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Abstract Opal and calcium carbonate are thought to regulate the biological pump's transfer of organic
carbon to the deep ocean. A global sediment trap database exhibits large regional variations in the organic
carbon flux associated with opal flux. These variations are well-explained by upper ocean silicate
concentrations, with high opal ‘ballasting’ in the silicate-deplete tropical Atlantic Ocean, and low ballasting in
the silicate-rich Southern Ocean. A plausible, testable hypothesis is that opal ballasting varies because diatoms
grow thicker frustules where silicate concentrations are higher, carrying less organic carbon per unit opal. The
observed pattern does not fully emerge in an advanced ocean biogeochemical model when diatom silicification
is represented using a single global parameterization as a function of silicate and iron. Our results suggest a need
for improving understanding of currently modeled processes and/or considering additional parameterizations to
capture the links between elemental cycles and future biological pump changes.

Plain Language Summary Opal, or hydrated silica, is taken up in the surface ocean by diatoms to
construct their protective frustules. Another plankton type, coccolithophores, generate protective platelets from
calcium carbonate. These two minerals, and thereby plankton types, play major roles in the global carbon cycle.
The ‘biological carbon pump’ transfers carbon from the upper ocean to the ocean's depths, where it can stay for
millenia. This process has influenced past atmospheric carbon dioxide concentrations and could also do so in the
future. The transfer of carbon to the deep ocean is partially regulated by the amount of ‘ballast’ minerals in
sinking particles, especially opal and calcium carbonate, which are denser and cause particles to sink faster and/
or protect organic carbon from microbial consumption. We show that unlike calcium carbonate, opal's ballasting
effect varies a great deal between different regions of the ocean. The variation in opal ballasting is well-
explained by the upper-ocean concentration of silicate between these regions. This suggests a simple
explanation: when silicate concentrations are high, diatoms grow thick frustules which actually results in lower
carbon sinking per unit opal. Capturing this ballasting—silicate relationship in carbon cycle models may improve
their ability to predict future biogeochemical cycles and climate.

1. Introduction

The biological carbon pump (BCP) entails the uptake, processing, and transfer of organic carbon to the deep ocean
by biological processes. Particulate organic carbon (POC) and associated nutrients sinking out of the ocean's
upper layer are gradually remineralized by grazing processes and microbial activity. The depth at which POC is
remineralized determines the water mass that the resulting inorganic carbon enters, and thus the timescales of
potential (re-)exposure to the atmosphere (Boyd et al., 2019; DeVries et al., 2012). Generally, the deeper POC
penetrates into the ocean, the longer it is stored (Baker et al., 2022; Siegel et al., 2021). However, the mechanistic
processes that underlie the considerable spatial and temporal variability in POC flux and remineralization (Bol
et al., 2018; Cram et al., 2018) are still debated (Henson et al., 2022). One hypothesis posits that a portion of
sinking POC is associated with ‘ballast minerals’, that is, calcium carbonate and biogenic silica generated by
calcifying organisms and diatoms, respectively (Armstrong et al., 2001; Klaas & Archer, 2002). These minerals
are thought to deepen the remineralization depth of POC either through protection of the POC, or by increasing
the particles' excess density and thus sinking speed. Although the presence of ballast minerals has a strong
statistical relationship with remineralization depth, a lack of mechanistic understanding introduces challenges for
parameterizing ballasting in Earth system models, despite its potential to be an important component of carbon
cycle-climate feedbacks (Barker et al., 2003; Heinze et al., 2019; Petrou et al., 2019).
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Our objectives here are to diagnose (a) the ballast effects of opal and calcium carbonate (in terms of the POC flux
at a reference depth associated with a unit of opal or calcium carbonate flux), (b) the extent to which the ballasting
effects vary among ocean regions, (c) the drivers of regional variations, and (d) whether variations in ballasting
effects might be helpful for constraining global ocean biogeochemical models. To achieve these objectives, we
apply a statistical model based on the robust log-normality of ocean particle fluxes (Cael et al., 2018, 2021) to a
global sediment trap database (Mouw et al., 2016). We find that, while the majority of parameters of the statistical
model remain relatively constant, the ballasting by opal varies by almost an order of magnitude between different
regions. We discuss various possible mechanisms to explain this regional difference but identify one that is
parsimonious, plausible, and experimentally testable: diatom frustule thickness varies with upper ocean silicate
availability. We find that this relationship does not occur in a state-of-the-art ocean biogeochemical model
(Buitenhuis et al., 2019), underscoring that the opal ballasting pattern that we uncover here is not produced
ecosystem and particle processes as currently parameterized, and therefore that this relationship holds useful
information for constraining ocean biogeochemical models.

