ic matter degradation results from particle transport through feeding
and burrowing activities, bioturbation, and the ventilation of these bur-
rows through exchange with the overlying water, bioirrigation. The
magnitude of this impact depends on various factors such as sediment
characteristics, supply of organic matter, as well as functional group,
abundance and size of benthic macrofauna (van Duyl et al., 1992;
Banta et al., 1999; Kristensen, 2000; D'Andrea and DeWitt, 2009). Bio-
turbation enhances organic matter degradation rates by accelerating
the supply of TEAs, preventing the accumulation ofmetabolic inhibitors,
or by stimulating priming, i.e. the mixing of freshly deposited material
into deeper sediment layers (Kristensen, 1985; Aller, 1994; Aller and
Aller, 1998; Kristensen et al., 2011). Short-term redox-oscillations
(Fig. 7c) have been suggested as important factors that may promote
the degradation of organic matter in the bioturbated zone, while prim-
ing (Fig. 7d, see Section 2.3 “Microbiology” for further detail) exerts a
long-term positive effect on organic matter degradation. Within the
bioturbated zone, organicmatter degradation can also be stimulated di-
rectly by bioturbation-mediated particle manipulation, grazing and ex-
cretion/secretion (e.g. Rice, 1986; Kemp, 1987). On the other hand, the
production of tube linings, halophenols or body structural products, and
the direct feeding on depositing organic matter could all inhibit organic
matter degradation (e.g. Kristensen, 1992, 2001). Studies indicate that
macrobenthic activity generally stimulates the degradation of refracto-
ry organic compounds that are not directly assimilable by most
deposit-feeders (Findlay and Tenore, 1982; Kristensen and Holmer,
2001). Its impact on fresh, labile organicmatter is, however, more com-
plex. The competition between macrobenthic animals and bacteria
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(Fig. 7b) for labile organic matter compounds at the sedimentwater in-
terface may result in a reduction in microbial degradation rates
(Kristensen et al., 1992). However, van Nugteren et al. (2009b) showed
that bacteria are better adapted for the degradation of organic matter
within the sediment matrix, while macrobenthic deposit feeders prefer
organic matter concentrated in patches. These mechanismsmay stimu-
late a stable co-existence through a scale-based partitioning of carbon
resources (Fig. 7b).

2.8. Deposition rate

The observed correlation between average organic matter degrad-
ability and sediment accumulation rate (e.g. Heath et al., 1977; Toth
and Lerman, 1977; Berner, 1978; Müller and Suess, 1979; Henrichs
and Reeburgh, 1987; Canfield, 1994) has led to the hypothesis that de-
position rate exerts an important influence on organic matter degrada-
tion rates. This causal relationship has often been explained by the rapid
burial of freshly depositedmaterial below the biologically active, mixed
sediment layer, at depths where organic matter degradation proceeds
at a slower pace (Toth and Lerman, 1977; Hartnett et al., 1998). Howev-
er, the empirical relationship might also be partly explained by the cor-
relation between organic carbon flux and total flux in the examined
slope and deep ocean environments (e.g. Aller and Mackin, 1984;
Hedges and Keil, 1995). Furthermore, Emerson et al. (1985) have ar-
gued that since the half-lives of labile organic compounds are generally
one or two orders of magnitude shorter than typical residence times in
themixed layer, deposition rate should only exert a small effect on deg-
radation rates. Dilution of organic matter by detritus would thus lead to
a negative correlation between organic matter burial and deposition
rate. Therefore, deposition rate only exerts a significant effect on organ-
ic matter degradation rates if the bulk material is refractory enough to
escape degradation in the upper, mixed layer (Aller and Mackin,
1984; Mogollon et al., 2012; Røy et al., 2012). Along those lines, Blair
and Aller (2012) distinguish between three distinct high deposition set-
tings. High-energy, mobile muds with enhanced oxygen exposure and
efficient metabolite exchange are generally characterized by a very
low burial efficiency of both terrestrial and marine organic matter
(e.g., Amazon fan, Aller and Blair, 2006). Low-energy facies that are sub-
ject to extreme accumulation rates and often high loads of fossil organic
carbon reveal a high organic matter burial efficiency (e.g., Ganges-
Brahmaputra, Galy et al., 2007). Finally, small, mountainous river sys-
tems that sustain average, but periodically high accumulation rates
and deliver a large fraction of refractory, fossil organic matter exhibit
the highest burial efficiencies (e.g. Eel River, Blair et al., 2003).

3. Model formulation

This section reviews the mathematical formulations of organic
matter degradation and briefly addresses their coupling to sediment
transport processes. A glossary of parameters along with their respec-
tive units is provided in Table 2.

The one-dimensional conservation equation for solid and
dissolved species in porous media is given by (e.g. Berner, 1980;
Boudreau, 1997):

∂σCi

∂t ¼ ∂
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j
s jiR
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:
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In Eq. (3), Ci is the concentration of species i; the termσ is equal to the

porosityφ for dissolved species and (1 − φ) for solid species; Dbio.i andDi

denote the bioturbation and effective diffusion coefficients (Di = 0 for
solid species), respectively;ϖ is the burial velocity, αi is the bioirrigation
coefficient (α = 0 for solid species) and si

j denotes the stoichiometric co-
efficient of species i in reaction j, with rate Rj. The effective diffusion coef-
ficient for solutes depends on the species-dependent molecular diffusion
coefficient at a given temperature and salinity as well as on the porosity
(e.g. Boudreau, 1997). Table 3 relates the controls on organic matter deg-
radation (see Section 2) to their respective mathematical formulation
(see Section 2.1).

3.1. Transport

Themost important transportmechanisms that have a direct impact
on organic matter degradation in marine sediments are briefly
reviewed here. The interested reader is referred to the classical text-
books by Berner (1980), Boudreau (1997), or Steefel and MacQuarrie
(1996) for further details.

3.1.1. Deposition rate
Sedimentation results from the net accumulation of new particles

on the seafloor (Burdige, 2006), which induces a downward flux of
sediment material and porewater with respect to the sediment−
water interface. For solids, the advective flux in Eq. (3) results from
both sedimentation and compaction upon burial. In the absence of
the latter process, ϖ and φ remain constant with depth. In fine-
grained sediments however, compaction is often included in the
mathematical formulation, although steady state is generally as-
sumed in this case. This approach allows determining ϖ from a
given porosity profile (e.g. Berner, 1980). Apart from its direct influ-
ence on organic matter fluxes, sedimentation exerts an additional in-
fluence on organic matter degradation rates through its impact on
TEA fluxes. The advective pore water flux can directly be related to
sedimentation and compaction when externally impressed fluid
flow is absent. If compaction is assumed negligible (as in Eq. (3))
the sediment burial velocity ϖ and the porewater velocity are equal
(e.g. Boudreau, 1997; Burdige, 2006). Steady-state compaction leads
not only to velocities that vary with sediment depth but also to a rel-
ative movement of the porewater with respect to a sediment matrix.
However, note that the advective porewater flux is generally much
smaller than the effective molecular diffusive flux.

3.1.2. Macrobenthic activity
The simplest approach to account for the complex process of bio-

turbation is to assume that it can be represented as a random process
(e.g. Van Cappellen and Gaillard, 1996; Meysman et al., 2010). In
one-dimension, the intensity of vertical sediment mixing can then
be formulated as a diffusive process with a bioturbation coefficient,
Dbio. Mixing models for bioturbation are delimited by two-end mem-
ber conditions: interphase mixing, in which the solids and pore wa-
ters are assumed to intermix in the bioturbation process, and
intraphase mixing, in which sediment porosity is assumed to be unaf-
fected (Boudreau, 1986; Mulsow et al., 1998; Jourabchi et al., 2005;
Meysman et al., 2005). Studies suggest that the surface sediment
mixed by bioturbation is approximately 5–10 cm thick with marginal
or no dependency on the sea floor depth (Van Cappellen and Gaillard,
1996; Boudreau, 1998; Teal et al., 2008). Values of the bioturbation
coefficient, on the other hand, reveal a weak, yet significant correla-
tion with seafloor depth (Middelburg et al., 1997). Bioturbation coef-
ficients may furthermore vary within the bioturbated layer and a
variety of depth distributions have thus been implemented in
biodiffusion models (see, for instance Van Cappellen and Gaillard,
1996). The bioturbation coefficient profiles should ultimately reflect
the vertical distribution of macrofaunal abundances, although it has
been shown that the activity of some infaunal organisms may lead
to transport that is inherently non-diffusive (Boudreau, 1986). For in-
stance, particles can be transported by bioadvection, a process during
which macrofauna move material in a non-diffusive manner between
disconnected portions of the sediments. This non-local transport is
not fully understood and, therefore, often not incorporated in diage-
netic model formulations, including Eq. (3).



Table 2
Glossary.

Symbol Description

System description
z Sediment depth
t Time
C Concentration
G Organic matter
f Fraction of total organic matter in compound class
T Absolute temperature
i Species
j Reaction number
σ Porosity factor

Transport
Dbio Bioturbation coefficient
Di Diffusion coefficient of the ith species
ϖ Sedimentation Rate
α Bioirrigation parameter

Kinetics
sji Stoichiometric coefficient of species i in the reaction j
Rj Rate of the jth chemical reaction
RG Degradation rate of organic matter
RTEA,i Rate of the ith organic matter degradation pathway
Km,G Half-saturation constant for organic matter
Kin Inhibition constant
Km,TEA Half-saturation constant for TEA
KC Half-saturation constant for the suppression of organic matter

degradation by DIC and CH4

FTEA Michaelis–Menten TEA
Fin Inhibition term for
νmax Maximum reaction rate
k Degradation rate constant
g(k,t) Distribution function of organic matter compounds over k
Γ(υ) Gamma distribution
a Continuum model parameter, apparent initial age
υ Continuum model parameter, shape parameter of the gamma

distribution
q Exponent of the power model

Thermodynamics
FT Thermodynamic term
ΔGr Gibbs energy of reaction
ΔGBQ Minimum energy for ATP synthesis
X Average stoichiometric number of the reaction
R Gas constant
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The effect of bioturbation on the organic matter profile is twofold
(e.g. Burdige, 2006). First, the concentration at the sediment–water in-
terface decreases with increasing bioturbation intensity; second, the
depth gradient decreases when, Dbio, increases. Thus, bioturbation ulti-
mately leads to a higher organic matter flux to the deeper sediment
layers. However, this effect is exclusively related to transport mecha-
nisms and little is known about the influence of bioturbation on organic
matter degradability, e.g. via priming. Porewater chemistry and path-
ways of organic matter decomposition may also be affected by the irri-
gation activity of benthic macrofauna. This process increases the fluxes
of dissolved oxidants into the sediment (for comprehensive reviews,
Table 3
Link between controls of organic matter degradation and the reaction–transport model for

Transport

3.1.1

∂ 1−ϕð ÞC
∂t ¼ ∂

∂z Dbio 1−ϕð Þ ∂C∂z
� �

þ ασ Ci 0ð Þ−Cið Þ
2.1 Organic matter flux
2.2 Organic matter composition
2.3 Microbiology
2.4 Thermodynamics
2.5 Temperature effects
2.6 Physical protection
2.7 Macrobenthic activity ●
2.8 Sedimentation rate
see, Berner, 1980; Van Cappellen and Gaillard, 1996; Boudreau, 1997;
Aller, 2001; Burdige, 2006). Following the most commonly used ap-
proach, bioirrigation is included in the mass conservation (Eq. 3) as a
source or sink term analogous to a kinetic rate. It is restricted to a
bio-irrigated layer which varies from site to site (e.g. Burdige, 2006)
but typically falls in the range 5–50 cm. It is often calculated as the
product of the irrigation intensity (α = 0 for solids including particu-
late organic matter) and the difference in concentration, Ci, of the spe-
cies i relative to the concentration at the sediment–water interface Ci
(0) (e.g. Boudreau, 1984; Emerson et al., 1984). In its simplest form, α
is constant with depthwithin the bio-irrigated layer, butmore complex
functional dependencieswith respect to sediment depth have also been
applied in the past (Burdige, 2006), including formulations scaling the
magnitude of bio-irrigation to the oxygen flux into the sediment
(Meile and Van Cappellen, 2003; Thullner et al., 2009).

3.2. Reaction

3.2.1. Organic matter degradation rate law

3.2.1.1. Substrate. Organic matter degradation is a multi-step process.
Generally, the initial hydrolysis of the macromolecular organic matter is
considered to be the rate-limiting step (e.g. Billen, 1982; Meyer-Reil,
1990; Kristensen andHolmer, 2001). Therefore, organicmatter degrada-
tion is usually described as a single-step overall reaction. Because organic
matter degradation involves enzymatic reactions, the phenomenological
rate law used to describe this macroscopic kinetics of the chemical reac-
tion takes the formofMichaelis–Menten kinetics (e.g. Van Cappellen and
Gaillard, 1996; Boudreau, 1997, Regnier et al., 2005; Thullner et al.,
2007). This simple model of enzyme kinetics reflects the observation
that the rate ultimately reaches a plateau with increasing availability of
a substrate, provided that enzyme concentration is at steady state. The
concentration at which the rate reduces to half its maximum value is re-
ferred to as the half-saturation constant, Km, which is ameasure of the af-
finity of a particular enzyme for the reactant, i.e. the lower Km is, the
stronger the affinity. Hence, the degradation rate of organic matter, RG,
can be expressed as:

RG ¼ vmax⋅
G

Km;G þ G
ð4Þ

where vmax denotes the maximum reaction rate and Km,G is the
half-saturation constant for organic matter, G. In general, it is assumed
that the concentration of reactive organic matter is small compared to
Km, and the rate reduces to a first-order degradation with respect to or-
ganic matter:

RG ¼ k⋅G ð5Þ

with:

k ¼ vmax

Km;G
: ð6Þ
mulations (see Sections 2 and 3.1 for further information).

Reaction

3.1.2 3.2.3 3.2.2

−∂ 1−ϕð ÞϖC
∂z −k(t) G X FTEA FIN FT FTem
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(●) ●
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Fig. 8. Schematic representation of dissolved organic matter, DOM, production and
consumption during the organic matter degradation process (Adapted from Burdige,
2001). Sedimentary organic matter is degraded by extracellular hydrolysis to
high-molecular-weight dissolved organic matter (HMW-DOM) at a reaction rate RG. A
fraction, (1-α), of this HMW-DOM is further hydrolyzed or fermented to monomeric
low-molecular weight DOM (mLMW-DOM) while the remainder, α, is converted to
less reactive polymeric low-molecular-weight DOM (pLMW-DOM). The two fractions
are characterized by different reactivities in the terminal respiratory process.
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Although most models represent the reaction as a single-step
overall reaction with respect to the bulk organic matter, some deg-
radation models explicitly include mass conservation equation for
the intermediate species (e.g. Alperin et al., 1994; Burdige, 2002;
Wirtz, 2003; Regnier et al., 2005; Thullner et al., 2007; Dale et al.,
2008a). In these models, organic matter degradation is usually de-
scribed as a two-step or three-step process based on the porewater
size/reactivity model (Fig. 8; Burdige and Gardner, 1996). Sedimen-
tary organic matter is degraded by extracellular hydrolysis to
high-molecular-weight dissolved organic matter (HMW-DOM).
This HMW-DOM is further hydrolyzed or fermented to monomeric
low-molecular weight DOM (mLMW-DOC) or less reactive polymer-
ic low-molecular-weight DOM (pLMW-DOC) that are used in the
terminal respiratory process.

3.2.1.2. Terminal electron acceptor. In general, the dependence of or-
ganic matter degradation rates on TEA concentration is described by
the so-called Monod kinetics (e.g. Boudreau and Westrich, 1984;
Van Cappellen and Gaillard, 1996; Boudreau, 1992; Boudreau, 1997;
Thullner et al., 2007). The degradation rate for the ith degradation
pathway is then determined by:

Ri ¼ k⋅G⋅FTEA;i ð7Þ

with

FTEA;i ¼
TEAi

Km;TEAi
þ TEAi

: ð8Þ

This expression reflects the observation that the rate of organic
matter degradation, Ri, is essentially independent of TEA when the
TEA concentration is much higher than the half-saturation constant,
Km,TEA, (FTEA,i ≈ 1) but becomes first order with respect to TEA at
lower TEA concentrations (FTEA,i ≈ 1/Km,TEAi). It is important to note
that this relationship has been empirically derived for sulfate reduc-
tion by Westrich and Berner (1984) and Boudreau and Westrich
(1984) and has been widely used for all TEAs (e.g. Rabouille and
Gaillard, 1991a,b; Soetaert et al., 1996; Van Cappellen and Wang,
1996). It should not be equated to the Michaelis−Menten equation
of enzyme kinetics that is based on mechanistic theory derived
for a single community in a well-mixed reactor. Note that, for
methanogenesis, the Michaelis−Menten term, FTEA,i, is equal to one.

3.2.1.3. Inhibition. Inhibition terms can be introduced in the rate law to
account for the suppression of a specific metabolic pathway by the
presence of higher energy-yielding TEAs. The inhibition of organic
matter degradation pathways is usually simulated by introducing a
series of hyperbolic functions, each characterized by an inhibition
constant Kin (e.g., Van Cappellen et al., 1993; Boudreau, 1997). For
the ith metabolic pathway, the degradation rate becomes:

Ri ¼ k⋅G⋅FTEA;i⋅Fin;i ð9Þ

with

Fin;i ¼ ∑
j¼1;i−1

Kin;j

Kin;j þ TEAj
ð10Þ

where Kin,j denotes the inhibition constant for the higher
energy-yielding TEAj, whose presence inhibits the ith metabolic path-
way. Inhibition terms similar to Eq. (10) have also been included in
kinetic rate equations to match the observation that reactive interme-
diates, by-products or end products of the overall reaction thermody-
namically limit the rate of organic matter degradation (e.g. Aller and
Aller, 1998). This is nevertheless a semi-empirical approach that
represents a special case of non-competitive enzyme inhibition. A
more theoretically grounded formulation derives the competition
among different organic matter degradation pathways from the rela-
tive rates of the various pathways (e.g., Watson et al., 2003; Thullner
et al., 2005; Dale et al., 2006).

3.2.1.4. Bioenergetics. The kinetic model for organic matter degradation
can be extended to account for bioenergetic limitations. The functional
dependency of the rate on the thermodynamic driving force for the re-
action is implemented through the dimensionless number FT (e.g. Jin
and Bethke, 2005; Dale et al., 2006; Steefel and Maher, 2009; LaRowe
and Van Cappellen, 2011; Regnier et al., 2011). For the ith metabolic
pathway, the degradation rate becomes:

Ri ¼ k⋅G⋅FTEA;i⋅Fin;i⋅FT ;i ð11Þ

with (Jin and Bethke, 2002, 2003, 2005):

FT ;j ¼ 1− exp
ΔGr;j þmjΔGATP

χjRT

 !
ð12Þ

where ΔGr,j represents the Gibbs energy of the jth catalyzed reaction,
ΔGATP stands for the Gibbs energy required to synthesize one mole of
ATP from ADP andmonophosphate, an endergonic reaction,mj refers
to the number of moles of ATP that are made per turnover of the jth
reaction, χj denotes the average stoichiometric number for the jth
reaction and R and T correspond to the gas constant and temperature
in Kelvin, respectively. For catabolic reactions, χ is equivalent to the
number of times the rate limiting step occurs per mole of ATP made
multiplied by the number of electrons transferred in the jth reaction
(Jin and Bethke, 2002, 2003, 2005).

In the case that ΔGr,j ≥ 0 and FT = 0, incorporation of the thermo-
dynamic term, FT, in rate equations allows accounting for the thermo-
dynamic feasibility of the simulated reaction. Recently, LaRowe et al.
(2012) proposed an alternative formulation for FT that simplifies
and extends the applicability of Eq. (12) by relying on one adjustable
parameter rather than the three shown in Eq. (12) (ΔGATP, mj and χj).
This approach avoids the need to constrain a-priori the values of the
minimum amount of energy required by the microorganisms to ac-
tively catalyze a given reaction (mj ΔGATP). As a result, the function
described in LaRowe et al. (2012) can be used to quantify the impact
of thermodynamics on reaction rates for any reaction, not just those
for which values of the mj and χj parameters have been determined
or those which are more exergonic than some energy demand mini-
mum, i.e. (ΔGr,j + mjΔGATP b 0). It compares the amount of energy
required to maintain a membrane potential (ΔGmp = FΔΨ), a proxy
for the minimum amount of energy that a microbe needs to be con-
sidered active:

FT;j ¼
1

e
ΔGr;jþFΔΨ

RT

� �
þ 1

ð13Þ
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where, ΔGr,j denotes the Gibbs energy of the reaction per electron
transferred, F corresponds to the Faraday constant and ΔΨ indicates
the electric potential across an energy transducing membrane in
volts.

