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Abstract The global distributions of the silicon isotopes within silicic acid are estimated by adding
isotope fractionation to an optimized, data-constrained model of the oceanic silicon cycle that is embedded
in a data-assimilated steady circulation. Including fractionation during opal dissolution improves the
model’s ability to capture the approximately linear relation between isotope ratio, §3°Si, and inverse silicic
acid concentration observed in the deep Atlantic. To quantify the importance of hydrographic control on
the isotope distribution, §3°Si is partitioned into contributions from preformed and regenerated silicic acid,
further partitioned according to euphotic zone origin. We find that the large-scale features of the isotope
distribution in the Atlantic basin are dominated by preformed silicic acid, with regenerated silicic acid being
important for setting vertical gradients. In the Pacific and Indian Oceans, preformed and regenerated silicic
acid make roughly equally important contributions to the pattern of the isotope ratio, with gradients of the
preformed and regenerated contributions tending to cancel each other in the deep Pacific. The Southern
Ocean euphotic zone is the primary origin of both the preformed and regenerated contributions to 53°Si.
Nearly the entire preformed part of §°Si is of Southern Ocean and North Atlantic origin. The regenerated
part of 53°Si in the Atlantic basin also has a contribution of Central Atlantic (~40°5-40°N) origin that is
comparable in magnitude to the North Atlantic contribution. In other basins, the Central Pacific and Indian
Ocean are the second largest contributors to the regenerated part of §3°Si.

1. Introduction

There is considerable interest in using measurements of the stable silicon isotopic composition of silicic
acid (Si(OH),) and biogenic silica (opal) to infer the biological production rates of diatoms in order to better
constrain the carbon cycle of the current and past ocean [e.g., De La Rocha et al., 1998; Brzezinski et al., 2002;
Beucher et al., 2007, 2011; Fripiat et al., 2011]. Silicon has three major stable isotopes: 28Si, 2°Si, and 3°Si with
molar abundances of 92.22%, 4.68%, and 3.08%, respectively [Rosman and Taylor, 1998]. Silicon isotope
fractionation occurs during the formation of opal by diatoms through the preferential uptake of the lighter
28Si isotope, leaving behind silicic acid slightly enriched in 2°Si and 3°Si [De La Rocha et al., 1997], with the
extent of the enrichment varying systematically with the extent of silicic acid utilization. Opal dissolution
also fractionates the isotopes of Si, preferentially returning the light isotopes to the dissolved silicic acid
pool [Demarest et al., 2009; Sun et al., 2014]. In this paper, we will focus on the distribution of 3°Si(OH), and
28Sj(OH), because the 30Si/28Si isotope ratio (relative to a quartz standard and expressed as §°Si(OH), using
standard 6 notation) is the natural quantity for measurement.

The isotope fractionation that occurs during both opal production and dissolution results in contrasting
isotopic compositions for preformed and regenerated silicic acid. We will use a model to partition the Si
isotopic variants of silicic acid into their preformed and regenerated parts to elucidate the fundamental
isotope dynamics of the global marine silicon cycle. Preformed silicic acid has its isotopic composition set in
the mixed layer where silicic acid fuels opal production and becomes enriched in the heavier isotopes. When
preformed silicic acid is carried below the mixed layer by the advective-eddy-diffusive circulation, isotope
fractionation ceases until the preformed silicic acid reemerges into the mixed layer for subsequent biological
utilization. The concentrations of the individual Si isotopes within preformed silicic acid are thus transported
as conserved passive tracers in the aphotic zone and hence carry the signature of water mass fractions set
by the ventilation and circulation of the ocean. We emphasize, however, that the isotope ratio §3°Si(OH),
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itself is not transported conservatively because eddy diffusion breaks the spatial congruency between the
concentrations of the individual isotopes.

In contrast, the dissolution of opal regenerates silicic acid both in surface waters and at depth during
particle export. In the sense that opal dissolution provides a source of regenerated silicic acid throughout
the water column, regenerated silicic acid is not conserved at any depth. Where and when regenerated
silicic acid enters the dissolved pool is dictated by the sinking rate of particles and by their rate of dissolu-
tion. The sinking rate of a given particle is a function of its size, shape, and buoyancy, while its dissolution
rate depends on the bacterial removal rate of the organic coating protecting frustules [e.g., Bidle and Azam,
1999], and on the thermodynamic effects of surface area and temperature on the dissolution of exposed
opal [e.g., Kamatani, 1982]. In global biogeochemical models, the net effect of these processes on the wide
distribution of particle sizes and shapes, with organic coatings in various stages of decay, is by necessity
parameterized (see below). Isotopically, the key point is that regenerated silicic acid is relatively light
compared to its parent silicic acid because the incorporation of Si from silicic acid into opal in surface waters
and its release during dissolution both favor the transfer of the lighter Si isotopes. Here we quantify the
preformed and regenerated components of the Si isotope distributions to elucidate the distinct roles of
(a) water mass transport bringing relatively heavy silicic acid from the surface, (b) the introduction of light
silicic aid via the dissolution of sinking particles, and (c) the interaction of the particle transport with the
circulation, which tends to trap isotopically lighter silicic acid in the Southern Ocean.

There is growing evidence that the oceanic distribution of Si isotopes differs from that of other
nutrient-related isotopes. The distribution of §3°Si(OH), appears to be closely tied to the meridional
overturning circulation (MOC) with unique isotopic signatures observed for major water masses [de Souza
et al., 2012a; Reynolds, 2009; Cardinal et al., 2005; Brzezinski and Jones, 2015]. By comparison, the §'>NO,
isotope distribution is relatively uniform in the deep ocean outside of oxygen minimum zones [Sigman et al.,
2000; Rafter et al., 2013]. Insights into the mechanisms governing the unique character of the Si isotope
distribution have been gained from models. Box models [e.g., Reynolds, 2009; de Souza et al., 2012b] have
reproduced some of the observed isotopic differences among major water masses and ocean basins and
point to a dominant role for the Southern Ocean silicon trap. An ocean general circulation model (GCM),
with an embedded biogeochemical model, was first used to compute the global Si isotope distribution by
Wischmeyer et al. [2003]. That model included representations of river input, sediment burial, and plankton
ecosystem dynamics. The work of Wischmeyer et al. [2003] focused on the detailed features of the seasonally
varying §3°Si(OH), distribution and its relationship to [Si(OH),], but the transport of Si isotopes was not
analyzed, and the model failed to reproduce observed differences in §3°Si(OH), among the deep ocean
basins. Recently, Matsumoto et al. [2013] achieved qualitative agreement with the observed §3°Si(OH),
distribution by incorporating a mechanistic model of the Si cycle in a prognostic intermediate-complexity
Earth system model. However, the Si isotope dynamics were not explored in any detail.

de Souza et al. [2014] used a GCM to investigate the roles of circulation and deep opal dissolution in
shaping the Si isotope distribution. They conclude that the distribution of Si isotopes is largely determined
by the preformed component that originates in the Southern Ocean. They also find that the Southern Ocean
dominates the isotopic composition of regenerated silicic acid in most ocean basins.

Here we take a different modeling approach to understand the global §3°Si(OH), distribution and how it

is controlled by the interplay between the circulation and the biogenic particle transport. We add isotope
fractionation to the data-constrained, optimized restoring-type silicon-cycling model of Holzer et al. [2014].
An equivalent linear formulation allows us to apply a variety of Green function-based transport diagnostics
[Holzer and Hall, 2000; Holzer and Primeau, 2013]. Specifically, we calculate the three-dimensional isotope
distributions of preformed and regenerated silicic acid, partitioned according to the regions where the
preformed silicic acid was last in the euphotic zone, and where the regenerated silicic acid was last
incorporated into diatom opal. We focus on the steady state aspects of the Si isotope dynamics, with
particular focus on evaluating the roles of the Southern Ocean silicon trap and the Atlantic MOC.

