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[1] The silicon isotopic composition of opal sediments can be used as a proxy for past Si
utilization, and hence paleoproductivity for a fixed ocean circulation. Interpretation of
this Si utilization proxy is limited by our understanding of the present marine Si isotope
distribution. Observations show significant isotopic variations is silicic acid between
deep-water masses that are not captured by a previous global climate model
(GCM). Here, simple box models of the global oceans for the Si cycle are presented,
which can account for the observed 0.3% difference between Atlantic and Pacific
deep-water d30Si values, using typical opal export fluxes. The d30Si gradient
results from both a high d30Si of dissolved Si overturning in the North
Atlantic and the dissolution of low d30Si of opal in the deep waters around
the Southern Ocean that feed into the Pacific.
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1. Introduction

[2] The marine biogeochemical cycle of silicon (Si) is
distinct from the other major nutrients since silicic acid is
not significantly utilized by carbonate producers but heavily
utilized by phytoplankton in the high latitudes, where
diatomaceous primary production dominates. Furthermore,
the dissolution of biogenic opal is significantly slower than
for exported particulate organic matter (POM), leading to
deeper dissolution of Si with a significant release of Si
down to the sediment-water interface. This leads to increas-
ing Si:P ratios of deep waters with increasing depth and
ventilation ages from the Atlantic to the Pacific, as shown in
Figure 1. Another striking aspect of the marine silicic acid
distribution is the sharp horizontal concentration gradient
around the Southern Ocean, so that it appears that there is
apparently little transport of Si out of the Southern Ocean; Si
is effectively ‘‘trapped in the Southern Ocean’’ [Sarmiento
and Gruber, 2006] and the Southern Ocean causes a ‘‘bio-
geochemical divide’’ [Marinov et al., 2006]. The biogeo-
chemical cycle of Si is thus quite distinct from the other
nutrients (N and P), due to the disproportionate importance
of diatoms in the export of organic matter from the surface
oceans [Buesseler, 1998; Kemp et al., 2000].
[3] The global utilization of silicic acid by diatoms is

estimated by several methods to be �240 ± 40 Tmol Si a�1

within the surface ocean [Nelson et al., 1995], with about
80 ± 18 Tmol Si a�1 of opal production that occurs within
the Southern Ocean [Pondaven et al., 2000] (33 ± 6%). Most
estimates from the extrapolation of observations imply that
the global export is approximately half of the utilization by

primary productivity in the surface oceans, i.e., half of the
diatoms produced are redissolved in the surface oceans
[Nelson et al., 1995; Brzezinski et al., 2001], so that export
fluxes are about 120 ± 40 Tmol Si a�1 [Treguer et al., 1995],
of which about 30–50% occurs in the Southern Ocean
[Gnanadesikan, 1999]. However, there are major disagree-
ments in the export of Si in the Southern Ocean between
different global climate models (GCMs), with estimates
ranging from 23 to 171 Tmol Si a�1 [Gnanadesikan,
1999]. This large range is primarily due to the eddy param-
eterization of advection within the Southern Ocean, with
large estimates derived from models without eddy-induced
advection and very high convection [Dunne et al., 2007].
Models with the reduced convection have lower estimates of
Si export (both globally and in the Southern Ocean) with
export from the Southern Ocean of about 28–48 Tmol Si a�1

[Gnanadesikan and Toggweiler, 1999], in agreement with
observations. The Si biogeochemical cycle is thus still quite
poorly represented in global biogeochemical models, espe-
cially given the impact on global climate from alteration of
this cycle. The use of stable Si isotope variations may help
with such quantification, especially for past variations,
analogous to the studies of d13C variations.
[4] Recent exploration of the marine Si stable isotope

distribution has revealed a paradox: model results predict
little isotopic variations in deep water [Wischmeyer et al.,
2003], while all available data show significant variations
between the world’s ocean basins. Here we utilize multibox
models to resolve this paradox and ascertain what features
of the Si cycle may generate the observed variations in
modern deep-water compositions.

2. Using Si Isotopes as a Utilization Proxy

[5] Analogous to C and N isotopes, biological activity
induces stable isotope fractionation of Si, with preferential
uptake of the lighter isotopes during biological utilization.
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With increased utilization of Si, the resultant waters become
increasingly enriched in the heavier stable isotopes, as the
opal produced and exported from the surface oceans is
isotopically lighter than the dissolved Si. For Si, with three
stable isotopes; 28, 29 and 30, changes in the atomic weight
of Si are expressed as variations in the 30Si/28Si ratio in
parts per thousand, relative to a standard (d30Si). As
variations are mass-dependent these are approximately
equivalent to twice the variations in the 29Si/28Si ratios,
which are sometimes measured instead of 30Si/28Si
[Cardinal et al., 2005]. Recent analytical developments
have enabled these ratios to be determined relatively pre-

cisely (about 0.1%), even for surface seawaters with Si
concentrations lower than 10 mM [Reynolds et al., 2006].
[6] To date there are relatively few published Si isotope

measurements to define its deep-water distribution (n = 112,
>1000 m) [De La Rocha et al., 2000; Varela et al., 2004;
Cardinal et al., 2005; Reynolds et al., 2006]. However, from
the available data, there is a clear isotopic gradient between
the Atlantic and North Pacific waters, as shown on Figure 2
(significant difference at p < 0.01, even given a 0.1% sSD
error). The d30Si values in the NW Atlantic, where Si
concentrations are typically less than 30 mM, are around
+1.4%, while in the North Pacific the d30Si values are