2. Methods
2.1. Statistical Model

Following (Cael et al., 2018, 2021), our statistical model is derived from the log-normality of POC/PIC/PSi
fluxes. This statistical model is based on the empirically validated (Cael, 2021; Cael et al., 2018, 2021) argument
that (a) net primary production varies log-normally because multiple conditions need to be met in order for
production to occur, and production cannot occur if any one of these conditions is not met, such that the ‘law of
necessary conditions’ applies (Montroll & Shlesinger, 1982), (b) the export ratio of export production over net
primary production is a variable quantity, and particle export out of the euphotic layer is equal to net primary
production times this export ratio by definition, and (c) particle flux at a given depth is equal to particle export
times the transfer efficiency to that depth, which is also a variable quantity. If the fluxes of particulate organic
carbon (Boc (mgC m~2 d~'—though all fluxes are implicitly non-dimensionalized in Equation 1 by dividing by
1 mg m~2 d7!), particulate inorganic carbon (% (mgC m~2 d~', i.e. calcium carbonate in units of C mass), and
particulate silica (Bs; (mgSim~2 d~!, i.e. opal in units of Si mass), are log-normally distributed (Cael et al., 2021),
and the latter both act in concert as ballasting minerals (i.e., organic carbon flux to a given depth can be facilitated
by either or both minerals and does not necessarily require both), then they should approximately be related by an
equation of the form (Cael et al., 2021)

Boc = (apic Fic + aps; B 2. )]

In Equation 1 apc (dimensionless) is the organic carbon flux associated with a unit of inorganic carbon flux, aps;
(gC/gSi) is the organic carbon flux associated with a unit of opal flux, and y (dimensionless) is the degree of sub-/
super-linearity in the scaling relationship between organic carbon fluxes and ballast mineral fluxes. The differ-
ence in flux attenuation between POC and ballast minerals is captured by Ab = b — b;,,;, which is the difference
between the exponents of the power-law profiles ((Martin et al., 1987)) of fluxes of POC and mineral ballasts.
Equation 1 implicitly assumes that the PSi and PIC fluxes are attenuated with the same exponent. Equation 1 also
does not account for POC flux not associated with mineral ballast, because these fluxes are implicitly assumed to
be negligible at the deep measurement depths of interest here; this relationship is therefore likely invalid at
shallow depths such as the base of the euphotic layer (though note we find no systematic depth dependency of the
residuals in our analysis; see §3.1). Here z is normalized to a given reference depth z,, for which we use 1 km. Our
results are not affected by this choice. y can be interpreted as the extent to which the effect of ballast minerals have
‘diminishing returns’ because if y < 1 and increasingly so as y — 0, particles with for example, twice the ballast
mineral loading will have less than twice the organic carbon content (y can in principle be >1 but this is
mechanistically implausible and is not seen in the observations). apjc and apg; can be interpreted as the organic
carbon flux per unit of each ballast mineral flux at the reference depth; strictly speaking this is only true when
y = 1, but regardless of the value of y the ratio of the a values captures the relative ballast effect per unit mass of
each mineral (Note that Equation 1 is equivalent to the one given in (Cael et al., 2021), with Ab used here in
replacement of b to make it explicit that this parameter captures the difference in vertical attenuation of organic

carbon vs. ballast mineral fluxes, ap;c = /7 and apg; = fx'/” used in replacement of x and /g to make the ballast
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Figure 1. a-e) Scaling relationships corresponding to Equation 1 between organic carbon and ballast fluxes for the five regions considered here. Color indicates the PIC:
PSi flux ratio. Parameter estimates are given on x- and y-axis labels. Units on both axes are mgC m~2 d~!. Parameter values and uncertainties are estimated as described
in the Methods. f) Median, interquartile range, and 95% range of ratio of POC flux at 1 km estimated to be associated with inorganic carbon versus opal (i.e.,

apic Fic/ aps; Fs;) for each region. Dashed black line corresponds to equal organic carbon flux associated with each ballast mineral.

effect of each mineral explicit parameters, and a reference depth of 1 km used rather than 3,500 m because
measurements of the full water column are considered rather than just near-bottom sediment traps.).