3.2.1.5. Temperature. Marine sediments may experience temperature
changes on both temporal and spatial scales. Seasonal changes in am-
bient temperature affect processes in the upper sediment layers,
while the temperature increase with burial may influence biogeo-
chemical rates in the deep biosphere. The effect of temperature,
T, on the degradation rate constant, k(T) is typically described
using an integrated version of an Arrhenius-type equation, e.g.,
(Middelburg et al., 1996; Davidson and Janssens, 2006; Burdige,
2011):

k Tð Þ ¼ A⋅e −Ea=RTð Þ ð14Þ

where A refers to what is known as the pre-exponential or frequency
factor and Ea denotes the activation energy of the reaction of interest,
R is the gas constant and T is the absolute temperature. The activation
energy is a measure of the barrier that separates a metastable
equilibrium, such as organic compounds in natural settings, from a
lower energy state, such as CO2 and/or CH4. Because values of Ea
are nearly always positive, the pre-exponential factor can be thought
of as a maximum rate constant that is modified by a temperature
factor, FTEM. For the ith metabolic pathway, the degradation rate
becomes:

Ri ¼ k⋅FTEM⋅G⋅FTEA;i⋅Fin;i⋅FT;i ð15Þ

with:

FTEM ¼ e− Ea=R⋅Tð Þ
: ð16Þ

It should be noted that although the Arrhenius equation is
widely used to describe the temperature dependence of the complex
multi-step organic matter degradation reaction, it is a semi-empirical
formulation that has been derived for elementary reactions (e.g.
Benson, 1976). In addition, apparent values of A and Ea are generally
calculated from rate measurements, although the Arrhenius equation
relates the reaction rate constant, k, and not the rate to temperature.
These apparent values represent a composite of the activation ener-
gies of all the elementary reactions that comprise the overall reaction.
In addition, field-determined apparent activation energies are not ac-
tivation energies in the thermodynamic sense, but measures of the
ecological temperature response. They thus encapsulate the tempera-
ture response of (i) the total ecosystem, (ii) the microbial community,
(iii) the microbial population and (iv) the organic matter degradabil-
ity/availability. As a consequence, the transferability of an apparent
activation energy determined for a particular site under specific envi-
ronmental conditions to other settings and, especially to the deep
biosphere, is limited. Reported values span a large range between
23 to 132 kJ mol−1 with values clustering between 50 and
60 kJ mol−1 and 70 and 90 kJ mol−1 (e.g. Westrich and Berner,
1988; Middelburg et al., 1996; Robador et al., 2009). The observed
variability is likely the result of changing substrate concentration
and composition, microbial community composition, pH, tempera-
ture, TEA type and availability or reaction pathway (e.g. Tarutis,
1992; Middelburg et al., 1996). In fact, the pre-exponential factor, A,
and the activation energy itself may be functions of temperature
(Moore, 1964; Lasaga, 1981). Direct evidence for such temperature
dependence has been reported by Crill and Martens (1987), who
reported different apparent values of Ea for sulfate reduction in sur-
face sediments from Cape Lookout Bight in winter (23 kJ mol−1)
and summer (114 kJ mol−1). Interestingly, laboratory experiments
and field observations from shallow, temperate sediments also reveal
that apparent activation energies increase as degradation rate de-
creases (e.g. Westrich and Berner, 1988; Middelburg et al., 1996).
However, the interpretation of this qualitative correlation is not
straightforward. Westrich and Berner (1988) propose a direct rela-
tionship between activation energy and organic matter degradability.
Yet, a direct relationship between ΔGr and activation energy that
could explain the proposed link, has yet to be derived. Alternatively,
a change in reaction path with a change in organic matter quality or
a different ability of bacterial populations to respond to temperature
changes may explain the observed trend. A more likely explanation
for the link between apparent activation energies and degradation
rates in shallow temperate sediments may be a tight coupling be-
tween temperature and organic matter input (e.g. Middelburg et al.,
1996). Whatever the cause of the observed correlation may be, a di-
rect transferability of high apparent activation energies from shallow,
temperate sediments characterized by comparably high organic mat-
ter degradation rates to the deep subsurface biosphere where organic
matter degradation proceeds at exceedingly low rates is, because of
the above described complexity, questionable. The deep biosphere
likely reveals, because of its remoteness from the strong seasonal eco-
system dynamics, the reduced variability in organic matter fluxes and
the long adaption times, much lower activation energies than shal-
low, surface sediments.

3.2.1.6. Biomass. Models in which biomasses are explicitly included
allow studying the response of a microbial community to fluctuations
in environmental conditions and the competition of different microbial
groups for a common substrate (e.g. Boudreau, 1999; Wirtz, 2003;
Thullner et al., 2005; Thullner et al., 2007; Dale et al., 2008a; Regnier
et al., 2011). Microbial rate laws explicitly account for the dependence
of the microbial reaction rate on the biomass of the microorganisms.
The reaction rate, Ri, of the ith metabolic pathway thus reads:

Ri ¼ k⋅FTEM⋅G⋅FBIO;i⋅FTEA;i⋅FIN;i⋅FT;i ð17Þ

with:

FBIO;i ¼ ∑
j
Xj ð18Þ

where∑
j
Xj denotes the biomass of the jth microbial groups mediating

the rate, RTEA,i. Growth and decay of themicroorganisms are included as
separate reactive processes. A standardmodel for the biomass dynamics
is (e.g. Boudreau, 1999; Thullner et al., 2007):

∂Xj

∂t ¼ Yj⋅RTEA;i;j−μdec;jXj ð19Þ

where μdec denotes a specific decay rate constant. The yield coefficient Y
links the utilization of organic matter and TEAs, to the production of
newmicrobial biomass. Values of Y depend on the Gibbs energy gener-
ated by the catabolic reaction, the Gibbs energy needed for the forma-
tion of a new biomass, and the efficiency with which the organisms
utilize energy (Van Briesen, 2002). Some of these biomass-explicit
models generally account for the contribution of dormant or dead bac-
terial biomass or exopolymeric substances to the sedimentary organic
matter pool (e.g. Thullner et al, 2005; Dale et al., 2010; Stolpovsky et
al., 2011).

3.2.1.7. Physical protection. To the best of our knowledge, organic mat-
ter degradation rate laws have not yet included an explicit descrip-
tion of physical protection mechanisms, although this process has
been well studied and is recognized as a potentially important factor
for the preservation of organic matter in marine sediments (Mayer et
al., 1985; Keil et al., 1994; Mayer, 1994; Hedges and Keil, 1995). Only
some metabolic models that explicitly describe the transport and
reaction dynamics of dissolved organic matter, account for the
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adsorption of dissolved organic matter on mineral surfaces through
equilibrium, linear adsorption (e.g. Henrichs, 1995; Komada et al.,
2004).
Synthesis

The total organic matter degradation rate, RG, is thus the sum of
the different metabolic pathways, i:

RG ¼ ∑
i
Ri

with:

Ri ¼ k⋅FTEM⋅G⋅FBIO;i⋅FTEA;i⋅FIN;i⋅FT;i

In general, one or several terms in Eq. (20) are omitted depending
on the nature of the problem, the importance of a specific pro-
cess and/or the availability of data to constrain parameters. In
this case, the degradation rate constant, k, implicitly accounts
for the influence of these factors on organic matter degradation
rates.
3.2.2. Rate constant-degradability of organic matter
The most common modeling approaches build on the idea that

the organic matter degradation rate constant, k, primarily reflects
the reactivity of macromolecular organic matter. The value of the
rate constant can thus be interpreted as a measure of the original
composition of the depositing material and its evolution during
burial. However, k cannot be quantified a priori and empirical
methods are needed to constrain its value. As a consequence, the
rate constant implicitly accounts for a series of factors that are not ex-
plicitly formulated in the chosen model. For instance, the empirically
derived decrease in rate constants with sediment depth not only re-
flects the decreasing reactivity of the remaining macromolecular
components, but also encapsulates the potential effects of changes
in microbial community structure, thermodynamic drive, tempera-
ture, and/or mineral protection. The resulting models can be divided
into two broad classes: discrete models and continuum models
(Fig. 9).

3.2.2.1. Discrete models. The first mathematical description of organic
matter degradation in marine sediments led to the so-called one-G
model (Berner, 1964). Here, the bulk sedimentary organic matter
is attributed to a single pool of concentration, G (Fig. 9), which is
degraded at a constant rate following first-order kinetics. This ap-
proach is merely a simple linear approximation for the degradation
of the complex and heterogeneous mixture of different organic mat-
ter compounds. Such simplification is reasonable only if the degrad-
ability of the different compounds does not vary by more than one
order of magnitude. Obviously, the one-G model cannot account
for the heterogeneity of natural organic matter and the decrease in
organic matter degradability from the early to late stages of degra-
dation. Some 1G-Model applications account for the decrease in or-
ganic matter degradability by applying lower degradation rate
constants in the deeper, suboxic and/or anoxic sediment layers
(e.g. Heggie et al., 1987; Dhakar and Burdige, 1996; Vanderborght
et al., 1977).

In an effort to account for the heterogeneity of organic matter and
its evolution during burial, Jørgensen (1978) introduced the so-called
multi-G model (Fig. 9). This model is based on the assumption that
organic matter is composed of discrete compound classes i, each char-
acterized by a specific degradability ki (e.g. Jørgensen, 1978; Berner,
1980; Billen, 1982; Westrich and Berner, 1984). The apparent
reactivity, k, of the bulk organic matter and its evolution during burial
is related to the reactivity of each class by:

RG tð Þ ¼ k tð Þ⋅G tð Þ ¼ ∑
i
−ki⋅Gi tð Þ ð22Þ

and:

f i tð Þ ¼ Gi tð Þ
∑
i
Gi tð Þ ð23Þ

where ki denotes the degradability of organic matter in compound
class i and fi denotes its relative concentration of organic matter in
the ith compound class Gi,. Similar to Eq. (21), the rate formulation
in Eq. (22) can be extended to account for the influence of tempera-
ture, thermodynamics, TEA availability, inhibition or biomass on deg-
radation rate. Two different multi-G model approaches can be
distinguished based on the interactions between the different com-
pound classes: (1) independent compound classes or a (2) feedback
between compound classes (Fig. 9). The independent compound
class model assumes a number of discrete compound classes that de-
grade independently according to first-order kinetics. Selective pres-
ervation according to the degradability of each compound class
accounts for the change in organic matter degradability with burial.
Westrich and Berner, 1984, for instance, identified two discrete or-
ganic matter compound classes by graphical analysis of observations
from long-term degradation experiments with phytoplankton mate-
rial from Long Island Sound. They divided the bulk material into a re-
active fraction and a more refractory fraction, which is characterized
by a rate constant, k2, that is about one to two orders of magnitude
lower than the one attributed to the most labile compounds, k1. Al-
though, in theory, this 2G-Model could be complemented by intro-
ducing a larger number of parallel compound classes, the difficulty
to identify these compound classes from observational data generally
restricts their number to a maximum of three (Jørgensen, 1978;
Middelburg, 1989). The third organic matter fraction is generally
characterized by a very high degradability, k0, and is degraded right
at or just beneath the sediment–water interface (Luff et al., 2000;
Berg et al., 2003). Alternatively, Canfield (1994) proposed a feedback
between the degradability of the organic matter compound classes to
approximate the priming effect. In his “pseudo-G” model (Fig. 9), the
degradability of the refractory organic matter compound class is
linked to the degradation rate of the more labile organic matter. De-
spite its obvious simplifications, the multi-G model has been proven
successful in simulating organic matter degradation in many sedi-
mentary settings.

Continuum models. Continuum models assume a continuous distribu-
tion of organic matter reactivities and provide an alternative to discrete
multi-Gmodels. They assume a continuous distribution of organic mat-
ter compounds, thus avoiding the need to partition the bulk material
into a limited number of discrete compound classes (Fig. 9):

R tð Þ ¼ −∫
∞

0

k⋅g k; tð Þ dk ð24Þ

where g(k,t) denotes a function that determines the concentration of
organic matter having a degradability between k and k + dk at time t
(Fig. 9). Similar to Eq. (21), the rate formulation in Eq. (24) can be ex-
tended to account for the influence of temperature, thermodynamics,
TEA availability, inhibition or biomass on degradation rate. Assuming
that each compound is degraded according to first-order kinetics,
Eq. (24) becomes:

R tð Þ ¼ −∫
∞

0

k⋅g k;0ð Þ⋅e−ktdk ð25Þ
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Fig. 9. Schematic illustration of organic matter degradation model structures. The common approaches can be broadly divided into discrete models that divide the bulk organic
matter into discrete fractions, G, and continuum models that are based on a distribution of organic matter over reactive types, g(k,t). The size of the organic matter pool is deter-
mined by the input flux, FG, and the bulk degradation rate RG.
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where g(k,0) denotes the initial distribution (Fig. 9). The initial distribu-
tion, g(k,0), may take different mathematical forms, but cannot be in-
ferred by observations. In their reactive continuum model (RCM),
Boudreau and Ruddick (1991), following Aris (1968) and Ho and Aris
(1987), proposed to assign the Gamma distribution to g(k,0) due to its
flexibility and desirablemathematical properties. Although their choice
was partly guided by expedience, the Gamma function has the advan-
tage of capturing the organic matter degradation dynamics observed
in nature:

g k;0ð Þ ¼ g0⋅kυ−1⋅e−a⋅k

Γ υð Þ ð26Þ

where the rate constant k is treated as a continuous variable and Γ(υ) is
the Gamma function (e.g. Abramowitz and Stegun, 1972). The free, pos-
itive parameters a and υ completely determine the shape of the initial
distribution of organic matter compounds over the range of k values.
In the RCM, the apparent rate of organic matter degradation is greater
than the rate of a first-order law (Boudreau and Ruddick, 1991). How-
ever, for the gamma-based RCM, the rate can be formulated as a
first-order degradation rate law by expressing the mean degradability
of the organic matter mixture g(k,t) as a function of time (Tarutis,
1993):

R tð Þ ¼ k tð Þ⋅G tð Þ ð27Þ

with:

k tð Þ ¼ υ⋅ aþ tð Þ−1 ð28Þ

where a denotes the apparent initial age of the initial organicmattermix-
ture and υ indicates the shape parameter of the organic compound distri-
bution. Fig. 10 illustrates the effect of different a and υ values on the
temporal evolution of the probability density, g(k,t)/g0, and the degrad-
ability sediment depth profile as degradation progresses. High υ and
low a values indicate that the organic matter mixture is dominated by
labile organic matter compounds and, therefore, a higher degradability,
k (Fig. 10a,c and d). Low υ and high a values, on the other hand, indicate
a dominance of refractory compounds and a low degradability (Fig. 10b,c
and d). The parameter a controls the lifetime of the most reactive com-
pounds (Fig. 10a and b). Low a values result in a rapid loss of themost re-
active types, as illustrated by a rapid shift of the probability to less
reactive types (Fig. 10a). Therefore, for a constantυ value, low a values re-
sult in a higher degradability at the sediment–water interface and a faster
decreasewith depth (Fig. 10d). High a values, on the other hand, reflect a
longer lifetime of themost reactive types and lead to a slower shift of the
probability to less reactive types as degradation proceeds (Fig. 10d). For a
constant υ value, high a values lead to a lower degradability at the sedi-
ment–water interface, but a slower decrease of degradability with sedi-
ment depth (Fig. 10d). Drawing upon a large body of organic carbon
depth profiles of well-dated cores and laboratory measurements,
Middelburg (1989), statistically derived a formulation that is mathemat-
ically equivalent to Eq. (28), the power model (PM):

k tð Þ ¼ υ⋅ aþ tð Þq: ð29Þ
Rothman and Forney (2007) derived a similar functional relation-

ship from a theoretical exploration of the effect of physical protection
on organic matter degradability. However, Boudreau et al. (2008) criti-
cized their assumptions and parameter choice. In addition, they point
out that themodel fails to explain the similarity between experimental-
ly determined degradation rate constants of fresh organicmatter in sed-
imentary and non-sedimentary environments. Wallmann et al. (2006)
extended the power model to account for the accumulation of the reac-
tion products methane and dissolved inorganic carbon (DIC) on anaer-
obic organic matter degradation:

k tð Þ ¼ KC

KC þ DIC þ CH4
⋅υ⋅ aþ tð Þ−q ð30Þ

where KC denotes a half-saturation constant for the suppression of or-
ganicmatter degradationwhen DIC and CH4 build up in the porewaters.
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Note that the PM (Eq. (29)) is only equivalent to a gamma distribution
based RCM (Eq. (28)) if the exponent q in Eq. (29) is equal to−1. In ad-
dition, distributions other than the gamma-type initial distribution
could be used in the RCM (Boudreau and Ruddick, 1991) and, therefore,
all RCM models are not necessarily equivalent to the PM. For instance,
Vähätalo et al. (2010) use a beta distribution to provide a probabilistic
representation of degradation dynamics. In addition, both models are
conceptually very different. While the power model uses a single
time-dependent reaction rate coefficient, the reactive continuum
model explicitly integrates the effect of compound-specific degradabil-
ity on organic matter degradation. Based on isotopic evidence Aller and
Blair (2004) have argued that the RCM is conceptually more satisfying
to represent organic matter degradation in marine sediments; it is
also in agreement with theoretical qualitative understanding of the
degradation process (see Section 2). In the RCM, a and υ are free param-
eters. Middelburg (1989) suggested that υ is constant (υ ≈ 0.16) for a
large number of organic matter mixtures from a wide array of benthic
and pelagic environments. Based on thefit of the PM to field data, an ex-
ponent, q, close to −1 was derived. Recently, Jørgensen and Parkes
(2010) found, however, that the degradation constant for buried organ-
ic matter determined by experimental sulfate reduction rate measure-
ments leads to a more negative exponent q (−1.4 to −2). Their
results suggest that the exponent can thus be variable and call for fur-
ther investigation, especially in deeper and older sediments where
methanogenesis is a dominant degradation pathway.

A noteworthy alternative to the PM and RCM is the q-theory
(Fig. 9; e.g. Bossata and Ågren, 1985; Bossata and Ågren, 1991). Al-
though the q-theory has never been directly applied to marine sedi-
ments, it is a popular choice in soil organic matter modeling (e.g.
Manzoni et al., 2009). In the q-theory, the continuous distribution of
organic matter compounds over the spectrum of degradabilities
does not only change according to the respiratory loss of organic mat-
ter compounds, but also in response to a transfer of organic matter
between reactive types, D(k,k′) (Fig. 9). Such a transfer could be in-
duced, for instance, by microbial assimilation and the production of
by-products and dead microbial biomass (Ågren and Bosatta, 1996).
Bossata and Ågren (1995) show that the PM and the RCM are partic-
ular cases of the q-theory. The q-theory reduces to the RCM if transfer
of organic matter between compound classes is neglected. The PM is
obtained from q-theory if specific functions are used for the microbial
growth rate and growth efficiency (Bossata and Ågren, 1995).

4. Model applications: a synthesis

A comparative synthesis of organicmatter degradation formulations
used in 60 published diagenetic modeling studies at 251 different
sites (Table 4a–e) covering a wide range of different environments
(Fig. 11) provides insights into the criteria that have guided model
choice.