Figure 1. The global distribution of dissolved P and Si concentrations at 3000 m water depth, in mM,
from the World Ocean Atlas 2001 [Conkright et al., 2002], plotted using ODV software (R. Schlitzer,
Ocean-Data-View, 1999, available at http://odv.awi.de/en/home/). Concentrations increase from the North
Atlantic via the Southern Ocean to the North Pacific, although phosphate does not increase as much as Si,
leading to increased Si:P ratios.
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around +0.8%, with Si concentrations above 140 mM. The
considerable degree of scatter in the data may indicate that
the average interbasin difference is actually not as large as
this extreme 0.6% difference between the NWAtlantic and
North Pacific. As the data have been produced by several
laboratories using a variety of different analytical techni-
ques, all of whom have been shown to reproduce the
various international standards to within 0.2% [Reynolds
et al., 2007], these differences do not appear to be caused by
analytical artifacts. The 0.6% d30Si difference is very large
compared to the fractionation factor associated with biolog-
ical uptake in the surface oceans, which is predominantly
due to the formation of biogenic opal by diatoms. From
experimental cultures of diatoms, the d30Si fractionation to
diatomaceous opal from ambient seawater (e) is �1.1%
[De La Rocha et al., 1997], a value that is consistent with
the change in d30Si values in the surface waters of the
Southern Ocean [Cardinal et al., 2005].
[7] There are differences in deep-water d13C values be-

tween the Atlantic and Pacific [Broecker and Peng, 1982],
but no d15N differences [Sigman et al., 2000]. Such con-
trasting behavior has been considered to evolve from the
different utilization efficiencies of C and N in the surface
oceans. Since both N and Si are typically highly utilized by
phytoplankton in the surface oceans, to a first approxima-
tion, the d30Si distribution should be akin to the d15N
distribution. Inclusion of Si isotopes into a Global Ocean
Circulation model (detailed in section 3), also predicted no
Si isotope differences between deep-water masses. The
interbasin difference shown in Figure 2 is thus hard to
reconcile with our current understanding of the stable

isotope distribution of nutrients, or at least the marine Si
biogeochemical cycle.

3. Previous Modeling of Silicon Isotope
Distribution

[8] The modern silicon isotope distribution has been
estimated using a general circulation model (GCM), by
Wischmeyer et al. [2003]. This detailed approach used
the Hamburg Model Ocean Carbon Cycle, version 4
(HAMOCC4), which follows biologically active element
tracers over 3 steps within an ocean dynamic representation
at a monthly resolution of 3.5� grid size and 15 vertical
layers, taken from large-scale geostrophic ocean circulation
model (LSG [Maier-Reimer et al., 1993]). Phytoplankton
uptake is limited by P, and Si concentrations, at rates
controlled by light, temperature and nutrient availability.
The Si isotope fractionation is modeled as a Rayleigh-type
fractionation process during the opal production within the
surface layers. It is noted that ‘‘biological production in the
Southern Ocean and in the North Pacific draws too many
nutrients out of the surface, and thus surface nutrient
concentrations are too low’’ due to the absence of iron
limitation [Wischmeyer et al., 2003]. The total Si export of
this model was 177 Tmol a�1 at 100 m water depth and
about 140 Tmol a�1 at 250 m.
[9] The results of the HAMOCC4 model show high Si

isotope compositions and low concentrations within the
surface waters of the subtropical gryes, but very little
variations outside this region, including the Southern Ocean
(>40�S). Indeed, the model predicts isotopic variations in

Figure 2. A probability frequency of published d30Si values of deep waters (>1000 m) from the North
Atlantic, Southern Ocean, and North Pacific (calculated assuming all data precision of 0.1% 1sSD using
ISOPLOT [Ludwig, 1999]).
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the deep sea (>1000 m) are <0.1% globally (excluding a
small area under the eastern equatorial Pacific), unlike the
distribution shown in Figure 2. The model also predicts that

seasonal variability in d30Si is strongest in the subtropical
gyres and significantly weaker at high latitudes, while
seasonal variations in Si concentrations and thus Si utiliza-
tion are higher in high latitudes. The model was also used to
estimate the Si isotope composition of opal. This isotope
distribution has similar geographic distributions as the d30Si
values of the surface waters, reflecting the �1.1% fraction-
ation factor between the opal and silicic acid, but with a
slight equatorial shift in the maximal d30Si values. No large
changes in the opal d30Si values were predicted for the
Southern Ocean, contrary to more recent observations
[Varela et al., 2004]. Unfortunately, not enough details of
the model output are given to assess why the model does
not generate the observed deep-water variations, so here a
new simpler model is described in order to assess why the
observed deep-water Si isotopic gradient exists.

4. The Seven-Box Model

[10] The multibox model shown in Figure 3 is based on
the model presented by Toggweiler [1999], for C and P, and
will be referred to as the T99 model. The sizes of the boxes
and the water fluxes between them are detailed in Figure 3
and Table 1 and are mostly the same as the T99 model. The
seven-box model allows for distinction of Atlantic deep
waters (principally derived from North Atlantic Deep Water,
a ‘‘NADW’’ box) from deep waters of the Southern Ocean,
Indian, and Pacific (which are principally derived from
circumpolar deep waters, a ‘‘CPDW’’ box), as well as from
middepth intermediate water (principally derived from Ant-
arctic Intermediate Water, a ‘‘AAIW’’ box) that mixes with
the low-latitude surface ocean (low-latitude surface box).
The other boxes represented are a subantarctic surface ocean
(surface subantarctic box), and two polar surface oceans for
the Northern and Southern hemispheres (surface subarctic
box and surface Antarctic box, respectively). There is strong
vertical mixing in the Southern Ocean (between the CPDW
and surface Antarctic boxes), and between the low-latitude
surface oceans and the underlying midlayer box (AAIW
box), as shown in Figure 3. However, I have made one
major modification to the T99 model; the relative size of the
two deep-water boxes has been changed. The previous
model has a volume for the NADW box which is over half
the global ocean, which aimed to represent ‘‘all the ocean’s
mid-depth water between 1000 and 3000 m’’ [Toggweiler,
1999, p. 580]. For the box model here, the NADW box is
reduced in volume to represent only the Atlantic Basin (1/3
of the area of the ocean, excluding the surface Antarctic
box), to a depth of 3000 m (total volume of 207 � 1015 m3,
compared to 663 � 1015 m3 in T99). Along with the
reduction in the areal extent, the flux of water though the
NADW box is similarly reduced, with the remaining waters
from the surface subarctic box advecting into the CPDW
box (representing the Pacific).
[11] Adaptations are required to parameterize the con-