2.2. Sediment Trap Data

We utilized a global dataset of POC, PIC, and particulate silica (PSi) flux estimated from POC, PIC, and PSi
concentration observations from sediment traps (Mouw et al., 2016). We only analyze coincident POC, PIC, and
PSi flux measurements from sediment traps. Data were compiled from public repositories and directly from the
literature. PIC fluxes are sometimes reported in CaCOj flux units, and PSi fluxes are sometimes reported in SiO,
and Si(OH), flux units; we converted these to PIC and PSi fluxes respectively using the ratio of their molar
masses. The data set contains 15,792 individual POC flux estimates, measured on timescales of days to weeks, at
674 unique locations collected between 1976 and 2012; see Figure 1 in (Mouw et al., 2016). Most of the dataset
(71%) was measured at >500 m, with the most common deployment depths between 1,000 and 1,500 m. 85% of
the observations are concentrated in the Northern Hemisphere (For the two tropical regions spanning both
hemispheres, 45% of the Tropical Atlantic data are from the Northern Hemisphere, whereas 87% of the Tropical
Pacific data are from the Northern Hemisphere; thus the latter can essentially be considered representative of the
Northern Tropical Pacific. Excluding the 258 (of 2,286) Southern Hemisphere data points from the Tropical
Pacific region does not meaningfully affect our results.)

These data are split into five broad geographic regions. The Southern Ocean (SO) is defined here as south of 30°S,
the North Pacific (NP) and Atlantic (NA) as north of 30°N, and the Tropical Pacific (TP) and Atlantic (TA) aas all
data equatorward of 30° (There are few measurements in the Indian Ocean and these are included as part of the
Pacific measurements; the Tropical Pacific regions is technically therefore the Tropical Indo-Pacific, though we
refer to it as the Tropical Pacific because the measurements are predominantly from the Pacific Ocean.) The data
from major time-series sites were excluded from our analyses, as the database is unavoidably very spatially
biased, even without including these sites, and these locations would be vastly over-represented if included, such
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that our global analysis would be largely dictated by the behavior of a few locations (the majority with low silicate
concentrations, furthermore). Excluding these locations, the database includes 768/2274/2286/1327/504 co-
located measurements of %o, Fic, and Fs; in the SO/NP/TP/NA/TA respectively.

2.3. Statistical Analysis

Equation 1 is fit to the data from each region following the regression procedure in (Cael et al., 2021). The
(apsi/apic,Ab) that yields the best fit, using a scaling relationship of the form y «x”, between Bocz*? and
Fic + ﬁf‘psi is identified. Major axis type II regression is used to account for the fact that uncertainties exist on

both the x- and y-axis. Multiplicative (i.e., relative rather than absolute) errors are assumed, given that particle
fluxes scale with one another and are log-normally distributed. Parameter uncertainties are calculated via
bootstrap resampling (Efron & Tibshirani, 1986) with 1,000 bootstrap reiterations and reported as the median
absolute deviation amongst bootstrap ensemble members.

To estimate the opal ballasting for each individual measurement, Equation 1 is recast into

1 NNV,
QApsi = E((T‘POCZ Ab) - apic 7DPIC)~ @)
1

The measured fluxes of POC, PIC, and PSi, and the measurement depth, along with a representative global value
for y, Ab, and apic (here we use the mean across regions as these other parameters are fairly constant between
regions, see §3) are then used in Equation 2 to estimate aps;. This estimate of aps; is then compared to co-located
upper ocean silicate concentrations ([Si] (umol/kg),) to test the hypothesis that higher [Si] values are associated
with lower apg; values [Si] values were taken from the World Ocean Atlas 2018 (Garcia et al., 2019). The 80 m
depth at which [Si] is considered here was selected as the depth at which the Spearman rank correlation between
[Si] at that depth and the inferred apg; at the same latitude and longitude is a maximum. For 80 m, the correlation is
0.68. Our results are not sensitive to this choice; the correlation for all depths 0-500 m is >0.65. The logarithm of
aps; is then regressed against the logarithm of [Si] (at 80 m) using the second-order polynomial of the form
y = p,x*> + p,, which approximately captures the nonlinear relationship between log(aps;) and log ([Si]) in §3.3.
Including a p;x term made no difference.