2. Isotope Model

2.1. Circulation

Our Si isotope model is embedded in the data-assimilated, steady circulation of Primeau et al. [2013], which
is similar to that of DeVries and Primeau [2011], except that the horizontal resolution has been increased
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to 2° x 2°,and CFC-11 and phosphate (PO,) have been incorporated as tracer constraints in addition to
temperature, salinity, and radiocarbon. The circulation is also contained dynamically, and the data
assimilation used the wind stress climatology of Trenberth et al. [1989] and specifies horizontal and vertical
viscosities of A, =5x10* m? s=! and A, = 10% m? s~'. The circulation’s advective-diffusive transport
operator has fixed horizontal and vertical eddy diffusivities of 103 m? s™! and 10> m? s, respectively. We
emphasize that this circulation effectively provides a ventilation-weighted transport because it has been
optimized against PO, and the ventilation tracers CFC-11 and radiocarbon. The circulation thus does not
bias estimates of preformed nutrients as an annual average circulation would. The model’s global preformed
PO, inventory is 61%, which compares well with an estimate of 59% based on apparent oxygen utilization
[Primeau et al., 2013]. The root-mean-square (RMS) volume-weighted mismatch between modeled and
observed [PO,] is a mere 3% of the global mean with no systematic biases.

2.2. Silicon Model

We base the Si isotope model on the Si-cycling model of Holzer et al. [2014], which is in turn based on the
model of Gnanadesikan [1999] and represents silicic acid uptake as conditional restoring to observations
[Najjar et al., 1992]. The model assumes that opal dissolution is thermodynamically controlled with a
temperature-dependent Arrhenius factor and has two globally uniform adjustable parameters: (i) the ratio
of the sinking speed of opal particles to the amplitude of the Arrhenius factor and (ii) the ratio of the surface
relaxation timescale to the fraction of opal dissolved in the aphotic zone. These parameters were optimized
by minimizing the volume-weighted quadratic mismatch between modeled and observed [Si(OH),]

from the World Ocean Atlas (WOAQ9) [Garcia et al., 2010]. The RMS error is 12 mmol Si/m? (13% of the
global mean), larger than for [PO,], but remarkably small for a two-parameter model. The model predicts
strong Southern Ocean trapping with Si(OH), last utilized in the Southern Ocean having only a ~5% chance
of being next utilized outside the Southern Ocean [Holzer et al., 2014]. Because Si(OH), is restored to
observations in the top 73 m, global mean [Si(OH),] is fixed at the observed value, and the circulation is
optimized to match key observed tracers of surface origin, we expect the model to capture the preformed
silicic acid inventory, and hence the regenerated inventory, to within a few percent. However, with a 13%
RMS discrepancy from observations, the [Si(OH),] field does have some biases. In the Atlantic, the mean
concentration below 1000 m is ~8% too high. A scatterplot of modeled versus observed concentrations in
the deep Atlantic is provided in Appendix A; for the global equivalent see [Holzer et al., 2014]. The model’s
biases are likely rooted in the parameterization of opal dissolution, which may inject regenerated silicic
acid with an unrealistic vertical profile. In particular, the tongue of Si(OH), in the upper branch of the
Atlantic overturning circulation (above ~1500 m) and the deep Southern Ocean have concentrations that
are too high. Correcting these biases would require exploring different particle transport and dissolution
parameterizations and optimizing their parameters, or possibly using an optimized utilization field in lieu of
the restoring parameterization, which are beyond the scope of this study. Here we take the parent Si-cycling
model as given and explore its isotopic signature. We return to a discussion of the possible impacts of model
biases in section 4.

In order to apply Green function-based transport diagnostics to Si isotopes, we employ the Si-cycling
model’s equivalent linear representation. In the linear version, the silicic acid uptake at point r is simply
given by y(r) y(r), where x(r) is the concentration of silicic acid. The coefficients y(r) (dimensions of inverse
time) are diagnosed from the nonlinear model’s equilibrium so that the linear and nonlinear models have
identical solutions. Organizing y and y defined on the model grid into column vectors, and the advection
diffusion operator (dimensions of inverse time) into a sparse matrix T, the linear model can be written in
steady state and for steady flow as

where L = diag(y) is the biological uptake operator and the (dimensionless) matrix S reassigns the
biological production rate L y in the euphotic zone to opal dissolution throughout the water column. It is
assumed that for any given water column, a fraction ¢ of the opal production is entirely redissolved within
the euphotic zone, while a fraction (1 — o) is dissolved below the euphotic zone with the divergence of the
biogenic particle flux, F(z). This divergence is assumed to be of the form dF /0z = —F /Z(T), where Z(T) is a
temperature-dependent dissolution length scale of the Arrhenius form

Z(T) =2,/ exp(=T¢/T) , (2)
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where the energy scale T =11481K and T is the local absolute temperature. (Note that £ = kT, with
Boltzmann constant k, represents an effective dissociation energy.) The optimized parameters ¢ and Z, have
values of ¢ = 0.80 and Z, = 3.0 X 10~"> m (this corresponds to Z ~ 4 km at T =2°C), with the timescale
for the conditional uptake prescribed at = = 30 days. When we model isotopic fractionation on dissolution
below, it is useful to appreciate that the optimization only constrains the ratio (1 — ¢)/7 [Holzer et al., 2014].
The biological cycling term (SL — L) y represents neither a net source nor a net sink of silicic acid and
globally integrates to zero. The last term in (1) clamps the global average of the silicic acid concentration

at the observed value 7 through a weak restoring with a timescale of y, = (108 yr)~'. Permanent burial in
sediments and external sources of dissolved silicon to the ocean, such as from rivers, have been neglected.

2.3. Isotope Fractionation

To model the concentrations of the Si isotopic variants of silicic acid, 2y = [?8Si(OH),] and 3% = [3°Si(OH),],
we solve independent tracer equations for 22y and 3%. To be able to solve the steady system, the global
mean concentration of each tracer must be specified. We therefore prescribe the ratioR = @/@ of the
global volume averaged (denoted by an over bar) concentrations together with @ + @ the global mean
concentration of silicic acid containing the 28Si and 3°Si isotopes. By definition, R is related to the global
mean 3Sj isotope enrichment &, through R=R, (1 + §,), where R, =0.0341465 is the NBS28 standard
reference value for the 30Si/2Si isotope ratio [Ding et al., 2005]. We treat &, as a tuning parameter below.
With global ocean abundances of A,g = 92.22% for 2Si(OH), and Ay, = 3.08% for 3°Si(OH), [Rosman and
Taylor, 1998], we have 30y 4 28y = (A, + Asq)x, where ¥ is the global mean silicic acid concentration,
computed from the WOAO9. In terms of R and 7, the global average isotope concentrations are thus
given by

J— 1 _ —_— R —
By = m(Azs +A)x  and Wy = m(Azs +A0)x - 3)

The Si isotope fractionation that occurs during the formation of biogenic silica is quantified by the ratio