trasting marine biogeochemical cycle of Si compared to
those of the other major nutrients (N, P and C). Since there
are no significant atmospheric inputs for Si, the model can
be simplified by the removal of an atmospheric box mixing
with the four surface ocean boxes used in T99.

Figure 3. A schematic diagram of the seven-box model
from (a) Toggweiler [1999] and (b and c) used here,
separated into the advected dissolved fluxes (Figure 3b) and
the particulate opal fluxes (Figure 3c. Fluxes for the
overturning circulation FO, the low-latitude surface mixing
(FLM = FML) and the Antarctic polar mixing (FPD = FDP) are
20, 40, and 60 Sv, as previously used [Toggweiler, 1999].
The overturning flux from the high northern latitudes
(surface subarctic box) is divided into one third overturning
into the NADW box but two thirds overturning into the
CPDW box. The particulates fluxes (f) (in Figure 3c) from
surface Antarctic, surface subantarctic, low-latitude surface,
and surface subarctic boxes dissolves in the AAIW, NADW,
and CPDW boxes, with the proportion dissolved in the
AAIW and NADW boxes defined by (z/z0)

�0.2, where z is
the depth at the bottom of the box and z0 is the depth of the
box above.
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[12] The dissolution of opal as it sinks through the water
column is slower than for organic matter or carbonates, so
that the proportions of the export which are dissolved into
boxes AAIW and NADW are lower for Si, leading to high
Si-to-nutrient ratios in the deeper box (CPDW box). The
dissolution rate of Si, compared to that of organic N (or
Phosphate), is about 2.5 to 8 times slower [Sarmiento et al.,
2007], depending upon the ocean basin. Parameterizing the
slower Si dissolution rate can be scaled to those of P given
in T99, using the reduction in export (f) with depth (z) as
f (z) = (z/z0)

�b, where b is lower for Si and z0 is the depth at
the bottom of the surface box. Dissolution within the AAIW
box for C and P was previously modeled as 80% of export
but is reduced to only �36% for Si, as b is reduced to 25%.
The proportion of dissolution between the deeper boxes is
also adjusted in line with changes in their relative areal
extent, so that only a third of the remaining Si can be
dissolved in the NADW box between 1000 and 3000 m. It
should be noted that under the surface subarctic box, the
proportion of the export flux into the NADW box may be
considered too high because there is much less northern
hemisphere opal production at high latitudes in the Atlantic
compared to the North Pacific. Hence, dissolution in the
NADW box from the surface subarctic box could be further
reduced, in line with estimates of the relative opal produc-
tion in the North Atlantic (4.8 Tmol a�1) compared to North
Pacific (17.3 Tmol a�1) [Dunne et al., 2007]. Any box
model should not be expected to capture the real complex-
ities, so additional refinement of this model is not consid-
ered appropriate, and the box names are schematic rather
than reference to actual water mass properties. The resultant
parameters defining the seven-box model for Si are shown
schematically in Figure 3.
[13] The multibox model is solved for steady state, such

that the inputs and outputs of each box are balanced, first in
their water flux (equation (1)), second in the Si mass flux
(dissolved and particulate) (equation (2)) and third their

isotopic mass balance (equation (3)), which can be summa-
rized as

X

y

Fxy ¼ 0 ð1Þ

X

y

Y½ � � X½ �ð ÞFxy ¼ Px �
X

y

fxyPy ð2Þ

X

y

dy Y½ � � dx X½ �
� �

Fxy ¼ dx þ eð ÞPx �
X

y

dy þ e
� �

fxyPy ð3Þ

where Fxy, [X], Px, fxy, dx and e, represent the water mass
flux from box y to box x, the Si concentrations in box x, the
opal flux from box x, the proportion of productivity from
box y that dissolves in box x, the Si isotope composition of
box x, and the d30Si fractionation between opal and
seawater (�1.1%), respectively.
[14] The isotopic mass balance formulated in this way

using d30Si for the isotopic composition explicitly requires
that the normalizing isotope (28Si) does not change in its
relative abundance, and this approximation is valid for small
isotopic variations described by the d notation. The Si
isotope composition of the model is constrained by the
fractionation in the surface box such that the dissolved Si
isotope composition is a constant value, e, higher than the
exported particulate Si. This is a steady state model for
isotope fractionation, rather than the Rayleigh-type often
described. Here we are assuming that within the surface
layer additional inputs are well mixed and that the Si isotope
composition remains at steady state. Conservation of mass
gives:

d30Siopal ¼ d30Siseawater þ e 1þ X½ �= Y½ �ð Þ ð4Þ

Table 1. Parameters Used to Construct the Seven-Box Modela

Box

Previous

Name

Surface

Area

(%)