Among all formulations, the 1G-Model is not only the oldest, but it is
also the most popular (29 publications, 124 sites, Fig. 12a). Its popular-
ity mainly stems from its mathematical properties that allow the deri-
vation of analytical solutions for the diagenetic equation (Eq. (3)).
Fig. 12a reveals nevertheless an increase in 2G-Model applications
since the mid-1990s (16 publications, 72 sites), following the rapid in-
crease in computing power that triggered the emergence of transient,
coupled, multi-component diagenetic models (e.g. Soetaert et al.,
1996; Van Cappellen and Wang, 1996). Most of the reviewed 1G and
2G-Model applications investigate shallow subsurface processes
(b1 m) assuming steady-state conditions in the sediment-porewater
system (Fig. 12b and c). Over the past decade, however, an increasing
availability of comprehensive porewater data sets that resolve temporal
variability (seasonal, annual) or large spatial scales (10–100's of m) has
increased the need for model formulations that address organic matter
degradation dynamics on these scales. As a consequence, the 3G-Model
is currently experiencing an increased popularity in short-term
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transient model studies (9 publications, 14 sites, Fig. 12a and b). Never-
theless, it is important to note that G-type models converge to a con-
stant apparent organic matter degradability at depth. They thus fail to
reproduce the widely observed, continuous decrease in organic matter
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degradability with sediment depth (e.g. Middelburg and Meysman,
2007) and, therefore, their application should be limited to the maxi-
mum depth of observation. Continuum models, on the other hand, are
better suited to investigate organic matter degradation dynamics at
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spatial and temporal scales that are not directly accessible by observa-
tion only. Therefore, both power (5 publications, 26 sites) and reactive
continuum models (4 publications, 15 sites) are increasingly applied
to simulate organic matter degradation (Fig. 12a,b and c), in particular
in deep sediments (Arndt et al., 2006; Marquardt et al., 2010;
Wadham et al., 2012) or over millennial and geological time scales
(Arndt et al., 2009; Mogollon et al., 2012; Wehrmann et al., 2013).
However, their predictive capability remains limited by our poor mech-
anistic understanding of the controls on organic matter degradation in
the deep biosphere. Both, the popularity of the respective organic mat-
ter degradation models, as well as their mode of application illustrate
the need for more sophisticated organic matter degradation models
that directly results from the increased availability comprehensive ob-
servational data sets, as well as the increase in computing power.

5. Model structure and parameterization

In general, model parameters can be constrained on the basis of
theoretical considerations or through site-specific field and laborato-
ry observations. It has been commonly believed that the parameters
of organic matter degradation models are related to the chemical
composition of the organic matter. Yet, rate constants of different or-
ganic matter compounds at a single site may show a higher degree of
similarity than rate constants of a specific organic compound at dif-
ferent sites (Middelburg et al., 1993), emphasizing the importance
of other controlling factors, such as microbial community structure
and abundance, bioenergetics, enzyme kinetics, macrobenthic activi-
ty, and/or adsorption by mineral surfaces that are not explicit includ-
ed in most models (Table 4a–e). For instance, except for the
controversial theoretical study of Rothman and Forney (2007), phys-
ical protection of organic matter has so far been ignored in model de-
sign. Thermodynamic constrains, metabolic inhibition or microbial
dynamics are rarely included in the model design.

In general, 1G model applications are limited to the upper, oxic
and biologically active sediment layer. Most of them only simulate
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organic matter and oxygen dynamics and, therefore, do not include
Michaelis–Menten kinetics for TEA consumption or inhibition terms
(Table 4a). Multi-G and continuum models, on the other hand, usually
resolve at least a part of the redox sequence and thus generally integrate
Michaelis–Menten and inhibition terms (Table 4b–e). Because early
diagenetic modeling theory emerged from the field of geochemistry,
the vastmajority ofmodels do not provide an explicit description ofmi-
crobial dynamics (Meysman et al., 2005). Exceptions include models
that have addressed the influence ofmicrobial growth on redox dynam-
ics (Boudreau, 1999; Wirtz, 2003; Thullner et al., 2005), the transient
response of microbial communities to abrupt or periodic shifts in trans-
port regimes (Wirtz, 2003; Dale et al., 2008a,b) and food–web interac-
tions at a methane seep (Dale et al., 2008a, 2010). Thullner et al.
(2005) and Dale et al. (2008a) showed that microbial growth kinetics
might result in a lagged response to changing environmental condi-
tions, thus highlighting the potential benefits of geomicrobial models
for the transient case. The applications by Dale et al. (2008a,c, 2010)
also account for bioenergetic limitations, an approach that is well-
suited to simulate carbon turnover in energy-limited environments,
such as the deep subsurface biosphere. Model predictions remain,
however, partly theoretical because laboratory and field data required
for calibration or validation are scarce or even missing. Yet, they
highlight the limited predictive capabilities of simplified modeling
approaches.

A comparative analysis of the model-derived degradation parame-
ters for the 251 sedimentary settings (1G Model: 124; 2G-Model: 72,
3G-Model: 14; power model: 26; RCM: 15) provides further insights
into the transferability of alternative model parameterizations.
Reported parameter values generally span several orders of magnitude
(Fig. 13). While for the continuum models, parameters are essentially
randomly distributed, the distribution of k values for the G-models re-
veal distinct maxima around 10−3 yr−1 for k2, 100–101 yr−1 for k1
and around 101 yr−1 for k0. Furthermore, the maximum in k1 values
from published 1G-Model applications is systematically lower than
the k1 maximum from 2G-Model applications. This result is consistent
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with the idea that the first order degradation rate constant in the
1G-Model represents the average degradability of the bulk organicmat-
ter over the specifiedmodel domain. It should thus be lower than the k1
values of multi-G model applications that only represent the degrad-
ability of the most labile organic matter fraction. In addition, multi-G
model approaches are usually applied to either resolve the subsurface
dynamics near the SWI or the slower dynamics in deep sediment layers.
In the former case, organic matter degradation rate constants (k1/k2 or
k0/k1) typically fall into the higher end of the reported range, while in
the latter case they plot at the lower end of the spectrum.

The comparative analysis reveals that parameter values are
model-specific and should thus be compared with caution. It also re-
flects the lack of a mechanistic foundation of the organic matter deg-
radation models and the site-specific nature of parameter values.
Both the distribution of organic matter among different fractions
and the degradability of each fraction will depend on the timescale
of observation and the characteristics of the site (e.g. Burdige,
2006). In addition, the limited number of studied sites and the sam-
pling bias towards geochemically more interesting sites or “hot
spots” (e.g. Henrichs, 1993) further complicates the comparison of
model results and their transferability.

6. Regional and global upscaling

Diagenetic models have proven extremely useful in quantifying
organic matter degradation dynamics at specific sites for which
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published relationships. The results of a linear regression analysis are provided with Coeffi
comprehensive observational data sets are available to constrain the
model parameters. However, these models are of limited value in
the context of global modeling unless a mechanistic framework for
model parameterization can be specified for the entire spectrum of
boundary conditions encountered at the seafloor.

6.1. A review of global relationships

The need for a general framework that allows constraining model
parameters in data-poor areas has been recognized since the formative
days of diagenetic modeling and, consequently, different approaches
have been proposed in the literature. The most common strategy has
been to relate the rate constant to easily observable quantities that
characterize the depositional environment. Based on the rationale that
the degree of organic matter degradation in the water column controls
its degradability in the sediment, it has been argued that the degrada-
tion rate constant should correlate withwater depth. Although no glob-
al empirical relationship between these two variables has been
proposed, model-determined rate constants from depth transects
along continental slopes (e.g. Epping et al., 2002) indeed reveal a de-
crease with increasing water depth. More quantitative approaches re-
late degradation rate constants to deposition rates or organic matter
fluxes. For instance, a positive correlation between the rate constant
(of sulfate reduction) k, and the deposition rate, ω was first identified
by Toth and Lerman (1977). Drawing on a larger dataset of first order
rate constants, their relationship was then revised by Tromp et al.
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(1995) and further complemented with a k–w relationship for aerobic
degradation rate constants (see also Boudreau, 1997). Emerson
(1985) and Murray and Kuivila (1990) argued however that aerobic
rate constants may correlate better with organic matter fluxes than de-
position rate following a power law relationship. These global relation-
ships are nevertheless drawn from a limited number of observations. As
already emphasized at the time of their publication, theymight thus not
be representative of the wide diversity of seafloor conditions. The syn-
thesis carried out here (n = 251; Fig. 11, Table 5) allows revisiting
these global relationships.

The distribution of compiled k0, k1 and k2 values over corresponding
water depths, deposition rates and organicmatterfluxes are reported in
Fig. 14. Model-determined rate constants for the highly reactive pool,
k0, are shown alongside the k1 values and, altogether, the ki values
span almost 10 orders of magnitude. Although the distribution of rate
constants might show a very weak trend with water depth (Fig. 14b),
deposition rates (Fig. 14d) and organic matter flux (Fig. 14e and f), no
statistically significant relationship can be established (R2 ≪ 0.1). Sim-
ilarly, the parameters of the continuummodels show little or no corre-
lation with water depth or deposition rate (Fig. 14). While the PM
applies a fixed pre-factor of 0.16, model-constrained ν-parameters of
the RCM vary between 0.01 and 1.08. Based on their analysis of 8 sedi-
ment cores from very different environments, Boudreau and Ruddick
(1991) argued that the ν-parameters could be divided into two groups.
The majority of the cores are dominated by refractory components, as
reflected by low ν-parameters between 0.1 and 0.2. The remaining
cores are characterized by higher ν-parameters between 0.8 and 1.0.
Nevertheless, the authors point out that more data would be needed
to confirm such a trend and to determine its underlying causes.

The a parameters in continuummodels is conceptually related to the
average age of the organic matter at the sediment water interface. Its
value should thus correlate with factors that control the transit time
of organic matter from the euphotic layer to the seafloor (Middelburg,
1989; Boudreau and Ruddick, 1991). Middelburg (1989) showed that
a increases with increasing water depths and decreasing deposition
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Fig. 15. Distribution of continuum model parameters over water depth and sedimentation
1991). The result of a linear regression analysis is provided with the Coefficient of Determi
rates. The compilation by Boudreau and Ruddick (1991) also reveals
the inverse trend between a and deposition rate. The analysis
performed here confirms the weak correlation with water-depth and
deposition rates (Fig. 15c and d), although it should be emphasized
again that the dataset is still limitedwhile the variability remains signif-
icant, especially at low deposition rates (Fig. 15d).

The difficulty to identify statistically significant relationships between
organic matter degradation rate constants and individual factors such as
water depth, deposition rate, or organic matter flux is, in the light of the
complexity of the problem, not surprising. None of thesemaster variables
comprehensively include the different chemical, physical and biological
factors that control organic matter degradation. For instance, although
water depth may be used to evaluate organic matter degradability
along a given transect through a particular depositional environment
(e.g. Epping et al., 2002) it is not a sufficiently robust proxy to constrain
the degradability on the global scale. Furthermore, even if the deposition
rate and thus the residence time of organicmatter in the oxic, biologically
active surface layer is an important control on organicmatter degradabil-
ity, a global scale analysis cannot be reduced to this factor only.

6.2. Diagenetic models at regional and global scales

Over the past decades, the increased availability of observational data,
the increased computational power, as well as the development of
coupled biogeochemical and Earth systemmodels has fostered the emer-
gence of diagenetic models suited for global and regional scale applica-
tions (Table 6). The research efforts have broadly followed two distinct
paths. First, generic models tackling the full complexity of the coupled
diagenetic processes have been developed (OMEXDIA, Soetaert et al.,
1996; STEADYSED, Van Cappellen and Wang, 1996; CANDI, Boudreau,
1996; BRNS, Regnier et al., 2002; Aguilera et al., 2005; ISM, Wirtz, 2003;
MUDS, Archer et al., 2002; MEDIA, Meysman et al., 2003). These models
are not designed for a site-specific problem, but rather aim for a high de-
gree of transferability. Yet, they are generally constructed using amulti-G
approach. Degradation rate constants and organic matter fractions are
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Table 6
Summary of parameterizations used in generic diagenetic models or diagenetic submodules.

Model Approach Parameterization Master variable Reference

Generic diagenetic models
EDGE
Global early diagenetic model

1G kox = 1.5e–9 s−1

kNO3 = 5e–10s−1

kMnO2 = 5e–16 l μmol−1 s−1

– Rabouille and Gaillard (1991a,b)

OMEXDIA
Carbon and nutrient cycling
in marine sediments

3G-Model F0 = 0.74.FPOC
k0 = 26 yrs−1

F1 = 0.26.FPOC
k1 = 0.26 yrs−1

F2 = 1.9.w1.31

k2 = 0 yrs−1

FPOC implicitly h and T Soetaert et al. (1996)

STEADYSED
Fe-Mn cycling

1G-Model or imposed profile User defined – Van Cappellen andWang (1996);
Wang and Van Cappellen (1996)

CANDI
Carbon and nutrient cycling
in continental margin

2G-Model User defined
or
F1 = 1
k1 = 2.2.10−5.FPOC (k b 1)
k1 = 1.0 (k > 1)
(Boudreau, 1998)

FPOC implicit w Boudreau (1996)

BRNS
Flexible reaction–transport
code for porous media

User-defined, applications include
1-G Model, multi-G model and
RCM

Local applications: user defined
global application (Thullner et al.,
2009):
k–w relationship (Tromp et al.,
1995)

–

w
implicitly h

Regnier et al., (2002); Aguilera et
al. (2005)

MEDIA
Flexible reaction–transport
code for porous media

Multi-G User defined – Meysman et al. (2003)

ISM
Biogeochemical dynamics
in near-shore sediments

3G-Model User defined – Wirtz (2003); Holstein andWirtz
(2009)

MUDS
Oxic and anoxic diagenesis
of shallow and deep sea
sediments

2G-Model (TEA-dependent k) F1 = 0.5 FPOC
F2 = 0.5 FPOC
k1O2 = DB0/z2scale,1
k2O2 = DB0/z2scale,2
k1O2 = 0.3 k1O2
k1Mn = 1.9 · 1.0753 · 10−16 FPOC1.75

k1Fe = 0.4 · 1.0753 · 10−16 FPOC1.75

k1SO4 = 1.3 · 1.0753 · 10−16 FPOC1.75

k2,i = k1,i
k2O2=k1O2 i = Mn, Fe, SO4

Toth and Lerman (1977), tuned to
global data

DB0, zscale for oxic pathways,
FPOC for anoxic pathways
Implicit FPOC for oxic pathway

Archer et al. (2002)

Diagenetic submodules within coupled system scale models
HAMOOC sediment
Sediment model for
longterm climate studies

1G-Model kox = 0.05 yr−1

kox = 0.01 yr−1 (h b 2000 m)
kox = 0.005 yr−1 (h b 2000 m)
kax = n.d.

Tunable fit to Seiter et al.
(2004)

Heinze et al. (1999); Palastanga
et al. (2011)

DCESS sediment
Sediment model for
longterm coupled climate
studies

1G-Model kO2 = k0. DB/DB0

kanox = β0
. (FPOC/F0POC)γ.kO2

F0POC:10−12 mol cm−2 s−1

DB0: 10−8 cm2 s−1

k0: 0.093 (tuned to data)
β0: 0.897 (tuned to data)

DB for oxic pathway, FPOC for
anoxic pathway

Shafer et al. (2008)

MEDUSA
Sediment model for
longterm coupled climate
studies

1G-Model k1 = 0.024 yr−1 tuned to match global burial
rate of 0.02Gt C/yr (Berner,
1982)

Munhoven (2007)

Benthic submodel in ERSEM
Sediment model for
ecosystem model ERSEM

1G-Model Degradation coupled to benthic
foodweb model

Ebenhöh et al. (1995)

Benthos6
Sediment model for
ecosystem model PROWQM

1G-Model k1 = 0.02d−1 – Lee et al. (2002)

MIRO sediment
Sediment model for
ecosystem model MIRO

2G-Model k1 = 78.84–0.0876 yr−1

k2 = 43.8–0.0876 yr−1
T Gypens et al. (2008)

F1: Flux of first POC fraction, F2: Flux of second POC fraction, F3: Flux of third POC fraction, k1,TEA degradation rate first POC fraction using TEA (k independent of TEA if no TEA is
provided), k2m,TEA: degradation rate second POC fraction using TEA, k3,TEA: degradation rate third POC fraction using TEA, Db: bioturbation coefficient, T: Temperature, h: water
depth, w: sedimentation rate, zscale: oxygen consumption scale depth (see Hales and Emerson, 1996, 1997 for more details), k0 oxic remineralization rate scale; F0POC: organic car-
bon rain rate scale, DB0: bioturbation rate scale.
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either defined by the user or specified on the basis of published empirical
relationships. Notable exceptions are theMEDIA and BRNS environments
that offer full flexibility in the choice of model components and
biogeochemical reactions, including the formulation of organic matter
degradation kinetics. A second group of models has emerged out of the
need for realistic descriptions of the benthic–pelagic coupling at regional



78 S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
(ERSEM, PRWQM, MIRO) or global scales (HAMOOC, DCESS, MEDUSA).
Although generic diagenetic models, such as, MUDS (e.g. Ridgwell,
2007; Ridgwell and Hargreaves, 2007; Archer et al., 2009) or CANDI
(e.g. Luff and Moll, 2004) have addressed diagenetic processes at large
scales, their application remains limited by the high computational re-
quirements for the simulation of the coupled redox and equilibrium reac-
tions at an adequate resolution. Therefore, the applied model structure
and formulation is generally less sophisticated and comprehensive than
in state-of-the art diagenetic models. In particular, most coupled models
rely on the 1G approach with a constant degradation rate constant, often
tuned tomatch existing estimates of the organic carbon burial rate at the
global scale (Table 6).

6.3. Identification of regional trends

The emergence of sophisticated, global biogeochemical or Earth sys-
tem models has sparked the desire for more generic diagenetic models
that could provide robust estimates of diagenetic processes on the glob-
al or regional scale. Such an approach inevitably has to account for the
regional variability in controlling factors. The identification of an envi-
ronmental vector that unambiguously characterizes the depositional
environment with respect to the most dominant controlling factors
could provide a promising route towards a generic algorithm for the pa-
rameterization of organic matter degradation models. Seiter et al.
(2005) used a large dataset of total organic carbon (TOC) and diffusive
oxygen uptake (DOU) to subdivide the global ocean (water depth
>1000 m) into ten different groups of oceanic provinces, each with a
specific TOC/DOU signature. Because oceanic regions within one group
are generally characterized by similar organic matter sources and ex-
port efficiencies, Seiter et al. (2005) argued that differences between
the ten groups are mainly related to the environmental characteristics
of the depositional environment. The compilation of POC flux data by
Lutz et al. (2002) (Fig. 3) also revealed a regional difference in the effi-
ciency of the biological pump in transferring organic carbon from sur-
face waters to the ocean's interior.

Fig. 16 synthesizes the values of apparent first order degradation
rate constants, kap (kap = ∑ki·Gi/G), derived from model parame-
ters reported in Table 5a–e, as well as published radiocarbon (14C)
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Fig. 16. Regional distribution of a) apparent degradation rate constants (Table 5a–c)
and b) radiocarbon (14C) contents of total organic carbon as fraction of modern, Fm
(Griffith et al., 2010).
ages of sedimentary organic carbon from the respective regions
(Griffith et al., 2010). The use of apparent constants allows for a direct
comparison between different G models of organic matter degrada-
tion. However, it should be noted that the degradation rate constants
extracted from 1G-Model applications provide an integrative mea-
sure for the degradability of both labile and refractory organic matter
compound classes and may thus underestimate the degradability of
organic matter at the sediment–water interface. Therefore, they are
generally lower than the apparent rate constants of the multi-G appli-
cations. Fig. 16 reveals general trends in organic matter degradability
for different depositional environments.