@ = Rypai/Raisss Where Ry, is the 39Si/?8Si isotope ratio in opal and Ry is the 3°Si/?#Si isotope ratio of
dissolved silica (silicic acid). A globally uniform, constant ratio of a = 0.9989 as measured by De La Rocha
et al. [1997] is used, although we acknowledge a recent study by Sutton et al. [2013] that found variations
from this value for polar marine diatoms. To relate « to the differential uptake of the two isotopes, let 3y (r)
and 2y (r) denote the local uptake constants for 3°Si and 28Si, so that

_ 3% 00
=
P By(n2y(r)
where the concentrations are those of the locally utilized dissolved silicic acid isotopic variants, which are

in the ratio Ry, = *°¢(r)/?2x(r). Because a = Ry, /Ryiss, it follows that a =3%y(r) /2%y (r) so that the uptake
operators for the two isotopes satisfy

(4)

0L =g 8L . (5)

Isotope fractionation also occurs during opal dissolution, with the lighter isotope dissolving slightly more
readily [Demarest et al., 2009]. However, if an opal particle completely dissolves at a certain location,

this fractionation has no effect on the isotopic composition of regenerated silicic acid. For particles that
gradually dissolve as they sink, the fraction that dissolves at depth is enriched in 3°Si, the lighter 28Si having
preferentially dissolved higher in the water column. The few available deep profiles of the isotopic
composition of biogenic silica do not show particles becoming heavier with depth [Fripiat et al., 2012].

A possible explanation may be that the more lightly silicified particles dissolve relatively rapidly and
completely within the water column with those surviving to depth being the more robust forms that largely
resist dissolution or being those protected from dissolution within aggregates. It is also possible that the
effect of fractionation on the opal particles collected at sea is difficult to measure with the required accuracy
because the differential dissolution alters only the isotopic composition of the surface of opal particles

Within the context of our model, we find (see below) that we do need to include fractionation on dissolution
to best match the approximately linear relationship between §3°Si(OH), and [Si(OH),]~" observed in the
deep Atlantic. The natural place to incorporate an isotope effect for dissolution into our model is in the
temperature dependence of the remineralization length. While it might be tempting to also incorporate
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an isotope effect in the fraction ¢ of the production dissolved in the euphotic zone, we note that this frac-
tion is not well constrained in the parent model and the dissolution in the euphotic zone is not dominated
by purely thermodynamic factors. We therefore only modify the temperature dependence of the dissolu-
tion and use the same value of ¢ for both isotopes. The energy scale T, for 3°Si is thus increased to the value
30T, = (1 + )T, where we use the value of T, from the parent silicon-cycling model for 28Si. We find that
avalue of ¢ = 1.3 x 107> for the fractional enhancement of T, allows us to match the observations within
their uncertainty bounds. Note that the ratio of the specific dissolution rates (inverse dissolution time scales)
for 30Si and 28Si is given by the ratio of the Arrhenius exponential factors equal to ag(T) = exp(—e.T¢/T),
which has the values of a;(2°C) = 0.99946 and a;(20°C) = 0.99949, consistent with the fractionation factor
of 0.99945 + 0.00005 measured by Demarest et al. [2009]. Because T is slightly smaller than 3°T,, the rem-
ineralization length-scale Z is slightly shorter for 22Si (by ~2m at 2°C), which therefore is regenerated higher
in the water column than 3°Si, making [Si(OH),] in abyssal waters heavier by roughly +0.1%o.

We take the optimized uptake L and dissolution operators S of the parent silicon cycle (1) to represent those
of the dominantly abundant 22Si; that is, 2L =L, and %S = S. The uptake operator for 3°Si is given by

30L = aL, but the dissolution operators 3°S and 8S are not related through a simple multiplicative factor
because of the temperature-dependent remineralization length. Thus, the concentrations of the Si isotopes
of silicic acid obey the tracer equations

T% =all —SL)*% —7,C% - 3%) . ©
T2y = (L-25L)%y — 7,5 - %)

Our Si isotope model has two adjustable parameters, §, and ¢, that were tuned to values of 5, = +1.29%o

and e; = 1.3 x 107> to get reasonable agreement with the available observations. This tuning was done

by approximately jointly minimizing the quadratic mismatch between observed and modeled concentra-

tions (weighted by the square of the inverse observational error estimates) and the deviation from a straight

line of the model’s §3°Si(OH), versus [Si(OH),]~" scatter in the Atlantic below 1000 m depth. Except where

otherwise noted, results shown below are for the model that includes Si isotope fractionation during both

the formation and dissolution of biogenic opal.

3. The 5°°Si(OH), Distribution

The linear equations (6) are easily solved via direct matrix inversion. Figures 1-3 show the resulting
§3%Si(OH), field (henceforth §3Si for brevity), which in units of %o is defined by

30
5%9si=1000( % 1) . 7)
Ry 2%x

The large-scale structure of §3°Si is shown in Figure 1 in terms of the zonal averages of each ocean basin
and for the global ocean. (The detailed structure of 53°Si in the upper ocean is shown below in Figure 3.) In
all basins, the thermocline waters of the subtropical gyres are strongly enriched in 3°Si(OH),, with surface
values in the central South Pacific gyre exceeding +4.5%eo. In the Pacific and Indian basins, the entire deep
ocean has roughly the same value as the Southern Ocean, while the Atlantic distribution suggests a striking
coherence with the major Atlantic water masses. The average value of §3°Si in the deep Southern Ocean lies
between roughly +1.1 and +1.2%o, broadly consistent with available measurements [Cardinal et al., 2005;
de Souza et al., 2012a; Fripiat et al., 2012]. Figure 2 shows the model’s 53°Si profiles at 103°W in the South
Pacific, together with recent measurements by de Souza et al. [2012b] that show §3°Si ~ +1.2%o below
~2000 m, which is approximately captured by the model. (This deep-ocean value is controlled by our tuning
parameter 4,.)

Figure 3 shows the horizontal §3°Si distribution at the surface and at 919 m depth. Regions of upwelling in
the subpolar oceans of both hemispheres and in equatorial regions are characterized by low 63°Si reaching
deep-ocean values in the Southern Ocean, while the downwelling gyres have the highest 53°Si as noted
above. At the surface, the Arctic §3°Si has intermediate values ranging from +(1.6-2.7)%o. At a depth of
~1000 m, the Arctic and subpolar Atlantic have the highest §3°Si values of roughly +(1.9-2.5)%o. We hasten
to add that the Arctic circulation is poorly constrained in our model, and the detailed structure of the
model’s §3°Si in the Arctic should not be overinterpreted. The modeled §3°Si field at 919 m captures the
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5%0Si ZAvg large-scale structure of the available
measurements near that depth
(Figure 3, bottom). However, four

2 measurements lie below +1.1%o (one
each off the equatorial west coasts of

B
< 1.95 Africa and South America, and two in
§ 19 the NE Pacific at +0.7 + 0.2%o and
+0.8 + 0.2%o0), while the model’s
1.85 minimum value at this level is +1.14 %eo.
1.8 If the source of silicic acid due to opal

dissolution were negligible, both

178 isotopic variants of silicic acid would
€ 17 be transported as conserved tracers.
%_ While some opal dissolution occurs
3 1.65 throughout the world oceans, in

regions of low biological production

1.6
one would expect a plot of §3°Si versus

03 1.55 ; the inverse silicic acid concentra-
683§ L. 9 tion to reveal mixing lines. Figure 4
] : shows §3°Si versus [Si(OH),]~" for
B 23045 L1145 points throughout the Atlantic below
< ] 1000 m depth, both as observed
_gi 1 1.4 and as modeled with and without
4000: 135 fractionation on dissolution. (For this
' figure, the modeled [Si(OH),] has been
5750 1 1.3 scaled by the observed-to-modeled
0% ratio of the mean Atlantic concentra-
683 1.2 tion below 1000 m to partly correct
— 19 for an ~8% high model bias and the
'% 23041 fact that the observations include
= ] 1.15 ~5% 2°Si(OH),, while our model does
T 40001 11 not.) The observations (Figure 4a)
IND suggest a linear relationship in spite
5750 of the fact that they include measure-
90S  60S 30S EQ. 30N 60N 90N ments from high southern latitudes
Figure 1. Silicon isotope ratio 53°Si, zonally averaged over the global where opal dissolution is large and
ocean (GLB) and over each basin (ATL, PAC, and IND). where a precise linear mixing line

would therefore not be expected.
The shape of the scatterplot remains largely unchanged if only points below 2000 m, or even 3000 m,
are considered.

