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[1] Observations of silicic acid and nitrate along the lower branch of the global conveyor
belt circulation show that silicic acid accumulation by diatom opal dissolution occurs
at 6.4 times the rate of nitrate addition by organic matter remineralization. The export of
opal and organic matter from the surface ocean occurs at a Si:N mole ratio that is
much smaller than this almost everywhere (cf. Sarmiento et al., 2004). The preferential
increase of silicic acid over nitrate as the deep circulation progresses from the North
Atlantic to the North Pacific is generally interpreted as requiring deep dissolution of opal
together with shallow remineralization of organic matter (Broecker, 1991). However,
Sarmiento et al. (2004) showed that the primary reason for the low silicic acid
concentration of the upper ocean is that the waters feeding the main thermocline from the
surface Southern Ocean are depleted in silicic acid relative to nitrate. By implication,
the same Southern Ocean processes that deplete the silicic acid in the surface Southern
Ocean must also be responsible for the enhanced silicic acid concentration of the deep
ocean. We use observations and results from an updated version of the adjoint model of
Schlitzer (2000) to confirm that this indeed the case.
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1. Introduction

[2] Our present understanding of the large-scale distribu-
tion of silicic acid and nitrate in the ocean has been strongly
influenced by the conveyor belt circulation paradigm de-
scribed by Broecker [1991] and illustrated schematically in
Figures 1a and 1b. The lower branch of the conveyor forms
in the North Atlantic, travels south to the Southern Ocean,
and then north into the Indian and Pacific oceans. Water is
gradually lost from the lower branch as it upwells into the
upper ocean and joins the return flow of the conveyor belt
circulation. The upwelling component of this circulation is
essentially a one-dimensional process driven by downward
mixing of buoyancy. The deep water that is lost to upwell-
ing is resupplied by the deep conveyor branch and returned
eventually to the North Atlantic by the upper conveyor
branch.
[3] Over the past decade, a number of difficulties with the

conveyor belt circulation paradigm have been identified,
and a new meridional overturning circulation paradigm has
begun to emerge. Among the most important of the diffi-
culties is that purposeful tracer experiments such as those of
Ledwell et al. [1993], and related studies of temperature

microstructure, have demonstrated that vertical diffusivities
in the main thermocline are about an order of magnitude too
small to account for the flux of buoyancy required to drive
the generalized upwelling envisioned by the Broecker
[1991] conveyor belt paradigm. Model simulations with
lower vertical diffusivities such as suggested by the obser-
vations strongly imply that without a high vertical diffusiv-
ity to drive widespread upwelling, the upwelling of deep
water becomes confined primarily to the Southern Ocean
[e.g., Gnanadesikan et al., 2004, 2007; Hallberg and
Gnanadesikan, 2007]. Analyses of observations such as
the silicic acid and nitrate distribution study of Sarmiento
et al. [2004] suggest that upwelling of deep water is indeed
confined primarily to the Southern Ocean, but also includ-
ing significant vertical mixing and/or upwelling in the North
Pacific. However, other observational analyses, including
some geostrophic inverse models, suggest that upwelling in
the Southern Ocean is either very small or even negative,
i.e., downwelling [e.g., Sloyan and Rintoul, 2001; Talley et
al., 2003].
[4] On the basis of the studies suggesting strong Southern

Ocean upwelling as well as a contribution from the North
Pacific, we depict in Figures 1c and 1d a revised view of the
meridional overturning circulation that preserves the con-
veyor belt but confines almost all upwelling to the Southern
Ocean and North Pacific. Sarmiento et al. [2004] explored
the consequences of this new conveyor belt circulation
paradigm for the distribution of nitrate and silicic acid in
the main thermocline. Our goal here is to examine its
consequences for the deep ocean distribution of these
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tracers and to link this back to global patterns of organic
nitrogen and opal export.
[5] Between the deep North Atlantic and deep North

Pacific, opal dissolution leads to a silicic acid increase of
�160 mmol kg�1 while organic matter remineralization
leads to a nitrate increase of just �25 mmol kg�1 (see
Figure 2). The resulting cumulative Si:N ratio of �6.4 is
much greater than the Si:N uptake ratio of �1 that is typical
of healthy diatoms living at the surface of the ocean [e.g.,
Brzezinski, 1985], or than the observed opal to organic
matter Si:N export ratios, which are smaller than 1 almost
everywhere except in the Southern Ocean and far north
Indian and Pacific oceans [Sarmiento et al., 2004]. On the
basis of the circulation diagram of Figures 1a and 1b,
Broecker and Peng [1982] long ago proposed that the high
Si:N ratio of the deep ocean results from the vertical
segregation of organic matter remineralization and opal
dissolution. Organic matter remineralizes predominantly in
the main thermocline while opal dissolves primarily in the
deep ocean. When superimposed on the conveyor belt
circulation, the vertical separation between organic matter
remineralization and opal dissolution leads to a large
accumulation of silicic acid and a more modest accumula-
tion of nitrate along the pathway of the deep ocean branch
of the conveyor belt (Figures 1a and 1b).
[6] The model of Broecker and Peng [1982] also has