Area

(1012 m2)

Depth at

Base

(m)

Volume

(1015 m3)

Water

Flux

(Sv)

tres
(years)

Export

Flux

(Tmol P a�1)

Opal Flux

(f) (Tmol Si a�1)

f Si:P

(M)

Export

Flux per

Unit Area

(mol Si m�2 a�1)

Surface Antarctic P 5 17 250 4.4 80b 2 0.22 (0.11) 15 68 0.88

Surface subantarctic S 10 35 250 8.7 20 14 0.63 20 32 0.57

Low-latitude surface L 75 262 100 26.2 60c 14 2.07d (2.15) 48d 23d 0.18d

Surface subarctic N 10 35 250 8.7 20 14 0.63 16 25 0.46

Antarctic Intermediate

Water (AAIW)

M 85 297 1000 (900e) 262 (267) 60c 140 �2.16d �22d 10d �0.08d

North Atlantic Deep

Water (NADW)

A 28.5 (90) 95 (349) 3000 (2900e) 207 (663) 7 (20) 986 (1057) �0.32d �5d 16d �0.05d

Circumpolar deep

waters (CPDW)

D 100 349 3702 775 (314) 80b 309 (127) �1.29d �71d 55d �0.20d

Average 26c 0.28c

Total 100 349 1292 3.77d 98

aValues from Toggweiler [1999] are in parentheses if different.
bSum of FO and FPD,
cSum of FO and FLM,
dValues are not fixed, and the value is for the steady state solution, with total oceanic P and Si contents of 2.77 and 108 Pmol.
eBoxes defined by constant thickness rather than constant depth.
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where [X]/[Y] is the ratio of the Si concentration in the
surface box, [X], compared to the concentration of the
advected inputs [Y]. For example, low-latitude surface box
has an input isotope composition equal to that of the AAIW
box, and undergoes 100% utilization leaving the waters
completely depleted in Si, and by conservation of mass, the
biogenic opal export is equal in magnitude and isotopic
composition to that upwelling Si flux, i.e., the opal export
from low-latitude surface box has the same d30Si value as
the dissolved Si in the AAIW box, and the d30Si of low-
latitude surface box would have the value of the AAIW box
plus the fractionation factor.
[15] It should be noted that for the deeper boxes (where

there is no particulate export), the total flux out of the box
equals FT[X], where FT is the advected water flux. The
residence time of X in the box equals [X]V/[X]FT, that
reduces to V/FT, where V is the volume of the box. This
means that the Si residence time in the deeper boxes is the
same as the residence time of water defined in the model
setup using the fluxes from T99. The residence time of the
CPDW box is thus about 300 years for water, Si and P.
Furthermore, the total amount of nutrients in the oceans is
related to the global export flux from the surface oceans
(excluding the small degree of dissolution within the AAIW
box).
[16] The oceanic Si geochemical cycle can operate with-

out external (terrestrial or dust) inputs, since riverine inputs
to the surface oceans of �5 Tmol a�1 [Treguer et al., 1995]
are small compared to these large export fluxes. Dust,
weathering of the seafloor and hydrothermal Si inputs are
estimated to be all less than 1 Tmol a�1 [Treguer et al.,
1995] and are thus negligible. Addition of a surface input
term and opal output term to the model would not strongly
affect the results presented here, which focuses on the
distribution within the oceans. However, assuming steady
state on time scales >10,000 years the average isotopic
composition of the biogenic opal deposited in the oceans is
equal the composition of the dissolved inputs into the
oceans. The long-term average isotopic composition of the
oceans is thus strongly linked to the oceanic inputs, even
though their d30Si values may not be equal.

5. Discussion

[17] Application of the seven-box model described here
requires choosing suitable input parameters, before solving
the model for P, then for Si concentrations, and then
ultimately for Si isotope distribution that is prescribed by
these input parameters. I will finally discuss the sensitivity
of the results to the choice of input parameters and model
described. The main input parameters to this multibox
model are the Si export fluxes from the surface oceans
and the advected fluxes. Here the advected fluxes used are
equal to those of T99.

5.1. Constraints on Export Flux Input Parameters

[18] For the low-latitude surface box, the export flux is
prescribed by the low-latitude mixing flux ([Si]LFlm), as Si
is considered to be 100% utilized. The choice of suitable
export fluxes for the other three surface boxes has been
considered in three ways: (1) fluxes per unit area to match

sediment trap observations, (2) comparison with P fluxes, so
that the model captures observed Si:P ratios, and (3) total
fluxes similar to previous Si models.
[19] A compilation of global annual sediment trap data

[Ragueneau et al., 2000] has estimated that Si fluxes vary
between 0.01 in the North Atlantic and from 0.4mol.m�2.a�1

to 1 mol.m�2.a�1 in the Southern Ocean, sometimes up to
3.5 mol.m�2.a�1 [Nelson et al., 1995]. For the low-latitude
surface box estimate of fluxes of 0.1–0.2 mol.m�2.a�1

[Ragueneau et al., 2000] over 262 � 1012 m2, equates to
26–52 Tmol a�1. Given the size of the Southern Ocean
(about 50 � 1012 m2), an average export flux of
0.5 mol.m�2.a�1 [Pondaven et al., 2000] equates to a
Southern Ocean opal flux of 25 Tmol a�1. Given that the
surface area of the high-latitude surface boxes of 17–35 �
1012 m2, the export flux input parameters should be in the
region of 10–30 Tmol a�1 per box, based on the sediment
trap observations [Ragueneau et al., 2000]. Considering the
Southern Ocean to consist of both the surface subantarctic
andAntarctic boxes, this estimate is broadly in line with other
extrapolations of Si export in the Southern Ocean (that range
from <32 [Leynaert et al., 1993] up to 50 Tmol a�1 [Treguer
and Van Bennekom, 1991]).
[20] Given typical Redfield N:P export ratios of 16, and

