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[1] We have constructed a nonsteady state numerical model of organic carbon, aluminum, and uranium burial to
examine the dynamic response of sediments to variations on thousand years scale. The three components are
defined by distinct behaviors in the sedimentary system. The aluminum is a conservative component, the organic
carbon is a nonconservative component degraded in superficial sediment, and the uranium is a component
affected by redox conditions. By introducing a simultaneous variation of incoming fluxes of Corg and Al,
geochemical profiles of Al, Corg, and U clearly show separate distributions after burial. Each component record
the synchronous variation of the incoming fluxes, but the position in the sedimentary pile of the recording differs
from a component to another. We show that a minimum of U could be linked to a rapid ascent of the oxic front
during an increase in Corg flux. INDEX TERMS: 4267 Oceanography: General: Paleoceanography; 4804 Oceanography:

Biological and Chemical: Benthic processes/benthos; 4808 Oceanography: Biological and Chemical: Chemical tracers; 4842

Oceanography: Biological and Chemical: Modeling; 4863 Oceanography: Biological and Chemical: Sedimentation; KEYWORDS: time

lag, sedimentary system, high-resolution record, modeling, bioturbation

1. Introduction

[2] Sediments, which are the ultimate repository of bio-
genic or detrital particles, constitute the historical record of
past events in the oceans. However, in order to accurately
interpret the sedimentary record we have to distinguish the
primary signals registered at the water-sediment interface
from postdepositional changes. These changes, which take
place during the early diagenesis, include the extensive
chemical and physical transformations that occur close to
the sediment-water interface. When reactive organic matter
settles on the seafloor, it provokes a sequence of reactions
that remove organic carbon from the sediment system.
Organic carbon oxidation occurs through a well-defined
sequence of consumption of terminal electron acceptors.
Oxygen is consumed first, followed by nitrate, manganese
oxide, reactive iron oxides, sulphate, and finally oxygen
bound in organic matter [Froelich et al., 1979].
[3] The fundamental objective of paleoceanographic stud-

ies is to reconstitute the temporal evolution of oceanographic
parameters such as sea surface temperature, primary produc-
tivity or bottom water oxygen concentration from sedimen-
tary cores. Depth in the sediment is considered as a measure
of time since deposition. However, nearly all particles that
reach the floor of the ocean are displaced several times by
animals before they are buried to become part of the sedi-
mentary system [Wheatcroft, 1992]. This mixing of sedi-
ment, called bioturbation, has profound effects on a wide
range of mineralogical, paleontological, and chemical param-

eters [Berger and Health, 1968; Guinasso and Schink, 1975;
Bard et al., 1987; Aller, 1990; Jorissen et al., 1995]. It can
bias dating scales of paleoceanographic records in different
ways for eachmeasured signal, because bioturbation rates are
particle size-dependent [Wheatcroft, 1992].
[4] Moreover, at a given level in a sedimentary record, the

different signals (trace and major elements, isotopes, micro-
fossils) are commonly considered to be synchronous. But
geochemical profiles in recent sediments clearly show that
the accumulation of redox sensitive compounds used in
paleoceanography such as Mo, U, Re [Barnes and Cochran,
1993; Calvert and Pedersen, 1993; Colodner et al., 1995;
Crusius et al., 1996] or Mn, Cd [Aller, 1990; Rosenthal
et al., 1995; Gobeil et al., 1997; Morford and Emerson,
1999] takes place below the sediment-water interface. For a
given lithology, the depth where a tracer is fixed results
from a balance between diffusion rates of components
produced or consumed within the interstitial waters, and
biological mixing. Thus it is likely that the dating scales
derived from such components could be different from
scales derived from the accumulation of conservative par-
ticles, e.g. Al. In order to improve our understanding of this
phenomenon, we have developed a nonsteady state numer-
ical model of organic carbon, aluminum, and uranium burial
to simulate the down core geochemical record. There exists
an extensive literature dealing with diagenetic modeling
[Berner, 1980; Middelburg, 1989; Rabouille and Gaillard,
1991a, 1991b; Van Cappellen et al., 1993; Soetaert et al.,
1996a, 1996b; Boudreau, 1997]. Most models have been
developed to provide information on the amount of carbon
degraded, mineralization rates, and fluxes through the sedi-
ment-water interface. But only a few attempts have been
made to examine the dynamic response of sediments to
variations on thousand year scales [Dhakar and Burdige,
1996; Crusius et al., 1999]. Here, we present a new model,
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which describes the vertical distributions in sedimentary
cores of chemical components. The model describes the
vertical displacement of the record of a sedimentary event
by a conservative component (Al), a nonconservative com-
ponent (Corg), and a component affected by redox changes
(U). This model intends to describe in how the three
components record a similar sedimentation event.