important consequences for the thermocline distribution of
nitrate and silicic acid. They explain the silicic acid defi-

ciency and high nitrate concentrations of the main thermo-
cline (see Figure 2) primarily as resulting from the vertical
separation between opal dissolution and organic matter
remineralization. By contrast, Sarmiento et al. [2004] sug-
gested that the thermocline properties are set not by the
vertical separation of remineralization, but rather by the
preformed nutrient concentrations of waters feeding into
the main thermocline from surface waters of the Southern
Ocean. Specifically, they suggested that the region that is of
importance is where Subantarctic Mode Water (SAMW)
forms from upwelled upper Circumpolar Deep Water. The
SAMW subsequently spreads northward into the main
thermocline of the entire Atlantic and most of the Indian
Ocean as well as the southern hemisphere of the Pacific
Ocean (see arrows with large heads in Figures 1c and 1d).
The SAMW formation region is characterized by low iron
concentrations and deep mixed layers that together lead to
the growth of iron and/or light stressed diatoms with Si:N
uptake ratios in excess of 1 [cf. Hutchins and Bruland,
1998; Takeda, 1998; Franck et al., 2000; Martin-Jezequel et
al., 2000; Watson et al., 2000; Claquin et al., 2002;
Leynaert et al., 2004]. As a consequence, the surface water
in the SAMW formation region becomes depleted in silicic
acid while still retaining nitrate (see surface concentrations
just north of 60�S in Figure 2). These properties are
subsequently imparted to the main thermocline. These same
processes lead to trapping of silicic acid in the deep
Southern Ocean, which must eventually be exported as

Figure 1. Contrasting conceptual models for what sets the global pattern of nitrate and silicic acid
concentration in the world ocean. (a, b) Our interpretation of the Broecker and Peng [1982] model. (c, d)
Our own view of the nitrate and silicic acid cycles.
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Antarctic Bottom Water (AABW). The overall balance is
maintained by having a low Si:N ratio in the SAMW and a
high ratio in the AABW. The observational analysis of
Sarmiento et al. [2004] shows that the North Pacific is the
only major region of the ocean where thermocline proper-
ties appear to be strongly influenced by upwelling and/or
mixing up of deep water rich in both silicic acid and nitrate,
as in the old paradigm (see Figure 2).
[7] The Sarmiento et al. [2004] model has several major

consequences for our understanding of global biogeochem-
istry. Those explored by them include the following. (1) The
important role of nutrient injection into the main thermo-
cline by SAMW in supporting about three quarters of the
global biological production outside the Southern Ocean
[cf. also Marinov et al., 2006]. (2) The stripping out of
silicic acid from upwelling Circumpolar Deep Water in the
Southern Ocean. This gives both a high opal production
within the Southern Ocean and a high Si:N ratio in the
material that is exported out of the surface into the abyss in
the Southern Ocean. By contrast, everywhere in the world
that the SAMW influence is predominant has a low Si:N
export ratio. This includes the entire Atlantic as well as most
of the Indian Ocean and South Pacific [cf. Sarmiento et al.
[2004]. (3) The silicic acid flux from the deep waters of the
North Pacific into the main thermocline, which leads to a
high opal to organic nitrogen production ratio throughout
much of the North Pacific, including the tropics. The
equatorial Pacific (and a portion of the Indian Ocean

influenced by the Indonesian throughflow) is about as far
south as the North Pacific silicic acid supply is able to
advect before being lost to the abyss as opal.
[8] In this paper, we examine the implications of the

Sarmiento et al. [2004] conceptual model for the distribu-
tion of silicic acid and nitrate in the deep ocean. If opal
export to the deep ocean is indeed confined primarily to the
Southern Ocean, with a significant contribution also from
the tropical and North Pacific, we would expect that the
silicic acid increase along the deep branch of the conveyor
belt circulation would also be confined primarily to the
Southern Ocean with an additional contribution from the
tropical and North Pacific. By contrast, the abundant supply
of nitrate (and phosphate) in the main thermocline, and the
globally more evenly distributed export of organic matter
that results from this, should lead to a more gradual increase
in nitrate along the lower branch of the conveyor belt
(though obviously with local variations in export influenced
by where strong vertical exchange between the thermocline
and surface ocean occurs).
[9] We use a sequence of approaches to examine the

biogeochemistry of deep ocean silicic acid and nitrate.
(1) We begin with maps of silicic acid and nitrate in the deep
ocean as well as plots of silicic acid versus nitrate for a first
identification of where the big silicic acid and nitrate
increases occur in the deep ocean. (2) We estimate the
fraction of silicic acid and nitrate that has been added by
opal dissolution and organic matter remineralization for each