6.3.1. Arabian Sea, Greenland Sea, Antarctic Polar Front, Eastern Tropical
Pacific

Sediments from the Arabian Sea, the Greenland Sea, the Antarctic
Polar Front as well as from the eastern Tropical Pacific are character-
ized by a high organic matter degradability (highest k, Fig. 16a).
These findings are in agreement with the steep gradients in TOC/
DOU data reported by Seiter et al. (2005), which indicate high benthic
mineralization rates and high degradability of the depositing organic
matter. Young 14C ages translate into high Fm values (Fig. 16b) and
point to a dominantly marine organic matter source and a strong cou-
pling between the photic zone and the sediment. Model-determined
rate constants of the most labile fraction in the Greenland Sea
(k0 = 75.68 yr−1; Berg et al., 2003), the Arabian Sea (k0 = 15–
30 yr−1; Luff et al., 2000), the Tropical Pacific (k1 = 2–43 yr−1;
Hammond et al., 1996) and the Antarctic Polar Front (k1 = 1.4–
16.4 yr−1; Rabouille et al., 1998) are comparable to degradation
rate constants attributed to fresh phytoplankton (k = 7–26 yr−1;
Westrich and Berner, 1984). Thus, they support the idea of a very ef-
ficient vertical transfer of freshly produced marine organic matter
from the surface ocean to the sediment (Lutz et al., 2002; Seiter et
al., 2005). In the Arabian Sea, the vertical transport is stimulated by
intense eolian dust input from the Arabian Peninsula and other
Asian sources (e.g. Haake et al., 1993; Ittekkot, 1993; Schnetger et
al., 2000; Armstrong et al., 2002). In the productive high-latitude
oceans and the eastern equatorial Pacific, carbon export is accelerated
by aggregation and the presence of ballast minerals such as calcite
and silicates (Armstrong et al., 2002; Berelson, 2002; Klaas and
Archer, 2002). A steady balance between diatom and coccolithophore
production dramatically accelerates particle export in the Equatorial
Pacific, as witnessed by the presence of chlorophyll containing organ-
ic matter in the underlying sediment (Smith et al., 1996). In the Polar
and Subantarctic Fronts (Rabouille et al., 1998), small and spiny spore
forming Chaetoceros species or other phytodetritus aggregate in the
form of fast-sinking particles. These aggregates support high deposi-
tion fluxes, equivalent to 70–100% of the local export production
(Smetacek, 1985, 1999; Abelmann et al., 2006). Aggregate formation
during bloom conditions is also responsible for the high export effi-
ciencies in the basin area of the Greenland–Norwegian–Iceland Sea
(Ritzrau et al., 2001). TOC and DOU data from this area indicate that
the overall degradation of organic matter is as high as in the Arabian
Sea (Seiter et al., 2005).

6.3.2. Continental margins
Continental margins are the transition zones between the coastal

(water depth b200 m) and the deep ocean and comprise the conti-
nental shelf (waterdepth >200 m), the continental rise and the con-
tinental slope. They are important, but extremely complex
components of the global carbon cycle that are influenced by a variety
of organic matter sources, by intensive lateral transport and large
river plumes and by abrupt relocation of sediment through successive
erosion/deposition cycles. They also reveal a strong temporal variabil-
ity and a marked seasonality in energy, organic matter fluxes and
redox conditions. The heterogeneous nature of margins is reflected
in the large number of provinces used by Seiter et al. (2004, 2005)
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to regionalize this area. Our compilation also highlights the large var-
iability in kap and Fm values (Fig. 16a,b), for both western and eastern
boundary systems.

6.3.3. Western boundary systems
Western boundary systems are characterized by poleward flowing

intensified surface currents and are often subject to intermittent
coastal upwelling. The North American continental margin region is
strongly influenced by the Gulf Stream, but also receives sediments
from the Canadian margin off Nova Scotia. Apparent degradation
rates and Fm values are variable and reflect a mixture of in-situ pro-
duced organic matter and allochtonous organic matter that is sup-
plied by variable processes such as lateral advection or focusing of
fine-grained sediment and entrainment in the deep recirculation
gyre. The contribution of this pre-processed material results in com-
parably low apparent degradation rate constants.

6.3.4. Eastern boundary systems
Eastern boundary systems are generally characterized by equator-

ward flowing surface currents and associated with coastal upwelling,
which fuels high primary productivity. The Iberian Upwelling system,
the Pacific Ocean off western North America and the various coastal up-
welling cells on the equatorialWestern AfricanMargin are classic eastern
boundary systems. Primary productivity and thus benthic deposition of
organic matter reveals a strong temporal variability. Apparent degrada-
tion rate constants are representative of partially mineralized, fresh
phytodetritus and decrease with increasing distance from the shore
(Epping et al., 2002; Table 5b). Comparably high Fm values indicate that
the sedimentary organic matter is relatively young. However, the large
variability in Fm values and apparent degradation rate constants suggests
that, in particular at offshore locations, resuspension and degradation in
the benthic boundary layer may exert an important influence on organic
matter degradability and age. In addition, the supply of terrestrial or fossil
organic carbon by large rivers may result in even lower degradation rate
constants and Fm values (Fig. 16).

The Humboldt (Chile, Peru) and Benguela (Namibia) eastern
boundary upwelling systems are among the most productive areas
of the world. Yet, these regions are characterized by apparent rate
constants of intermediate values (Fig. 16). Although these systems
are dominated by marine organic matter and generally reveal
exceptionally high primary production rates, factors such as high de-
position rates, low water column oxygen concentrations, intense
mineral protection or high sediment reworking rates associated
with strong bottom currents may reduce organic matter degradability
(e.g. Mollenhauer et al., 2003; Inthorn et al., 2006; Mollenhauer and
Eglinton, 2007). The wide range of Fm values support these observa-
tions (Fig. 16). They generally reveal a rapidly decreasing trend with
increasing water depth suggesting that a significant fraction of the
benthic organic matter is pre-aged (Griffith et al., 2010). Observed
discrepancies between the 14C age of specific algal biomarkers
(alkenones) with co-occurring planktonic foraminiferal carbonate
confirm the important influence of pre-depositional processes on or-
ganic matter ages and, thus, degradability (e.g. Mollenhauer et al.,
2003, 2005; Griffith et al., 2010). At these highly productive continen-
tal margin sites, the dominance of slowly sinking fluffy aggregates
and the continuous resuspension by strong bottom water currents
that maintain organic matter for an extended period in extensive bot-
tom nepheloid layers and, thus, disperse material laterally across the
margin. For example, Mollenhauer et al. (2003) showed that the ra-
diocarbon age of alkenons in sediments from slope depocenters un-
derlying the Benguela upwelling zone is as much as 4000 yr older
than the radiocarbon age of foraminifera from the same sediments.
This result reveals that degradation within the nepholoid layer con-
sumes most of the labile organic matter compounds and the deposit-
ing benthic organic matter is thus comparably old, degraded and
unreactive. In addition, the presence of Thiomargarita namibiensis,
Beggiatoa or Thioploca sp. mats (e.g. Vairavamurthy et al., 1995) as
well as the occurrence of periodical outgassing events in these areas
(e.g. Brüchert et al., 2003; Weeks et al., 2004; Brüchert et al., 2006)
indicate that sediments are predominantly anoxic and sulfide-rich.
The euxinic conditions promote the sulfurization of organic matter
during the early diagenetic stages (b1000 yr) and may significantly
reduce the degradability of organic matter (e.g. Van Kaam-Peters et
al., 1998; Moodley et al., 2005). High concentrations of organic sulfur
are found in sediments from all coastal upwelling areas (e.g.
Mossmann et al., 1991; Vairavamurthy et al., 1995; Suits and
Arthur, 2000). Thus, the reduced degradability of the sulfurized or-
ganic matter enhances, in combination with high deposition rates
and anoxic environmental conditions, organic matter preservation
and burial (e.g. van Kaam-Peters et al., 1998; Zonneveld et al., 2010).

6.3.5. Central Gyres, Western Tropical Pacific
The central, deep ocean gyres and thewestern tropical Pacific gener-

ally reveal low apparent degradation rate constants and radiocarbon
ages (Fm b 0.5). Enriched δ13C values indicate a predominantly marine
origin of organic matter deposited in these regions. Open ocean prov-
inces are characterized by low accumulation rates (e.g. Jahnke, 1996;
Seiter et al., 2005; Røy et al., 2012) and low export efficiencies due to
the intense degradation of organic matter in the water column (e.g.
Lutz et al., 2002; Henson et al., 2012). As a result, the depositing organic
matter is refractory and benthic oxygen uptake is low (Seiter et al.,
2005; Fischer et al., 2009; Røy et al., 2012). The lowest apparent degra-
dation rate constants are determined for sediments in the Northern At-
lantic Hatteras Abyssal Plain (Heggie et al., 1987) and the South Eastern
Pacific Ocean (Reimers and Suess, 1983). The highest values are record-
er in deep-sea sediments of the North Eastern Pacific (Murray and
Kuivila, 1990), but the DOU/TOC data for the North East Pacific reveals
that this region is in fact closely related to the adjacent Northwest
American Continental Margin (Fig. 16). The reasons for the comparably
high degradability in this oligotrophic ocean province remain elusive
but may be related to a strong seasonality in organic matter fluxes
(Smith and Baldwin, 1984) or a lateral transport of organic matter
from the continental slope (e.g. Jahnke et al., 1990; Mollenhauer et al.,
2005; Mollenhauer and Eglinton, 2007).

6.3.6. Coastal ocean
Sediments underlying the shallow coastal ocean (water depth

b200 m) show a significant heterogeneity in kap and Fm values
(Fig. 16). These shallow systems receive highly variable organic mat-
ter loads from different sources and are subject of erosion/deposition
cycles, as well as a strong temporal variability and a marked season-
ality. They also receive high loads of pre-processed terrestrial or fossil
organic matter that may result in extremely low Fm values. Coping
with this high degree of variability is currently not achievable with
the existing set of model-derived values.

6.3.7. Regional synthesis
Fig. 16 reveals general trends in organic matter degradability for

different depositional environments. These trends can be broadly re-
lated to important characteristics of the depositional environment,
such as the main organic matter source or the transport efficiency of
organic matter through the water column and, thus, its age. Fig. 16
nevertheless also shows that organic matter degradability inherent
to each environment remains highly heterogeneous. The use of differ-
ent sampling techniques may lead to variability in model-determined
rate constants. For instance, the loss of the top sediment in gravity
cores as opposed to multi-cores may result in variations in k1 and
k0. Furthermore, primary driving factors such as organic matter fluxes
and sources, deposition rates, lateral transport processes, water depth
or benthic and pelagic redox conditions may reveal strong gradients
within one province that translate into differences in organic
matter degradability. For instance, Moodley et al. (2011) found low
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degradation rate constants for sedimentary organic matter from the
oxygen minimum zone (OMZ) of the Arabian Sea. The reduced de-
gradability of the organic matter in an environment that is otherwise
dominated by highly reactive organic matter is supported by relative-
ly low biomass in sediment below the OMZ zone on the Pakistan mar-
gin and western Indian continental margin of the Arabian Sea
(Woulds et al., 2009; Ingole et al., 2010). Nevertheless, the emergence
of a global patterns indicates that, despite the observed inter-regional
variability, a global characterization of depositional environments
could facilitate the search for global and regionalize patterns that
would ultimately allow a better quantification of organic matter deg-
radation dynamics in data-poor areas.

7. Challenges

Despite the increasing number of reactive-transport model studies,
the increasing demand for prognostic diagenetic modeling tools and
the considerable progress made in understanding the dynamics of or-
ganic matter degradation, organic matter degradation models have
not significantly evolved for over two decades. The mathematical for-
mulations of organic matter degradation are still highly simplified and
thus of limited transferability across time and space. One of the biggest
challenges facing the next generation of reaction-transport models will
be the development of generalized biogeochemical reaction networks
that apply to the entire spectrum of boundary conditions encountered
at the seafloor. Our ability to understand the global biogeochemical cy-
cling and to assess past and future global change will critically depend
on the development of such prognostic tools. Future progress will
strongly depend on an increased availability of observations from dif-
ferent marine environments, as well as on more efforts to relate the
models to the observed complexity, rather than to overly simplified
global relationships. The following paragraphs identify some of the out-
standing challenges and open questions that should help direct future
research:

7.1. Comparative Studies

The need for regionalization is evident in the recognition that the
degradability of organic matter varies geographically. Local studies
form the basis for the identification of global and regional patterns.
The reliability of these patterns improves with the number of single
studies and their spatial resolution. However, the imbalance in geo-
graphical coverage and in particular the paucity of observations and
model studies from deep ocean environments remains evident. In ad-
dition, the strong dependence of model parameters on model struc-
ture limits the comparability of model-determined degradability.
Furthermore, diversification of observational methods, different de-
grees of model validation/calibration or seasonal variability may fur-
ther complicate the problem. Therefore, more comparative model
studies are needed. These studies should aim at quantifying the bio-
geochemical transformations and fluxes in different benthic environ-
ments by applying an identical model structure and using similar sets
of validation/calibration data. Model results should be compared with
direct experimental rate measurements of organic matter mineraliza-
tion where possible. Ideally, the geographical coverage should be
guided by a minimum set of locations that cover the lower and
upper bounds of important environmental boundary conditions
and, therefore, could help relate organic matter degradability to
an environmental vector. In addition, comparative interregional or
intra-seasonal studies could provide important insights into the im-
portance of spatial and temporal variability within each benthic re-
gion. Such comparative studies would help identify the most
important drivers of organic matter degradation within each region
and could ultimately provide the basis for a better quantification of
biogeochemical cycling on the global scale, as well as for more generic
parameter algorithms.
7.2. Model transferability

There is a strong need to couple diagenetic models with regional
and global scale general circulation models of the coupled
carbon-climate system. However, the lack of a generalized approach
that provides objective means to constrain model parameters and
that can be applied to the entire spectrum of boundary conditions en-
countered at the seafloor seriously compromises the application of
diagenetic models on the regional and global scale, as well as for
past and future projections. Much work remains to be done to ade-
quately represent the fundamental controls on organic matter degra-
dation dynamics. Yet, our ability to evaluate past, present and future
global change will strongly depend on the development of such a
mechanistic understanding as well as global upscaling strategies.

7.3. Predictive capability

The simplified theoretical framework underlying existing model
approaches and the lack of a generic algorithm for their parameteri-
zation limit their predictive capability. In particular bioenergetic and
microbial aspects of the carbon cycling in low energy environments,
such as the deep biosphere remain poorly understood. Nevertheless,
the reconstruction of past environmental conditions and climate
change critically depend on our ability to hindcast organic matter
degradation dynamics over geological timescales spanning all sedi-
ment depths. In addition, the evaluation of biogeochemical cycling
in the deep biosphere, as well as the prediction of gas hydrate inven-
tories and oil reservoirs depends on the model's ability to not only in-
terpolate, but also extrapolate observational data. A better
mechanistic understanding of organic matter degradation dynamics
in extreme environments and under changing environmental condi-
tions can help improve existing models. Recent attempts to quantify
organic matter quality, e.g. the amino acid based degradation index,
might help to further constrain and improve predictability of organic
matter degradation constants (Dauwe et al., 1999).

7.4. Mechanistic model

A better mechanistic understanding of organic matter degradation
could ultimately lead to the development of more mechanistic
models. Comprehensive, multi-disciplinary studies that address or-
ganic matter degradation from an interdisciplinary point of view
could advance our understanding of the process. Such studies would
ideally integrate an organic geochemical characterization of the de-
positing organic matter and its diagenetic evolution, investigation of
microbial populations and rates, porewater analysis, theoretical cal-
culations of bioenergetic aspects, as well as diagenetic modeling.
This approach would provide insights into different aspects of the or-
ganic matter dynamics and would help link drivers to observed pat-
terns. More mechanistic models could then be developed on the
analysis of molecular structure and degradation mechanisms. Such a
bottom-up approach could help extrapolate knowledge from the
micro- to the macroscale. The detailed mechanistic understanding
can be used to develop common, comprehensive and conceptual ap-
proaches that facilitate the extrapolation to the global scale. In addi-
tion, it guides meaningful simplifications and thus provides an
important basis for the construction of Earth system models, which
are used to study the past and future evolution of the climate system.

Acknowledgments

This manuscript has greatly benefited from discussions with Tim
Eglinton, and insightful comments and advice from David Burdige
and the editor Paul Wignall. It was financially supported by the Na-
tional Environmental Research Council through a NERC fellowship
awarded to SA (NE/I021322/1) and by the Netherlands Organization



81S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
for Scientific Research (NWO) through a VIDI research grant award to
PR. BBJ acknowledges funding from the Danish National Research
Foundation and the GermanMax Planck Society. DEL receives support
from the Centre for Dark Energy Biosphere Investigations, C-DEBI,
Postdoctoral Scholarship Program and RP acknowledges the Royal
Society Wolfson Research Merit Award. PR is financially supported
by the government of the Brussels-Capital Region (Brains Back to
Brussels award) and the European Union's Seventh Framework Pro-
gram (FP7/2007–2013) under grant agreement no. 283080, project
GEOCARBON.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.earscirev.2013.02.008.

References

Abelmann, A., Gersonde, R., Cortese, G., Kuhn, G., Smetacek, V., 2006. Extensive phyto-
plankton blooms in the Atlantic sector of the glacial Southern Ocean.
Paleoceanography 21, PA1013. http://dx.doi.org/10.1029/2005PA001199.

Abramowitz, M., Stegun, I.A. (Eds.), 1972. Handbook of Mathematical Functions: New
York, Dover (1046 pp.).

Ågren, G.I., Bosatta, E., 1996. Theoretical Ecosystem Ecology. Understanding Element
Cycles. Cambridge University Press, Cambridge.

Ågren, G.I., Bosatta, E., 2002. Reconciling differences in predictions of temperature re-
sponse of soil organic matter. Soil Biology and Biochemistry 34, 129–132.

Aguilera, D.R., Jourabchi, P., Spiteri, C., Regnier, P., 2005. A knowledge-based reactive
transport approach for the simulation of biogeochemical dynamics in Earth sys-
tems. Geochemistry, Geophysics, Geosystems 6, Q07012. http://dx.doi.org/
10.1029/2004GC000899.

Alldredge, A.L., Jackson, G.A., 1995. Aggregation in marine systems. Deep-Sea Research
Part II 42, 1–273.

Aller, R.C., 1980. Diagenetic processes near the sediment–water interface of Long Island
Sound. I. Decomposition and nutrient element geochemistry (S, N, P). Advances in
Geophysics 222, 238–350.

Aller, R.C., 1982. Carbonate dissolution in nearshore terrigeneous muds—the role of
physical and biological reworking. Journal of Geology 90, 79–95.

Aller, R.C., 1994. Bioturbation and remineralization of sedimentary organic matter:
effects of redox oscillation. Chemical Geology 114, 331–345.

Aller, R.C., 2001. Transport and reactions in the bioirrigated zone. In: Boudreau, B.,
Jørgensen, B.B. (Eds.), The Benthic Boundary Layer: Transport Processes and Bio-
geochemistry. Oxford Press, pp. 269–301.

Aller, R.C., Aller, J.Y., 1998. The effect of biogenic irrigation intensity and solute
exchange on diagenetic reaction rates in marine sediments. Journal of Marine Re-
search 56, 905–936.

Aller, R.C., Blair, N.E., 2004. Early diagenetic remineralization of sedimentary organic C
in the Gulf of Papua deltaic complex (Papua New Guinea): net loss of terrestrial C
and diagenetic fractionation of C isotopes. Geochimica et Cosmochimica Acta 68,
1815–1825.

Aller, R.C., Blair, N.E., 2006. Carbon remineralization in the Amazon–Guianas mobile
mudbelt: a sedimentary incinerator. Continental Shelf Research 26, 2241–2259.

Aller, R.C., Mackin, J.E., 1984. Preservation of reactive organic matter in marine sedi-
ments. Earth and Planetary Science Letters 70, 260–266.

Aller, R.C., Yingst, J.Y., 1985. Effects of the marine deposit-feeders Heteromastus
filiformis (Polychaeta), Macoma balthica (Bivalvia), and Tellina texana (Bivalvia)
on averaged sedimentary solute transport, reaction rates, and microbial distribu-
tions. Journal of Marine Research 43, 615–645.

Aller, R.C., Blair, N.E., Xia, Q., Rude, P.D., 1996. Remineralization rates, recycling, and storage of
carbon in Amazon shelf sediments. Continental Shelf Research 16, 753–786.

Alperin, M.J., Albert, D.B., Martens, C.S., 1994. Seasonal variations in production and
consumption rates of dissolvedorganic carbon in an organic-rich coastal sediment.
Geochimica et Cosmochimica Acta 58, 4909–4930.

Amend, J.P., Teske, A., 2005. Expanding frontiers in deep subsurface microbiology.
Palaeogeography, Palaeoclimatology, Palaeoecology 219, 131–155.

Antia, A., Koeve, W., Fischer, G., Blanz, T., Schulz-Bull, D., Scholten, J., Neuer, S.,
Kremling, K., Kuss, J., Peinert, R., Hebbeln, D., Bathmann, U., Conte, M., Fehner, U.,
Zeitzschel, B., 2001. Basin-wide particulate carbon flux in the Atlantic Ocean: re-
gional export patterns and potential for atmospheric carbon sequestration. Global
Biogeochemical Cycles 15, 845–862.