2. Variables

[5] In modern sediments, the precipitation of U occurs
below the depth where O2 is consumed. Thus the depth
where U accumulates corresponds to the depth where inert
particles settled several thousand years ago. Conservative
variables such as Al and Ti are often used as references for
the variations of other chemical components [Calvert and
Pedersen, 1993]. For instance, the vertical evolution of the
U/Al ratio is used to extract the authigenic signal of a
chemical component such as U from the detrital signal.
Changes in this ratio can be interpreted as past variations of
productivity or bottom water oxygenation. However, the Al
and U signals may not be synchronous, which causes
problems for the datation of a paleoceanographic event.
Moreover, Rosenthal et al. [1995] have demonstrated that
postdepositionnal redistribution of authigenic U might
hamper attempts to reconstruct temporal changes in bottom
water oxygen content or surface productivity from down
core records of authigenic U. To describe the behavior of U
and Al in buried sediments, we have used oxygen pene-
tration into sediment as an objective criterion to identify the
depth of U accumulation [Morford and Emerson, 1999].
This depth is calculated from the organic carbon distribu-
tion. Within the sediment, the organic carbon is a reactive
element while the aluminum is an inert element. The

different nature of these two elements probably influences
the way by which a contemporaneous variation of incoming
flux of organic carbon and aluminum may be recorded.
[6] Uranium and organic carbon buried in sediment are

independent tracers of the flux of organic carbon to the
seafloor [Crusius et al., 1999]. The sedimentary organic
carbon represents a residual part of the total quantity
deposited at the sediment-water interface. U uptake depends
on the redox conditions, which are driven by the quantity of
organic carbon oxidized in the sediment in the absence of
fluctuations in bottom water oxygen.

3. Global Structure of the Model

3.1. Biogeochemical Reactions

3.1.1. Corg, oxygen, and aluminum
[7] For model purposes, organic matter degradation can

proceed via one of two pathways (see Crusius et al. [1999]
for more details) (Table 1, equations (1.1)–(1.2)):
1. In the bioturbated sediment, Corg is mineralized at a

constant rate (the one-G model of Berner [1980]).
2. Below the mixed layer, the degradation rate of Corg

decreases with sediment age according to the power law of
Middelburg [1989]. The rate is independent of redox
conditions.
[8] Initially, organic matter is oxidized with oxygen

according to the Redfield stoichiometry (Table 1, equation
(1.3)) [Froelich et al., 1979]. It allows calculation of the
oxygen penetration depth, which determines the depth of U
uptake. Below this depth, Corg mineralization continues
with other oxidants.
[9] The use of the power law allows us to calculate organic

carbon profiles without having to model the suboxic or
anoxic oxidation of Corg (i.e. NO3

�, Mn
2+
and Fe Oxides and

Table 1. Equations and Parameters Used in the Model

Equations Comments

ð1:1Þ
@G

@t
¼ Db

@2G

@z2
� w

@G

@z
� k1G

refers to the one-G model for the mixed layer. k1 is a
constant (yr�1); w, sedimentation rate (cm yr�1);
G, Corg concentration; t, time (yr); z, depth (cm);
Db, bioturbation rate (cm2 yr�1)

ð1:2Þ
@G

@t
¼ �w

@G

@z
� kðtÞG

refers to the power law for the fossilized layer; k (yr�1)
is a function of time (log k = �log t � 0.84 with
t = z/w)

ð1:3Þ
@Ox

@t
¼ Dox

@2Ox

@z2
� w

@Ox

@z
� g

k1

f
Ox

Ox, concentration of oxygen; Dox, diffusion coefficient
of oxygen (cm2.yr�1); f, porosity (volume of the
dry sediment per volume of bulk sediment)

ð1:4Þ @U

@t
¼ �w

@U

@z
þ SðtÞ

U, concentration of solid uranium; S(t) is described
below; it represents the source term of the
authigenic U

With

ð1:5Þ SðtÞ ¼ fDu

USW

dUU ðtÞ

DU, diffusion coefficient of dissolved uranium (cm2.yr�1);
USW, concentration of uranium in the ocean;
dUU(t), depth of U uptake (cm) at time t; dop(t),
depth of oxygen penetration (cm) at time t

ð1:6Þ dUU ðtÞ ¼ 3� dopðtÞ
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SO4
2�). This is of course an oversimplification of diagenesis.