Figure 2. ‘‘Conveyor belt’’ sections of nitrate and silicic acid concentrations using the World Ocean
Atlas 2001 [Conkright et al., 2002]. The Atlantic and Pacific basins are zonal means. The Southern
Ocean is represented by data at 60�S with a compressed length scale. Note the low silicic acid and high
nitrate concentrations in the main thermocline.
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of the major ocean basins and the Southern Ocean. This
analysis shows that the Southern Ocean is indeed the
predominant region of opal dissolution, but that the North
Pacific is also important. We further use radiocarbon to
estimate the rate of opal dissolution and organic matter
remineralization wherever the observations permit. (3) Fi-
nally, we analyze sediment trap observations and the adjoint
model of Schlitzer [2000] to determine the extent to which
the predominance of the Southern Ocean in the high Si:N
ratio of deep waters can be attributed primarily to the
preferential export of silicic acid in this region versus
preferential dissolution of opal in deep waters in this region.
[10] All of the discrete data used in this study were taken

from the GLODAP collection [Key et al., 2004; Sabine et
al., 2005]. When it was necessary to determine bomb
radiocarbon contamination, only those samples that had an
estimated bomb 14C contamination �5% were used. Maps
and sections of nitrate and silicic acid are based on the
World Ocean Atlas, 2001 [Conkright et al., 2002] except
those that require potential alkalinity, in which case maps
and data from the GLODAP atlas are used.

2. Deep Distribution of Silicic Acid and Nitrate

[11] We choose 2000 m as a nominal depth horizon for
the top of the deep water in our analysis. Figure 3 shows
maps of silicic acid and nitrate at 2000 m and also at 3000
and 4000 m, below which the increasing topography makes
it more difficult to distinguish the tracer patterns. The color
scales have been set such that the ratio of the range for Si to

that for N is approximately equal to the mean overall ratio
of Si:N addition to the deep ocean of 6.4. The overall
pattern of both the silicic acid and nitrate on all three of
these depth levels is the large increase in concentration
along the deep branch of the conveyor belt circulation from
the North Atlantic to the northern Indian and Pacific oceans.
The pattern of the two tracers is nearly identical, but there
are subtle differences that illustrate the contrasting behavior
of silicic acid and nitrate, and which shall show up better in
later analysis. These include: (1) that the low silicic acid
concentrations of the Atlantic Ocean persist much farther to
the south than the low nitrate concentrations indicating a
smaller addition of silicic acid relative to nitrate; (2) the
striking tongue of extremely low silicic acid North Atlantic
Deep Water (NADW) that flows into the Southern Ocean
from the Atlantic and then to the east around the Southern
Ocean (a similar feature can be seen in the salinity distri-
bution owing to the relatively high salinity of NADW
relative to Circumpolar Deep Water, CDW), as contrasted
with nitrate for which the NADW signature in the Southern
Ocean, while present, has a smaller contrast with the
surrounding waters to both the north and south; (3) the
large increase of silicic acid concentration toward the south
against the Antarctic continent, with a more modest
corresponding nitrate signal; and (4) the tendency for the
increase of silicic acid in the Pacific to have a stronger
relative gradient in the tropical and North Pacific than for
nitrate, which tends to have a more gradual increase across
the entire Pacific. These observations are all consistent with
a relatively uniform source of nitrate to the deep ocean, with

Figure 3. (a, b, c) Maps of silicic acid and (d, e, f) nitrate using World Ocean Atlas 2001. Depth levels
from top to bottom are 2000 m, 3000 m, and 4000 m.
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silicic acid being added preferentially in the Southern Ocean
as well as in the tropical and North Pacific.
[12] In an attempt to better discern the relationship