The model without fractionation on dissolution (Figure 4b) produces a hint of a linear relation with the
observed slope for points in the North Atlantic subtropical gyre and in the subarctic Atlantic. However,

for the South Atlantic a simple mixing line connecting two end-members is not apparent: the 53°Si versus
[Si(OH),]~" relation deviates sharply from a straight line at large concentrations, with a pronounced “hook”
toward very light isotope ratios in Southern Ocean waters. This downward curvature, which is not observed,
suggests that 28Si and 3°Si dissolve at different rates, with 28Si having a shorter dissolution length scale
(assuming our model has a realistic pattern of opal export). We were thus motivated to model fractionation
on dissolution as described above in section 2.3. We note in passing that the modeled 53°Si can be shifted
up or down by adjusting the parameter &,. Here we show results for the value of §, that gave the best fit
when fractionation during dissolution is included so that the difference between the two model results
presented in Figure 4 is solely due to fractionation on dissolution.

Figure 4c shows the model’s 53°Si versus [Si(OH),]~" scatter when fractionation on dissolution is included.
The hook toward light §3°Si values has been reduced, and the points deviate much less from a straight
line. Given the simplicity of our model, it is remarkable that the model values fall approximately within the
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South Pacific profiles at 103 W
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Figure 2. Profiles of the silicon isotope ratio 63°Si at 103°W in the South Pacific at the latitudes indicated. The solid
lines are from the model, and the observational data with error bars are from the work by de Souza et al. [2012b], who
suggested a deep-ocean asymptote of +1.22%o, indicated by the dashed line. The observational data have been plotted
at the nearest model grid point.

uncertainty bounds of the measurements. These results suggest that the observed linear relationship
between §3°Si versus [Si(OH),]~" may not merely be the result of mixing between two high-latitude
end-members. Such a mixing line is expected for preformed silicic acid because of the dominance of high
latitudes in ventilating the Atlantic, but not for regenerated silicic if there is significant opal dissolution at
lower latitudes, as in our model. Our results suggest the possibility that the observed linear relationship
is the result of isotope fractionation on dissolution compensating for the nonconservative effects of silicic
acid regeneration, combined with the mixing of two dominant end-members with a large silicic acid
concentration contrast. This will be further quantified below.

3.1. Preformed and Regenerated Difference Concentrations

The preformed and regenerated components of 3%y and 28y are readily calculated by enforcing the
boundary conditions that in the top 73 m (the model’s effective mixed layer and euphotic zone), by defini-
tion, all silicic acid is preformed and none is regenerated [e.g., Holzer et al., 2014]. Figure 5 shows the model’s
zonally averaged silicic acid distribution together with its preformed and regenerated parts. The Pacific is
dominated by regenerated silicic acid, while the Atlantic has similar patterns of regenerated and preformed
silicic acid distributions, of roughly equal amplitude. Both the preformed and regenerated concentrations
show a signature of the Atlantic MOC, with plumes of elevated concentration tracing out Antarctic Bottom
Water (AABW) and the upper limb of the overturning circulation (the combined paths of Upper Circumpolar
Deep Water; Antarctic Intermediate Water, AAIW; and Subantarctic mode water, SAMW). Low-concentration
North Atlantic Deep Water (NADW) is wedged between the upper plume and AABW.

Before we examine the isotope ratio 53°Si of preformed and regenerated silicic acid in detail, it is useful to
quantify 3°Si enrichment and depletion in terms of the isotope concentration difference

D=3% _R%, . (8)

We use R (based on the global mean ocean concentrations, see section 2.3) and not R, so that the average
value of D over the ocean volume is zero. The difference D together with the silicic acid concentrations y
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Figure 3. Silicon isotope ratio 530Si at the (top) surface and at (bottom) 919 m depth. Note the different scales. At 919 m,
we have for comparison overlaid (colored circles) available 53°Si measurements within the corresponding model layer
(832-1005 m). These measurements have a median uncertainty of +0.14%eo.

(or 28y ~ y) contains the same information as §3°Si and y, with the following equation relating the
three quantities:

530si =

R, +6y 9)
where 6, = R/R, — 1, as before. The same relation also holds for preformed or regenerated quantities, with
6Siye and 67°Si, being the ratios of preformed and regenerated silicic acid—see also below).

The quantities D and §3°Si emphasize different aspects of the isotope distributions. The difference D has the
advantage of being linear in the isotope concentrations, and hence of being a tracer that can directly be
partitioned into its preformed and regenerated components. The utility of D is being a relative index of how
the isotopic composition of silicic acid varies spatially relative to the global mean of D = 0. Where D < 0,
silicic acid is isotopically lighter than the global mean, while where D > 0, silicic acid is isotopically heavier
than the global mean. Note, however, that the value of D alone does not quantify the extent to which the
isotopes of Si have been fractionated from each other because D ~ y - §3°Si depends on both silicic acid
concentration y and on §3°Si. Thus, for example, highly fractionated surface waters have relatively low
positive values of D because y decreases toward the surface. The ratio §3°Si has the advantage of directly
quantifying the local enrichment in 3°Si relative to 28Si, independent of the absolute silicic acid concentra-
tion. However, while §3°Si can be computed for preformed and regenerated silicic acid, these quantities
cannot be added directly to give the §3°Si value of the total silicic acid and must instead be weighted by the
local fraction of preformed and regenerated silicic acid (see below).

Figure 6 shows D together with its preformed and regenerated components D, and D,g, zonally averaged
for each basin. The zonal averages of D show that in surface waters, where biological fractionation takes
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Figure 4. Scatterplot of 53%Si versus inverse silicic acid concentration for
Atlantic grid points below 1000 m depth. (a) The measurements from
Brzezinski and Jones [2015] and de Souza et al. [2012a, 2012b]. Both data
sets have nearly identical regression slopes, but because of a 0.22%o
offset in the intercept between the regressions, the original data from
Brzezinski and Jones [2015] were shifted down by 0.11%o and the data
from de Souza et al. [2012a] were shifted up by 0.11%o. The solid line is
a linear regression, and the dashed lines are offset by the sum of the
average uncertainty of an individual measurement and the
root-mean-square scatter about the regression. (b) Model values

when fractionation on dissolution is neglected. (c) Model values with
fractionation on dissolution included. The colors indicate latitude.

place, silicic acid is enriched in 3°Si
relative to the global mean, so that

D > 0. As suggested by the dominance
of regenerated silicic acid in the deep
Pacific and Indian Oceans (Figure 5),
significant portions of the deep Pacific
and Indian Oceans are isotopically
lighter (D < 0) than the global mean
due to the deep dissolution of biogenic
opal. The deep Atlantic is isotopically
lighter only in the Southern Ocean,
with heavier than average preformed
silicic acid winning out elsewhere in
the Atlantic.