Archer, D., Maier-Reimer, E., 1994. Effect of deep-sea sedimentary calcite preservation
on atmospheric CO2 concentration. Nature 367, 260–263.

Archer, D., Morford, J.L., Emerson, S., 2002. A model of suboxic diagenesis suitable for
automatic tuning and gridded global domains. Global Biogeochemical Cycles 16.
http://dx.doi.org/10.1029/2000BG001288.

Archer, D., Eby, M., Brovkin, V., Ridgwell, A., Cao, L., Mikolajewicz, U., Caldeira, K.,
Matsumoto, K., Munhoven, G., Montenegro, A., 2009. Atmospheric lifetime of fossil
fuel carbon dioxide. Annual Review of Earth and Planetary Sciences 37, 117–134.

Aris, R., 1968. Prolegomena to the rational analysis of systems of chemical reactions, II.
Some addenda. Archive for Rational Mechanics and Analysis 27, 356–364.
Armstrong, R.A., Lee, C., Hedges, J.I., Honjo, S., Wakeham, S.G., 2002. A new, mechanistic
model for organic carbon fluxes in the ocean based on the quantitative association
of POC with ballast minerals. Deep-Sea Research Part II 49, 219–236. http://
dx.doi.org/10.1016/S0967-0645(01)00101-1.

Arnarson, T.S., Keil, R.G., 2001. Organic–mineral interactions in marine sediments stud-
ied using density fractionation and X-ray photoelectron spectroscopy. Organic
Geochemistry 32, 1401–1415.

Arndt, S., Brumsack, H.-J., Wirtz, K., 2006. Cretaceous black shales as active bioreactors:
a biogeochemical model for the deep biosphere encountered during ODP Leg 207
(Demerara Rise). Geochimica et Cosmochimica Acta 70, 408–425.

Arndt, S., Hetzel, A., Brumsack, H.-J., 2009. Evolution of organic matter degradation in
Cretaceous black shales inferred from authigenic barite: a reaction–transport
model. Geochimica et Cosmochimica Acta 73, 2000–2022.

Arnosti, C., 2011. Microbial extracellular enzymes and the marine carbon cycle. Annual
Review of Marine Science 3, 401–425.

Arnosti, C., Holmer, M., 2003. Carbon cycling in a continental margin sediment: con-
trasts between organic matter characteristics and remineralization rates and path-
ways. Estuarine Coastal and Shelf Science 58, 197–208.

Arnosti, C., Jørgensen, B.B., 2006. Organic carbon degradation in Arctic marine sedi-
ments, Svalbard: a comparison of initial and terminal steps. Geomicrobiology Jour-
nal 23, 551–563.

Arnosti, C., Jørgensen, B.B., Sageman, J., Thamdrup, B., 1998. Temperature dependence
of microbial degradation of organic matter in marine sediments: polysaccharide
hydrolysis, oxygen consumption, and sulfate reduction. Marine Ecology Progress
Series 165, 59–70.

Arthur, M.A., Dean, W.E., Pollastro, R., Scholle, P.A., Claypool, G.E., 1985. A comparative
geochemical study of two transgressive pelagic limestone units, Cretaceous west-
ern interior basin, U.S. In: Pratt, L.M., et al. (Ed.), Fine-Grained Deposits and
Biofacies of the Cretaceous Western Interior Seaway: Evidence of Cyclic Sedimen-
tary Processes. Soc. For Sediment. Geol., Tulsa, Okla, pp. 16–27.

Arthur, M.A., Dean, W.E., Pratt, L.M., 1988. Global ocean–atmosphere geochemical and
climatic effects of the Cenomanian/Turonian marine productivity event. EOS.
Transactions of the American Geophysical Union 69, 300.

Balkwill, D.L., Leach, F.R., Wilson, J.T., McNabb, J.F., White, D.C., 1988. Equivalence of mi-
crobial biomass measures based on marine lipid and cell wall components, adeno-
sine triphosphate, and direct cell counts in subsurface aquifer sediments. Microbial
Ecology 16, 73–84.

Banta, G.T., Giblin, A.E., Hobbie, J.E., Tucker, J., 1995. Benthic respiration and
nitrogen release in Buzzards Bay, Massachusetts. Journal of Marine Research 53,
107–135.

Banta, G.T., Holmer, M., Jensen, M.H., Kristensen, E., 1999. Effects of two polychaete
worms, Nereis diversicolor and Arenicola marina, on aerobic and anaerobic decom-
position in a sandy marine sediment. Aquatic Microbial Ecology 19, 189–204.

Benson, S.W., 1976. Thermochemical Kinetics, Second edition. Wiley-Interscience, New
York.

Berelson, W., 2001. POC fluxes into the ocean interior: a comparison of 4 US-JGOFS re-
gional studies. Oceanography 14, 59–67.

Berelson, W., 2002. Particle settling rates increase with depth in the ocean. Deep-Sea
Research Part II 49, 237–251.

Berg, P., Rysgaard, S., Thamdrup, B., 2003. Dynamic modeling of early diagenesis and
nutrient cycling. A case study in an Arctic marine sediment. American Journal of
Science 303, 905–955.

Berner, R.A., 1964. An idealized model of dissolved sulfate distribution in recent sedi-
ments. Geochimica et Cosmochimica Acta 28, 1497–1503.

Berner, R.A., 1978. Sulfate reduction and the rate of deposition of marine sediments.
Earth and Planetary Science Letters 37, 492–498.

Berner, R.A., 1980. Early Diagenesis: A theoretical Approach. Princeton University
Press, Princeton (1–241 pp.).

Berner, R.A., 1982. Burial of organic carbon and pyrite sulfur in the modern ocean: its
geochemical and environmental significance. American Journal of Science 282,
451–473. http://dx.doi.org/10.2475/ajs.282.4.451.

Berner, R.A., 1990. Atmospheric carbon dioxide levels over Phanerozoic times. Science
249, 1382–1386.

Berner, R.A., 2004. The Phanerozoic Carbon Cycle: CO2 and O2. Oxford University Press,
Oxford (150 pp.).

Berner, R.A., Canfield, D.E., 1989. A newmodel of atmospheric oxygen over Phanerozoic
time. American Journal of Science 289, 333–361.

Bethke, C.M., Sanford, R.A., Kirk, M.F., Jin, Q., Flynn, T.M., 2011. The thermodynamic lad-
der in geomicrobiology. American Journal of Science 311, 183–210.

Bianchi, T.S., 2011. The role of terrestrially derived organic carbon in the coastal ocean:
a changing paradigm and the priming effect. PNAS. http://dx.doi.org/10.1073/
pnas.1017982108.

Biddle, J.F., Lipp, J.S., Lever, M.A., Lloyd, K.G., Sørensen, K.B., Anderson, R., Fredricks, H.F.,
Elvert, M., Kelly, T.J., Schrag, D.P., Sogin, M.L., Brenchley, J.E., Teske, A., House, C.H.,
Hinrichs, K.-U., 2006. Heterotrophic Archaea dominate sedimentary subsurface
ecosystems off Peru. PNAS 103, 3846–3851.

Billen, G., 1982. Modelling the processes of organic matter degradation and nutrient
recycling in sedimentary systems. In: Nedwell, D.B., Brown, C.M. (Eds.), Sediment
Microbiology. Academic Press, London, pp. 15–52.

Blair, N.E., Aller, R.C., 2012. The fate of terrestrial organic carbon in the marine environ-
ment. 4, 401–423.

Blair, N.E., Leithold, E.L., Ford, S.T., Peeler, K.A., Holmes, J.C., Perkey, D.W., 2003. The per-
sistence of memory: the fate of ancient sedimentary organic carbon in a modern
sedimentary system. Geochimica et Cosmochimica Acta 67, 63–73.

Bossata, E., Ågren, G.I., 1985. Theoretical analysis of decomposition of heterogeneous
substrates. Soil Biology and Biochemistry 17, 601–610.

http://dx.doi.org/10.1016/j.earscirev.2013.02.008
http://dx.doi.org/10.1016/j.earscirev.2013.02.008
http://dx.doi.org/10.1029/2005PA001199
http://dx.doi.org/10.1029/2004GC000899
http://dx.doi.org/10.1029/2000BG001288
http://dx.doi.org/10.1016/S0967-0645(01)00101-1
http://dx.doi.org/10.2475/ajs.282.4.451
http://dx.doi.org/10.1073/pnas.1017982108
http://dx.doi.org/10.1073/pnas.1017982108


82 S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
Bossata, E., Ågren, G.I., 1991. Dynamics of carbon and nitrogen in the organic matter of
the soil: a generic theory. American Naturalist 138, 227–245.

Bossata, E., Ågren, G.I., 1995. The power and reactive continuum models as particular
cases of the q-theory of organic matter dynamics. Geochimica et Cosmochimica
Acta 59, 3833–3835.

Boudreau, B.P., 1984. On the equivalence of nonlocal and radial-diffusion models for
porewater irrigation. Journal of Marine Research 42, 731–735.

Boudreau, B.P., 1986. Mathematics of tracer mixing in sediments: I. Spatially-
dependent, diffusive mixing. American Journal of Science 286, 161–198.

Boudreau, B.P., 1992. A kinetic model for microbic organic-matter decomposition in
marine sediments. FEMS 102, 1–14.

Boudreau, B.P., 1996. A method-of-lines code for carbon and nutrient diagenesis in
aquatic sediments. Computers and Geosciences 22, 479–496.

Boudreau, B.P., 1997. Diagenetic Models and Their Implementation: Modelling Trans-
port and Reactions in Aquatic Sediments. Springer 1–414.

Boudreau, B.P., 1998. Mean mixed depth of sediments: the wherefore and the why.
Limnology and Oceanography 43, 524–526.

Boudreau, B.P., 1999. A theoretical investigation of the organic carbon-microbial bio-
mass relation in muddy sediments. Aquatic Microbial Ecology 17, 181–189.

Boudreau, B.P., Ruddick, B.P., 1991. On a reactive continuum representation of organic
matter diagenesis. American Journal of Science 291, 507–538.

Boudreau, B.P., Westrich, J.T., 1984. The dependence of bacterial sulfate reduction on
sulfate concentration in marine sediments. Geochimica et Cosmochimica Acta 48,
2503–2516.

Boudreau, B.P., Arnosti, C., Jørgensen, B.B., Canfield, D.E., 2008. Comment on “Physical
model for the decay and preservation of marine organic matter”. Science 319,
1616b.

Boyd, P.W., Trull, T.W., 2007. Understanding the export of biogenic particles in oceanic
waters: is there consensus? Progress in Oceanography 72, 276–312. http://
dx.doi.org/10.1016/j.pocean.2006.10.007.

Brüchert, V., Jørgensen, B.B., Neumann, K., Riechmann, D., Schlösser, M., Schulz, H.,
2003. Regulation of bacterial sulfate reduction and hydrogen sulfide fluxes in the
central Namibian coastal upwelling zone. Geochimica et Cosmochimica Acta 67,
4505–4518.

Brüchert, V., Currie, B., Peard, K.R., Lass, U., Endler, R., Dübecke, A., Julies, E., Leipe, T.,
Zitzmann, S., 2006. An integrated assessment of shelf anoxia and water column hy-
drogen sulphide in the Benguela coastal upwelling system off Namibia. In: Neretin,
L.N. (Ed.), Past and Present Marine Water Column Anoxia. Springer, pp. 161–194.

Buesseler, K.O., Lamborg, C.H., Boyd, P.W., Lam, P.J., Trull, T.W., Bidigare, R.R., Bishop,
J.K.B., Casciott, K.L., Dehairs, F., Elskens, M., Honda, M., Karl, D.M., Siegel, D.A.,
Silver, M.W., Steinberg, D.K., Valdes, J., Mooy, B.V., Wilson, S., 2007. Revisiting car-
bon flux through the ocean's twilight zone. Science 316, 567–570. http://
dx.doi.org/10.1126/science.1137959.

Buesseler, K.O., Trull, T.W., Steinberg, D.K., Silver, M.W., Siegel, D.A., Saitoh, S.I.,
Lamborg, C.H., Lam, P.J., Karl, D.M., Jiao, N.Z., Honda, M.C., Elskens, M., Dehairs, F.,
Brown, S.L., Boyd, P.W., Bishop, J.K.B., Bidigare, R.R., 2008. VERTIGO (VERtical
Transport In The Global Ocean): a study of particle sources and flux attenuation
in the North Pacific. Deep-Sea Research Part II 55, 1522–1539.

Burdige, D.J., 2001. Dissolved organic matter in Chesapeake Bay sediment pore waters.
Organic Geochemistry 32, 487–505.

Burdige, D.J., 2002. Sediment pore waters. In: Hansell, D.A., Carlson, C.A. (Eds.), Biogeo-
chemistry of Marine Dissolved Organic Matter. Academic Press, San Diego, CA, p.
774.

Burdige, D.J., 2006. Geochemistry of Marine Sediments. Princeton University Press
1–609.

Burdige, D.J., 2007. The preservation of organic matter in marine sediments: controls,
mechanisms and an imbalance in sediment organic carbon budgets? Chemical Re-
views 107, 467–485.

Burdige, D.J., 2011. Temperature dependence of organic matter remineralization in
deeply-buried marine sediments. Earth and Planetary Science Letters 311,
396–410.

Burdige, D.J., Gardner, K.G., 1996. Molecular weight distribution of dissolved organic
carbon in marine sediment pore waters. Marine Chemistry 62, 45–64.

Calvert, S.E., Pedersen, T.F., 1992. Productivity, Accumulation and Preservation of
Organic Matter in Recent and Ancient Sediments. Columbia Univ. Press 231–263.

Canfield, 1993. Organic matter oxidation in marine sediments. In: Wollast, R., et al.
(Ed.), Interactions of biogeochemical cycles. Springer, pp. 333–363.

Canfield, D.E., 1994. Factors influencing organic carbon preservation in marine sedi-
ments. Chemical Geology 114, 315–329.

Canfield, D.E., Raiswell, R., Bottrell, S., 1992. The reactivity of sedimentary iron minerals
toward sulfide. American Journal of Science 292, 659–683.

Canfield, D., Kristensen, E., Thamdrup, B., 2005. Advances in Marine Biology. Aquatic
Geomicrobiology 48 (656 pp.).

Canuel, E.A., Martens, C.S., 1996. Reactivity of recently-deposited organic matter: deg-
radation of lipid compounds near the sediment–water interface. Geochimica et
Cosmochimica Acta 60, 1793–1806.

Claypool, G.E., Kaplan, I.R., 1974. The origin and distribution of methane in marine sedi-
ments. In: Kaplan, I.R. (Ed.), Natural Gases in Marine Sediments. Plenum, pp. 99–139.

Cowie, G.L., Hedges, J.I., 1994. Biochemical indicators of diagenetic alteration in natural
organic matter mixtures. Nature 369, 304–307.

Cowie, G.L., Hedges, J.I., Calvert, S.E., 1992. Sources and relative reactivities of amino
acids, neutral sugars, and lignin in an intermittently anoxic marine environment.
Geochimica et Cosmochimica Acta 56, 1963–1978.

Crill, P.M., Martens, C.S., 1987. Biogeochemical cycling in an organic rich coastal marine
basin: temporal and spatial variations in sulfate reduction rates. Geochimica et
Cosmochimica Acta 51, 1175–1186.
Curtis, G.P., 2003. Comparison of approaches for simulating reactive solute transport
involving organic matter degradation reactions by multiple terminal electron ac-
ceptors. Computers and Geosciences 29, 319–329.

D'Hondt, S., Spivack, A.J., Pockalny, R., Ferdelman, T.G., Fischer, J.P., Kallmeyer, J.,
Abrams, L.J., Smith, D.C., Graham, D., Hasiuk, F., Schrum, H., Stancin, A.M., 2009.
Subseafloor sedimentary life in the South Pacific Gyre. PNAS 106, 11651–11656.

Dale, A.W., Regnier, P., Van Cappellen, P., 2006. Bioenergetic controls on anaerobic ox-
idation of methane (AOM) in coastal marine sediments: a theoretical analysis.
American Journal of Science 306, 246–294.

Dale, A.W., Van Cappellen, P., Aguilera, D.R., Regnier, P., 2008a. Methane efflux from
marine sediments in passive and active margins: estimations from bioenergetic re-
action–transport simulations. Earth and Planetary Science Letters 265, 329–344.

Dale, A.W., Regnier, P., Knab, N.J., Jørgensen, B.B., Van Cappellen, P., 2008b. Anaerobic ox-
idation of methane (AOM) in marine sediments from the Skagerrak (Denmark): II.
Reaction–transport modelling. Geochimica et Cosmochimica Acta 72, 2880–2894.

Dale, A.W., Aguilera, D.R., Regnier, P., Fossing, H., Knab, N.J., Jørgensen, B.B., 2008c. Sea-
sonal dynamics of the depth and rate of anaerobic oxidation of methane in Aarhus
Bay (Denmark) sediments. Journal of Marine Research 66, 127–155.

Dale, A.W., Brüchert, V., Alperin, M., Regnier, P., 2009. An integrated sulfur isotope
model for Namibian shelf sediments. Geochimica et Cosmochimica Acta 73,
1924–1944.

Dale, A.W., Sommer, S., Haeckel, M., Wallmann, K., Linke, P., Wegener, G., Pfannkuche,
O., 2010. Pathways and regulation of carbon, sulfur and energy transfer in marine
sediments overlying methane gas hydrates on the Opouawe Bank (New Zealand).
Geochimica et Cosmochimica Acta 74, 5763–5784.

D'Andrea, F., DeWitt, T.H., 2009. Geochemical ecosystem engineering by the mud
shrimp Upogebia pugettensis (Crustacea: Thalassinidae) in Yaquina Bay, Oregon:
density-dependent effects on organic matter remineralization and nutrient cy-
cling. Limnology and Oceanography 54, 1911–1932.

Dauwe, B., Middelburg, J.J., Herman, P.M.J., Heip, C.H.R., 1999. Linking diagenetic alter-
ation of amino acids and bulk organic matter reactivity. Limnology and Oceanogra-
phy 44, 1809–1814.

Dauwe, B., Middelburg, J.J., Herman, P.M.J., 2001. Effect of oxygen on the degradability
of organic matter in subtidal and intertidal sediments of the North Sea area. Marine
Ecology Progress Series 215, 13–22.

Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil organic carbon de-
composition and feedbacks to climate change. Nature 440, 165–173.

de Leeuw, J.W., Largeau, C., 1993. A review of macromolecular organic compounds that
comprise living organisms and their role in kerogen, coal and petroleum forma-
tion. In: Engel, M.H., Macko, S.A. (Eds.), Organic Geochemistry, Principles and Ap-
plications. Plenum Press, New York, pp. 23–72.

de Leeuw, J.W., Versteegh, G.J.M., Van Bergen, P.F., 2006. Biomacromolecules of plants
and algae and their fossil analogues. Plant Ecology 189, 209–233.

Demaison, G.J., Moore, G.T., 1980. Anoxic environments and oil source bed genesis.
American Association of Petroleum Geologists Bulletin 64, 1179–1209.

Dhakar, S.P., Burdige, D.J., 1996. A coupled, non-linear steady-state model for early dia-
genetic processes in pelagic marine sediments. American Journal of Science 296,
296–330.

D'Hondt, S., Jørgensen, B.B., Miller, D.J., et al., 2004. Distributions of microbial activities
in deep subseafloor sediments. Science 306, 2216–2221.

Ding, X., Henrichs, S.M., 2002. Adsorption and desorption of proteins and polyamino
acids by clay minerals and marine sediments. Marine Chemistry 77, 225–237.

Ebenhöh, W., Kohlmeier, C., Radford, P.J., 1995. The benthic biological submodel in the
European Regional Seas Ecosystem Model. Netherlands Journal of Sea Research 33,
423–452.

Eglinton, T., 2012. A rusty carbon sink. Nature 483, 165–166.
Emerson, S., 1985. Organic carbon preservation in marine sediments. The Carbon Cycle and

Atmospheric CO2: Natural Variations Archean to Present. : In: Sundquist, E.T., Broecker,
W.S. (Eds.), Geophys. Monogr. Ser, vol. 32. AGU, Washington D. C., pp. 78–87.

