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A one-dimensional sediment model was developed by introducing the CIP-CSL2
scheme in the advection term. This enables us to represent fluctuations of the vertical
profiles of 100 cm depth, which needs integrations on a longer timescale than 10 kyr,
because this scheme avoids smoothing of the vertical profiles due to no numerical
diffusion, instead of a commonly used forward scheme. Using the models with 10 and
100 cm depths (hereafter, called the 10 cm model and the 100 cm model, respectively)
to predict the contents of biogenic silica and clay, we have evaluated the sedimentary
responses to an abrupt change in the biogenic silica rain flux. When the rain flux of
biogenic silica abruptly decreases, the 10 cm model underestimates the dissolution
flux of biogenic silica compared with the 100 cm model. This is because only clay is
supplied from the bottom boundary associated with excess dissolution and also be-
cause dissolution of biogenic silica below 10 cm depth is neglected by the 10 cm model.
When we consider dissolved matter inputs from sediments to marine biogiochemical
cycles, simulations by the 100 cm model would lead to more realistic responses in
sediments.

estimated from the burial efficiency, defined as the frac-
tion of burial flux to rain flux (e.g., Jahnke and Jackson,
1992; Kawahata et al., 1998). There are, however, still
uncertainties about the accuracy of both the in-situ rain
fluxes estimated from trap measurements (Druffel et al.,
1998; Honda et al., 2000) and the sedimentation rate. An
empirical relationship between both fluxes is not easily
determined on the basis of such observational studies
above.

One-dimensional sediment models are useful to ex-
amine the steady-state relationship between rain and burial
fluxes (Archer, 1996), because the model explicitly deals
with respiration, dissolution, and bioturbation processes
in sediments by calculating concentrations of chemical
components in the pore water and their contents in
sediments under the boundary conditions of both fluxes.
The steady-state models capture vertical profiles of cal-
cite or opal (Rabouille and Gaillard, 1990; Archer, 1991b;
Rabouille et al., 1997) and global patterns of calcite on
the sediment surface in the mid-Holocene and the last
glacial maximum (Archer and Maier-Reimer, 1994).
Time-dependent sediment models have been recently de-
veloped to evaluate the sedimentary responses to climate
variations (Heinze et al., 1999; Heinze, 2001). Using such

1.  Introduction
Respiration of organic carbon and the dissolution of

calcite and silica in sediments play an active role in ma-
rine biogeochemical cycles. Biogenic particles dissolved
in sediments are released back into the ocean, and this
release changes the total concentrations of carbonate and
silica. Sediment compositions also become a passive re-
corder. The burial fluxes of sediments record changes in
the rain fluxes, which is the flux of setting materials reach-
ing the sea floor, and the chemistry above the sea floor.
Time series of buried sediments thus provide valuable
information on historical primary productivity and ocean
circulation.

It is difficult to estimate the rain fluxes of all com-
ponents from observed sediment cores, because no
sediments preserve information on the decomposition of
carbon and dissolution of calcite and silica. Some obser-
vational studies have directly measured present
decompositional fluxes of organic carbon (Masuzawa,
1987; Jahnke, 1996). The dissolution flux of calcite is
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a sediment model coupled to a geochemical ocean gen-
eral circulation model, Heinze et al. (1999) discussed
sensitivities of the burial fluxes of silica and alkalinity in
sediments to the increases in their riverine fluxes. The
imbalance between their riverine fluxes in the ocean and
their removal by burial in sediments would cause the al-
kalinity in the water column to increase, and the atmos-
pheric CO2 concentration could decrease to the glacial
value.

These models, however, have insufficient accuracy
to represent the sedimentary responses to climate
variabilities, since the simulation is restricted by the
model depth. A 10 cm thickness is assumed for the sedi-
ment layer in many sediment models (e.g., Rabouille and
Gaillard, 1990; Archer et al., 1993; Heinze et al., 1999;
Heinze, 2001), because bioturbation and dissolution of
biogenic particles generally occur within this depth. It is
possible that dissolution events occur below 10 cm when
total rain fluxes are temporarily less than the total disso-
lution fluxes associated with deposition changes (Archer,
1991a). The models with 10 cm sediment depth succeed
in simulating the changes over timescales less than two
thousand years with a general pelagic sedimentation rate
of about 4 cm kyr–1. However, if the response of the burial
flux caused by rain flux changes lags by more than sev-
eral thousand years, these models are not suitable to re-
produce the climate transition. These aspects mean that
the model has to incorporate a depth greater than 10 cm
to represent the abrupt climate change.

In order to extend the model depth, there is a serious
problem for the conventional model formulation. In gen-
eral, to simplify the assumptions, sediment models are
placed at a depth coordinate fixed on the sediment-water
interface (e.g., Berner, 1980). Deposition of new materi-
als on the sea floor means that the interface shifts from
the previous to the new sea floor. This upward shift is
represented in the models as a deepening of the specific
position of old materials in the sediments. Consequently,
old materials in the sediments shift due to deposition on
the coordinate fixed at the interface (see figure 2 in Heinze
et al., 1999). This shift is called ‘advection’, and the
advection rate depends on the new deposition at the sea
floor and on the compensation of the loss of sediments
associated with excess dissolution. The advection term
in the solid equation is generally calculated using the for-
ward scheme, which has excessive numerical diffusion
(Heinze et al., 1999; Heinze, 2001; Ridgwell et al., 2002).
Since numerical diffusion smoothes the vertical variabil-
ity of the sediment composition profile in proportion to
time integrations, models with the forward scheme are
unable to deal with the long-depth core required for inte-
grations of long timescales. Heinze (2001) attempted to
restore burial fluxes, transported from the bottom layer
to the outer boundary (referred to as the ‘burial layer’),

to sediment profiles. Those burial fluxes were also used
to recover the loss of sediment compositions in the case
that the dissolution rate in sediments is greater than the
deposition rates. However, ignoring bioturbation across
the bottom boundary, which cannot be represented in the
recovering procedure, may affect the model results. A
sediment model with depth longer than 10 cm is there-
fore required for the study of sedimentary responses to
climate variability.