The effect of the biological silicon
cycling, which enriches dissolved silica
with 39Si in the euphotic zone and
dissolves slightly 3°Si-depleted opal at
depth, is evident in the patterns of both
Dpre and Dy g in Figure 6. D, is due
to the direct advective-eddy-diffusive
transport of silicic acid from the
euphotic zone and is therefore
everywhere isotopically heavier than
the global mean (3°Si enriched). The
signature of AAIW and SAMW distilling
isotopically heavier silicic acid out

of the Southern Ocean is visible as a
tongue of elevated D, in all basins.
Because D, is an admixture of the
surface values of D with only a weak
contrast between the Southern and
Northern Hemispheres’ deep water
formation regions, D, has only weak
gradients at depth.

pre

The near uniformity of D, throughout
the deep ocean implies from (9) that
%S, has nearly the same spatial
pattern as 1/ y,. so that a scatterplot
of 6%°Si, versus 1/, similar to
Figure 4, but for preformed quantities,
falls approximately on a mixing line
of slope D, /R, This is the case in
each basin and shows that the entire
deep-ocean preformed isotope
distribution is dominated by just

two end-members, identified below
with the Southern Ocean and North
Atlantic surface regions. The Southern
Ocean surface has high silicic acid
concentrations supplied from depth
with incomplete utilization and
hence relatively low §3°Si, while the
North Atlantic surface has lower
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Figure 5. The silicic acid concentration and its preformed and regenerated components, zonally averaged for each basin. Note that for the Atlantic basin, the
preformed and regenerated concentrations have been multiplied by a factor of 2 to bring out details of their pattern using a single color scale. (Adapted from

[Holzer et al., 2014].)

concentrations, but more extensive utilization and hence higher 53°Si. This inverse relation between surface
[Si(OH),] and surface 6°°Si manifests as an approximately spatially uniform deep D, ~ [Si(OH),] e - 6*°Si e
field. (Note that while water parcels with a common value of D obey a linear relation between §3°Si and

1/ x with slope D/R,, spatially uniform D is not necessary for a mixing line. For example, for an arbitrary
two-end-member system, D,,, will, in general, be a nonuniform admixture, but 5*°Si,,, will still be a linear
function of 1/ y,e.)

The regenerated component D, is due to the dissolution of biogenic opal and is therefore essentially
everywhere lighter (3°Si depleted) than the global mean except for some regions of the deep Atlantic where
it is slightly positive. Unlike Dy, the regenerated component D, has strong gradients because of the
strong meridional gradients of opal export, some 70% of which occurs in the Southern Ocean [Sarmiento
etal., 2007; Holzer et al., 2014]. Silicic acid is strongly trapped in paths connecting successive Southern Ocean
utilizations [Holzer et al., 2014]. While the Southern Ocean trapped paths extend well into the Northern
Hemisphere in the Pacific, in the Atlantic they are more confined to southern latitudes. Consequently, the
gradients of D4 are stronger in the Atlantic, where D, is appreciable only for AABW with a minor tongue
associated with AAIW also being visible.

3.2. Partitioning 5°°Si According to Euphotic Origin

In order to quantify how much different regions of the global euphotic zone contribute to the §3°Si
distribution of preformed and regenerated silicic acid without relying on any simple mixing hypotheses, we
tile the global euphotic zone with regions Q; (Figure 7) and partition both [?2Si(OH),] and [3°Si(OH),] at every
point into the preformed and regenerated parts that trace back to each of the Q; regions. This partitioning
again exploits the linearity of the diagnostic Si-cycling model (1), and we follow the approach of Primeau et al.
[2013] and Holzer et al. [2014] that enforces appropriate boundary conditions in the euphotic zone by fast
relaxation. We thus compute for each isotope the concentrations y,(r|€;) and y,4(r|Q), where z,..(r|<Q)
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Figure 6. Silicon isotope difference D = [39Si(OH),] — R[?8Si(OH),] and its preformed and regenerated components (D = Dpre + Dyeg), zonally averaged over each
ocean basin. Here R is the ratio of the global average isotope concentrations so that the global volume average of D is zero.

is the preformed concentration at three-dimensional location r that originated in euphotic region Q;, and
Zreg(F|€2;) is the regenerated concentration at r that was last utilized in euphotic region €; (and below which
the resulting opal is dissolved). (The notation X(r|€2;) means that quantity X at r carries label Q;, having
originated from the ith region of the euphotic zone.)

Regions Qiof the euphotic zone

NP : :
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Figure 7. Definition of the regions Q; that we use to tile to global euphotic zone.
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Figure 8. (a) The partitioning of 53°Si into its (left column) preformed and (right column) regenerated components, foe 5>°Sipre and faq 63°Siyg, zonally
averaged for each basin. The sum of the left and right columns gives the 539Si field shown in Figure 1. (b) The zonally averaged preformed and regenerated
Si(OH), fractions, f,. and fio4. (¢) The zonally averaged isotope ratios, 63°Sip,e and 63°Sireg, of the preformed and regenerated Si(OH)4. Note that each set of plots

has a different color scale.

The fractions of preformed and regenerated silicic acid at r that originated in Q; are defined as

281pre(r|Ql)

2 reg (Y1)
By(r)

foe 11600 = (1)

and f, og(FI€2) =

The §3°Si values at r associated with the preformed and regenerated silicic acid of Q; origin are given by

30 30
Xpre(F1€2) Xreg(Fl€2)
5°Si,,.(r|Q) = —ZSL 1 and  6°Si,q(rl) = lzs'eg—’ - an
pre(rlQ ) RO Xreg(”gi)
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Figure 9. (top row) Atlantic basin zonal averages of the fraction f(r|Q;), of preformed 285i(OH), that was last in the euphotic zone of the specified regions, Q;:

the Southern Ocean (SO), Central Atlantic (CA), North Atlantic (NA), and the Arctic (AR). (middle row) Atlantic zonal averages of 53°Sipre(r|£l,-), the isotope ratio of
preformed silicic acid from region ;. (Because the preformed concentration of both isotopes from the Central Atlantic is very small below a few hundred meters
depth, the value of 530Sipre for the Central Atlantic could not be reliably computed at depth, and we have left this area blank.) (bottom row) Zonal averages of the

product f(r|Q;)pre 53°Sipre(r|

©;). The sum over the bottom row gives a good approximation to the Atlantic zonally averaged 63°Si of preformed silicic acid.

If N regions Q; cover the global euphotic zone without overlap, such as the regions defined in Figure 7, then
Z,'.L [Fore(F12) + frog (r12)] = 1, and it follows algebraically that

N
50Si(0) = Y [Fore(F1Q) 6%Sipe(FIQ) + Frog (FIQ) 6°Si o (F|2)] (12)
i=1

= Fore () 7Sl (F) + fog (1) 67%Si e (F)

The unpartitioned fractions and isotope ratios in the second line of (12) are defined exactly as those
for region Q;, but with Q; being the global unpartitioned euphotic zone. It is now natural to interpret
fore (|€;) 6°Si,,(r|2) as the preformed contribution of ©; origin, and ., (r|Q;) 5>°Si,.4(r|€Q;) as the
regenerated contribution of Q; origin, to the total isotope ratio 53°Si(r).