Si:N ratios of diatomaceous opal export of 1–4, Si:P ratios
should vary from about 16 to 64, with higher values
typically found in high-nutrient low-chlorophyll regions.
On the basis of the P fluxes given in T99, Si fluxes should
be about 5, 20, 40–60, and 20 for the surface boxes, going
from south to north respectively. Si fluxes as low as 5 Tmol
a�1 from the surface Antarctic box imply low Si flux per
unit area, and so perhaps the P flux from this box was
previously underestimated. Larger P export fluxes are in
agreement with estimations of the relative contribution of
the Southern Ocean to the global export (about 10% for P)
[Dunne et al., 2007]. Recently published estimates of the
organic matter export have a significantly reduced the
importance of the Southern Ocean on the global Si export
(28%) [Dunne et al., 2007], due to the relatively low
chlorophyll in the subpolar Southern Ocean, and the model
for the ratio of particle export to primary productivity used
[Dunne et al., 2005]. However, other studies conclude that
the Southern Ocean may play an even bigger role, with
estimates of opal dissolution in the Southern Ocean as high
as 71 Tmol Si a�1 [Sarmiento et al., 2007].
[21] Application of the PANDORA steady state geochem-

ical box model for the oceans [Broecker and Peng, 1986],
has been applied to the Si cycle with differing estimates of
global and Southern Ocean Si export [Broecker and Peng,
1986; Peng et al., 1993; Nelson et al., 1995]. Low estimates
of Southern Ocean export (23.6 Tmol Si a�1 [Nelson et al.,
1995]) result from high Si concentrations in the surface
Antarctic Ocean. However, when lower concentrations
typical of the high opal productivity zone are used [Peng
et al., 1993], the percentage of global Si export from the
Antarctic increases to over 30%. These published models all
estimate the global export flux of Si to be in the region of
99 to 120 Tmol Si a�1 [Broecker and Peng, 1986; Peng et
al., 1993; Nelson et al., 1995], but may underestimate the
export from the equatorial regions since the PANDORA
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model does not include an equatorial upwelling term. This
model can also be used to estimate the Si isotope distribu-
tions as shown later, but has many more degrees of freedom
for the Si cycle, which is not fully constrained by the 14C
used to calibrate the appropriate carbon fluxes.
[22] In summary, large estimates of the Si fluxes

(>100 Tmol Si a�1) require high Si uptake and export over
extremely large areas of the oceans, which have not been
observed, and smaller estimated fluxes do not account for
enough Si enrichment in deep waters. The export fluxes
chosen as input parameters are given in Table 1, and
correspond to a total of 108 Pmol of Si in the oceans with
the advective parameters used, in accordance to estimates of
the total silicic acid in the world oceans. Although their
absolute values may not be very well constrained, it will be
shown later that the results of the isotopic composition are
not strongly dependent upon these input parameters, given a
Southern Ocean export flux which is 35 ± 8% of the global
export.

5.2. Steady State Solution

[23] The model was first solved for P, with the values
given in Table 1, to compare with T99, which had a larger
NADW box and smaller P export flux from the surface
Antarctic box. The distribution of P concentrations between
the boxes is constrained by simply setting the concentration
in the low-latitude surface box to zero, and the total P in the
oceans (2770 Tmol). The correlation between the two
models is given in Table 2, and demonstrates that the model
presented here (Figure 4a) generates a similar distribution of
P to that of T99 for similar input parameters, and so this
model should provide similar results for C and N cycles, if
the same additional atmospheric box had been included.
The carbon cycle model gives a difference in d13C values
between the two deeper boxes (NADW and CPDW) of
0.27%. Since the total P remains constant, but the size of
the more enriched box is enlarged, the concentrations given
by the model presented here are smaller in all boxes (by
about 15%).
[24] Next the model was solved for Si, with the values

given in Table 1. The steady state solution corresponds to a
total Si export flux of 98 Tmol a�1, so that the low-latitude
surface box has an export flux of 48 Tmol a�1. The low Si
export flux per unit area (0.2 mol.m�2.a�1) agrees well with
other modeled fluxes at low latitude [Dunne et al., 2007].
One surprising result is that the amount of Si which

dissolves within the CPDW box is 71% of the global export,
and that the Atlantic receives only 5%. This is primarily
caused by the small areal extent of the Atlantic and the slow
dissolution rate for Si, which allows more opal to sink
through the NADW box into the CPDW box. Such a large
contribution of the global export into the CPDW box may
seem high, but this box represents 60% of the volume of the
oceans. Furthermore, recent estimates of the amount of Si
released below 2000 m water depth (90 Tmol a�1) agree
very well with the Atlantic receiving only 5% of this
Si dissolves at depth, while the Southern Ocean receives
71 Tmol a�1 [Sarmiento et al., 2007]. The agreement
between these very different calculations would suggest
that the dissolution rate used here is appropriate, even
though the rate implies that globally about 50% of the Si
export may reach the seafloor, before being redissolved into
the overlying deep waters.
[25] Given the concentration distributions of the box