We have developed a sediment model with 100 cm
depth that represents sedimentary processes adequately
during glacial time, by adapting the advection term of
the CIP-CSL2 scheme (Yabe et al., 2001) rather than the
forward scheme. Since the CIP scheme avoids numerical
diffusion (Yabe and Aoki, 1991; Yabe et al., 2001), our
model exhibits higher-frequency fluctuations of vertical
profiles in the sediments, even when a long sediment layer
is taken (i.e., when a long time integration is conducted).
In this paper, the CIP-CSL2 and forward schemes are
compared with reference to the high frequency forcing of
the biogenic silica rain flux. Moreover, we focus on the
sedimentary responses to an abrupt change in the rain flux.
Comparing results of models with 10 and 100 cm depths
allows us to discuss the accuracy of the dissolution proc-
ess in association with abrupt changes of rain flux in both
models.

2.  Model Description
We simulate diffusion-reaction-advection processes

by the one-dimensional sediment model, which includes
biogenic silica and clay in the sediment and dissolved
silica in the pore water. We introduced a clay-tied age
tracer, which is the same as clay, except its amount de-
cays with e-folding time scales of 20 kyr. The time pe-
riod after deposition, the “age”, is estimated from a ratio
of clay tied age tracer volume to that of clay. The poros-
ity profile is assumed to decrease exponentially from 0.90
at the surface to 0.52 at 100 cm depth (Berner, 1980).
Even if the porosity profile were taken to depend on the
biogenic silica content (Martin et al., 1991), our model
results would not be changed qualitatively. The top bound-
ary conditions are taken from observational data obtained
in the Sea of Okhotsk (Nakatsuka et al., 2004) character-
ized by hemipelagic marine conditions and a major depo-
sition of biogenic silica, allowing us to study the sensi-
tivity of sediment composition and responses to biogenic
silica rain flux changes. As the common condition in all
experiments, the ocean depth is set at about 600 m, and
dissolved silica concentration in the sea floor is 140
µmol l–1 (Wakatsuchi et al., unpublished data). On the
other hand, rain fluxes of biogenic silica and clay are al-
lowed to vary in each experiment. The models with 10
and 100 cm depths (hereafter referred to as the 10 cm
model and the 100 cm model, respectively) are vertically
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discretized into 0.5 cm-thick layers, and time steps are
taken as one day.

Two processes of biogenic silica dissolution and dif-
fusion are formulated in the pore water, while three proc-
esses of biogenic silica dissolution, bioturbation, and
advection are formulated in the sediments. Details of these
formulations are described below.

2.1  Equation for dissolved silica in the pore water
Dissolved silica concentration (C) is determined by

vertical diffusion of dissolved silica in the pore water and
by the supply of biogenic silica dissolved in the sediment:
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where φ is porosity, Df is the molecular diffusion coeffi-
cient of dissolved silica, θ is a coefficient of tortuosity
(Ullman and Aller, 1982), γ is a conversion coefficient
from a solid dry volume (cm3) to a solute concentration
in the pore water (mol l–1), and R(Si) is the dissolution
term of biogenic silica in common with the equation of
biogenic silica in the sediments, as detailed below. The
diffusion constant is assumed to be 4 × 10–6 cm2 sec–1

(Berner, 1980; Rabouille and Gaillard, 1990), and tortu-
osity is approximated by φ–1 (Berner, 1980). Compared
to the molecular diffusion, solute transport caused both
by bioturbation and solid advection can be neglected
(Schink et al., 1975). Boundary conditions of dissolved
silica across the sediment-water interface and across the
sediment bottom layer are defined as

C0 = Cw (at the seafloor),
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where C0 is the dissolved silica concentration at the sea
floor, Cw is that in the overlying sea floor, and nz repre-
sents the bottom layer.

2.2  Sediment equations
The sedimentation of biogenic silica and clay involve

bioturbation from the activity of benthic organisms, bio-
genic silica dissolution, and vertical advection of biogenic
silica and clay controlled by the advection rate. For each
solid of biogenic silica and clay with subscript ‘i’, the
equations for solid fraction (Si), defined as each solid
volume divided by solid sediment volume at the depth
(z) are:
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where DB(z) is the depth-dependent bioturbation coeffi-
cient for the solid, R(Si) is the dissolution term (which is
zero for clay), and w is the vertical advection rate for
solids across each layer. The vertical profile of the
bioturbation coefficient, which gradually decreases with
depth near 10 cm, is based on an observation study (Smith
and Jaffe, 1998), with 0.3 cm2 yr–1 for the value at the
surface (Berner, 1980). Normally, a constant bioturbation
coefficient is used for all depths in many models with 10
cm depth (e.g., Rabouille and Gaillard, 1990; Archer,
1996; Rabouille et al., 1997; Heinze et al., 1999). The
saturation concentration and dissolution rate of biogenic
silica depend on the bottom water temperature, bottom
depth of the floor, and the ratio of organic carbon to bio-
genic silica in sediments, since organic coatings on the
biogenic silica prevent its dissolution (VanCappellen and
Qiu, 1997a, b; Ridgwell, 2001). Considering these fac-
tors, the dissolution term of biogenic silica (R(Si)) is