2.4. Numerical Model

A global ocean biogeochemical model is used to test if the properties inferred using the database emerge in the
current generation of models. We use the NEMO-PlankTOM12 model which represents explicitly 12 Plankton
Functional Types (PFTs), six phytoplankton types (picophytoplankton, N,-fixers, diatoms, Phaeocystis, and
other mixed-phytoplankton), five zooplankton (protozooplankton, mesozooplankton, crustacean and gelatinous
macrozooplankton, and pteropods) and bacteria (Buitenhuis et al., 2019, 2023; Le Quéré et al., 2016; Wright
et al., 2021). All PFTs are represented using vital parameters of growth and loss rates based on available ob-
servations, and interact with each other using food preferences generally based on size. Growth rates depend on
temperature and nutrient availability.

The model includes a full silicon cycle, with its dissolved, biogenic and detrital pools. The Si:C ratio within diatoms
increases with iron stress and silicate availability as in (Aumont et al., 2015). Loss processes of diatoms produce
sinking particulate silica, therefore the PSi:POC ratio is dependent on both iron and silica availability, as well as
diatom concentration, grazing, and dissolution rates. Sinking of organic matter is a function of the ballasting density
of the particles. A full description of the equations and parameters is provided in the PlankTOM12 manual
(Buitenhuis et al., 2023). The model is embedded in the NEMOVv3.6 general ocean circulation model, and is forced
with NCEP reanalysis data (Saha et al., 2010). The model includes an optimization of global parameters to
reproduce the size and vertical profiles of the observed organic carbon, opal and calcium carbonate fluxes presented
here. This optimization was conducted by modifying the remineralization rate of silica, the dissolution rate of
calcite, and the remineralisation rate of POC, until the global model POC, PSi and PIC fluxes reproduced the global
median of the observations as a function of depth. We conducted sensitivity simulations with the variable Si:C ratio
to test the effect on PSi:POC of modifying model parameters. In addition to the optimized baseline simulation, we
present two extremes, one where the Si:C ratio is fixed by removing its dependence on silicate and iron concen-
trations, and one where the maximum Si:C is doubled from optimal model value (the range between maximum and
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Table 1 minimum Si:C is increased from 6 to 12) and the half-saturation concentration
Parameter Estimates and Uncertainties (Median Absolute Deviation) for regulating the Si concentration at which this effect takes place is halved (from
Each Region 20 to 10 ymol/L). Those ranges are chosen to encompass possible extremes
Region P s y Ab based on the existing model parameterisation.
Southern O 1.02+£0.03 0.20£0.02 0.86+0.02 0.69 £0.03 . .

outhert et 3. Results and Discussion
North Pacific 0.89£0.03 030002 0.88+0.03 0.60=+0.03
Tropical Pacific ~ 1.04+003 036+007 095+001 051+002 -1- Regional Scaling Relationships
North Atlantic .16 £0.04 09+0.1 099+0.02 091+003  Figure 1 shows the fit of Equation 1 to the sediment trap data in each region.
Tropical Atlantic  0.98 + 0.04 1.3+02 092+0.02 0.56+0.03 In each case, %oc is well-predicted from ballast fluxes, with 2 =0.70-0.81.

Note. These are calculated from the regression method visualized in

Figure la—1le

The ballast effect of opal, apg;, has a coefficient of variation of 77%, and
varies by more than a factor of six between 1.3+0.2 gC/gSi in the Tropical
Atlantic to 0.20+0.02 gC/gSi in the Southern Ocean (Table 1). In other
words, in the Tropical Atlantic 1 mgSi m=2 d~! of opal flux carries more than six times more organic carbon flux
at 1 km than 1 mgSi m~2 d™! of opal flux in the Southern Ocean. The highest aps; values are found in the Atlantic,
then the Pacific and then the Southern Ocean. Within the Atlantic and Pacific Oceans, the tropical regions have
larger aps; values than the Northern regions (Figure 1f). Altogether there appears to be a very large difference in
the Si associated mineral ballasting between different ocean regions, with potentially large implications for ocean
biogeochemical cycling. By comparison, the parameters apic and y, and Ab vary less between regions, with
coefficients of variation of 10%, 6%, and 24% respectively (these parameters are discussed below).