Figure 8 shows the total (i.e., not partitioned by euphotic origin) preformed and regenerated contributions
to the total isotope ratio, f,, 6*°Si,, and fo, 6°°Si e, together with the separate fractions f,,, and f,.,, and
isotope ratios §°°Si,,, and 6%°Si,,, zonally averaged for each basin. In accord with equation (12), the sum
of fiye 62°Si e and fioy 67%Si o, gives the total isotope ratio as shown in Figure 1. Note that f,,, and f,., mirror
each other because £, (r) + freg(r) = 1 at every point r. As expected, thermocline waters are dominated by
the preformed contribution f,,, 6°°Si,., and the regenerated contribution, f,.; 6°°Si., is significant only
in the deep basins. In the Southern Ocean, the preformed and regenerated contributions are roughly equal
in magnitude. Note that in the Atlantic, the spatial pattern of total 63°Si is dominated by the preformed

contribution, with the regenerated contribution having weaker gradients.

In the sense that the distribution of preformed silicic acid in the interior is by definition determined solely
by the circulation, the pattern of §*°Si,, quantifies the hydrographic control on 6*°Si, and in the Atlantic
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Figure 10. (top row) Atlantic basin zonal averages of the fraction f(r|£2,),eg of regenerated 28Si(OH), last utilized in the specified regions Q;: the Southern Ocean
(SO), Central Atlantic (CA), North Atlantic (NA), and the Arctic (AR). (middle row) Atlantic zonal averages of 53°Sireg(r|§2,), the isotope ratio of regenerated silicic
acid last utilized in region Q;. (bottom row) Zonal averages of the product f(r|$2,»)reg 53°Sireg(r|Q,). The sum over the bottom row gives a good approximation to
the Atlantic zonally averaged §39Si of regenerated silicic acid. (Note that the regenerated contribution, freg °Sireg, in Figure 10 (bottom row) has been multiplied
by 4 so that the same color scale could be used.)

%S, shows the signature of the main Atlantic water masses (i.e., AABW, AAIW, and NADW). In the other
basins, the deep meridional gradients of the preformed and regenerated contributions to §3°Si are similar,
but of opposite sign so that they tend to cancel in their sum (c.f. Figure 1). In this sense, hydrographic
control and nutrient regeneration are of roughly equal importance in the Indian and Pacific basins. We
note in passing that the effect of the fractionation with dissolution is to generate the increase of z33°Sireg
with depth. While this gives the regenerated component f,oq 53 S|reg more vertical structure than would
be the case without fractionation on dissolution, the sum of the preformed and regenerated contributions
has, in fact, less structure with fractionation on dissolution than without because the greater deep
regenerated part better “fills in” the small preformed contributions at depth. In other words, with
fractionation on dissolution, the total §3°Si (Figure 1) is vertically significantly more homogeneous at depth.
To quantify the interplay between isotope ratio and preformed and regenerated fraction, we will now
examine these separately for the Atlantic basin, further partitioned according to euphotic origin.

Figures 9 and 10 show Atlantic zonal averages of the preformed and regenerated silicic acid fractions f(r|Q;),
isotope ratios 53°Si(r|©;), and their product, from four key regions: the Southern Ocean (SO, the union of
the SAAD and NAAD regions of Figure 7), the Central Atlantic (CA, ~ 40°S-40°N), the North Atlantic (NA),
and the Arctic (AR). The preformed fractions f,,, show the spatial pattern expected from the corresponding
water mass fractions. If the silicic acid concentrations in the euphotic zone of each Q; were uniform, then £,
would be exactly proportional to the water mass fraction last ventilated in Q;. Thus, the preformed fraction
from the Southern Ocean shows the signature of AABW as well as AAIW and SAMW, while the fraction

originating in the North Atlantic traces out NADW. The Central Atlantic preformed fraction is negligible
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Figure 11. Scatterplots of the approximate 539Si values for preformed (blue) and regenerated (red) silicic acid for Atlantic
grid points below 1000 m depth versus the corresponding exact regenerated and preformed §3°Si values, as computed
from our model. The approximate value for preformed silicic acid is computed as ¥ f(r|))gre 53°Sipre(r|§2,»), and
similarly for the regenerated silicic acid, where the sum is over the regions indicated in the plot titles. The Southern
Ocean (SO) is defined as the union of the SAAD and NAAD regions, which together with the other regions are defined in
the map of Figure 7.

below a few hundred meters depth, and the Arctic preformed fraction is nearly negligible everywhere
south of ~60°N. The isotope ratios 5*°Si,, have relatively little spatial structure, because the ratio does

not depend on the magnitude of the isotope concentrations. This also underlines that §3°Si,, cannot be
considered a simple tracer but is instead the ratio of two tracers both of which have a large dynamic range
that gets strongly suppressed in the ratio. (Note that because the concentration of both isotopes from the
Central Atlantic is very small below a few hundred meters depth, the value of 6*°Si,.(r|Qc,) could not

be reliably computed at depth. However, this does not affect the contribution f,,., §°°Si,,.. because of the
negligible deep f,, for the Central Atlantic.) The value of 5%°Si,.(r|)) in the interior represents an
average of the isotope ratio in euphotic region Q; and reflects the generally isotopically heavy surface
waters (e.g., Figure 3). Because of the weak gradients of 6%°Si,,.(r|%2)), the preformed contributions
fore(Y|;) 63°Si,,.(r|) to the total isotope ratio have a pattern that mirrors the preformed fractions, and the
Southern Ocean and North Atlantic fractions can be seen to dominate the Atlantic. (We will further quantify
the average contributions from each Q; below.)

The zonally averaged Q; origin partitioning of ¢S3°Sireg is shown in Figure 10. The regenerated fractions

feg are largest deep in the water column in accord with the deep dissolution profiles of the parent
silicon-cycling model. The corresponding isotope fractions (S3°Sireg are again relatively uniform throughout
the Atlantic (except for Central Atlantic origin) and isotopically lighter than the preformed silicic acid as
expected because the dissolving opal was enriched in the lighter isotope during its formation. Although the
isotope ratio of Central Atlantic origin belongs to only a small fraction of the total regenerated silicic acid,
this isotope ratio is relatively heavy and loaded deep into the water column. The relative heaviness of the

Central Atlantic (Qc,) fraction is consistent with the heavier parent silicic acid in the Central Atlantic euphotic
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Figure 12. (a) Volume averages over the Atlantic below 1000 m depth of the origin-partitioned fractions of preformed and regenerated silicic acid, f,. and f;

eg’

and of their contributions foe 53%Siye and fq 5°%Siyeq to the total isotope fraction 53°Si. The regions used for the partitioning are defined in Figure 7. (b) As in
Figure 12a but for averages over the global ocean below 1000 m.

zone, which includes the °°Si maxima of the subtropical gyres, while the vertical gradients of 6>°Sieq (r|Qca)
are due to the fractionation on dissolution. Without fractionation on dissolution, the isotope ratio of Central
Atlantic origin is more uniformly distributed throughout the deep Atlantic at a value of roughly +1.8%o
(not shown). For each origin region Q;, the regenerated contributions f,,, 6*°Si., to the total isotope ratio
have patterns that again largely mirror the regenerated fractions f,4, except for the Central Atlantic region,
for the reasons discussed above.