R S k Si T C z ml( ) = ⋅ ⋅ ⋅( ) ( )η η1 2, ,∆

where η1(T,∆C) is a factor contributing the temperature (T)
and the degree of under-saturation (∆C) respect to bio-
genic silica, η2(z) is a second factor to introduce a de-
pendency on depth (z) from the sediment-water interface,
k is a constant, Sml is the concentration of biogenic silica
converted to the equivalent of dissolved silica (mol l–1).
The saturation concentration of dissolved silica (Csat) is

Csat
T= ⋅ ( )γ γ

1 10 2 ,

where γ1 is a reduction factor accounting for Al-inhibi-
tion and γ2(T) is a factor accounting for the relative change
of the temperature. These values are evaluated by the
model at each time step (see Ridgwell, 2001; Ridgwell et
al., 2002 for details).

The advection rate for total solids is determined by
total mass conservation in the sediments. The total loss
due to dissolution must be balanced by the total supply
due to advection in each layer:
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where the left-hand side is the total flux convergence and
the right-hand side is the total dissolution flux. Boundary
conditions of solids at the sediment surface (denoted by
‘0’) are defined as

w
Fii
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01
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and at the sediment bottom (denoted by ‘nz’) as
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where Fi is the rain flux at the surface, Bi is the burial
flux for each solid across the bottom sediment layer, ∑i
is the sum of all fluxes at each layer (i.e., ∑iBi is the total
burial flux). The porosity of the sediment-water interface,
φ0, is taken to be the same as φ1 at the surface layer. The
bottom boundary condition in the case of a negative
advection rate (wnz < 0) is described as
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where Bcly is the burial flux of clay. This bottom bound-
ary condition is based on clay supplied from the burial
layer with negative advection (Heinze et al., 1999), here-
after called the ‘clay flux condition’. Since the 10 cm
model depends significantly on the bottom boundary con-
dition, other conditions will be described later.

We used a CIP-CSL2 scheme and a forward scheme
as the advection schemes. The previously used forward
scheme has strong computational diffusion that always
causes the loss of the sub-grid information (i.e., the sedi-
ment component volumes in our model) due to the finite
truncation of grid resolution (Yabe et al., 2001). Since
the computational diffusion is enhanced at each time step,
the forward scheme is not suitable for calculating sedi-
mentation required to integrate over thousands years. The
CIP-CSL2 scheme, by contrast, has no computational dif-
fusion and particle matter preservation, even for integra-
tions over long timescales (Yabe and Aoki, 1991; Yabe et
al., 2001). We compare the results of the sediment model
using the CIP-CSL2 scheme with that using the forward
scheme in Section 3 (hereafter referred to as the CIP model
and the forward model, respectively). This comparison
shows that the CIP model enables us to extend the sedi-
ment model to a deeper depth (e.g., 100 cm) than that
(e.g., 10 cm) in previous studies. Then, in Sections 4 and

Fig. 1.  Vertical profiles of biogenic silica (%) in (a, e) the forward model and (b, f) the CIP model, and of the age tracer (kyr)
labeled bulk sediments in (c, g) the forward model and (d, h) the CIP model, integrated for 20 kyr. The upper (lower) plots
display the set of experiments of neither dissolution nor bioturbation (dissolution only).
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5, we discuss the sedimentary responses to an abrupt rain
flux change, focusing on the 10 cm model and the 100
cm model responses using the CIP-CSL2 scheme.

3. Comparisons of Results from the CIP-CSL2
Scheme with that from the Forward Scheme
We conducted four sets of experiments using the CIP

and forward models, under alternate rain fluxes between
biogenic silica and clay at intervals of 1 kyr. These fluxes
are 3.3 × 10–3 cm3 yr–1, which corresponds to 120 µmol
cm–2 yr–1 of biogenic silica and 9075 µg cm–2 yr–1 of clay.
We calculated for 20 kyr to obtain sediment composition
profiles resulting from the 1 kyr cycle. The first two sets
of experiments include (i) neither bioturbation nor disso-
lution, and (ii) only bioturbation, to clarify the problem
of the forward scheme. The other two experiments in-
clude (iii) both processes of bioturbation and biogenic
silica dissolution, and (iv) one-fourth of the original dis-
solution rate and 2 cm instead of 10 cm for the
bioturbation depth defined in Section 2. These experi-
ments also clarify the differences in results in realistic
conditions.

In the first set of experiments the vertical profile of
biogenic silica obtained by the forward model is dramati-
cally different from that from the CIP model (Figs. 1a

and 1b). In the forward model, the profile of biogenic
silica content is unrealistically smoothed with depth due
to the numerical diffusion (Fig. 1a). It should be noted
that smoothing occurs in the entire domain (where there
is no bioturbation). On the other hand, in the CIP model
the vertical profile in sediments is shown as content fluc-
tuations keeping their amplitude between 100% and 0%
(Fig. 1b). Such fluctuations are determined by 1-kyr cy-
clic changes of rain fluxes, and their thicknesses because
gradually thinner with depth due to decreasing porosity
(=compaction). The biogenic silica component overshoots
slightly near the upper and lower limits (i.e., 100% and
0%), which is characteristic of the CIP schemes (Yabe
and Aoki, 1991; Yabe et al., 2001). Under more realistic
conditions, the CIP-CSL2 scheme rarely allows over-
shooting, even after integrations of long timescales, be-
cause smoothing occurs due to bioturbation. The time
periods of sediments in both models increase
monotonically with depth (Figs. 1c and 1d), and the curves
are non-linear due to the decrease in porosity with depth.