Despite the much smaller apg; values in the Southern Ocean and North Pacific, the far larger Jg; fluxes in these
regions mean that opal carries more POC flux at 1 km than PIC for a majority of measurements in those regions
(Figure 1f), as quantified by a apic Fic/ aps; Bs; ratio of <1. In the other three regions, calcium carbonate carries
more POC flux at 1 km, that is, there is a apic Fic/ @psi Bs; ratio > 1, for a majority of measurements, as has often
been reported in the literature (Armstrong et al., 2001; Francois et al., 2002; Klaas & Archer, 2002; Wilson
et al., 2012). The large variability of this ratio between measurements in all regions underscores that both ballast
minerals play important roles; the interquartile range of apjc Fic/ aps; Tpsi spans values below and above one for
all regions besides the tropical Pacific.

Parameters other than apg; are fairly uniform across regions and change in plausible ways in light of the processes
controlling the biological pump. apc is nearly constant between regions, consistent with PIC either increasing
particles' excess density or protecting POC similarly between regions. y is slightly < one in all regions except the
North Atlantic, but only slightly so, indicating some degree of ‘diminishing returns’ on the effect of ballast
minerals, but not enough to make as large a difference to POC fluxes as variations in apg;. Ab is higher at higher
latitudes. If one assumes that regional variations in Ab are predominantly due to variations in the attenuation of
Foc, that is, that the spatial variations in the vertical attenuation of ballast fluxes are negligible compared to those
of organic carbon fluxes, this observation is consistent with some sediment-trap derived patterns for b (Henson
et al., 2012). These regional variations in Ab are enough to make an appreciable difference in %oc fluxes at the
seafloor—for example, for the mean ocean depth of z = 3682m (Charette & Smith, 2010), the smallest Ab yields
a value of (z/ zO)Ab = 1.9, whereas the largest Ab value yields 3.3. However, because the spatial variations in flux
attenuation are highly uncertain and sometimes contrasting between studies (Henson et al., 2012; Marsay
et al., 2015), we do not interpret these variations here; we instead focus on the larger variations in aps;.

Note that we do not find systematic behavior with depth in the residuals, which suggests that a power-law
approximation of flux attenuation with depth is suitable for our analysis. We do not consider the variations in
these parameters further.

3.2. Possible Mechanisms

A simple and arguably parsimonious explanation for the regional variations in apg; is that variations in apg; are
determined by upper ocean silicate concentrations ([Si], gmol/kg). Indeed [Si] is lowest in the surface waters of
the Atlantic and highest in the Southern Ocean, due to the interaction of the meridional overturning circulation
with both the temperature dependent long remineralization length scale of Si and high Si:N uptake ratios in the
surface Southern Ocean (Gnanadesikan, 1999; Holzer et al., 2014; Sarmiento et al., 2004, 2007). Globally Si is
largely trapped in the Southern Ocean (Holzer et al., 2014) because of high production and export of PSi, which is
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largely regenerated at depths below the northward flowing Antarctic intermediate and sub-Antarctic mode waters
(AAIW/SAMW) (Sarmiento et al., 2007). Outside the Southern Ocean, the Atlantic is partly filled with preformed
Si carried by the upper branch of the overturning circulation, which is ventilated by AAIW/SAMW formed within
the relatively Si-depleted lower latitudes of the Southern Ocean (Sarmiento et al., 2004), and the Pacific is partly
filled by the lower branch, which is ventilated by the relatively Si-rich higher latitudes in the Southern Ocean.
Furthermore, tropical regions in the Atlantic and Pacific are more Si-depleted than regions higher to the north
because some ventilation of deep waters occurs at high latitudes, even in the Pacific (Qiu & Huang, 1995). As a
result, Atlantic diatoms grow in the most Si-depleted conditions and Southern Ocean diatoms grow in the most Si-
replete conditions, with tropical diatoms growing in intermediate Si concentations. The more Si-deplete the
conditions in which diatoms grow, the less opportunity diatoms have to meet or exceed their minimum quota of
silica. This will tend to lead to lower Si:C stoichiometry for diatoms in more Si-deplete conditions, meaning
thinner-frustuled diatoms of a given size and/or larger diatoms. This is because opal is predominantly contained in
diatoms' frustules, whereas carbon is predominantly contained in diatoms' interiors. Thus for two diatoms of the
same size, the one with the thicker frustule will carry less organic C per unit Si as it sinks; similarly for two
diatoms with the same frustule thickness, the smaller one will carry less organic C per unit Si as it sinks. If opal
ballasting is due to intact diatom frustules carrying organic carbon downwards as they sink, then thinner frustules,
and/or larger diatoms, will correspond to more organic carbon carried per unit opal, and hence larger aps;. Di-
atoms in the Southern Ocean, and to a lesser extent in the (North) Subarctic Pacific, will thus be expected to have
more ability to make thicker frustules in order to protect themselves from grazers, as observed (Assmy
et al., 2013; Pancic et al., 2019), which results in higher Si:C ratios and lower apg; values. We thus hypothesize
that there should be a negative relationship between apg; and [Si] (see §3.3).