But for our purpose, it is a reasonable compromise that
diminishes both model complexity and calculation times.
Moreover, Crusius et al. [1999] suggests that ‘‘any uncer-
tainties caused by leaving the pore water distributions of
NO3

�, Mn
2+
, Fe

2+
and SO4

2� out would be compensated by a
comparable uncertainty resulting from their incorporation.’’
3.1.2. Uranium
[10] The cycle of uranium has been studied extensively

[Wallace et al., 1988; Anderson et al., 1989; Thomson et al.,
1990; Klinkhammer and Palmer, 1991; Barnes and
Cochran, 1993; Thomson et al., 1993]. U is conservative
in oxygenated waters where it occurs in the oxidation state
U (VI) [Ku et al., 1977] and forms a stable, soluble anionic
carbonate complex [UO2 (CO3)3]

4� [Langmuir, 1978]. The
U concentration in seawaters is 14 nmol.kg�1 [Thomson et
al., 1990]. Under reducing conditions, the uranium is
reduced to insoluble U(IV). The formation of insoluble
oxides (UO2/U3O8) constitutes the dominant process of
particulate U enrichments in reducing marine sediments.
We have computed the uptake of U in a quantitative way
considering that the timescale used in this model is large
enough to allow U uptake reactions to be completed. The
concentration in U of the detrital fraction of marine sedi-
ments is generally around 2.7 ppm [Thomson et al., 1990].
This concentration has been measured in several decarbo-
nated samples collected in the oxic part of sediment. The
concentrations in the anoxic part of the sediment are
frequently higher. Thomson et al. [1990] demonstrated that
U was supplied in the anoxic zone from the diffusive flux of
dissolved U from the bottom water to the redox level where
it precipitated. Numerous authors propose that the process
of fixation of the uranium is introduced with the beginning
of the sulfato-reduction [Thomson et al., 1990; Klinkham-
mer and Palmer, 1991; Barnes and Cochran, 1993; Thom-
son et al., 1993]. We have used this hypothesis in our
model. The depth of sulfato-reduction is assumed to occur
for a value equal to 3 times the depth of O2 penetration
(Table 1, equation (1.6)) as suggested by Crusius et al.
[1999]. When this depth is located within the mixed layer, U
uptake is assumed to occur just below. Knowing the depth
of U uptake, it is possible to calculate the diffusive flux of
dissolved U by considering a linear gradient of concen-
tration between the bottom water (14 nM) and the depth of
precipitation (0 nM) (Table 1, equation (1.5)). This flux
represents the source term in the equation of mass con-
servation of the solid uranium (Table 1, equation (1.4)). The
spatially distribution of this source term in the sediment is
derived from comparisons to real data.

3.2. Transport

[11] The model resolves only vertical gradients; it is
assumed that horizontal variations are negligible. Bioturba-
tion is modeled as local mixing, analogous to eddy diffusion
with a coefficient Db (Table 1, equation (1.1)), and does not
mix fluids against solids (i.e., intraphase mixing, [Boudreau,
1986a, 1986b]). Bioturbation is assumed to be constant in a
layer with a thickness L. Below this depth (the fossil layer),
there is no mixing only advection represented by the sed-
imentation rate w (cm.kyr�1). Dissolved components diffuse

in the pore waters according to their gradients, assuming
Fick’s first law modified for porosity [see e.g., Berner, 1980;
Ullman and Aller, 1982; Boudreau, 1996].