Even after including bioturbation in the second set
of experiments, vertical profiles of the biogenic silica
content obtained by the forward model are still unrealis-
tically smoothed (Figs. 1e and 1f). This shows that nu-
merical diffusion further smoothes the profile below the

Fig. 2.  Vertical profiles of biogenic silica content (%) in (a, e) the forward model and (b, f) the CIP model, and of the age tracer
(kyr) labeled bulk sediments in (c, g) the forward model and (d, h) the CIP model, integrated for 20 kyr. As Fig. 1 but upper
(lower) plots display the set of experiments of original dissolution and bioturbation (weak dissolution and bioturbation).
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bioturbated zone. Numerical diffusion is therefore
stronger than that due to bioturbation. The peaks of the
biogenic silica content in the CIP model (i.e., 80% and
10%) are maintained at all depths (Fig. 1f), although they
are smoothed by the bioturbation.

In the third set of experiments, considered as being
a more general condition, the biogenic silica content in
the forward model is vertically uniform below 65 cm
depth, so that fluctuations disappear due to the numerical
diffusion (Fig. 2a). Our result indicates that it is impossi-
ble to reconstruct rain flux variabilities observed in ac-
tual sediment profiles using the forward model. In the
CIP model, fluctuations of the biogenic silica content are
between 0 and about 30% (Fig. 2b). The time periods rep-
resented by sediments of 100 cm thick in both models
(Figs. 2c and 2d) are longer than those of the first set of
experiments (Figs. 1c and 1d), because the biogenic silica
dissolution results in a slow advection rate. The age in
the CIP model subtly increases stepwise with depth due

to difference of the sedimentation rates (vertical advection
rates) in the period of only clay rain flux with those of
only silica rain flux associated with the biogenic silica
dissolution (Fig. 2d).

In the fourth and last set of experiments we focus on
the laminated sediment composition profiles reproduced
in the CIP model. The peak of the biogenic silica content
in the CIP model is clearly kept near the bottom com-
pared with that in the forward model (Figs. 2e and 2f).
The maximum content of biogenic silica seems to decay
slightly with depth due to coarse resolution, in spite of
its preservation within the undersaturation depth. Note
that the age profile increases more clearly stepwise with
depth than that in the third set of experiments (Fig. 2h),
because the advection rate is intermittently changed due
to alternate inputs of materials subject to and not subject
to dissolution. We believe that the CIP model would be
applicable to simulation for a more prominent hiatus.

The results from these experiments demonstrate that

Fig. 3.  Vertical profiles of the biogenic silicate content (%) in solids and concentration of dissolved silica (µmol cm–2 yr–1) in
pore water according to the 100 cm model and 10 cm model, at (a, d) the 0th year, (b, d) 500th year, and (c, f) 4000th year after
the abrupt depletion of the biogenic silica rain flux. Solid lines represent the 100 cm model results with clay flux condition.
Dashed, dotted, and dash-dotted lines represent results from the 10 cm models with the clay flux condition, the explicit flux
condition, and the steady state flux condition, respectively. The thin-dotted line (d, e, and f) represents the saturated concen-
tration of dissolved silica in pore water.
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fluctuations of the biogenic silica content and the age
tracer in sediments associated with rain flux changes are
erased when using the forward scheme, yet they are con-
served when using the CIP scheme. Applications of the
CIP scheme to the advection term enable sediment mod-
els to be extended to a longer depth, and to represent vari-
ability of sediment contents due to climate changes, such
as glacial-interglacial cycles. In the next section we use
models with 10 cm and 100 cm depths incorporating the
CIP-CSL2 scheme in the advection term to evaluate model
responses with different model depths.

4. Sedimentary Response to an Abrupt Change in
Rain Fluxes
To examine the sedimentary response to an abrupt

change of biogenic silica rain flux, we used the 100 cm
and the 10 cm models, applying the CIP-CSL2 scheme to
the advection term. Common rain fluxes, as the top bound-
ary forcing, were used to design simulations of a typical
opal-rich core in the subarctic ocean. The rain fluxes of
biogenic silica and clay were assumed to be 250 µmol
cm–2 yr–1 and 850 µg cm–2 yr–1, respectively. The steady-
state solution obtained after integration for 10 kyr is 90%
of the biogenic silica content and the saturated concen-
tration of dissolved silica is reached within 2 cm depth.
The accumulation rate at the deepest layer is about 8 cm
kyr–1, which is typical of hemipelagic marine sediments.
The steady-state solution was used as an initial condition
for the next following series of experiments described in
Sections 4 and 5.