Emerson, S., Jahnke, R., Heggie, D., 1984. Sediment–water exchange in shallow water
estuarine sediments. Journal of Marine Research 42, 709–730.

Emerson, S., Fisher, K., Reimers, C., Heggie, D., 1985. Organic carbon dynamics and pres-
ervation in deep-sea sediments. Deep-Sea Research 32, 1–21.

Epping, E., van der Zee, C., Soetaert, K., Helder, W., 2002. On the oxidation and burial of
organic carbon in sediments of the Iberian Margin and Nazaré Canyon (NE Atlan-
tic). Progress in Oceanography 52, 399–431.

Findlay, S., Tenore, K.R., 1982. Nitrogen source for the detritivore polychaete, Capitella
capitata: detritus substrate or microbes? Science 218, 371–372.

Finke, N., Jørgensen, B.B., 2008. Response of fermentation and sulfate reduction to
experimental temperature changes in temperate and Arctic marine sediments.
The ISME Journal 2, 815–829.

Finke, N., Hoehler, T.M., Jørgensen, B.B., 2007. Hydrogen “leakage” during
methanogenesis from methanol and methylamine: implications for anaerobic car-
bon degradation pathways in aquatic sediments. Environmental Microbiology 9,
1061–1071.

Fischer, J., Ferdelman, T.G., D'Hondt, S., Røy, H., Wenzhöfer, F., 2009. Oxygen penetra-
tion deep into the sediment of the South Pacific. Biogeosciences 6, 1467–1478.

Francois, R., Honjo, S., Krishfield, R., Manganini, S., 2002. Factors controlling the flux
of organic carbon to the bathypelagic zone of the ocean. Global Biogeochemical
Cycles 16 (4), 1087. http://dx.doi.org/10.1029/2001GB001722.

Freeman, C., Ostle, N., Kang, H., 2001. An enzymatic ‘latch’ on a global carbon store.
Nature 409, 149.

Froelich, P.N., Klinkhammer, G.P., Bender, M.L., Luedtke, N.A., Heath, G.R., Cullen, D.,
Dauphin, P., Hammond, D., Hartman, B., Maynard, V., 1979. Early oxidation of
organic-matter in pelagic sediments of the eastern equatorial atlantic-suboxic dia-
genesis. Geochimica et Cosmochimica Acta 43, 1075–1090.

http://dx.doi.org/10.1016/j.pocean.2006.10.007
http://dx.doi.org/10.1126/science.1137959
http://dx.doi.org/10.1029/2001GB001722


83S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
Galy, V., France-Lanord, C., Beyssac, O., Faure, P., Kudrass, H., Palhol, F., 2007. Efficient
organic carbon burial in the Bengal fan sustained by the Himalayan erosional sys-
tem. Nature 450, 407–410.

Gatellier, J., Deleeuw, J.W., Sinninghe-Damsté, J.S., Derenne, S., Largeau, C., Metzger, P.,
1993. A comparative-study of macromolecular substances of a coorongite and cell-
walls of the extant alga Botryococcus-braunii. Geochimica et Cosmochimica Acta
57, 2053–2068.

Glud, R.N., Holby, O., Hoffmann, F., Canfield, D.E., 1998. Benthic mineralization and
exchange in Arctic sediments (Svalbard, Norway). Marine Ecology Progress Series
173, 237–251.

Goth, K., de Leeuw, J.W., Puttmann, W., 1988. Origin of messel oil-shale kerogen.
Nature 336, 759–761.

Graf, G., 1992. Benthic–pelagic coupling: a benthic view. Oceanography and Marine
Biology 30, 149–190.

Griffith, D.R., Martin, W.R., Eglinton, T.I., 2010. The radiocarbon age of organic carbon in
marine surface sediments. Geochimica et Cosmochimica Acta 74, 6788–6800.

Gu, G., Dickens, G.R., Bhatnagar, G., Colwell, F.S., Hirasaki, G.J., Chapman, W.G., 2011.
Abundant early Palaeogene marine gas hydrates despite warm deep-ocean tem-
peratures. Nature Geoscience 4, 848–851.

Guenet, B., Danger, M., Abbadie, L., Lacroix, G., 2010. Priming effect: bridging the gap
between terrestrial and aquatic ecology. Ecology 91, 2850–2861.

Gupta, N.S., Michels, R., Briggs, D.E.G., Collinson, M.E., Evershed, R.P., Pancost, R.D.,
2005. Experimental evidence for lipids as a source for aliphatic component of fos-
sils and sedimentary organic matter. In: Gonzalez-Vila, F.J., Gonzalez-Perez, J.A.,
Almendros, G. (Eds.), Organic Geochemistry: Challenges for the 21st Century,
Akron Grafica, Sevilla, 1, pp. 46–47.

Gupta, N.S., Michels, R., Briggs, D.E.G., Evershed, R.P., Pancost, R.D., 2006. The organic
preservation of fossil arthropods: an experimental study. Proceedings of the
Royal Society of London, pp. 2777–2783.

Gupta, N.S., Briggs, D.E.G., Collinson, M.E., Evershed, R.P., Michels, R., Jack, S.K., Pancost,
R.D., 2007. Evidence for the in situ polymerisation of labile aliphatic organic com-
pounds during the preservation of fossil leaves: implications for organic matter
preservation. Organic Geochemistry 38, 499–522.

Gypens, N., Lancelot, C., Soetaert, K., 2008. Simple parameterisations for describing N
and P diagenetic processes: application in the North Sea. Progress in Oceanography
76, 89–110.

Haake, B., Ittekkot, V., Rixen, T., Ramaswamy, V., Nair, R.R., Curry, W.B., 1993. Seasonal-
ity and interannual variability of particle fluxes to the deep Arabian Sea. Deep-Sea
Research Part I 40, 1323–1344.

Hales, B., Emerson, S.R., 1996. Calcite dissolution in sediments of the Ontong-Java Pla-
teau: in situ measurements of porewater O2 and pH. Global Biogeochemical Cycles
10, 527–541.

Hammond, D.E., McManus, J., Berelson, W., Kilgore, T., Pope, R., 1996. Early diagenesis
of organic material in equatorial Pacific sediments: stoichiometry and kinetics.
Deep-Sea Research Part II 43, 1365–1412.

Hartnett, H.E., Keil, R.G., Hedges, J.I., Devol, A.H., 1998. Influence of oxygen exposure time on
organic carbon preservation in continental margin sediments. Nature 391, 572–574.

Harvey, H.R., Macko, S.A., 1997. Kinetics of phytoplankton decay during simulated sed-
imentation: changes in lipids under oxic and anoxic conditions. Organic Geochem-
istry 27, 129–140.

Hattakka, A., 1994. TLignin-modifying enzymes from selected white-rot fungi-
production and role in lignin degradation. FEMS Microbiology Reviews 13,
125–135. http://dx.doi.org/10.1016/0168-6445(94)90076-.

Head, I.M., Jones, D.M., Roling, W.F.M., 2006. Marine microorganisms make a meal of
oil. Nature Reviews. Microbiology 4, 173–182.

Heath, G.H., Moore, T.C., Dauphin, J.P., 1977. Organic carbon in deep-sea sediments. In:
Andersen, N.R., Malahoff, A. (Eds.), The Fate of Fossil fuel CO2 in the Oceans.
Plenum Press, pp. 605–625.

Hedges, J.I., Keil, R.G., 1995. Sedimentary organic matter preservation: an assessment
and speculative synthesis. Marine Chemistry 49, 81–115.

Hedges, J.I., Oades, J.M., 1997. Comparative organic geochemistries of soils and marine
sediments. Organic Geochemistry 27, 319–361.

Hedges, J.I., Clark, W.A., Cowie, G.L., 1988. Fluxes and reactivities of organic matter in a
coastal marine bay. Limnology and Oceanography 33, 1137–1152.

Hedges, J.I., Mayorga, E., Tsamakis, E., McClain, M.E., Quay, P.D., Richey, J.E., Benner, R.,
Opsahl, S., Black, B., Pimentel, T., Quintanilla, J., Maurice, L., 2000. Organic matter in
Bolivian tributaries of the Amazon River: a comparison to the lower mainstream.
Limnology and Oceanography 45, 1449–1466.

Heggie, D., Maris, C., Hudson, A., Dymond, J., Beach, R., Cullen, J., 1987. Organic carbon
oxidation and preservation in NW Atlantic continental margin sediments. Geology
and Geochemistry of Abyssal Plains. : In: Weaver, P.P.E., Thomson, J. (Eds.), Geolog-
ical Society Special Publ, No. 31. Blackwell Scientific Publ., London, pp. 167–177.

Heinze, C., Maier-Reimer, E., Winguth, A.M.E., Archer, D., 1999. A global oceanic sediment
model for long-term climate studies. Global Biogeochemical Cycles 13, 221–250.

Henrichs, S.M., 1992. Early diagenesis of organic matter in marine sediments: progress
and perplexity. Marine Chemistry 39, 119–149.

Henrichs, S.M., 1993. Early diagenesis of organic matter: the dynamics (rates) of cycling of
organic compounds. In: Engel, M., Macko, S. (Eds.), Organic Geochemistry, pp. 101–117.

Henrichs, S.M., 1995. Sedimentary organic matter preservation: an assessment and
speculative synthesis — a comment. Marine Chemistry 49, 127–136.

Henrichs, S.M., 2005. Organic matter in coastal marine sediments. The Global Coastal
Ocean: Multiscale Interdisciplinary Processes. : In: Robinson, A.R., Brink, K.H.
(Eds.), The Sea, volume 13. Harvard University Press, Boston, pp. 129–162.

Henrichs, S.M., Reeburgh, W.S., 1987. Anaerobic mineralization of marine sediment or-
ganic matter: rates and the role of anaerobic processes in the oceanic carbon econ-
omy. Geomicrobiology Journal 5, 191–237.
Henson, S., Sanders, R., Madsen, E., 2012. Global patterns in efficiency of particulate or-
ganic carbon export and transfer to the deep ocean. Global Biogeochemical Cycles
26, GB1028. http://dx.doi.org/10.1029/2011GB004099.

Ho, T.C., Aris, R., 1987. On apparent second-order kinetics. American Institute Chemical
Engineering Journal 33, 1050–1051.

Hoehler, T.M., 2004. Biological energy requirements as quantitative boundary condi-
tions for life in the subsurface. Geobiology 2, 205–215.

Hoehler, T.M., Alperin, M.J., Albert, D.B., Martens, C.S., 2001. Apparent minimum free
energy requirements for methanogenic Archaea and sulfate-reducing bacteria in
an anoxic marine sediment. FEMS Microbiology Ecology 38, 33–41.

Holland, H.D., 1978. The Chemistry of the Atmosphere and Oceans. Wiley Interscience,
New York.

Holmkvist, L., Ferdelman, T.G., Jørgensen, B.B., 2011. A cryptic sulfur cycle driven by
iron in the methane zone of marine sediment (Aarhus Bay, Denmark). Geochimica
et Cosmochimica Acta 75, 3581–3599.

Holstein, J.M., Wirtz, K.W., 2009. Sensitivity analysis of nitrogen and carbon cycling in
marine sediments. Estuarine, Coastal and Shelf Science 82, 632–644.

Hubert, C., Loy, A., Nickel, M., Arnosti, C., Baranyi, C., Bruchert, V., Ferdelman, T., Finster, K.,
Christensen, F.M., Rezende, R.J., Vandieken, V., Jørgensen, B.B., 2009. A constant flux of
diverse thermophilic bacteria into the cold arctic seabed. Science 325, 1541–1544.

Hubert, C., Arnosti, C., Bruchert, V., Loy, A., Vandieken, V., Jørgensen, B.B., 2010. Ther-
mophilic anaerobes in Artic marine sediments induced to mineralize complex or-
ganic matter at high temperature. Environmental Microbiology 2010, 12,1089–12,
1104.

Huguet, C.E.J., De Lange, G.J., Gustafsson, O., Middelburg, J.J., Sinninghe-Damsté, J.S.,
Schouten, S., 2008. Selective preservation of soil organic matter in oxidized marine
sediments (Madeira Abyssal Plain). Geochimica et Cosmochimica Acta 72, 6061–6068.

Ingole, B.S., Sautya, S., Sivadas, S., Singh, R., Nanajkar, M., 2010. Macrofaunal communi-
ty structure in the western Indian continental margin including the oxygen mini-
mum zone. Marine Ecology—An Evolutionary Perspective 31, 148–166.

Inthorn, M., Wagner, T., Scheeder, G., Zabel, M., 2006. Lateral transport controls distri-
bution, quality, and burial of organic matter along continental slopes in high-
productivity areas. Geology 34, 205–208.

Ittekkot, V., 1988. Global trends in the nature of organic matter in river suspensions.
Nature 332, 436–438.

Ittekkot, V., 1993. The abiotically driven biological pump in the ocean and short-term
fluctuations in atmospheric CO2 contents. Global and Planetary Change 8, 17–25.

Jahnke, R.A., 1996. The global ocean flux of particulate organic carbon: areal distribu-
tion and magnitude. Global Biogeochemical Cycles 10, 71–88.

Jahnke, R.A., Reimers, C.E., Craven, D.B., 1990. Organic matter recycling at the seafloor:
intensification near ocean margins. Nature 348, 50–54.

Jin, Q., Bethke, C.M., 2002. Kinetics of electron transfer through the respiratory chaon.
Biophysical Journal 83, 1797–1808.

Jin, Q., Bethke, C.M., 2003. A new rate law describing microbial respiration. Applied and
Environmental Microbiology 69, 2340–2348.

Jin, Q., Bethke, C.M., 2005. Predicting the rate of microbial respiration in geochemical
environments. Geochimica et Cosmochimica Acta 69, 1133–1143.

Jin, Q., Bethke, C.M., 2009. Cellular energy conservation and the rate of microbial sulfate
reduction. Geology 37, 1027–1030.

Jørgensen, B.B., 1978. A comparison of methods for the quantification of bacterial sul-
fate reduction in coastal marine sediments. II. Calculation from mathematical
models. Geomicrobiology Journal 1, 29–47.

Jørgensen, B.B., 1990. A thiosulfate shunt in the sulfur cycle of marine sediments. Sci-
ence 249, 152–154.

Jørgensen, B.B., 2006. Bacteria and marine biogeochemistry. In: Schulz, H.D., Zabel, M.
(Eds.), Marine Geochemistry. Springer, Berlin, pp. 169–206.

Jørgensen, B.B., 2011. Deep subseafloor microbial cells on physiological standby. PNAS
45, 18193–18194.

Jørgensen, B.B., Parkes, R.J., 2010. Role of sulfate reduction and methane for anaerobic
carbon cycling in eutrophic fjord sediments (Limfjorden, Denmark). Limnology
and Oceanography 55, 1338–1352.

Jørgensen, B.B., Revsbech, N.P., 1989. Oxygen uptake, bacterial distribution, and car-
bon–nitrogen–sulfur cycling in sediments from the Baltic Sea–North Sea transition.
Ophelia 31, 29–49.

Jørgensen, B.B., Sørensen, J., 1985. Seasonal cycles of O2, NO3
– and SO4

2– reduction in es-
tuarine sediments: the significance of a nitrate reduction maximum in Spring. Ma-
rine Ecology Progress Series 24, 65–74.

Jourabchi, P., Van Cappellen, P., Regnier, P., 2005. Quantitative interpretation of pH dis-
tributions in aquatic sediments: a reaction–transport modeling approach. Ameri-
can Journal of Science 305, 919–956.

Keil, R.G., 2011. Terrestrial influences on carbon burial at sea. PNAS 108, 9729–9730.
Keil, R.G., Hedges, J.I., 1993. Sorption of organic matter to mineral surfaces and the

preservation of organic matter in coastal marine sediments. Chemical Geology
107, 385–388.

Keil, R.G., Kirchman, D.L., 1994. Abiotic transformation of labile protein to refractory
protein in sea water. Marine Chemistry 45, 187–196.

Keil, R.G., Montlucon, D.B., Prahl, F.G., Hedges, J.I., 1994. Sorptive preservation of labile
organic matter in marine sediments. Nature 370, 549–552.

Kemp, P.F., 1987. Potential impact on bacteria of grazing by a macrofaunal deposit-
feeder, and the fate of bacterial production. Marine Ecology Progress Series 36,
151–161.

Kennedy, M.J., Wagner, T., 2011. Clay mineral continental amplifier for marine carbon
sequestration in a greenhouse ocean. Proceedings of the National Academy of Sci-
ences of the United States of America 108, 9776–9781.

Kennedy, M.J., Pevear, D.R., Hill, R.J., 2002. Mineral surface control of organic carbon in
Black Shale. Science 295, 657–660.

http://dx.doi.org/10.1016/0168-6445(94)90076-
http://dx.doi.org/10.1029/2011GB004099


84 S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
Kirchman, D.L., Malmstrom, R.R., Cottrell, M.T., 2005. Control of bacterial growth by
temperature and organic matter in the Western Arctic. Deep-Sea Research Part II
52, 3386–3395.

Kirschbaum, M.U.F., 2006. The temperature-dependence of organic matter decomposi-
tion—still a topic of debate. Soil Biology and Biochemistry 38, 2510–2518.

Klaas, C., Archer, D., 2002. Association of sinking organic matter with various types of
mineral ballast in the deep sea: implications for the rain ratio. Global Biogeochem-
ical Cycles 16 (4), 1116. http://dx.doi.org/10.1029/2001GB001765.

Knoblauch, C., Jørgensen, B.B., 1999. Effect of temperature on sulphate reduction,
growth rate and growth yield in five psychrophilic sulphate-reducing bacteria
from Arctic sediments. Environmental Microbiology 1, 457–467.

Komada, T., Reimers, C.E., Luther, G.W., Burdige, D.J., 2004. Factors affecting dissolved
organic matter dynamics in mixed-redox to anoxic coastal sediments. Geochimica
et Cosmochimica Acta 20, 4099–4111.

Kristensen, E., 1985. Oxygen and Inorganic Nitrogen Exchange in a Nereis virens
(Polychaeta) Bioturbated Sediment-Water System. Journal of Coastal Research 1
(2), 109–116.

Kristensen, E., 2000. Organic matter diagenesis at the oxic/anoxic interface in coastal
marine sediments, with emphasis on the role of burrowing animals. Hydrobiologia
426, 1–24.

Kristensen, E., 2001. Impact of polychaetes (Nereis spp. and Arenicola marina) on car-
bon biogeochemistry in coastal marine sediments. Geochemical Transactions 2,
92–103.

Kristensen, E., Blackburn, T.H., 1987. The fate of organic carbon and nitrogen in exper-
imental marine sediment systems: influence of bioturbation and anoxia. Journal of
Marine Research 45, 231–257.

Kristensen, E., Holmer, M., 2001. Decomposition of plant materials in marine sediment
exposed to different electron acceptors (O2, NO32

− , and SO42
− ), with emphasis on

substrate origin, degradation kinetics, and the role of bioturbation. Geochimica et
Cosmochimica Acta 65, 419–433.

Kristensen, E., Frede, O.A., Thomas, H.B., 1992. Effects of benthic macrofauna and tem-
perature on degradation of macroalgal detritus: the fate of organic carbon. Limnol-
ogy and Oceanography 37.7, 1404–1419.

Kristensen, E., Hansen, T., Delefosse, M., Banta, G., Quintana, C.O., 2011. Contrasting ef-
fects of the polychaetesMarenzelleria viridis and Nereis diversicolor on benthic me-
tabolism and solute transport in sandy coastal sediment. Marine Ecology Progress
Series 425, 125–139.

Krumins, V., Gehlen, M., Arndt, S., Van Cappellen, P., Regnier, P., 2013. Dissolved inorganic
carbon and alkalinity fluxes from coastalmarine sediments: model estimates for differ-
ent shelf environments and sensitivity to global change. Biogeosciences 10, 371–398.

Kusch, S., Eglinton, T.I., Mix, A.C., Mollenhauer, G., 2010. Timescales of lateral sediment
transport in the Panama Basin as revealed by radiocarbon ages of alkenones, total
organic carbon and foraminifera. Earth and Planetary Science Letters 290, 340–350.

Lalonde, K., Mucci, A., Ouellet, A., Gelinas, Y., 2012. Preservation of organic matter in
sediments by iron. Nature 483, 198–200.