3.3. Model Implementation

[12] To reconstruct temporal variations of the input fluxes
or the dissolved elements concentration in the water over-
lying the sediment , the model first calculates steady state
profiles, followed by a transient simulation. The simulation
is run with time-variable forcing, using the steady state
concentration profiles as the initial state. A few simplifica-
tions are introduced in order to assure numerical stability.
Porosity and bioturbation are held constant in the mixed
layer (L). Equations of particulate compounds are resolved
in two steps because of the cancellation of the diffusive term
at the boundary between the mixed layer and the fossil
layer. Without diffusion, some finite differences schemes
are unstable or cannot accurately reproduce sharp concen-
tration fronts or gradients [Boudreau, 1997]. The calculation
of profiles is therefore done using two different numerical
schemes, the first one in the mixed layer and the second one
below it (see Appendix A). The boundary conditions remain
the same that those proposed in many published models: (1)
at the sediment-water interface, fluxes or concentrations are
imposed and (2) at the lower boundary, it is assumed that
the gradients disappear (see Appendix A). In practice, this
means that all degradable carbon had to be consumed within
the modeled sediment column. It is a reasonable compro-
mise used by most of modelers [Rabouille and Gaillard,
1991a, 1991b; Van Cappellen et al., 1993; Soetaert et al.,
1996a, 1996b]. The validity of the solution is checked by
calculating the mass balance for the whole sedimentary
system. Therefore, considering that any variations of com-
ponent (accumulation) must be equal to input fluxes minus
sink terms and output fluxes, we have calculated the loss or
gain of mass for each experiment.

4. Test and Capability of the Model

[13] In order to validate the model, predicted and meas-
ured data are compared at steady state. Another test points
out the behavior of the model at nonsteady state.

4.1. Validation of the Model

4.1.1. Corg

[14] The organic carbon data used to validate the equation
describing degradation of organic matter were collected on
continental slope of the Bay of Biscay at 1000 meters depth
[Hyacinthe et al., 2001]. The following parameter values
were used: Fcorg = 50 mmol.cm�2.a�1, Db = 0.2 cm2 a�1, L =
1 cm et k = 10�2 a�1. The sedimentation rate is 47 cm.ka�1

[Hyacinthe et al., 2001]. The global mass balance of organic
carbon expressed relatively to the flux at the sediment-water
interface [Rabouille and Gaillard, 1991b] is about 0.062%.
This slight deviation indicates the representativity of the
predicted profile. The model successfully reproduces the
general trends of the organic carbon distribution (Figure 1),
using measured sedimentation and bioturbation rates and
adjusting the Corg flux and superficial degradation rate
constant. At 8 centimeters depth, the measured concentra-
tions of carbon show a slight increase, which can arise from
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a nonlocal exchange like the infilling of a large burrow
[Boudreau, 1986b] or from a non steady state phenomenon.
The latter supposes the increase of the organic matter rain
rate at the time of the deposition of sediments situated at 8
centimeters.
4.1.2. Authigenic U
[15] The output of the model correctly reproduces the data

of solid uranium measured on the core 231 (Figure 2),
which were collected at 3780 meters depth on the Califor-
nian continental slope [Klinkhammer and Palmer, 1991].
This site is representative of suboxic sediments which cover
the continental margins. The following parameters were
used: w = 20 cm.ka�1, f = 0.8, DU = 3.3 � 10�6cm2s�1,
dUU = 6 cm and USW = 13 nmol / kg (see Table 1, equations

(1.5) and (1.6), for the signification of parameters). Theses
values are from measures or estimates done by Klinkham-
mer and Palmer [1991]. The molecular diffusion coefficient
is corrected for the tortuosity effect [Berner, 1980].

4.2. Transient ‘‘Burn-Down’’ Enrichment

[16] We have tested the redistribution of the U signal
caused by a 50% decrease in the Corg flux (Figure 3). The
reduction in Corg content (Figure 3a) results in deeper
penetration of pore water O2 and other oxidants, and oxida-
tive dissolution of previously precipitated U. As the U redox
boundary deepens, a new U flux is superimposed on the
initial steady state U distribution, resulting in a burn-down
peak (Figure 3c). This is similar to the effect of a gravity flow

Figure 1. Comparison between measured (stars) and modeled (solid line) Corg profiles for sediments
collected on continental slope of the Golfe of Biscaye at a depth of 1000 m. Concentrations are expressed
as a fraction of dry solid. The dashed line represents the bottom of the mixed layer.
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sedimentary event [Thomson et al., 1993]: As the oxygen
penetration depth deepens, redox-sensitive elements are
redistributed, and a strong peak of U builds up below the
oxic/postoxic boundary.
[17] Without taking into account the specific reactions

which lead to U accumulation, these simulations of U enrich-
ment demonstrate the capability of the model to reproduce
various scenarios, from the simple steady state case to a sharp
decrease of the Corg flux at the sediment-water interface.