4.1  Comparison of the 100 cm model with the 10 cm model
A rain flux change of biogenic silica from 250 µmol

cm–2 yr–1 as the initial rain flux to 0 µmol cm–2 yr–1 was
used to examine sedimentary responses to an abrupt rain
flux change. First, we describe results obtained with the
100 cm model. Vertical profiles of biogenic silica and
dissolved silica with the clay flux condition (solid lines)
are shown in Fig. 3. At 0 kyr in the steady-state solution
described above, the biogenic silica dissolves only within
the surface 1.5 cm of the sediment column (Fig. 3d). Ac-
tive layers, where part of the rain flux dissolves, are found
only above the 1.5 cm depth, and layers below contain
90% biogenic silica (Fig. 3a) and the near saturation state
of dissolved silica is reached in pore water (Fig. 3d). The
rest of the rain flux is transported downward below the
active layer as advection. At the 500th year, the dissolu-
tion remains near surface layers, although the saturation
depth moves 0.5 cm downward (Fig. 3e). The dissolution
rate near the 2 cm depth is balanced by vertical diffusion,
because there is no deposition of biogenic silica on the
sediment-water interface in this experiment. We note that
the supply from the layer below 10 cm due to both verti-
cal advection and exponentially decreasing bioturbation
maintains a much larger volume of biogenic silica in lay-
ers above 10 cm depth than that in the 10 cm model (Fig.
3b). At the 4000th year, the biogenic silica exists only
below 11 cm depth, and the layer above this depth fills
with clay, mainly deposited after the abrupt changes (Fig.
3c). The dissolution front defined by the silica saturation
depth moves deeper than the 10 cm depth (Fig. 3f). The

Fig. 4.  Time series of the total dissolution flux of biogenic silica, with time of the abrupt change in the biogenic silica rain flux
taken as the 0th year. The solid, dashed, dotted, and dash-dotted lines represent results from the 100 cm model with the clay
flux condition and from the 10 cm models with clay flux condition, explicit flux condition, and steady state flux condition,
respectively. T1 (T2) indicates the e-folding time according to the 100 cm model (the 10 cm model) with the clay flux condi-
tion. The shaded regions indicate periods of the initial condition before the abrupt change.



740 M. O. Chikamoto and Y. Yamanaka

diffusion in the pore water maintains a linear gradient of
the dissolved silica concentration between 13 cm depth
and the surface (Fig. 3f), and transports the dissolved
silica upward. Biogenic silica is absent in the lowermost
100 cm depth of the sediments after the 500th year (Figs.
3b and 3c). This is because only the clay flux is supplied
from a boundary layer out of the sediments (hereafter
called the burial layer), as a result of the balance of sedi-
ment volume loss during progressive dissolution in the
sediments. These layers characterized by the biogenic
silica depletion are finally backed to the outside in the
model (i.e., the burial layer) due to downward advection
(not shown).

Vertical profiles of biogenic silica and dissolved
silica coupled by the 10 cm model with the clay flux con-
dition (dashed lines) are shown in Fig. 3. The other flux
condition (dotted and dash-dotted lines) are discussed in
the next subsection. At 0 kyr, the profiles of biogenic silica
and dissolved silica simulated by the model are the same
as those simulated by the 100 cm model (Figs. 3a and
3d). This means that under steady-state assumption, re-
sults are not affected by the bottom boundary depth. At
the 500th year, however, biogenic silica content in the 10
cm model is about 50% lower than that in the 100 cm
model (Fig. 3b), because only clay is supplied from the
burial layer in the 10 cm model by the bottom boundary
conditions. As the low biogenic silica content decreases
the dissolution rate above 7 cm depth, the dissolution front
deepens by 7 cm (Fig. 3e). At the 4000th year, biogenic
silica does not survive in the entire sediment column in
the 10 cm model due to excess dissolution (Fig. 3c), and
the dissolved silica concentration in the pore water reaches
the same concentration as in the water column by diffu-
sion through the sediment-water interface (Fig. 3f).

We estimated the timescales of the sedimentary re-
sponses to abrupt changes of rain flux in both models from
the temporal change in the biogenic silica dissolution flux
shown in Fig. 4. The e-folding times for the total dissolu-
tion flux are about 2300 years for the 100 cm model (solid
line) and about 400 years for the 10 cm model (dashed
line). The dissolution flux in the 100 cm model after the
4000th year is balanced by the diffusion flux of dissolved
silica through the sediment-water interface (Fig. 4). As
suggested by Figs. 3 and 4, the dissolution flux of bio-
genic silica is mainly controlled by the biogenic silica
content at the surface during the initial 4000 years and
by the diffusion rate of dissolved silica between the sur-
face and the dissolution front after the 4000th year. On
the other hand, the total dissolution flux in the 10 cm
model reaches zero after the 700th year due to the rapid
depletion of biogenic silica in the model domain (Fig. 4).
This is because the upward advection supplies only clay
from the burial layer, and furthermore, because no
bioturbation occurs across the bottom boundary layer in

the sediments. This suggests that the result in the 10 cm
model during the period when upward advection occurs
is strongly affected by the bottom boundary condition.
To confirm the responses under different bottom bound-
ary conditions, two other types of bottom boundary con-
ditions were newly introduced to the model. We then
evaluated sedimentary responses in the 10 cm models with
three types of bottom boundary conditions.

The three types of bottom boundary conditions are
applied to the 10 cm model as follows: (1) the clay flux
condition, (2) the explicit flux condition, and (3) the
steady-state flux condition. In the clay flux condition, only
clay is supplied from the burial layer with upward
advection, as defined in Subsection 2.2 and discussed in
Subsection 4.1. In the explicit flux condition, the con-
tents of biogenic silica and clay in the burial layer are
assumed to be equal to their contents in the deepest layer.
In the steady-state flux condition, the contents of biogenic
silica and clay in the burial layer are assumed to make
use of them at the 0th year as a historical record.