Lam, P.J., Bishop, J.K.B., 2007. High biomass low export regimes in the Southern Ocean.
Deep-Sea Research Part II 54, 601–638.

Lam, P.J., Doney, S.C., Bishop, J.K.B., 2011. The dynamic ocean biological pump: Insights
from a global compilation of particulate organic carbon, CaCO3, and opal concen-
tration profiles from the mesopelagic. Global Biogeochemical Cycles 25, GB3009.
http://dx.doi.org/10.1029/2010GB003868.

LaRowe, D.E., Van Cappellen, P., 2011. Degradation of natural organic matter: a thermo-
dynamic analysis. Geochimica et Cosmochimica Acta 75, 2030–2042.

LaRowe, D.E., Dale, A.W., Amend, J.P., Van Cappellen, P., 2012. Thermodynamic limita-
tions on microbially catalyzed reaction rates. Geochimica et Cosmochimica Acta
90, 96–109.

Lasaga, A.C., 1981. Rate laws of chemical reactions. In: Lasaga, A., Kirkpatrick, R.J. (Eds.), Re-
views in Mineralogy: Kinetics of Geochemical Processes, volume 8, pp. 1–68 (Ch. 1).

Lee, C., 1992. Controls on organic carbon preservation: the use of stratified water bod-
ies to compare intrinsic rates of decomposition in oxic and anoxic systems.
Geochimica et Cosmochimica Acta 56, 3323–3335.

Lee, C., Wakeham, S.G., Hedges, J.I., 2000. Composition and flux of particulate amino
acids and chloropigments in equatorial Pacific seawater and sediments. Deep-Sea
Research Part I 47, 1535–1568.

Lee, J.-Y., Tett, P., Jones, K., Jones, S.E., Luyten, P.J., Smith, C., Wild-Allen, K., 2002. The
PROWQM physical–biological model with benthic–pelagic coupling applied to
the northern North Sea. Journal of Sea Research 48, 287–331.

Lipp, J.S., Morono, Y., Inagaki, F., Hinrichs, K.-U., 2008. Significant contribution of Ar-
chaea to extant biomass in marine subsurface sediments. Nature 454, 991–994.

Lomstein, B.A., Langerhuss, A.T., D'Hondt, S., Jørgensen, B.B., Spivack, A.J., 2012. Endo-
spore abundance, microbial growth and necromass turnover in deep sub-seafloor
sediment. Nature 484.

Luff, R., Moll, A., 2004. Annual variation of phosphate fluxes at the water–sediment in-
terface of the North Sea using a three-dimensional model. Continental Shelf Re-
search 24, 1099–1127.

Luff, R., Wallmann, K., Grandel, S., Schlüter, M., 2000. Numerical modelling of benthic
processes in the deep Arabian Sea. Deep-Sea Research Part II 47, 3039–3072.

Lutz, M., Dunbar, R., Caldeira, K., 2002. Regional variability in the vertical flux of partic-
ulate organic carbon in the ocean interior. Global Biogeochemical Cycles 16, 1037.
http://dx.doi.org/10.1029/2000GB001383.

Mackenzie, F.T., 2004. Sediments, diagenesis, and sedimentary rocks. In: Mackenzie,
F.T. (Ed.), In: Holland, H.D., Turekian, K.K. (Eds.), Treatise on Geochemistry, 7.
Elsevier, NY (425 pp.).

Manzoni, S., Katul, G.G., Porporato, A., 2009. Analysis of soil carbon transit times and
age distributions using network theories. Journal of Geophysical Research— Bioge-
osciences 114, G04025. http://dx.doi.org/10.1029/2009JG001070.
Marquardt, M., Hensen, C., Pinero, E., Wallmann, K., Haeckel, M., 2010. A transfer func-
tion for the prediction of gas hydrate inventories in marine sediments. Biogeosci-
ences 7, 2925–2941. http://dx.doi.org/10.5194/bg-7-2925-2010.

Marschner, B., Brodowski, S., Dreves, A., Gleixner, G., Grootes, P.M., Hamer, U., Heim, A.,
Jandl, G., Jih, R., Kaiser, K., Kalbitz, K., Kramer, C., Leinweber, P., Rethemeyer, J.,
Schmidt, M.W.I., Schwark, L., Wiesenberg, G.L.B., 2008. How relevant is recalci-
trance for the stabilization of organic matter in soils? Journal of Plant Nutrition
and Soil Science 171, 91–110.

Martin, J.H., Knauer, G.A., Karl, D.M., Broenkow, W.W., 1987. VERTEX: carbon cycling in
the northeast Pacific. Deep-Sea Research Part I 34, 267–285.

Mayer, L.M., 1994. Surface area control of organic carbon accumulation in continental
shelf sediments. Geochimica et Cosmochimica Acta 58, 1271–1284.

Mayer, L.M., 1995. Sedimentary organic matter preservation: an assessment and spec-
ulative synthesis — a comment. Marine Chemistry 49, 123–126.

Mayer, L.M., 1999. Extent of coverage of mineral surfaces by organic matter in marine
sediments. Geochimica et Cosmochimica Acta 63, 207–215.

Mayer, L.M., 2004. The inertness of being organic. Marine Chemistry 92, 135–140.
Mayer, L.M., Xing, B., 2001. Organic carbon–surface area-clay relationships in acid soils.

Soil Science Society of America Journal 65, 250–258.
Mayer, L.M., Rahaim, P., Guerin, P., Macko, S.A., Watling, L., Anderson, F.E., 1985. Biolog-

ical and granulometric controls on organic matter of an intertidal mudflat. Estua-
rine, Coastal and Shelf Science 20, 491–503.

Mayor, D.J., Thornton, B., Hay, S., Zuur, A.F., Nicol, G.W., McWilliam, J.M., Witte, U.F.M.,
2012. Resource quality affects carbon cycling in deep-sea sediments. The ISME
Journal 6, 1740–1748.

Meile, C., Van Cappellen, P., 2003. Global estimates of enhanced solute transport in ma-
rine sediments. Limnology and Oceanography 48, 777–786.

Meybeck, M., 1993. C, N, P and S in rivers: from sources to global inputs. In: Wollast, R.,
Mackenzie, F.T., Chou, L. (Eds.), Interaction of C, N, P and S Biogeochemical Cycles
and Global Change. Springer-Verlag, pp. 163–193.

Meyer-Reil, L.-A., 1990. Microorganisms in marine sediments: considerations
concerning activity measurements. Archiv für Hydrobiologie (Beiheft/Ergebnisse
der Limnologie) 34, 1–6.

Meysman, F.J.R., Middelburg, J.J., Herman, P.M.J., Heip, C.H.R., 2003. Reactive transport
in surface sediments. II. Media: an object-oriented problem-solving environment
for early diagenesis. Computers and Geosciences 29, 301–318.

Meysman, F.J.R., Boudreau, B.P., Middelburg, J.J., 2005. Modeling reactive transport in
sediments subject to bioturbation and compaction. Geochimica et Cosmochimica
Acta 69, 3601–3617.

Meysman, F.J.R., Boudreau, B.P., Middelburg, J.J., 2010. When and why does bioturba-
tion lead to diffusive mixing? Journal of Marine Research 68, 881–920.

Middelburg, J.J., 1989. A simple rate model for organic-matter decomposition in
marine-sediments. Geochimica et Cosmochimica Acta 53, 1577–1581.

Middelburg, J.J., 2011. Chemoautotrophy in the ocean. Geophysical Research Letters 38.
http://dx.doi.org/10.1029/2011GL049725.

Middelburg, J.J., Meysman, F.J.R., 2007. Burial at sea. Science 316, 1294–1295.
Middelburg, J.J., Vlug, T., Vandernat, F., 1993. Organic-matter mineralization in marine

systems. Global and Planetary Change 8, 47–58. http://dx.doi.org/10.1016/0921-
8181(93)90062-S.

Middelburg, J.J., Klaver, G., Nieuwenhuize, J., Wielemaker, A., de Haas, W., Vlug, T., van
der Nat, J.F.W.A., 1996. Organic matter mineralization in intertidal sediments along
an estuarine gradient. Marine Ecology Progress Series 132, 157–168.

Middelburg, J.J., Soetaert, K., Herman, P.M.J., 1997. Empirical relationships for use in
global diagenetic models. Deep Sea Research 44, 327–344.

Middelburg, J.J., Nieuwenhuize, J., Van Breugel, P., 1999. Black carbon in marine sedi-
ments. Marine Chemistry 65, 245–252.

Mogollon, J.M., Dale, A.W., Fossing, H., Regnier, P., 2012. Timescales for the develop-
ment of methanogenesis and free gas layers in recently deposited sediments of
Arkona Basin (Baltic Sea). Biogeosciences 9, 1915–1933.

Mollenhauer, G., Eglinton, T.I., 2007. Diagenetic and sedimentological controls on the
composition of organic matter preserved in California Borderland Basin sediments.
Limnology and Oceanography 52, 558–576.

Mollenhauer, G., Eglinton, T.I., Ohkouchi, N., Schneider, R.R., Müller, P.J., Grootes, P.M.,
Rullkötter, J., 2003. Asynchronous alkenone and foraminifera records from
the Benguela Upwelling System. Geochimica et Cosmochimica Acta 67,
2157–2171.

Mollenhauer, G., Kienast, M., Lamy, F., Meggers, H., Schneider, R.R., Hayes, J.M.,
Eglinton, T.I., 2005. An evaluation of 14C age relationships between co-occurring fo-
raminifera, alkenones, and total organic carbon in continental margin sediments.
Paleoceanography 20 (2004PA001103).

Moodley, L., Middelburg, J.J., Herman, P.M.J., Soetaert, K., de Lange, G.J., 2005. Oxygen-
ation and organic-matter preservation in marine sediments: direct experimental
evidence from ancient organic carbon-rich deposits. Geology 33, 889–892.

Moodley, L., Nigam, R., Ingole, B., Prakash Babu, C., Panchang, R., Nanajkar, M.,
Sivadas, S., van Breugel, P., van Ijzerloo, L., Rutgers, R., Heip, C.H.R., Soetaert, K.,
Middelburg, J.J., 2011. Oxygen minimum seafloor ecological (mal)functioning.
398, 91–100.

Moore, W.J., 1964. Physical Chemistry. Prentice Hall, Englewood Cliffs, NJ.
Mossmann, J.-R., Aplin, A.C., Curtis, C.D., Coleman, M., 1991. Geochemistry of inorganic

and organic sulphur in organic-rich sediments from the Peru Margin. Geochimica
et Cosmochimica Acta 55, 3581–3595.

Müller, P.J., Suess, E., 1979. Productivity, sedimentation rate, and sedimentary organic
matter in the oceans—I. Organic carbon preservation. Deep-Sea Research Part A
26, 1347–1362.

Mulsow, S., Boudreau, B.P., Smith, J.N., 1998. Bioturbation and porosity gradients. Lim-
nology and Oceanography 43, 1–9.

http://dx.doi.org/10.1029/2001GB001765
http://dx.doi.org/10.1029/2010GB003868
http://dx.doi.org/10.1029/2000GB001383
http://dx.doi.org/10.1029/2009JG001070
http://dx.doi.org/10.5194/bg-7-2925-2010
http://dx.doi.org/10.1029/2011GL049725
http://dx.doi.org/10.1016/0921-8181(93)90062-S
http://dx.doi.org/10.1016/0921-8181(93)90062-S


85S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
Munhoven, G., 2007. Glacial–interglacial rain ratio changes: Implications for atmo-
spheric CO2 and ocean–sediment interaction. Deep-Sea Research Part II 54,
722–746.

Murray, J.W., Kuivila, K.M., 1990. Organic matter diagenesis in the northeast Pacific:
transition from aerobic red clay to suboxic hemipelagic sediments. Deep Sea Re-
search 37, 59–80.

Nielsen, L.P., Risgaard-Petersen, N., Fossing, H., 2010. Electric currents couple spatially
separated biogeochemical processes in marine sediment. Nature 463, 1071–1074.

Ohkouchi, N., Eglinton, T.I., Keigwin, L.D., Hayes, J.M., 2002. Spatial and temporal offsets
between proxy records in a sediment drift. Science 298, 1224–1227.

Pacton, M., Fiet, N., Gorin, G., 2007a. Bacterial activity and sedimentary organic matter:
the role of exopolymeric substances. Geomicrobiology Journal 24, 571–581.

Pacton, M., Fiet, N., Gorin, G., Spangenberg, J.E., 2007b. Lower Cretaceous oceanic
anoxic event OAE1b: organic matter accumulation mediated by bacterial activity.
Geophysical Research 9, 09956.

Palastanga, V., Slomp, C.P., Heinze, C., 2011. Long-term controls on ocean phosphorus
and oxygen in a biogeochemical ocean model. Global Biogeochemical Cycles 25.
http://dx.doi.org/10.1029/2010GB003827.

Parkes, R., Cragg, B., Bale, S., Getlifff, J., Goodman, K., Rochelle, P., Fry, J., Weightman, A.,
Harvey, S., 1994. Deep bacterial biosphere in Pacific Ocean sediments. Nature 371,
410–413.

Parkes, R.J., Cragg, B.A., Wellsbury, P., 2000. Recent studies on bacterial populations and
processes in subseafloor sediments: a review. Hydrogeology Review 8, 11–28.

Parkes, R.J., Wellsbury, P., Mather, I.D., Cobb, S.J., Cragg, B.A., Hornibrook, E.R.C.,
Horsfield, Brian, 2007. Temperature activation of organic matter and minerals dur-
ing burial has the potential to sustain the deep biosphere over geological time-
scales. Organic Geochemistry 38, 845–852.

Passow, U., 2004. Switching perspectives: do mineral fluxes determine particulate or-
ganic carbon fluxes or vice versa? Geochemistry, Geophysics, Geosystems 5 (4).

Petsch, S.T., Berner, R.A., Eglinton, T.I., 2000. A field study of the chemical weathering of
ancient sedimentary organic matter. Organic Geochemistry 31, 475–487.

Rabouille, C., Gaillard, J.-F., 1991a. A model representing the deep sea organic carbon
mineralization and oxygen consumption in surficial sediments. Journal of Geo-
physical Research 96, 2761–2776.

Rabouille, C., Gaillard, J.-F., 1991b. Towards the EDGE: early diagenetic global explana-
tion. A model depicting the early diagenesis of organic matter, O2, NO3, Mn, and
PO4. Geochimica et Cosmochimica Acta 55, 2511–2525.

Rabouille, C., Gaillard, J.-F., Relexans, J.-C., Treguer, P., Vincendeau, M.-A., 1998. Recycling
of organic matter in Antarctic sediments: a transect through the Polar front in the
Southern Ocean (Indian Sector). Limnology and Oceanography 43, 420–432.

Ransom, B., Bennett, R.H., Baerwald, R., 1997. TEM study of in situ organic matter on
continental margins: occurrence and the ‘monolayer’ hypothesis. Marine Geology
138, 1–9.

Ransom, B., Shea, K.F.m, Burkett, P.J., Bennett, R.H., Baerwald, R., 1998. Comparison of pe-
lagic and nepheloid layer marine snow: implications for carbon cycling. 150, 39–50.

Rasmussen, H., Jørgensen, B.B., 1992. Microelectrode studies of seasonal oxygen uptake
in a coastal sediment: role of molecular diffusion. Marine Ecology Progress Series
81, 289–303.

Reed, D.C., Slomp, C.P., de Lange, G.J., 2011. A quantitative reconstruction of organic
matter and nutrient diagenesis in Mediterranean Sea sediments over the Holocene.
Geochimica et Cosmochimica Acta 75, 5540–5558. http://dx.doi.org/10.1016/
j.gca.2011.07.002.

Regnier, P., O'Kane, J.P., Steefel, C.I., Vanderborght, J.-P., 2002. Modeling complex multi-
component reactive-transport systems: towards a simulation environment based
on the concept of a knowledge base. Applied Mathematical Modelling 26, 913–927.

Regnier, P., Dale, A.W., Arndt, S., LaRowe, D.E., Mogollón, J., Van Cappellen, P., 2011.
Quantitative analysis of anaerobic oxidation of methane (AOM) in marine sedi-
ments: a modeling perspective. Earth-Science Reviews 106, 105–130.

Regnier, P., Dale, A., Pallud, C., van Lith, Y., Bonneville, S., Hyacinthe, C., Thullner, M.,
Laverman, A., Van Cappellen, P., 2005. Incorporating geomicrobial processes in
subsurface reactive transport models. In: Nuetzmann, G., Viotti, P., Agaard, P. (Eds.),
Reactive Transport in soil and groundwater: processes and models. Springer-Verlag,
Berlin, pp. 107–126.

Reimers, C.E., Suess, E., 1983. The partitioning of organic carbon fluxes and sedimentary
organic matter decomposition rates in the ocean. Marine Chemistry 13, 141–168.

Riboulleau, A., Derenne, S., Largeau, C., Baudin, F., 2001. Origin of contrasting features
and preservation pathways in kerogens from the Kashpir oil shales (Upper Jurassic,
Russian Platform). Organic Geochemistry 32, 647–665.

Rice, D.L., 1986. Early diagenesis in bioadvective sediments: relationships between the
diagenesis of beryllium-7, sediment reworking rates, and the abundance of
conveyor-belt deposit-feeders. Journal of Marine Research 44, 149–184.

Ridgwell, A., 2007. Interpreting transient carbonate compensation depth changes by
marine sediment core modeling. Paleoceanography 22 (4), PA4102.

Ridgwell, A., Hargreaves, J.C., 2007. Regulation of athmospheric CO2 by deep-sea sedi-
ments in an Earth system model. Global Biogeochemical Cycles 21. http://
dx.doi.org/10.1029/2006GB002764.

Ridgwell, A., Zeebe, R.E., 2005. The role of the global carbonate cycle in the regulation and
evolution of the Earth system. Earth and Planetary Science Letters 234, 299–315.

Riedinger, N., Kasten, S., Gröger, J., Franke, C., Pfeifer, K., 2006. Active and buried
authigenic barite fronts in sediments from the eastern Cape Basin. Earth and Plan-
etary Science Letters 241, 876–888.

Riley, J., Sanders, R., Marsay, F., Moigne, C., Achterberg, E., Poulton, A., 2012. The relative
contribution of fast and slow sinking particles to ocean carbon export. Global Bio-
geochemical Cycles 26, GB1026. http://dx.doi.org/10.1029/2011GB004085.

Ritzrau, W., Graf, G., Scheltz, A., Queisser, W., 2001. Benthic–pelagic coupling and
carbon dynamics in the northern North Atlantic. In: Schafer, P., et al. (Ed.), The
Northern North Atlantic: A Changing Environment. Springer-Verlag, New York,
pp. 207–224.

Robador, A., Brüchert, V., Jørgensen, B.B., 2009. The impact of temperature change on
the activity and community composition of sulfate reducing bacteria in arctic ver-
sus temperate marine sediments. Environmental Microbiology 7, 1692–1703.

Robador, A., Brüchert, V., Steen, A.D., Arnosti, C., 2010. Temperature induced
decoupling of enzymatic hydrolysis and carbon remineralization in long-term in-
cubations of Arctic and temperate sediments. Geochimica et Cosmochimica Acta
74, 2316–2326.

Rothman, D.H., Forney, D.C., 2007. Physical model for the decay and preservation of
marine organic carbon. Science 316, 1325–1328.

Røy, H., Kallmeyer, J., Adhikari, R.R., Pockalny, R., Jørgensen, B.B., D'Hondt, S., 2012. Aer-
obic microbial respiration in 86-million-year-old deep-sea red clay. Science 336,
922–925.

Sagemann, J., Jørgensen, B.B., Greef, O., 1998. Temperature dependence and rates of
sulfate reduction in cold sediments of Svalbard, Arctic Ocean. Geomicrobiology
Journal 15, 85–100.

Sahm, K., MacGregor, B.J., Jørgensen, B.B., Stahl, D.A., 1999. Sulfate reduction and verti-
cal distribution of sulfate-reducing bacteria quantified by rRNA slot-blot hybridiza-
tion in a coastal marine sediment. Environmental Microbiology 1, 65–74.

Schink, B., 1990. Conservation of small amaounts of energy in fermenting bacteria. In:
Finn, R.K., Praeve, P. (Eds.), Biotechnology: Focus, 2. Hanser Publishers, New York,
pp. 63–89.