5. Synchronization of Paleoceanographic Signals

5.1. Proposed Procedure

[18] Biogeochemical reactions are controlled by the fol-
lowing parameters (Cf. Appendix): the rate constant for Corg

degradation used in the mixed layer (k1), the mixed layer
depth (L), and the bioturbation coefficient (Db). The activity
of organisms present in the mixed layer is mainly forced by
the flux of organic matter and the bottom water oxygen-
ation. Consequently, k1, L and Db depend on variations in
the flux. Recent studies have shown that some of these
parameters can be connected [Boudreau, 1994; Tromp et al.,
1995; Middelburg et al., 1997; Boudreau, 1998]. For
example, the rates of bioturbation and mineralization of
Corg can be estimated from water depth [Middelburg et al.,
1997].
[19] The influence of early diagenesis on the recording of

paleoceanographic signals is depicted in the following
model simulations. We have computed the differential
behavior of Corg, Al and U within three simple scenarios,

Figure 2. Comparison between measured (stars) and modeled (solid line) U profiles for sediments
collected on the core 231 located on the Californian continental slope at a depth of 3780 m.
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to show how similar variations of the flux of organic carbon
and aluminum is recorded differently in the sediment, and
how these variations influence the uranium signal.

5.2. Case Studies

[20] Three cases are envisaged for which only the Corg

and aluminum fluxes are variable. The other parameters of
the model are constant. Their values are presented in
Table 2. They are consistent with the values published
on the early diagenesis [Rabouille and Gaillard, 1991b;
Tromp et al., 1995; Soetaert et al., 1996a; Boudreau,

1997]. On Figures 4, 5, and 6, two graphs are presented.
The left one gives the inputs of the model (flux against
time) and the right one gives the outputs of the model
(profiles of organic carbon, aluminum and uranium against
depth). The vertical scales of time and depth are chosen so
that, when transport is only driven by burial, a 1000 years
old increase of input flux is recorded at 10 cm depth. For
all the cases presented below, an average value of 0.23%
of mass of elements in the sediment were created or lost
over the entire 6000 year-run.
5.2.1. Case 1
[21] In the first case, the Corg and aluminum fluxes were

set at 13 and 4 mmol.cm�2.yr�1, respectively, beginning
with year 6000 (Figure 4a). In year 3500, both fluxes were
increased by 50%. Figure 4b shows Corg, Al and U profiles
for the 6000 years time interval. The arrow indicates the
depth where the transition should be located in the absence
of mixing. The contrast between the Corg and Al distribu-
tions is striking. On the Corg profile, a transition to higher
values is located around 40 cm. The recording of the same
episode by the aluminum is different. The transition spreads
over a 20 cm depth interval and is located around 38 cm.
Thus there is a 2 cm spatial offset between the two

Figure 3. Example of postdepositional redistribution of authigenic uranium. (a) Distribution of Corg flux
against times. (b) Idealized steady state sedimentary U profile. U enrichment of 6.2 ppm denoted by the
arrow corresponds to a Corg incoming flux of 20 mmol cm�2 yr�1 (Figure 3a). (c) Idealized nonsteady
state sedimentary U profile 1500 years after a 50% decrease in Corg flux and consequent deepening of the
O2 penetration and U reduction. A nonsteady state peak accumulates on top of the former steady state
concentration The arrow denotes the new steady state U uptake depth.

Table 2. Values of the Parameters Used for the Three Scenarios

Tested

Parameter Value

Db, cm
2 yr�1 0.2

L, cm 7
k1, yr

�1 0.008
OxBW, mmol L�1 200
W, cm kyr�1 10
f 0.8
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transitions. This offset distributions may be explained by
considering the residence time of each component within a
given layer. The residence time inside the mixed layer is
190 years for Corg and 700 years for aluminum. Aluminum
reacts slower to a disturbance of the flux than the organic
carbon. Indeed, following the fast disturbance, the most
reactive element Corg comes back to a steady state faster
than the inert element Al (Albarède, 1995).
[22] The steady state concentration of U for conditions

imposed from 3500 years to present is 9.4 ppm, which is
measured from 8 to 30 cm depth. Below U concentration
decreases to a minimum value of 4.3 ppm at 49 cm depth.
Then, it increases again to a steady state concentration of
5.6 ppm below 58 cm. To explain the uranium distribution,
we have to look at the evolution of oxygen penetration
(Figure 7). The oxic layer depth was 5.94 cm from 6000 to
3500 years and 2.63 cm from year 2800 to 0. Between year
3500 and 3400, the oxic layer decreases quickly from 5.94
to 3.57 cm, and then more slowly to a new steady state
depth of 2.63 cm in year 2800. During this transition
period, the U uptake depth rose from 17.82 cm to 10.71