At the 500th year, biogenic silica contents in the 10
cm model with the explicit flux condition (dotted line)
and with the steady-state flux condition (dash-dotted line)
are much larger than those with the clay flux condition
(dashed line in Fig. 3b), because, under the former two
conditions, a larger amount of biogenic silica is trans-
ported from the burial layer. Under these conditions, this
supply causes biogenic silica dissolution within the sur-
face, and the silica saturation depth remains at the upper-
most few centimeters (Fig. 3e). At the 4000th year, the

Fig. 5.  Time series of the total dissolution flux of biogenic
silica, with time of the abrupt change in the biogenic silica
rain flux taken as the 0th year. The solid (dashed) line rep-
resents the 100 cm model (the 10 cm model) results with
clay flux condition. The shaded regions indicate the time
periods when the biogenic silica rain flux is equivalent to
the initial flux before the abrupt change.
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biogenic silica is absent in the model domain due to ex-
cess dissolution (Fig. 3c), which is the same response as
the 10 cm model with the clay flux condition. This means
that clay accumulated during 4000 years causes the di-
rection of advection to change from upward to downward,
which is not affected by difference among three bound-
ary conditions.

Compared with the 100 cm model, the 10 cm mod-
els with all boundary conditions underestimate the total
dissolution flux (Fig. 4). Among these models with three
boundary conditions, the dissolution flux in the steady-
state flux condition is the closest to that in the 100 cm
model (Fig. 4). However, the dissolution of biogenic silica
below the 10 cm depth cannot be simulated by any 10 cm
model. It is expected that the 10 cm model is not suitable
for the representation of abrupt changes of biogenic silica
rain flux. In the next subsection we discuss the responses
to cyclic changes of the biogenic silica rain flux caused
by climate changes, such as Dansgaard-Oeschger oscil-
lations occurring in timescales of several thousands of
years.

4.2  Sensitivity to cyclic changes in the rain flux
We demonstrate results of the 10 cm and 100 cm

models forced by the alternate rain flux of the biogenic
silica between 250 and 0 µmol cm–2 yr–1 at every 2000
years. In the 100 cm model, biogenic silica continues to
dissolve during the 2000 years (solid line in Fig. 5). At
the 2000th year, the total dissolution flux increases due

to the recommencing of deposition of biogenic silica at
the surface. At this time, the direction of the advection
flux is reversed, i.e., downward (not shown). The disso-
lution flux of biogenic silica in the 100 cm model is main-
tained at a 25% decrease averaged over 2000 years after
the abrupt change, while the flux becomes zero at the
1000th year. This is because the upward advection trans-
ports clay from the burial layer in the 10 cm model with
clay flux condition (dashed line in Fig. 5).

A notable problem in the 10 cm model is that the
dissolution flux in the 10 cm model reaches zero after the
depletion of the biogenic silica rain flux. This is due to
exaggeration of the fluctuation of the biogenic silica con-
tent (i.e., a minimum value of 0%) by the cyclic forcing,
as shown in Fig. 6. This exaggerated fluctuation in the
biogenic silica content may be misleading when burial
fluxes are recorded as long profiles. In the 100 cm model,
the minimum value of biogenic silica content is over 30%.
The spike appearing at the 2050th year is due to the rela-
tively fast passage of the sediments with vertically low-
est silica contents after the recommencement of biogenic
silica rain flux (not shown). The following section dis-
cussed the reasons why the amplitude of biogenic silica
rain flux changes affects the 100 cm model responses.

5. Amplitude Sensitivity to Rain Flux Changes in the
100 cm Model
Biogenic silica rain fluxes vary over a broad range

of values in different ocean regions and climatological
states. To apply our discussion to general situations, we
conducted case studies by changing the amplitude of the
rain flux using the 100 cm model. In these experiments,
the rain fluxes of biogenic silica are abruptly changed
between 0% (not changed) and 100% (all depleted) of
the initial rain flux of 250 µmol cm–2 yr–1.

For the abrupt rain flux changes of biogenic silica in
these individual experiments, responses of the sediments
are represented by the time evolutions of advection rate
at the deepest sediment layer. The advection rate takes a
negative (positive) value in the case of excess (lack) of
dissolution over the rain flux. We show the time series of
the advection rate at the deepest sediment layer after the
rain fluxes of biogenic silica are abruptly changed, as
described above (contours in Fig. 7). The advection rate
of about 0.64 cm kyr–1 corresponds to the rain flux of
clay, implying that all the deposited biogenic silica has
dissolved. In the cases of the small rain fluxes of bio-
genic silica, the negative advection rates occur after the
abrupt rain flux changes where the dissolution fluxes of
biogenic silica in the sediments exceed the total rain fluxes
of biogenic silica and clay (shaded in Fig. 7). The posi-
tive advection rates indicate that the dissolution rates of
biogenic silica become smaller than the total rain flux.
However, advection rates between zero and around 0.64