Several other factors may complicate this simple explanation for regional variation in apg;. Different diatom taxa
are characterized by different morphologies, with widely varying sizes and opal frustule pattern variations (Round
et al., 1990). Different diatom species also exhibit specific biogeographies, inhabiting different ocean regions
(Malviya et al., 2016; Tréguer et al., 2018). Sporulation of diatoms, especially of those abundant in the Southern
Ocean such as Chaetoceros, may also influence the Si:C of organic material sinking into the deep sea (Armand
et al., 2008). The different compositions of diatom communities in different oceanic regions may therefore impact
opal ballasting, but may also in turn be influenced by the global availability of Si (§3.3). Furthermore, the Si
content of diatom frustules can be impacted by environmental conditions other than [Si]. Silicification of diatoms
is tightly linked to the cell cycle of growth, with Si uptake primarily occurring during the G2 interphase (Martin-
Jézéquel et al., 2000). If the availability of other nutrients needed for cell growth (nitrate, phosphate, or iron) or
other external growth conditions slow or prolong the G2 phase of the cell cycle in diatoms, silicification and
diatom ballast increases. It has also been reported that increased grazing pressure may also lead to more heavily
silicified diatoms (Pondaven et al., 2007) presumably as a mechanism for organisms to enhance their protection
from grazing losses. In contrast, Si deficiency is the only condition that acts to reliably lower the silica content of
the diatom cell wall (Brzezinski et al., 1990). All these factors are likely to impact the formation and degradation
of particles. Fecal pellets can also contribute appreciably to POC fluxes and their stoichoimetry is necessarily
reflective of their prey (Ducklow et al., 2001), so the selective grazing of diatoms of different frustule thicknesses
(Ryderheim et al., 2022) and the relative balance of fecal pellets and aggregates in total POC fluxes will also play
arole. Additionally, dust deposition is known to vary between regions and may further affect particles directly by
being incorporated as lithogenic ballast (n.b. These are not collated in the (Mouw et al., 2016) database) or
indirectly by supplying nutrients such as iron and thereby influencing phytoplankton communities.

Of these additional factors, there has been particular previous focus on the observed enhanced silicification of
diatoms in response to iron limitation (Brzezinski et al., 2003; Franck et al., 2000; Hutchins & Bruland, 1998;
Takeda, 1998). This mechanism has been invoked to explain higher organic carbon export out of the upper ocean
in iron-depleted (Brzezinski et al., 2015) and silicate-rich waters (Arteaga et al., 2019), as well as higher silicate
burial in iron-depleted waters (Pichevin et al., 2014), alongside contributing to the higher Si:N export ratios
observed in the SO (Sarmiento et al., 2004). Iron limitation dependent enhanced silicification could potentially
produce aps; variations, because iron limitation would lead to thick diatom frustules, hence potentially lowering
organic carbon per unit Si and hence apg;. At global scales, surface silicate concentrations will generally be
anticorrelated with iron limitation (Browning & Moore, 2023), although the high latitude North Atlantic repre-
sents a possible exception (see below). Consequently we cannot currently discount some iron dependence
contribution to the observed global scale patterns in aps;, however, we consider a direct silicate availability based
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Figure 2. (a) Opal ballasting coefficient as estimated by Equation 2 (Methods) vs. silicate concentration at 80 m. Black line
indicates empirical fit. (b) Annual mean logarithmic silicate concentration at 80 m in the World Ocean Atlas.