cm (three time the oxic layer depth) in 100 years. During
the quick ascent of the U fixation depth, only small
amounts of authigenic U accumulated. This explains the
minimum observed at 49 cm depth.
[23] The first case leads to these implications: (1) In a

high-resolution record, there is a weak time lag between a
reactive and an inert component, responding to an identical
event. (2) The three studied components record a same
episode over different sediment thickness. In our example,
uranium records the transition as a minimum in an 18 cm
thick layer, the organic carbon records the same variation
in a 8 cm layer, and aluminum spreads the transition over
20 cm.
5.2.2. Case 2
[24] The maximal and minimal values of the Corg and Al

fluxes are the same as in case 1, but the fluxes were
constant at 13 and 4 mmol.cm�2.yr�1 over the entire period
except between years 2000 and 1800, when a symmetrical
peak was introduced with maximum values of 20 and
6.154 mmol.cm�2.yr�1 in year 1900 (Fig 6a). The 200
yearlong event is not significantly recorded on the profiles

Figure 4. (a) Time series of the Corg flux (dashed line) and the Al flux (dotted line). (b) Distributions of
Corg (diamonds), Al (stars) and U (circles) against depth in the sediment. Theses profiles result from the
evolution of the input fluxes depicted on the left side. All the other parameters of the model are fixed
(Table 2). The straight dotted line represents the bottom of the bioturbated layer. The Corg and Al are
expressed as a fraction of dry solids.

DONNADIEU ET AL.: BIAS IN THE PALEOCEANOGRAPHIC TIME SERIES 6 - 7



of Corg and Al (Figure 5b), because the signals are
smoothed by mixing in the bioturbated layer. Bioturbation
eliminates high frequency variations. Uranium, however,
preserves a record of the signal (Figure 5b). The steady
state concentration of U in the anoxic sediment is 5.6 ppm.
The short perturbation yields a maximum value of 8.1 ppm
at 33 cm depth and a minimum of 4 ppm at 37.4 cm. The
minimum situated at 37.4 cm is connected to the increase
of the Corg flux between years 2000 and 1900, and finds
its explanation in the case study 1. The maximum results
from the decrease of the Corg flux between years 1900 and
1800, it is a peak of remobilization. This situation shows
that the U profiles must be interpreted with caution, in
terms of temporal evolution a peak of Corg flux produces a
minimum then a maximum of uranium situated between
42 and 28 cm. In terms of paleoclimatic interpretations of
deep-sea records, this thickness represents 1400 years
although it only reflects a single episode of only 200
years duration. The U maximum is situated more than 10
cm below the depth corresponding to the event, i.e. 1000
years earlier.
5.2.3. Case 3
[25] In the third scenario, which is similar to case 2, the

peak in the sedimentation fluxes is broadened and extends

over a period of 1000 years from year 4000 to year 3000
(Figure 6a). On the Figure 6b, the arrow indicates the
depth in the sediment, 35 cm, at which the maximum of
fluxes should have influenced geochemical profiles in the
absence of bioturbation. The contrast between the Corg

and Al distributions is remarkable (Figure 6b). On the
Corg profile, a small increase is situated at 40.5 cm
whereas on the Al profile, a maximum is visible at
38.5 cm. As in case 2, bioturbation smoothes the slow
variations but does not eliminate them. The 2 cm shift is
explained by the different residence times of Al and Corg

in the mixed layer as described in case 1. The U profile
shows a minimum of 3.7 ppm at 53.8 cm and a maximum
of 13.9 ppm at 44.3 cm (Figure 6b). The steady state
concentration of U in the anoxic sediment is 5.6 ppm.
Consistently with case 2, the spatial offset between the
time of the maximum of Corg flux (see the arrow) and the
U maximum is about 10 cm. Moreover, the event of 1000
years generates U profile variations spreading over more
than 20 cm in the sediment. We can conclude that U
profiles must be interpreted with caution in terms of
temporal evolution.
[26] None of the three paleoceanographic signals modeled

records the same episode at an identical depth.

Figure 5. Same as Figure 4.
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Figure 6. Same as Figure 4.