Fig. 6.  Time series of the content of biogenic silica at 10 cm
depth, under the same conditions as Fig. 5. Time of the
abrupt change in the biogenic silica rain flux is taken as the
0th year. The solid (dashed) line represents the 100 cm
model (the 10 cm model) results with clay flux condition.
The shaded regions indicate the time periods when the bio-
genic silica rain flux is equivalent to the initial flux before
the abrupt change.
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cm kyr–1 indicate that the dissolution does not exceed the
total rain flux, but dose exceed the biogenic silica rain
flux. That is, the dissolution of biogenic silica initially
existing in the sediments corresponds to the amount of
dissolution minus the biogenic silica rain flux. In the area
where the advection rate is over roughly 0.64 cm kyr–1,
the dissolution does not exceed the biogenic silica rain
flux, and occurs near the surface layer in most cases. The
time when the sediment compositions reaches either a true

or a quasi-steady state is recognized as the time when the
dissolution flux of biogenic silica equals its rain flux (plot-
ted in Fig. 7), which is the same as τ′  defined in Fig. 8.
Both the variability of the advection rate and the timing
of the balance between the dissolution and deposition of
biogenic silica are divided into three cases, in which the
range of the biogenic silica rain flux is: (Ia) under 45 µmol
cm–2 yr–1, (Ib) from 45 to 120 µmol cm–2 yr–1, and (II)
over 120 µmol cm–2 yr–1. The timing in regime Ia is 10

Fig. 7.  The timing (kyr), defined as the dissolution flux, which is equal to the rain flux of biogenic silica, in a series of experi-
ments by the 100 cm model (solid dots). The contour lines indicate the advection rate (cm kyr–1) at the deepest layer. The
shaded region represents the negative advection rate.

Fig. 8.  Time series of the total dissolution flux of biogenic silica (thick solid line) in cases of rain flux at (i) 25 µmol cm–2 yr–1,
(ii) 100 µmol cm–2 yr–1, and (iii) 150 µmol cm–2 yr–1. Dashed and dotted lines indicate the total rain flux defined as the sum of
rain fluxes of clay and biogenic silica, and the rain flux of biogenic silica, respectively. τ and τ′  are points of contact with the
dissolution flux and rain flux of the total and biogenic silica, respectively. Shaded regions indicate periods of the initial
condition before abrupt change.
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Fig. 9.  Vertical profiles of silicate and dissolved silica in the two cases: (i) 25 µmol cm–2 yr–1 and (ii) 100 µmol cm–2 yr–1 of rain
flux. Each snapshot of the vertical profiles is separated at (a, d) the 1000th year, (d, e) 3000th year, and (c, f) 5000th year after
abrupt change, respectively.

5000th year, when the downward advection occurs, the
dissolution takes place below the bioturbated zone due to
the depletion of biogenic silica in that zone (Fig. 9c). The
biogenic silica continues to dissolve until a layer with
high biogenic silica content is buried outside the sedi-
ment layers. If a sedimentary model has infinite depth,
the steady state solution is never obtained because of per-
manent dissolution.

In the second case, when the rain flux is 100 µmol
cm–2 yr–1, the duration of the upward advection is shorter
than that in the first case (Figs. 8a and 8b), since it is
mainly contributed by a higher rain flux of biogenic silica.
After the 3700th year, indicated as τ′  in Fig. 8b, the dis-
solution flux also decreases below the rain flux of bio-
genic silica. This means that newly deposited biogenic
silica after the abrupt change is partially buried at the
burial layer. At the 1000th year (<τ), a fraction of bio-
genic silica is supplied from the deeper layer, which can
be seen from the vertical gradient of the biogenic silica
content (Fig. 9d). The gradient gradually decreases with
biogenic silica content (Fig. 9e), and a quasi-steady state
solution is obtained in the layer above 10 cm depth at the
5000th year (Fig. 9f). The biogenic silica content de-

times longer than that in regime Ib (Fig. 7). To investi-
gate these different responses among the three regimes,
we display the time series of the dissolution flux for three
typical cases in each regime: the biogenic silica rain flux
values of 25, 100, and 150 µmol cm–2 yr–1.

In the case when the rain flux is 25 µmol cm–2 yr–1,
the dissolution flux is greater than the total rain flux dur-
ing roughly 3400 years, indicated as τ in Fig. 8a. This
means that the upward advection of the biogenic silica
occurs in balance with the loss of total sediment volume.
After the 3400th year, the advection changes to a down-
ward direction. Because the excessive dissolution flux
over the rain flux of biogenic silica is maintained until
all initially existing biogenic silica are buried and conse-
quently depleted, biogenic silica in the sediments always
decreases with time. When upward advection occurs (e.g.,
at the 1000th year), the vertical profile in the sediments
indicates that biogenic silica is supplied from the layer
deeper than 10 cm due to dissolution in the bioturbated
zone (Fig. 9a). At the 3000th year, biogenic silica dis-
solves at a depth 3 cm deeper than that of the initial steady
state (Fig. 9b). This change in depth is associated with a
decrease of biogenic silica content in the surface. At the
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creases by almost 10% at the 5000th year (Fig. 9f), com-
pared with that at the 3000th year (Fig. 9e). After the
5000th year (>τ′), the layer with high biogenic silica con-
tent (deeper than the 18 cm depth in Fig. 9f) is advected
and eventually buried, and a uniform vertical profile with
30% of the silicate content is obtained, except at the 1 cm
surface layer (not shown).

Lastly, with the rain flux at 150 µmol cm–2 yr–1, the
dissolution flux is always less than the rain flux, and
changes only by 4% of the initial value. The vertical pro-
file of biogenic silica content changes insignificantly (not
shown).