mechanism more plausible and parsimonious for several reasons. First, although iron limitation likely promotes
enhanced silicification in diatoms, high silicate would still be necessary to supply the silicate uptake required for
such increased silicification. Second, even in the absence of iron limitation, there are potential ecological ad-
vantages to enhanced silicification when silicate is abundant, for example, as a protection against grazing ().
Third, the North Atlantic is known to be iron-limited to some degree (Browning & Moore, 2023), but we find a
high apg; for that region, associated with the low silicate concentrations there (§3.3). Fourth, the model we analyze
in §3.4 includes a parameterisation for the iron dependence mechanism but does not reproduce the observed apg;-
[Si] relationship.

3.3. Silicate-Opal Ballasting Relationship

To test for a relationship between aps; and [Si] more quantitatively, we use Equation 2 to estimate apg; for each
sediment trap measurement. For (apjc, Ab and y) we use the means over the five regions (=1.02, 0.65, 0.92
respectively). Our results are not sensitive to these parameter values. We then compare these estimates to the co-
located [Si] (at 80 m depth). Figure 2a shows that the estimated apg; decreased from a value of ~1.8 when [Si]—0,
to small values as [Si] becomes large. This relationship is approximately described by the function

aps; = 1.8e70200elSID’ ;2 = 0.49, p < 0.01). Decreasing aps; with increasing [Si] is consistent with the direct Si
dependence hypothesis presented above, as low-[Si] regions would be expected to result in thinner diatom
frustules and hence diatoms with more organic carbon per unit Si, with the opposite being the case for high-[Si]
regions.

Note that it has also been shown that lower silicate concentrations are associated with higher export ratios (export
production over net primary production) in the Southern Ocean (Arteaga et al., 2018; Britten et al., 2017), which
has been attributed to opal ballasting. These results are consistent with but distinct from the aps;-[Si] relationship
we present here, because they concern the ratio of organic carbon export out of the upper ocean to net primary
production rather than organic carbon flux to silica flux below the upper ocean. Taken together these findings
suggest that silicate-enriched waters have lower export ratios and lower organic carbon fluxes carried to depth per
silica flux, both due to less effective opal ballasting.
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3.4. Model Simulation

To test for the capacity of the NEMO-PlankTOM12 model to reproduce the observed [Si]-aps;, we sample the
model analogously to how the real ocean has been sampled and repeat the same analysis on the pseudo-
observations. Note that this exercise can provide evidence as to whether or not the observed relationship is
caused by ecosystem and particle proesses as currently parameterized, but cannot validate our frustule thickness
hypothesis. Specifically, we draw Fpoc/pic/psi values at the 1,000 m reference depth at the same latitudes,
longitudes, and months for which we have sediment trap measurements from monthly model output, using a
randomly selected model year, 2000. Neither sub-monthly nor interannual variations should affect the rela-
tionship we investigate here. We also draw corresponding [Si] values at 80 m depth. We then repeat the analysis
from §2.3 on these data.