model, we can assess how well it captures the observed
features of the modern ocean. However, since the input
parameters are chosen to fit observed data, there should be
reasonable agreement, and a good fit to the data should not
be considered a robust proof that the model captures the real
dynamical processes defining nutrient distributions. The
model aims at capturing the Atlantic-Pacific gradient in
deep-water concentrations, so we first need to define what
these concentrations are. Within the Atlantic there is a
strong north–south gradient in deep-water concentrations
driven primarily by the mixing of northern and southern
sourced deep waters as shown in Figure 1. Within North
Atlantic Deep Water, P and Si concentrations are in the
ranges from 1.1 to 1.5 mM and from 11 to 40 mM,
respectively, with mean concentrations of 1.3 and 35 mM.
For the rest of the deep waters, as shown in Figure 1, P and
Si concentrations are much higher, with Si:P ratios typically
over 40 rather than under 30. Average P and Si concen-
trations in the Indian, Southern Ocean, and Pacific deep
waters are approximately 2.4 and 130 mM, which is thus
a Si:P molar ratio of �60. Assuming similar concentrations
of nutrients in intermediate waters as Atlantic waters,
these concentrations are equivalent to total P and Si in the
model of 2.5 and 117 Pmol, respectively. Given the mod-
eled total P and Si parameters are 2.77 and 108 Pmol,
respectively, the model overestimates P concentrations and
underestimates Si concentrations by about 10% each. The P
and Si concentrations from the model results are shown in

Table 2. Solutions of Seven-Box Model, Using the Values Given in Table 1 and Total Oceanic P and Si Contents of 2.77 and 108 Pmola

Box Box
P Concentation
From T99 (mM) P Concentration (mM) Si Concentration (mM) Si:P (M)

Silicic Acid
d30Si (%) Opal d30Si (%)

Surface Antarctic P (2.9) 2.4 109 45 1.16 0.06
Surface subantarctic S (1.9) 1.4 78 56 1.48 0.38
Low-latitude surface L (0.0) 0.0 0 - 2.48 1.38
Surface Arctic N (0.9) 0.6 12 20 2.12 1.02
AAIW M (1.9) 1.6 38 24 1.38 1.16
NADW A (1.9) 1.9 36 19 1.40 1.03
CPDW D (2.9) 2.5 115 46 1.10 0.83
Average (2.1) 2.1 84 40 1.15 0.91

aThe P concentrations given in parentheses are from Toggweiler [1999].
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Figure 4, and are in good agreement with the observed
values mentioned, given the 10% error in the overall
concentrations. The model reproduces that Atlantic waters
have only about 30% of the Pacific deep-water Si concen-
tration and about half of the P concentration. To a first
order, the concentration gradients are driven by low con-
centrations in the waters advected into the NADW box, and
high dissolution into the deep CPDW box. The modeled P
concentrations more closely match observed concentrations
than those of T99, so that we can assume that this model
emulates some of the main geochemical properties of the

thermohaline conveyor, even though it does not depict any
of the dynamic mixing of the oceans.
[26] After finding the steady state solution for the Si

concentrations, the proportion of Si utilized in the surface
boxes can be calculated as the ratio of the opal export (fx) to
the total advected inputs into the box. This utilization ratio
defines opal and dissolved d30Si values that are fixed to be
offset from each other by 1.1%, as given in equation (4).
For the low-latitude surface box this utilization is always
100% and the export opal has the same isotope composition
as the advected inputs, and for the surface Antarctic box the

Figure 4. Solutions for the seven-box model, as detailed in Table 2, for (a) dissolved P concentrations
(in mM), (b) the particulate opal fluxes, (c) dissolved Si concentrations (in mM), (d) the annual opal
export fluxes being exported from the surface boxes and dissolved in the lower boxes, (e) dissolved d30Si
values, and (f) particulate d30Si values (in %, relative to NBS28) being exported from the surface boxes
and dissolved in the lower boxes.
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utilization is relatively small so that the dissolved compo-
sition is close to the advected inputs. There is one other
constraint needed to solve the isotope composition for all
boxes that can be chosen as either (1) the average d30Si
values of the oceans, (2) the d30Si value within any one of
the boxes, or (3) the d30Si values of the opal flux. Since the
Si concentrations are set by the total Si content of the whole
oceans, an analogous approach of setting the average d30Si
value of the oceans has been used here.
[27] The isotope composition of the steady state solutions

is shown in Figure 4, using an average d30Si value set to
+1.15%. This d30Si value is arbitrarily set and is approx-
imately the average value of deep waters in the Southern
Ocean [Cardinal et al., 2005]. There is a difference in the
d30Si values of the deep-water boxes of 0.3%, and thus to a
first order, the model does predict the observed d30Si
gradient from the Atlantic to the Pacific. The difference
must come from relatively high d30Si inputs to the NADW
box and low d30Si inputs to the CPDW box. The model
further predicts that the average opal composition is +0.9%
(Table 2), which is similar to the estimates of the average
d30Si of riverine inputs (�+0.8%) [De La Rocha et al.,
2000; De La Rocha and Bickle, 2005], and thus the oceans
may be in isotopic equilibrium. As no input parameter has

to be modified in order to match observations, the Si isotope
distribution described here supports the estimates of the Si
cycle, with global export of about 100 Tmol Si a�1, of
which 30% occurs in the Southern Ocean, 50% in the
subtropical gyres and equatorial regions and 20% in the
high latitudes in the Northern Hemisphere. So the question
remains: what input parameters impose the observed Si
isotope contrast between the deeper boxes?