between the addition of silicic acid and the addition of
nitrate to the deep ocean, we show in Figure 4 a scatter plot
of silicic acid versus nitrate for all data below 2000 m.
Lines are included with a Si:N slope of 6.4. The thicker
gray line goes through our best estimate of the properties of
NADW in the North Atlantic. Specific features from this
plot that further illustrate the contrasting behavior of silicic
acid and nitrate include the following. (1) A somewhat
lower Si:N slope in the Atlantic Ocean data than for other
basins. This implies a low Si:N ratio in opal dissolution and
organic matter remineralization occurring in this basin, but
the overall signal of local dissolution and remineralization
processes is obscured by mixing between the NADW and
AABW end-members. (2) A higher Si:N slope of the
Southern Ocean data. This is consistent with the high ratio
of opal dissolution to organic matter required by our
hypothesis, but again the signal is partially obscured by
mixing between the various water mass end-members in the
Southern Ocean, which include NADW and AABW, as
well as the deep water return flows of both the Indian and
Pacific oceans. (3) Intermediate Si:N slopes in the Indian
and Pacific oceans which indicates preferential opal disso-
lution in those basins relative to the Atlantic.
[13] Our analysis of Figure 4 motivates defining a tracer

Si*deep = [Si(OH)4] � 6.4 � [NO3
�] + 81 that we can map on

depth surfaces. The Si:N slope of 6.4 is the deep ocean ratio
of opal dissolution to organic nitrogen remineralization that
we gave earlier based on the cumulative silicic acid and
nitrate increase between the North Atlantic and North
Pacific. The constant of 81 mmol kg�1 fixes Si*deep to 0 in
the North Atlantic. This tracer will remain constant if opal

dissolution and organic matter remineralization occur at the
mean ratio of 6.4. It will decrease if nitrate is added
preferentially, i.e., with Si:N < 6.4 (as in the Atlantic and
South Indian and Pacific oceans, per our model) and
increase if silicic acid is added preferentially, i.e., with
Si:N > 6.4 (as in the Southern Ocean and North Pacific,
per our conceptual model).
[14] Figure 5 shows Si*deep at a depth of 2000, 3000, and

4000 m. At a depth of 2000 m, the Si*deep concentration of
theNADWdrops rapidly from its initial value of 0mmol kg�1

to concentrations of �20 mmol kg�1 and lower as nitrate
gets added to the water with little or no silicic acid. Water
below 2000 m in the Atlantic has higher Si*deep due
primarily to the influence of Antarctic Bottom Water
coming in from the south. A particularly dramatic feature
that we also saw in the silicic acid data of Figure 3 is the
influence of the low Si*deep NADW as it flows around the
Southern Ocean, particularly at a depth of 2000 m.
[15] The high Si:N signature of the opal dissolution and

organic matter remineralization in the deep Southern Ocean
is clearly evident at all three depth levels banked up against
the Antarctic continent. In interpreting these observations,
one must have in mind that isopycnal surfaces slope sharply
up toward the surface in this region. Thus the observations
farther to the south at a depth of 2000 and 3000 m, as well
as more generally over all of the 4000 m depth surface,
correspond to deeper water masses such as the upwelling
CDW, and the water masses that go to form the AABW;
whereas the observations farther to the north, particularly at
2000 and 3000 m, are strongly influenced by deep water
outflows from all three ocean basins.
[16] Within the Southern Ocean, Si*deep attains values of

20 mmol kg�1 and higher. At 2000 and 3000 m depth, this
high Si*deep CDW and AABW water is isolated from the rest
of the ocean, but at a depth of 4000 m, we see that it feeds
into all three ocean basins, most notably in the Indian and
Pacific oceans. Within the Southern Ocean, the concentra-
tion of Si*deep drops initially toward the north owing to the
influence of NADW, but then changes little within the
Atlantic, and South Indian and Pacific oceans. It is only
when the deep conveyor circulation reaches theNorth Pacific,
that Si*deep increases to values as high as 40 mmol kg�1.
The Indian Ocean also has some regions of elevated values.
[17] We thus see that the distribution of Si*deep suggests a

low ratio of opal dissolution to organic matter remineraliza-
tion in the deep Atlantic Ocean, a high ratio in the Southern
Ocean and North Pacific, and an average ratio in other
regions. However, this analysis is of somewhat limited
utility because it does not differentiate very well between
concentration changes owing to mixing (e.g., between
NADW and AABW in the Atlantic Ocean) from those
due to in situ opal dissolution and organic matter reminer-
alization. For this, we turn to a discussion of the silicic acid
and nitrate anomaly distributions.

3. Silicic Acid and Nitrate Anomaly Distributions

[18] We are interested in estimating the in situ silicic acid
and nitrate concentration increases owing to opal dissolu-
tion and organic matter remineralization in various basins of

Figure 4. Scatter plot of silicic acid versus nitrate with
contour lines of Si*deep = [Si(OH)4] � 6.4 � [NO3

�] + 81. The
thicker gray contour is for Si*deep = 0. The values of Si*deep
are positive to the left and negative to the right of the zero
contour. Data shown are from GLODAP discrete samples
that have radiocarbon measurements.
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