When Si:C sensitivity to nutrient concentrations is turned off in the model, we find a weak relationship between
model [Si] and inferred apg;, with a correlation coefficient of —0.13 (compared to —0.68 for the observations).
When the standard Si:C sensitivity is used, we find a slightly stronger relationship (correlation of —0.14), but still
much weaker than in the observations. Even the enhanced Si:C sensitivity returns a relationship that is still below
the observations (correlation of —0.22). Thus the observed strong negative [Si]-aps; relationship is not found in
the model. A full range of model sensitivity has not been performed, and modeled ecosystem composition, and in
particular the relative concentration of diatoms, could affect those results. The weak dependence of aps; on [Si]
may be explained by other factors discussed above that the model resolves, such as the balance of fluxes by fecal
pellets versus aggregates or dust deposition. However, the absence of a clear strong relationship between [Si] and
aps; in the model pseudo-observations suggests that the observed aps;-[Si] relationship may not be caused by
ecosystem and particle processes as currently parameterized, and that the observed relationship therefore includes
useful novel information for constraining and improving ocean biogeochemical models. As aps; quantifies the
organic carbon fluxes carried by silica fluxes, the large observed variation in apg; suggests that correctly
parameterizing the processes that produce the observed apg;-[Si] relationship could substantially improve models'
ability to simulate the present-day biological pump and to predict its future changes. The observed apg;-[Si]
relationship is in this sense a novel piece of evidence to constrain models' representation of ecosystem—carbon
export relationship. This constraint is particularly valuable as ecosystem complexity is currently becoming
increasingly well-represented within carbon cycle models. Validation of models using such emergent relation-
ships can help improve the representation of the biological carbon pump, which should help reduce the large
model spread in projections of biological pump changes.

3.5. Conclusion

Altogether these results suggest that the ballasting effect by opal varies a great deal in different parts of the ocean,
and that much of this variation can be explained by local surface ocean silicate concentrations. We argue that the
most parsimonious explanation of this pattern is that diatom communities in silicate-rich regions have more
fustrule mass per unit interior mass than those in silicate-depleted regions. If diatom frustules carry the organic
carbon inside them as they sink, such a silicate concentration—opal ballasting relationship may occur irrespective
of whether this is due to physiological plasticity or ecological selection, differences in diatom size or morphology,
and whether the change in thickness is in response to metabolic constraints linked with availability of other
nutrients or top-down effects linked to grazing pressure from zooplankton.

One important aspect to demonstrated here is that variable stoichiometry alone may not be sufficient to
parameterize the frustule thickness mechanism that we hypothesize to cause the relationship between aps; and
[Si]. Diatoms' silicate uptake ratio relative to other elements is dependent on silicate concentrations (Brzezinski
etal., 2011; Jin et al., 2006; Marchetti et al., 2010), meaning higher [Si] can lead to higher diatom Si:C ratios and
hence lower aps;. Some models also incorporate the effect of iron concentrations on silicate uptake (Matsumoto
et al., 2013; Pasquier & Holzer, 2017), and some models such as the one we analyze here (Pasquier &
Holzer, 2017; Wright et al., 2021) incorporate both Si and Fe effects simultaneously. The model we analyze here
incorporates stoichiometric variations but still does not reproduce the observed aps;-[Si] relationship. This
suggests that this observed relationship is not only due to variations in diatom stoichiometry, but also how diatom
Si and C are incorporated into particles and remineralized as particles sink. This could be explained, as described
in §3.2, by intact diatom frustules within sinking particles carrying organic carbon within them as they sink. In any
case, the results in §3.4 suggest that not only the variations in diatom stoichiometry and frustule thickness, but also
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the effect of these variations on particle sinking and/or remineralization dynamics, need to be better parame-
terized to capture the observed aps;-[Si] relationship.

As mentioned above, other factors may also play a role, such as the grazing protection provided by thicker
frustules (Assmy et al., 2013; Ryderheim et al., 2022), which could also in principle be parameterized. The very
large gradients in silicate concentration in the upper ocean (Figure 2b) suggest that the inclusion of this phe-
nomenon could generate large changes for historical estimates and future projections of carbon export, partic-
ularly if this phenomenon substantially influences the distribution of Si (Griffiths et al., 2013; Matsumoto
et al., 2002; Matsumoto & Sarmiento, 2008). Note however that the relationship in Figure 2a also includes a great
deal of variability, which would have to be accounted for in such a parameterization for example, by a trans-
formation bias correction (Beauchamp & Olson, 1973). This variability is not surprising in light of the known
variability in POC fluxes, the characteristics of which inform our statistical model (Cael et al., 2018, 2021). Such a
parameterization also constitutes a hypothesis which could be tested experimentally and further refined with
measurements of diatoms' stoichiometry, frustule thickness, and size, in different regions and/or across silicate
concentration gradients.

Data Availability Statement

The data used for this study are available from (Garcia et al., 2019; Mouw et al., 2016) and the code for their
analysis is available at (Cael, 2024). Numerical model documentation and output are available at (Buitenhuis
et al., 2023).
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