Schink, B., 1997. Energetics of synthrophic cooperation in methanogenic degradation.
Microbiology and Molecular Biology Reviews 61, 262–280.

Schink, B., Thauer, R.K., 1988. Energetics of synthrophic methane formation and the in-
fluence of aggregation. In: Lettinga, G., Zehnder, A.J.B., Grotenhuis, J.T.C., Hulshoff,
L.W. (Eds.), Granular Anaerobic Sludge: Microbiology and Technology. Prudoc.,
Wageningen, The Netherlands, pp. 5–17.

Schippers, A., Koeweker, G., Hoeft, C., Teichert, B.M.A., 2008. Quantification of microbial
communities in forearc sediment basins off Sumatra. Geomicrobiology Journal 27,
170–182.

Schlesinger, W.H., Melack, J.M., 1981. Transport of organic carbon in the world's rivers.
Tellus 33, 172–184.

Schnetger, B., Brumsack, H.-J., Schale, H., Hinrichs, J., Dittert, N., 2000. Geochemical
characteristics of deep-sea sediments from the Arabian Sea: a high-resolution
study. Deep-Sea Research Part II 47, 2735–2768.

Schnitzer, M., 1991. Soil organic matter: the next 75 years. Soil Science 151, 41–58.
Schouten, S., Middelburg, J.J., Hopmans, E.C., Sinninghe-Damsté, J.S., 2010. Fossilization

and degradation of intact polar lipids in deep subsurface sediments: a theoretical
approach. Geochimica et Cosmochimica Acta 74, 3806–3814.

Schreiner, K.M., Filley, T.R., Blanchette, R.A., Bowen, B.B., Bolskar, R.D., Hockaday, W.C.,
Masiello, C.A., Raebiger, J.W., 2009. White-rot basidiomycete-mediated decomposi-
tion of C60 fullerol. Environmental Science and Technology 43, 3162–3168.

Seiter, K., Hensen, C., Schröter, J., Zabel, M., 2004. The organic carbon content in surface
sediment: defining regional provinces. Deep Sea Research 51, 2001–2026.

Seiter, K., Hensen, C., Zabel, M., 2005. Benthic carbon mineralization on a global scale.
Global Biogeochemical Cycles 19, GB1010. http://dx.doi.org/10.1029/2004GB002225.

Shafer, G., Malskær Olsen, S., Pepke Pedersen, J.O., 2008. Presentation, calibration and
validation of the low-order, DCESS Earth System Model (Version 1). Geoscientific
Model Development 1, 17–51.

Siegenthaler, U., Sarmiento, J.L., 1993. Atmospheric carbon dioxide and the ocean. Na-
ture 365, 119–125.

Sinninghe Damsté, J.S., de Leeuw, J.W., 1990. Analysis, structure and geochemical sig-
nificance of organically-bound sulphur in the geosphere: state of the art and future
research. Organic Geochemistry 16, 1077–1101.

Sinninghe Damsté, J.S., Eglinton, T.I., De Leeuw, J.W., Schenck, P.A., 1989. Organic sul-
phur in macromolecular sedimentary organic matter I. Structure and origin of sul-
phur-containing moieties in kerogen, asphaltenes and coals as revealed by flash
pyrolysis. Geochimica et Cosmochimica Acta 53, 873–899.

Smetacek, V., 1985. Role of sinking in diatom life-history cycles: ecological, evolution-
ary and geological significance. Marine Biology 84, 239–251.

Smetacek, V., 1999. Diatoms and the ocean carbon cycle. Protist 150, 25–32.
Smith, K.L., Baldwin, R.J., 1984. Vertical distribution of the necrophagous amphipod,

Eurythenes gryllus, in the North Pacific: spatial and temporal variation. Deep Sea
Research 31, 1179–1196.

Smith, C.R., Hoover, D.J., Doan, S.E., Pope, R.H., McMaster, D.J., Dobbs, F.C., Altabet, F.M.,
1996. Phytodetritus at the abyssal seafloor across 10 degrees of latitude in the cen-
tral equatorial Pacific. Deep-Sea Research Part II 43, 1309–1338.

Soetaert, K., Herman, P.M.J., Middelburg, J.J., 1996. A model for early diagenetic pro-
cesses from the shelf to abyssal depths. Geochimica et Cosmochimica Acta 60,
1019–1040.

Steefel, C.I., MacQuarrie, K.T.B., 1996. Approaches to modeling reactive transport in po-
rous media. Reactive Transport in Porous Media: In: Lichtner, P.C., Steefel, C.I.,
Oelkers, E.H. (Eds.), Rev. Mineral, 34, pp. 83–125.

Steefel, C.I., Maher, K., 2009. Fluid-rock interaction: a reactive transport approach. Re-
views in Mineralogy and Geochemistry 70, 485–532. http://dx.doi.org/10.2138/
rmg.2009.70.11.

Stevenson, F.J., 1986. Cycles of Soil. Wiley & Sons, New York (380 pp.).
Stolpovsky, K., van Cappellen, P., Heipieper, H., Martínez-Lavanchy, P., Thullner, M.,

2011. Incorporating dormancy in dynamic microbial community models. Ecologi-
cal Modeling Journal 222, 3092–3102.

Stumm,W., Morgan, J.J., 1996. Aquatic Chemistry, Chemical Equilibria and Rates in Nat-
ural Waters, 3rd ed. Wiley-Interscience, New York.

Sugai, S.F., Henrichs, S.M., 1992. Rates of amino acid uptake and mineralization in Res-
urrection Bay (Alaska) sediments. Marine Ecology Progress Series 88, 129–141.

http://dx.doi.org/10.1029/2010GB003827
http://dx.doi.org/10.1016/j.gca.2011.07.002
http://dx.doi.org/10.1016/j.gca.2011.07.002
http://dx.doi.org/10.1029/2006GB002764
http://dx.doi.org/10.1029/2011GB004085
http://dx.doi.org/10.1029/2004GB002225
http://dx.doi.org/10.2138/rmg.2009.70.11
http://dx.doi.org/10.2138/rmg.2009.70.11


86 S. Arndt et al. / Earth-Science Reviews 123 (2013) 53–86
Suits, N.S., Arthur, M.A., 2000. Sulfur diagenesis and partitioning in Holocene Peru shelf
and upper slope sediments. Chemical Geology 163, 219–234.

Sun, M.-Y., Lee, C., Aller, R.C., 1993. Anoxic and oxic degradation of 14C-labeled
chloropigments and a 14C-labeled diatom in Long Island Sound sediments. Limnol-
ogy and Oceanography 38, 1438–1451.

Sun, M.-Y., Aller, R.C., Lee, C., Wakeham, S.G., 2002. Effect of oxygen and redox oscilla-
tion on degradation of cell-associated lipids in surficial marine sediments.
Geochimica et Cosmochimica Acta 66, 2003–2012.

Tarutis, W.J., 1992. Temperature dependence of rate constants derived from the power
model of organic matter decomposition. Geochimica et Cosmochimica Acta 56,
1387–1390.

Tarutis, W.J., 1993. On the equivalence of the power and reactive continuum models of
organic matter diagenesis. Geochimica et Cosmochimica Acta 57, 1349–1350.

Taylor, G.T., 1995. Microbial degradation of sorbed and dissolved protein in seawater.
Limnology and Oceanography 40, 875–885.

Teal, L.R., Bulling, M.T., Parker, E.R., Solan, M., 2008. Global patterns of bioturbation in-
tensity and mixed depth of marine soft sediments. Aquatic Biology 2, 207–218.

Tegelaar, E.W., de Leeuw, J.W., Derenne, S., Largeau, C., 1989. A reappraisal of kerogen
formation. Geochimica et Cosmochimica Acta 53, 3103–3106.

Thamdrup, B., Dalsgaard, T., 2002. Production of N2 through anaerobic ammonium ox-
idation coupled to nitrate reduction in marine sediments. Applied and Environ-
mental Microbiology 68, 1312–1318.

Thamdrup, B., Fleischer, S., 1998. Temperature dependence of oxygen respiration, nitro-
gen mineralization, and nitrification in Arctic sediments. Aquatic Microbial Ecology
15, 191–199.

Thamdrup, B., Finster, K., Hansen, J.W., Bak, F., 1993. Bacterial disproportionation of el-
emental sulfur coupled to chemical reduction of iron or manganese. Applied and
Environmental Microbiology 59, 101–108.

Thullner, M., Van Cappellen, P., Regnier, P., 2005. Modeling the impact of microbial ac-
tivity on redox dynamics in porous media. Geochimica et Cosmochimica Acta 69,
5005–5019.

Thullner, M., Regnier, P., Van Cappellen, P., 2007. Modeling microbially induced carbon
degradation in redox-stratified subsurface environments: concepts and open ques-
tions. Geomicrobiology Journal 24, 139–155.

Thullner, M., Dale, A.W., Regnier, P., 2009. Global-scale quantification of mineralization
pathways in marine sediments: a reaction–transport modeling approach. Geo-
chemistry, Geophysics, Geosystems 10, Q10012.

Tissot, B.P., Welte, D.H., 1984. Petroleum Formation and Occurrence. Springer-Verlag,
Heidelberg.

Toth, D.J., Lerman, A., 1977. Organic matter reactivity and sedimentation rates in the
ocean. American Journal of Science 277, 465–485.

Tromp, T.K., Van Cappellen, P.V.C., Key, R.M., 1995. A global model for the early diagen-
esis of organic carbon and organic phosphorus in marine sediments. Geochimica et
Cosmochimica Acta 59, 1259–1284.

Trull, T.W., Bray, S.G., Buesseler, K.O., Lamborg, C.H., Manganini, S., Moy, C., Valdes, J.,
2008. In situ measurement of mesopelagic particle sinking rates and the control of
carbon transfer to the ocean interior during the Vertical Flux in the Global Ocean
(VERTIGO) voyages in the North Pacific. Deep Sea Research Part II: Topical Studies
in Oceanography 55, 1684–1695.

Vähätalo, A.V., Aarnos, H., Mäntyniemi, S., 2010. Biodegradability continuum and bio-
degradation kinetics of natural organic matter described by the beta distribution.
Biogeochemistry 100, 227–240.

Vairavamurthy, M.A., Wang, S., Khandelwal, B., Manowitz, B., Ferdelman, F., Fossing, H.,
1995. Sulfur transformations in early diagenetic sediments from the Bay of
Concepcion, off Chile. Geochemical Transformations of Sedimentary Sulfur: In:
Vairavamurthy, M.A., Schoonen, M.A.A. (Eds.), ACS Symp. Ser, 612, pp. 38–58.

Van Briesen, J.M., 2002. Evaluation of methods to predict bacterial yield using thermo-
dynamics. Biodegradation 13, 171–190.

Van Cappellen, P., Gaillard, J.-F., 1996. Biogeochemical dynamics in aquatic sediments.
Reactive Transport in Porous Media: General Principles and Application to Geo-
chemical Processes. : In: Lichtner, P.C., Steefel, C.I., Oelkers, E.H. (Eds.), Reviews
in Mineralogy, 34. Mineral. Soc. Amer., pp. 335–376.

Van Cappellen, P., Wang, Y., 1996. Cycling of iron and manganese in surface sediments:
a general theory for the coupled transport and reaction of carbon, oxygen, nitro-
gen, sulfur, iron and manganese. American Journal of Science 296, 197–243.

Van Cappellen, P., Gaillard, J.-F., Rabouille, C., 1993. Biogeochemical transformations in
sediments: kinetic models of early diagenesis. In: Wollast, R., Mackenzie, F.T.,
Chou, L. (Eds.), Interactions of C, N, P and S Biogeochemical Cycles and Global
Change. Springer-Verlag, Berlin, pp. 401–445.

Van Duyl, F.C., Kop, A.J., Kok, A.J., Sandee, A.J.J., 1992. The impact of organic matter and
macrozoobenthos on bacterial and oxygen variables in marine sediment
boxcosms. Netherlands Journal of Sea Research 29, 343–355.

Van Kaam-Peters, H.M.E., Schouten, S., Koster, J., 1998. Controls on the molecular and
carbon isotopic composition of organic matter deposited in a Kimmeridgian
euxinic shelf sea: evidence for preservation of carbohydrates through sulfurisation.
Geochimica et Cosmochimica Acta 62, 3259–3283.
Van Nugteren, P., Moodley, L., Brummer, G.-J., Heip, C.H.R., Herman, P.M.J., Middelburg,
J.J., 2009a. Seafloor ecosystem functioning: the importance of organic matter prim-
ing. Marine Biology 156, 2277–2287.

van Nugteren, P., Herman, P.M., Moodley, L., Middelburg, J.J., Vos, M., 2009b. Spatial distri-
bution of detrital resources determines the outcome of competition between bacteria
and a facultative detritivorous worm. Limnology and Oceanography 54, 1413–1419.

Vanderborght, J.-P., Wollast, R., Billen, G., 1977. Kinetic models of diagenesis in dis-
turbed sediments. Part 2. Nitrogen diagenesis. Limnology and Oceanography 22,
794–806.

Versteegh, G.J.M., Blokker, P., Wood, G.D., Collinson, M.E., Damste, J.S.S., de Leeuw, J.W.,
2004. An example of oxidative polymerization of unsaturated fatty acids as a preser-
vation pathway for dinoflagellate organic matter. Organic Geochemistry 35,
1129–1139.

von Lützow, M., Kögel-Knabner, I., 2009. Temperature sensitivity of soil organic matter
decomposition-what do we know? Biology and Fertility of Soils 46, 1–15.

Wadham, J.L., Arndt, S., Tulaczyk, S., Stibal, M., Tranter, M., Ridgwell, A., Telling, J.,
Lawson, E., Dubnick, A., Sharp, M.J., Anesio, A.M., Butler, C., 2012. Potential large
methane reserves beneath Antarctica. Nature 488, 633–637.

Wakeham, S.G., Lee, C., Hedges, J.I., Hernes, P.J., Peterson, M.L., 1997a. Molecular indica-
tors of diagenetic status in marine organic matter. Geochimica et Cosmochimica
Acta 61, 5363–5369.

Wakeham, S.G., Hedges, J.I., Lee, C., Peterson, M.L., Hernes, P.J., 1997b. Compositions
and transport of lipid biomarkers through the water column and surficial sedi-
ments of the equatorial Pacific Ocean. Deep-Sea Research Part II 44, 2131–2162.

Wallmann, K., Aloisi, G., Haeckel, M., Obzhirov, A., Pavlova, G., Tishchenko, P., 2006. Ki-
netics of organic matter degradation, microbial methane generation and gas hy-
drate formation in anoxic marine sediments. Geochimica et Cosmochimica Acta
70, 3905–3927.

Wang, Y., Van Cappellen, P., 1996. A multi-component reaction–transport model of
early diagenesis: application to redox cycling in coastal marine sediments.
Geochimica et Cosmochimica Acta 60, 2993–3014.

Warkentin, M., Freese, H.M., Karsten, U., Schumann, R., 2007. New and fast method to
quantify respiration rates of bacterial and plankton communities in freshwater
ecosystems by using optical oxygen sensor spots. Applied and Environmental Mi-
crobiology 73, 6722–6729.

Watson, I.A., Oswald, S.E., Mayer, K.U., Wu, X., Banwart, S.A., 2003. Modeling kinetic
processes controlling hydrogen and acetate concentrations in an aquifer-derived
microcosm. Environmental Science and Technology 37, 3910–3919.

Weeks, S.J., Currie, B., Bakun, A., Peard, K.R., 2004. Hydrogen sulphide eruptions in the
Atlantic Ocean off southern Africa: implications of a new view based on SeaWiFS
satellite imagery. Deep-Sea Research Part I 51, 153–172.

Wehrmann, L.M., Arndt, S., März, C., Ferdelman, T.G., Brunner, B., 2013. The evolution of
early diagenetic signals in Bering Sea subseafloor sediments in response to varying
organic carbon deposition over the last 4.3 Ma. Geochimica et Cosmochimica Acta
109, 175–196.

Wellsbury, P., Goodman, K., Barth, T., Cragg, B.A., Barnes, S.P., Parkes, R.J., 1997. Deep
marine biosphere fuelled by increasing organic matter availability during burial
and heating. Nature 388, 573–576. http://dx.doi.org/10.1038/41544.

Weston, N.B., Joye, S.B., 2005. Temperature-driven decoupling of key phases of organic
matter degradation in marine sediments. PNAS 102, 17036–17040.

Westrich, J.T., Berner, R.A., 1984. The role of sedimentary organic matter in bacterial sul-
fate reduction — the G model tested. Limnology and Oceanography 29, 236–249.

Westrich, J.T., Berner, R.A., 1988. The effect of temperature on rates of sulfate reduction
in marine sediments. 6, 99–117.

Wignall, P.B., 1994. Black shales. Geology and Geophysics Monographs, 30. Oxford Uni-
versity Press, Oxford (130 pp.).

Wilson, J.D., Barker, S., Ridgwell, A., 2012. Assesment of the spatial variability in partic-
ulate organic matter and mineral sinking fluxes in the ocean interior: implications
for the ballast hypothesis. Global Biogeochemical Cycles 26, GB4011. http://
dx.doi.org/10.1029/2012GB004398.

Wirtz, K., 2003. Control of biochemical cycling bymobility andmetabolic strategies of mi-
crobes in the sediments: an integrated model study. FEMS Microbiology Ecology 46,
295–306.

Woulds, C., Andersson, J.H., Cowie, G.L., Middelburg, J.J., Levin, L.A., 2009. The short-
term fate of organic carbon in marine sediments: comparing the Pakistan margin
to other regions. Deep-Sea Research Part II 56, 393–402.

Yamanaka, Y., Tajika, E., 1996. The role of the vertical fluxes of particulate organic mat-
ter and calcite in the oceanic carbon cycle: studies using an ocean biogeochemical
general circulation model. Global Biogeochemical Cycles 10 (2), 361–382.

Zabel, M., Schulz, H.D., 2001. Importance of submarine landslides for non-steady state
conditions in pore water systems. Marine Geology 176, 87–99.

Zonneveld, K.A.F., Versteegh, G.J.M., Kasten, S., Eglinton, T.I., Emeis, K.-C., Huguet, C.,
Koch, B.P., de Lange, G.J., de Leeuw, J.W., Middelburg, J.J., Mollenhauer, G., Prahl,
F., Rethemeyer, J., Wakeham, S., 2010. Selective preservation of organic matter in
marine environments; processes and impact on the fossil record. Biogeosciences
7, 483–511.

http://dx.doi.org/10.1038/41544
http://dx.doi.org/10.1029/2012GB004398

	Quantifying the degradation of organic matter in marine sediments: A review and synthesis
	1. Introduction
	2. Controls on organic matter degradation
	2.1. Organic matter flux, donor control
	2.2. Organic matter composition
	2.3. Microbiology
	2.4. Thermodynamics
	2.5. Temperature effects
	2.6. Physical protection
	2.7. Macrobenthic activity
	2.8. Deposition rate

	3. Model formulation
	3.1. Transport
	3.1.1. Deposition rate
	3.1.2. Macrobenthic activity

	3.2. Reaction
	3.2.1. Organic matter degradation rate law
	3.2.1.1. Substrate
	3.2.1.2. Terminal electron acceptor
	3.2.1.3. Inhibition
	3.2.1.4. Bioenergetics
	3.2.1.5. Temperature
	3.2.1.6. Biomass
	3.2.1.7. Physical protection

	3.2.2. Rate constant-degradability of organic matter
	3.2.2.1. Discrete models
	Continuum models



	4. Model applications: a synthesis
	5. Model structure and parameterization
	6. Regional and global upscaling
	6.1. A review of global relationships
	6.2. Diagenetic models at regional and global scales
	6.3. Identification of regional trends
	6.3.1. Arabian Sea, Greenland Sea, Antarctic Polar Front, Eastern Tropical Pacific
	6.3.2. Continental margins
	6.3.3. Western boundary systems
	6.3.4. Eastern boundary systems
	6.3.5. Central Gyres, Western Tropical Pacific
	6.3.6. Coastal ocean
	6.3.7. Regional synthesis


	7. Challenges
	7.1. Comparative Studies
	7.2. Model transferability
	7.3. Predictive capability
	7.4. Mechanistic model

	Acknowledgments
	Appendix A. Supplementary data
	References