5.3. Sensitivity

[28] In order to assess the sensitivity of the model results
to the input parameters, each parameter was both increased
to 140% and reduced to 70%, which should encompass the
likely errors of the chosen input parameters. The resultant
changes are shown in Figure 5. Although the estimated
concentrations and d30Si values vary, the model result of a
d30Si gradient between the Atlantic and Pacific is reason-
ably robust. The Si concentration in the CPDW box are
tightly constrained by the total Si of the oceans, although
the changes in the input parameters, most notably the
overturning flux, can lead to redistribution of the dissolved
Si into the AAIW, surface subarctic and NADW boxes from
the CPDW box. If the overturning flux is reduced too much
(to 15 Sv), then there is not enough Si advected into the

Figure 5. Solutions of the seven-box model for the dissolved Si isotope composition of the NADW and
CPDW boxes plotted as d30Si values versus concentrations. Also shown are published literature d30Si
values of silicic acid for water depths of 1000 m and below for the Atlantic, Southern Ocean, and Pacific
[De La Rocha et al., 2000; Varela et al., 2004; Cardinal et al., 2005; Reynolds et al., 2006], which has an
error of 0.1% 1sSD corresponding to the reproducibility between different group and analytical
techniques [Reynolds et al., 2007]. The model uncertainty envelopes have been estimated by changing all
input parameters (f and F fluxes, dissolution rate b = 0.2, and 33% separation of FO into the Atlantic) to
140% and 70% of the valued given in Table 1. The overturning flux cannot be reduced to below 80%
because not enough Si in advected into surface subarctic box to allow for the prescribed export flux.
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surface subarctic box to allow for the assigned productivity.
At this point all the Si is removed and the advected Si flux
into the NADW box is zero. As this flux typically carries
high d30Si values, the difference between the NADW and
CPDW boxes is reduced by two thirds (to only 0.1%).
Hence, over half of the deep-water d30Si gradient can be
explained by the incorporation of high d30Si values of
dissolved Si in the overturning waters of the North Atlantic.
Because Si does not have an atmospheric cycle, the Si
isotope composition is not fixed or homogenized at the
ocean’s surface, and so the dissolved d30Si value in over-
turning water is sensitive to whether the waters are fed from

upwelling deep waters (as in the Southern Ocean) or from
surface waters (as in the North Atlantic). For Si, even
though the dissolved flux in the overturning water in the
Atlantic is small (�5 Tmol Si a�1), the amount of opal that
dissolves within the NADW box is equally small (�5 Tmol
Si a�1), and not enough to reduce the d30Si values to lower
than the AAIW box. When the overturning flux is increased
there is no significant change in the difference between the
NADW and CPDW boxes, so that unlike the common
inference for d13C values, the Atlantic-Pacific d30Si gradient
is not a simply related to the strength of the overturning
circulation (or aging of deep water [Kroopnick, 1985]).

Figure 6. The PANDORA box model [Peng et al., 1993], as detailed in Table 3; (a) box representations,
with the percentage of the total oceans shown in parenthesis for the larger boxes, (b) water fluxes in
sverdrups (106 m3 s�1) between boxes, (c) dissolved Si concentrations from Nelson et al. [1995] for all
boxes excluding the deep three, (d) particulate opal fluxes in Tmol Si a�1, (e) dissolved d30Si values, and
(f) particulate d30Si values (in %, relative to NBS28) being exported from the surface boxes and
dissolved in the deep-water boxes.
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[29] For the CPDW box, the average d30Si input from the
dissolution of opal is lower than in the AAIW and NADW
boxes, because of the dissolution of opal with very low
d30Si values under surface Antarctic and surface subantarc-
tic boxes. The ‘‘biogeochemical divide’’ [Marinov et al.,
2006] actively recycles Si within the Southern Ocean
(represented by the water mass exchange flux between the
CPDW and surface Antarctic boxes in this model) and
effectively leads to enrichment of Si in the CPDW box,
with low d30Si values due to low utilization in the Antarctic
zone of the Southern Ocean.
[30] It should be noted that the model described here

cannot account for the most extreme contrasts in deep-water
d30Si values, especially those with the lowest d30Si values
found in the NW Pacific [Reynolds et al., 2006]. These
waters also have the highest marine Si concentrations, and
extreme Si:P ratios. The source of dissolved Si with a low
d30Si value for these waters is still unconstrained, and is
probably not derived from the Southern Ocean.

5.4. Reliability

[31] The reliability of the model used can be assessed by
testing if a different multibox model generates similar
results. For this test the published PANDORA 10-box
model is utilized [Broecker and Peng, 1986; Peng et al.,
1993; Nelson et al., 1995], which has three deep-water
masses, representing the Atlantic, Southern Ocean, and
Pacific Ocean, as shown in Figure 6. This model architec-
ture, dimensions and water fluxes between boxes, detailed
in Table 3, are taken from Peng et al. [1993], and the export
in the surface boxes is defined by a rate constant (residence
time with respect to removal in siliceous particles [Broecker
and Peng, 1986]), rather than an export fixed by balance of
advected Si [Nelson et al., 1995]. Using the same dissolu-
tion rate as the seven-box model, 20% of the flux that leaves
the surface layers redissolves into the intermediate water
mass boxes. Using the formulation from Broecker and Peng
[1986] leads to very low Si export in the Southern Ocean
(only 19% of the global export), as does the formulation of