Figure 7. Evolution of the oxygen penetration depth following the increase in Corg and Al flux imposed
to the boundary.
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6. Conclusion

[27] The simple model we have built can be used to gain
insight into the behavior of paleoceanographic signals. The
dynamic description of coupled transport processes and
redox-front movements of components with different reac-
tivity and/or chemical properties in a sediment has allowed
us to identify some uncertainties that will affect the inter-
pretation of paleoceanographic time series.
[28] The model calculations show that it can be difficult to

interpret uranium profiles in terms of temporal evolution.
However, as the model shows, the interpretation of U
distributions can be improved. For example, a minimum
of U does not necessarily mean a deep depth of U uptake. It
could equally well be caused by a rapid variation of the
oxygen penetration depth as the flux or the bottom water
composition change.
[29] The simulations performed in the present study also

illustrate the nonlinearity of the sedimentary response to
variations in the sedimentation input fluxes. A synchronous
change in the Corg and Al fluxes is not recorded at exactly
the same depth when the surface sediment undergoes
mixing, because of their specific behavior in the mixed
layer. Signals of short duration are not recorded in the Corg

and Al profiles because of the smoothing by bioturbation,
whereas U, when it precipitates below the mixed layer
preserves a record of this episode. Multiproxy approaches
are necessary in order to reduce the uncertainties when
interpreting paleoceanographic time series.
[30] Finally, although this study has focused on simple

scenarios where we have pointed out the limitations of
interpreting the paleoceanographic record without a multi-
proxy approach, the model can also be used in very large set
of perturbation, and may be a powerful tool to predict Corg,
Al and U profiles for real perturbations (HE, D/O) and also
to quantify spatial offsets.

Appendix A: Numerical Approximation

A1. Mixed Layer

[31] The spatial derivatives (diffusion and advection) of
the partial differential equations are approximated by means
of centered space terms which are second order accurate.
The temporal derivative is treated using forward time. The
space variable z is divided into n sediment layers of thick-
ness dz with L = n * dz. Thus, for organic carbon the
difference equation (equation (1.1) in Table 1) becomes:

Gkþ1
i � Gk

i

Dt
¼ DB

�
Gkþ1

iþ1 � 2Gkþ1
i þ Gkþ1

i�1

Dz2

�

� w

�
Gkþ1

iþ1 � Gkþ1
i�1

2Dz

�
� kGkþ1

i ðA1Þ

The equivalent scheme is used for Al and O2.
[32] For the upper boundary of a dissolved sediment

component (z = 0), the concentration in the bottom water
is imposed:

Cz¼0 ¼ CBW ðA2Þ

The upper boundary condition for solid substances is
imposed as a flux (example for the organic carbon):

Fkþ1
Corg ¼ �DB

Gkþ1
1 � Gkþ1

�1

2Dz

� �
þ wGkþ1

0 ðA3Þ

At the lower boundary, it is assumed that the gradients
disappear:

Gkþ1
n � Gkþ1

n�1

Dz
¼ 0 ðA4Þ

A2. Fossilized Layer

[33] In the case of the advection-reaction equations as
@G
@t ¼ �w @G

@z � k tð ÞG, the Leapfrog differencing scheme is
the most commonly used [Boudreau, 1997]:

Gkþ1
i � Gk�1

i

Dt
¼ �w

Gk
iþ1 � Gk

i�1

Dz
� kiG

k
i ðA5Þ

[34] Leapfrog formulas are precise and do not generate
numerical diffusion. Nevertheless, they can infer small
oscillations when a large gradient is introduced. In order
to model and to preserve abrupt variations of particular
input flux, the Sweby scheme [Sweby, 1984] is more
appropriate to our constraints. It introduces a correction
that adjusts local diffusion quantity and allows large gra-
dients to be preserved. Its shape is the following:

Gkþ1
i ¼ Gk

i � w
Dt

Dz
Gk

i � Gk
i�1

� �
þ w

Dt

2Dz

� � rið Þni Gk
iþ1 � Gk

i

� �
� � ri�1ð Þni�1 Gk

i � Gk
i�1

� �� �
ðA6Þ

Where in the model

ni ¼ 18i ðA7Þ

ri ¼
Gk

i � Gk
i�1

Gk
iþ1 � Gk

i

ðA8Þ

and finally:

� rið Þ ¼
0 if ri < 0

ri if ri 	 1

1 if ri > 1:

8<
: ðA9Þ

As for all explicit method in time, the following condition
has to be checked (Courant number):

wDt

Dz
	 1 ðA10Þ
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