If the SO, CA, NA, and AR regions comprised the entire global euphotic zone, then the sum over the bottom
rows of Figures 9 and 10 would yield the Atlantic zonal average of f,,,(r) 5>°Si(r),e and fioq(r) 8°°Si(r),og, as
shown in Figure 8, respectively. To quantify how well the §3°Si distribution of the Atlantic can be reproduced
from the contributions of only the dominant euphotic regions, Figure 11 shows scatterplots of §3°Si for
preformed and regenerated silicic acid versus its approximation Y, f(r|€;)5%°Si(r|Q;) (separately for
preformed and regenerated) for Atlantic grid points deeper than 1000 m, where the sum extends only over
the first few dominant contributors. Contributions from the Southern Ocean and North Atlantic essentially
capture the entire preformed isotope signature in the Atlantic. However, the Central Atlantic makes a
significant contribution (roughly +0.2%o) to the regenerated isotope signature, and the contribution to
freq(r) 83°Si(r),, from outside the Atlantic is also visible. The Arctic is locally important in the high-latitude
North Atlantic, where it makes 63°Si contributions of roughly +0.5%o to both preformed and regenerated
silicic acid. However, outside of the high northern latitudes, the Arctic makes a very small contribution to the
overall 5°°Si field as can be seen in Figures 9 and 10.

To summarize and quantify the relative contributions from each euphotic region Q; to the deep Atlantic
silicic acid and isotope distribution, Figure 12a shows the fractions f, and f,.,, together with their
contributions to 6*°Si,, and 6*Si,,,, averaged over the Atlantic below 1000 m depth. About 40% of the
silicic acid in the Atlantic is preformed, with only the Southern Ocean and the North Atlantic making
significant contributions. The Southern Ocean and the North Atlantic are also the dominant contributors

to the regenerated portion of silicic acid, ., in the Atlantic, but the Central Atlantic and the Central Pacific
plus Indian Ocean also contribute 9% and 4%, respectively, to the total in the form of regenerated silicic acid.
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The Arctic makes average contributions of 1% or less to both the regenerated and preformed deep Atlantic
pools. Regenerated and preformed silicic acid make about equal contributions to the average deep Atlantic
8%°Si isotope ratio, with the regenerated contributions f,., 6*°Si,, to the total 5*°Si value from the Central

Atlantic and the Central Pacific plus Indian Ocean being disproportionately large (relative to f,.,) at 11% and

5%, respectively, because of the relatively high 630Sireg for these regions.

The Southern Ocean dominance of the silicon isotope distribution is even more pronounced for the global
deep-ocean averages shown in Figure 12b. While the globally averaged preformed fractions from the
Southern Ocean are similar to their Atlantic average values, the globally averaged regenerated Southern
Ocean fractions are about 25% larger than for the Atlantic. Globally, the North and Central Atlantic
contributions to the §3°Si value of both preformed and regenerated silicic acid are less than half their deep
Atlantic averages, but the Central and North Pacific play a more important role, with contributions that are
more than double the deep Atlantic averages. For completeness, the corresponding deep-ocean averages
for the Pacific and Indian Oceans are shown in Appendix B.

4, Discussion and Conclusions

Our linear silicon isotope model, embedded in a data-assimilated steady circulation and based on an
optimized, data-constrained parent silicon-cycling model, captures the large-scale features of the available
observations. In our model, low-latitude silicic acid utilization in the Atlantic and the resulting opal export
provide a sufficiently large source of regenerated silicic acid to prevent a perfect mixing line between an
isotopically light Southern Ocean end-member and an isotopically heavier North Atlantic end-member.

In order to capture the observed approximately linear relation between §3°Si and [Si(OH),]~" in the deep
Atlantic, isotope fractionation on dissolution was included to counteract the effects of the low-latitude
regeneration. In the model, the approximately linear relation comes about by having the 28Si dissolution
profile shifted slightly upward relative to that of 3°Si by virtue of the shorter remineralization length of 28Si
(section 2.3). This pivots the globally averaged vertical §3°Si profile around roughly 2500 m depth, reducing
its slope everywhere, especially in the thermocline. The resulting higher 53°Si values below ~2500 m
compensate for the downward curvature at high concentrations in the 3°Si versus [Si(OH),,]~" plot that
occurs without fractionation on dissolution.

The empirical analysis by de Souza et al. [2012a] showed that the deep Atlantic 53°Si measurements below
2000 m can be approximated as a two-end-member mixture of [Si(OH),] §>°Si values representative of the
deep Southern Ocean and the deep North Atlantic, using PO; to estimate the corresponding water mass
fractions. While these authors assume the effect of opal dissolution to be negligible at these depths, their
uncertainties in the mismatch between mixing-model predicted and observed §3°Si values ranges from +0.1
to +0.2%o so that an order 10% effect due to dissolution lies within the observational error bars. While the
portion of 53°Si from preformed silicic acid (~40% of all silicic acid in the Atlantic below 1000 m) is almost
entirely accounted for by the Southern Ocean and North Atlantic end-members, the portion of §3°Si from
regenerated silicic acid (~60% of all silicic acid in the Atlantic below 1000 m) contains contributions from
the Central Atlantic (~9%) and from other basins (~6%). (These percentages change only by a few percent
if we consider, like de Souza et al. [2012a], the volume below 2000 m.) Although it is entirely possible that
our model has a high bias for contributions from these additional end-members, the magnitude of these
contribution lies within the uncertainty of the empirical analysis. As pointed out by de Souza et al. [2012a],
the two-end-member admixture is a reasonable approximation primarily because of the order-of-magnitude
silicic acid concentration contrast between the North Atlantic and the Southern Ocean, which obscures
more subtle effects due to dissolution and associated fractionation.

Along similar lines, Brzezinski and Jones [2015] also hypothesize that the deep Atlantic 53°Si distribution is
due to a mixing “bipole;” their term for a two-end-member admixture of low-53°Si Southern Ocean waters
with an isotopically heavier northern high-latitude end-member that they ascribe to the Arctic because the
Arctic has the highest deep-ocean 53°Si values observed. Our model does produce very high Arctic 53°Si
values, but the Arctic makes only an order 1% contribution to the average §3°Si distribution of the Atlantic
outside the Arctic. The reason for this is that the contribution at any point r from the Arctic weights the high
Arctic 63°Si values by the fraction of the silicic acid of Arctic origin, which is very small outside the Arctic and
subpolar North Atlantic. This conclusion is not sensitive to where we draw the boundary between the Arctic
and the North Atlantic, with boundaries at 65°N and 78°N giving very similar results.
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When contrasting our analysis with simple mixing models or hypotheses, it is worth noting that there
are differing definitions of “end-member.” In our analysis, preformed silicic acid is traced back to where it
was last in the euphotic zone and regenerated silicic acid, back to where it was last utilized. The euphotic
origin region Q; is the natural definition of end-member in our analysis, and the contributions from these
end-members are rigorously defined and computed. Empirical water mass analyses define end-member
in terms of the properties of interior water masses. For example, the northern end-member in the analysis
of de Souza et al. [2012a] and Brzezinski and Jones [2015] is an admixture of Arctic overflow waters, whose
properties are not further traced back to the surface. Our analysis suggests that the isotopic properties of
these overflow waters and of the North Atlantic interior are set in the North Atlantic euphotic zone, not in
the Arctic, although some of the properties set in the Atlantic may well get circulated through the Arctic
before they emerge in overflow waters.

Similar to the recent modeling study of de Souza et al. [2014], we find that the large-scale horizontal
gradients of 53°Si in the Atlantic stem primarily from preformed silicic acid whose subsurface distribution
is under hydrographic control, while the §3°Si of regenerated silicic acid has a relatively uniform horizontal
distribution in the deep Atlantic. However, the deep vertical gradients of the preformed and regenerated
contributions to the total 63°Si are of roughly equal importance in the Atlantic, and in the Indian and
Pacific basins, this is the case for both horizontal and vertical gradients. The deep vertical gradients of the
regenerated contribution to §3°Si tend to cancel opposing vertical gradients of the preformed contribution
to result in more uniform deep profiles of the total §3°Si. A simple picture of a hydrographically controlled
preformed component dominating the overall 53°Si distribution as suggested by de Souza et al. [2014] is
thus only partially borne out in our model. The regenerated component is equally important in setting
vertical gradients at depth and in shaping the overall §3°Si distribution outside of the Atlantic.