Nelson et al. [1995] with high Si concentrations in the
surface box (70 mM). Here the residence time of siliceous
particles in the Southern Ocean is reduced from 50 to
10% a�1, which reduces the Si concentration within this
box by 43% and increases the contribution of Southern
Ocean export to the global export from 17 to 38%. The total
Si content of the oceans is again taken as 108 Pmol,
although this is higher than previously prescribed for the
PANDORA model [Nelson et al., 1995], and leads to a
increase in the global export flux from 128 to 152 Tmol Si
a�1. However, the distribution of productivity and the
distribution of isotopes are both entirely independent of
the total Si content.
[32] The steady state Si isotope composition of the boxes

is calculated in the same way as above, using an average
d30Si value of the oceans of +1.15%, and a fractionation
factor of �1.1% between the silicic acid and opal exported.
The results, as shown in Figure 6 and Table 3, are almost
identical to the seven-box model, with d30Si values of
+1.4% in the deep Atlantic and +1.1% in the Southern
Ocean and Pacific deep-water boxes, and an equal differ-
ence of 0.3% between these two values. The similar d30Si
values of the Deep Antarctic and Deep Pacific boxes,
implies that the previous model with only two deep-water
boxes almost fully captures the deep-water gradient. One
difference between the two-box models described here is the
much larger opal flux from the North Pacific box (24% of
global export) compared to the surface subarctic box in the
seven-box model (16% of global export), but the similar
results from both models imply that the amount of opal
export in the North Pacific has very little affect on the
dissolved Si isotope composition. It would thus seem that a
Si isotope gradient along the thermohaline conveyor is a
robust feature of modeling the marine Si isotope distribu-
tion, using simple multibox models. Unfortunately, it is not
possible to address why this feature was absent in the GCM
model previously published [Wischmeyer et al., 2003].
[33] Both multibox models predict that the average d30Si

values of opal exported is distinctly lower than the average

Table 3. Details of the PANDORA Modela

Box
Box

Abbreviation
Volume
(1015 m3)

Dissolved
Si Exported
(% a�1)

Si Concentration
(mM)

Export Opal
Flux (f)

(Tmol Si a�1) Silicic Acid d30Si (%) Opal d30Si (%)

North Atlantic N.Atl 78 - 12 (15) - 1.60 (1.54) 0.50 (0.44)
Surface Atlantic Sur. Atl 39 1 0.2 (0.3) 8.5 (12) 2.93 (2.82) 1.82 (1.72)
Intermediate Atlantic Int. Atl 39 100 11 (18) 4.3 (7) 2.47 (2.11) 1.37 (1.01)
Surface Antarctic Sur. Ant. 13 10 (50) 45 (80) 58.5 (21) 1.74 (1.35) 0.64 (0.25)
Intermediate Pacific Int. Pac 155 100 9 (13) 13.9 (20) 2.46 (2.19) 1.36 (1.09)
Surface Pacific and Indian Sur. Pac 78 1 0.4 34.0 (33) 2.73 (2.72) 1.63 (1.62)
Surface North Pacific N. Pac 13 30 77 (76) 33.4 (33) 1.63 (1.62) 0.53 (1.52)
Deep Atlantic 245 45 (52) �11.1 (17) 1.37 (1.33) 1.65 (1.42)
Deep Antarctic 129 120 (106) �58.5 (21) 1.06 (1.07) 0.64 (0.25)
Deep Pacific and Indian 504 153 (150) �74.5 (80) 1.09 (1.08) 1.09 (1.44)
Average 84 1.15 0.99
Total 1292 152.6 (125)

aSee Broecker and Peng [1986] and Peng et al. [1993], as shown in Figure 6. The productivity in the surface boxes is defined by the inverse of the rate
at which Si is removed (e.g., 1% is of the Si in the Int. Atl box is removed per year). The export in the surface Antarctic box is increased from earlier
models [Broecker and Peng, 1986; Peng et al., 1993], for which the results are given in parentheses. The total Si content is 108 Pmol, and the dissolution
with depth is as defined in the text.
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d30Si values of seawater (which is set to +1.15% for both
models). These d30Si values of +0.9% for the seven-box
model and +1.0% for the PANDORA model must equal the
average d30Si values of inputs to the oceans if the oceans are
near steady state. For both box models, the opal that
dissolves into the Southern Ocean has a low d30Si value,
and could be used to explain some of the contrast in deep-
water d30Si values. However, the adjustment of the size of
the Southern Ocean export flux in the PANDORA model
actually had relatively little effect on the deep-water d30Si
values, as shown in Table 3, and thus dissolution of opal
within the Southern Ocean cannot account for all the
contrast in d30Si values between the Atlantic and Southern
Ocean in this model. The Deep Atlantic box has higher
d30Si values due to both the inputs of waters with high Si
utilization and opal from surface waters that have already
undergone Si utilization.

6. Conclusions and Implication

[34] A deep-water d30Si gradient between the Atlantic
and Pacific of >0.3% can be robustly modeled using
multibox models. The size of this difference (0.3%) is
similar to the modeled d13C differences [Broecker and
Peng, 1986; Toggweiler, 1999]. The d30Si gradient is the
result of the addition of highly utilized Si into the overturning
water of the North Atlantic and the dissolution of opal in the
Southern Ocean that has formed under low Si utilization. The
marine d30Si distribution is distinct from d13C and d15N
because Si behaves differently in the high latitudes of the
Northern and Southern hemispheres, and has deeper disso-
lution, with less dissolution in intermediate waters.
[35] The contrast between Atlantic and Pacific d30Si

values is not strongly affected by increasing advection in
the model but is sensitive to reduced advection, when
concentrations in the overturning waters in the North Atlan-
tic tend to zero. When using opaline d30Si values as a proxy
for Si utilization in the surface water, changes in the Si
composition of source waters need to be considered, but
reasonably large changes in the parameters of this model
suggest that the marine d30Si distribution is relatively insen-
sitive to oceanographic changes at the global scale, with
intermediate and Atlantic water masses having higher d30Si
than deep waters in the Southern, Indian, or Pacific ocean.

[36] Acknowledgments. I would like to acknowledge the help and
support of Bernard Bourdon and the useful inputs from Mark Brzezinski
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