The timings in regimes Ia and Ib in Fig. 7 (also shown
as ‘τ′’ in Fig. 8b) depend on the biogenic silica rain flux,
which decreases with increasing rain flux in each regime.
The border between regimes Ia and Ib is controlled by
the dissolution flux of biogenic silica, and is not affected
by the clay content (i.e., the clay rain flux). When the
biogenic silica rain flux decreases abruptly to under 45
µmol cm–2 yr–1 from over 120 µmol cm–2 yr–1, dissolu-
tion occurs below 10 cm depth. In other words, this event
always occurs, even though the initial condition is as-
sumed to be on either pelagic or shore regions. By con-
trast, the boundary between regimes Ib and II is strongly
affected by the clay content (not shown). In the pelagic
ocean under the lower detrital supply, the boundary shifts
towards the high rain flux of biogenic silica.

In the steady state, the dissolution flux of biogenic
silica after an abrupt change of the rain flux is shown in
Fig. 10. In regimes Ia and Ib, the dissolution flux of bio-
genic silica is proportional to the rain flux of biogenic
silica. That is, the biogenic silica deposited after the abrupt

change is almost dissolved. In regime II, the increments
of the dissolution flux decrease significantly with increas-
ing rain flux. The reason for the restrained dissolution is
that dissolution is controlled by two factors: (1) the bio-
genic silica content in the sediments, and (2) the diffu-
sion flux of dissolved silica in the pore water. The extra-
high rain flux raises the biogenic silica content to almost
100%, so that the dissolution flux never exceeds the up-
per limit of the diffusion flux in the pore water. When
increasing biogenic silica in the sediments is effectively
buried, we call this mechanism the ‘capping effect’.

For the 10 cm model, the sedimentary responses to
the abrupt change of rain flux in regimes Ia and Ib are
difficult to simulate properly. This is due to the dissolu-
tion under 10 cm depth (in regime Ia) and the supply of
sediments from under 10 cm depth to the surface (in re-
gimes Ia and Ib). The 10 cm model cannot be used to
estimate the biogenic silica dissolution flux associated
with rain flux changes.

6.  Summary and Remarks
We conducted experiments using the CIP and for-

ward scheme, under alternating rain fluxes between bio-
genic silica and clay with intervals of 1 kyr. The results
demonstrate that fluctuations of the biogenic silica con-
tent and the age tracer in sediments associated with the
rain flux change were erased by the forward scheme, yet
were conserved by the CIP scheme. In addition, the nu-
merical diffusion of the forward scheme smoothed pro-
files of biogenic silica below the bioturbated zone, which
indicates that the numerical diffusion is stronger than the
bioturbation. The forward model is therefore unsuitable
for simulating the long profiles of sediment components
required for integrations of long timescales. The age tracer
of the CIP model was distributed stepwise due to the tem-
poral discontinuities of the biogenic silica dissolution in
the sediments. The CIP model enables us to represent
extreme hiatus events.

The comparison of responses for abrupt depletion in
rain flux of biogenic silica between the 100 cm model
and the 10 cm model shows that the latter underestimated
the dissolution flux of biogenic silica and responded more
quickly. This is because only clay has been supplied from
10 cm depth in association with the upward advection,
and also because the dissolution below 10 cm depth was
ignored after the depletion of biogenic silica above this
depth. The e-folding time for dissolution according to the
10 cm model was around 2000 years faster than that given
by the 100 cm model, as biogenic silica was depleted in
the top 10 cm of the sediments only 700 years after the
abrupt change. Neglect of biogenic silica preservation
under the 10 cm depth in the 10 cm model exaggerates
responses in the case of cyclic changes of the rain flux
with a period of 2000 years, comparable to the time scale

Fig. 10.  Total dissolution flux of biogenic silica in the steady
state after abrupt change. The solid dots denote the 100 cm
model results. The dotted (dashed) line shows the maxi-
mum of dissolution flux (a 1:1 relation between the rain
flux and the dissolution flux).
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of Dansgaard-Oeschger oscillations.
In the case of upward advection, the model that re-

stores burial fluxes to long profiles seems to be useful in
accurately representing the advection from the burial
layer. Our results with the 10 cm model simulations with
some boundary conditions, however, indicate that the dis-
solution under 10 cm depth remains underestimated.

We conducted case studies with the 100 cm model in
which we changed the amplitude of the rain flux change.
The amplification of the rain flux change caused three
types of sedimentary responses: (Ia) the dissolution was
never under the rain flux of biogenic silica; (Ib) the dis-
solution was temporarily over the rain flux, but was even-
tually beneath it at the end; and (II) the dissolution was
always under the rain flux. Especially in regime Ia, the
timings took over 50 kyr to reach a quasi-steady state in
the vertical profiles. This is due to the continuous disso-
lution below the 10 cm depth until initially existing bio-
genic silica had been completely buried. As these re-
sponses were independent of the initial flux condition,
the 10 cm model could be responsible for underestimat-
ing biogenic silica dissolution in either pelagic or shore
sediments.

In discussions of dissolved matter inputs from
sediments to marine silica-carbonate biogeochemical cy-
cles, it is troublesome to evaluate the dissolution flux and
the timescales of the response in sediments using the 10
cm model because these results are dependent on model
depth. The model depth should therefore be selected so
as to be sufficient for assessing timescales of noticeable
fluctuations. In this respect, the 100 cm model would be
more useful for estimating the still unknown time-lagged
correlation between dust deposition change and atmos-
pheric pCO2 change, especially for transitions from gla-
cial to interglacial periods. In future work we expect to
apply the CIP model to data assimilations, and reconstruc-
tion of rain fluxes and chemical concentration in the bot-
tom ocean from a multiple corer.
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