A key novel aspect of our study is that we have quantified the precise influence of different regions of

the euphotic zone in determining the isotope ratio at every point in the ocean. While the isotope ratio of
regenerated silicic acid has relatively weak gradients, it does contribute roughly half of the isotope ratio of
the ocean below 1000 m depth (48% for the deep Atlantic, 57% for the deep global ocean). The Southern
Ocean and North Atlantic are the largest contributors to both the preformed and regenerated parts of
8%9Si (that is, £, 6°Siy. and f,.; 6°°Si..4), and they completely dominate the preformed part. However, the
Southern Ocean alone accounts for only roughly half of the regenerated contribution to 63°Si. In the deep
Atlantic, the other main contributors to the regenerated part of §3°Si are the North and Central Atlantic
euphotic zones with roughly equal contributions, while globally the Central Pacific and Indian Ocean are the
main non-Southern Ocean contributors. While the low-latitude Pacific has low opal export per unit area, the
vast area of this region accounts for its significant contributions.

The explicit inclusion of fractionation on dissolution is also a major departure from other modeling studies.
While the average preformed and regenerated contribution from each part of the euphotic zone is
insensitive to whether or not this fractionation is included, the vertical profiles of §3°Si are sensitive to
fractionation with dissolution: The deep regenerated contribution to §3°Si increases rather than decreases
with depth, homogenizing the deep vertical gradients of the total §3°Si, and reducing the average vertical
gradients everywhere in the aphotic zone, especially in the nutricline.

While isotope fractionation on dissolution allows our model to match observations better, it is entirely
possible that the fractionation on dissolution compensates for a model bias, such as possibly too high opal
export in the low-latitude Atlantic. (Zeroing the silicic acid uptake in the Central Atlantic results in a clearly
defined mixing line for water between ~40°S and 40°N even without fractionation during dissolution but
leads to unrealistic end-members with a “hook” of too-light silicic acid in the Southern Ocean and also
degrades the fit with observed [Si(OH),].) To test whether our model could produce an approximately linear
relation without fractionation on dissolution, we examined the sensitivity to the parent Si model’s adjustable
parameters. While changing parameters generally changes isotopic composition, such changes degrade
the global fit to [Si(OH),] observations because the default values correspond to an optimal fit. We find that
increasing surface restoring time, 7, or dissolution temperature scale, T, (which was not optimized) allows
straightening the §3°Si versus [Si(OH),]~" curve to the observed slope for North Atlantic grid points.
However, in the South Atlantic there is still a pronounced downward curvature with a much too light “hook”
in the Southern Ocean.
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Within the framework of our simple model, isotope fractionation with dissolution appears to provide

the best mechanism for fitting the available isotope data both in terms of the deep Atlantic §3°Si versus
[Si(OH),]~" relation and in terms of matching the nearly homogeneous deep South Pacific profiles. It is
possible, however, that an optimized field of utilization rates, such as constructed for the phosphorus
cycle by Primeau et al. [2013], could improve over the restoring parameterization employed here and that
this might produce less low-latitude opal export and end-members of the observed isotopic composition
without fractionation with dissolution. Concerning biases that stem from our parameterization of opal
dissolution, it is conceivable that as more Si isotope data become available in the future, such biases may
become identifiable and allow us to quantify more definitively to what extent fractionation on dissolution
plays a role.

Our results highlight both the strong control on the 53°Si distribution by the circulation via conservatively
transported prefomed silicic acid, as well as the importance of interior sources of regenerated silicic acid via
the dissolution of biogenic silica. An accurate picture of the ocean’s silicon isotope dynamics thus blends
prior explanations that invoke a dominant role of silica dissolution [De La Rocha et al., 2000; Beucher et al.,
2008] with those that emphasize the importance of physical transport [Reynolds, 2009]. In summary, our
main conclusions are as follows:

1. An equivalent linear isotope model based on the optimized, observationally constrained global
silicon-cycling model of Holzer et al. [2014] produces isotopic silicic acid distributions that are broadly
consistent with the available observations of §3°Si within silicic acid. Specifically, in the deep Southern
Ocean §39Si lies between ~ +1.1 and +1.2%o, and a scatterplot of §3°Si versus [Si(OH),]~" in the deep
Atlantic displays the observed linear relationship when fractionation on dissolution is included.

2. The zero-mean isotope difference concentration, D=3% — R%8y, quantifies the enrichment of silicic
acid in 3°Sj relative to the global mean, and the preformed difference, Dy, illustrates hydrographic
control on the preformed isotope distribution. Regenerated silicic acid is dominantly of Southern Ocean
origin and nearly everywhere isotopically light relative to the global mean. Regenerated silicic acid tends
to be trapped in paths connecting successive utilizations in the Southern Ocean [Holzer et al., 2014], and
these paths extend throughout the deep Pacific, and into AAIW in the Atlantic, with strongly negative
regenerated D values. Preformed silicic acid is everywhere isotopically heavy compared to the global
mean, consistent with 3°Si(OH), rejection during opal formation. Throughout the deep ocean, D
positive with only weak gradients, which implies that 530Si'Ore varies approximately linearly with
[Si(OH)4];r1e on a mixing line with slope D, /Ry, underscoring the dominance of the Southern Ocean and
North Atlantic end-members in setting the preformed isotope ratio.

3. We partitioned the model’s §3°Si field at every point into the contributions from regenerated and
preformed silicic acid, further partitioned according to their euphotic zone origin region, Q,. The

pre 1

origin-partitioned §3°Si isotope ratios have weak spatial gradients because the ratio does not reflect
absolute local concentration. Consequently, the spatial pattern of the contribution from a given Q,; region
to the total §3°Si value is dominated by the fraction of preformed and regenerated silicic acid of ©; ori-
gin. Averaged over the deep Atlantic below 1000 m, the Southern Ocean and North Atlantic contributions
account for nearly all the preformed part of 53°Si, while the regenerated part of 53°Si has contributions
from the Central Atlantic and from outside the Atlantic (~11% and 5% of the average total 53°Si). Aver-
aged over the global deep ocean, the regenerated part of §°Si is larger than in the Atlantic (57% versus
48% of the total), with larger contributions from the Southern Ocean (30% versus 21% of the total) and
Central Pacific and Indian Oceans (13% versus 5% of the total), and smaller contributions from the North
Atlantic (4% versus 10% of the total).

4. While hydrographic control of 53°Si is important in the Atlantic where the horizontal gradients of §3°Si
are dominated by preformed silicic acid, the regeneration of silicic acid through opal dissolution and any
concomitant isotope fractionation are equally important in controlling vertical gradients at depth and the
overall pattern in the other ocean basins.

The linear data-constrained Si isotope model presented here allows powerful transport diagnostics to be

easily computed. Here we have focused on the steady state isotope distributions; a future study will focus
on the timescales of the Si isotope dynamics.
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Appendix B: Origin-Partitioned
5°°Si for the Deep Pacific and
Indian Oceans

For completeness, Figure B1 shows the
fractions of preformed and regenerated
silicic acid of last euphotic zone origin for

the six regions of Figure 7, and their contributions to 63°Si averaged over the Pacific and Indian Oceans
below 1000 m depth. These partitionings for the Pacific and Indian Oceans are qualitatively similar to the
global deep averages in Figure 12, and similar to each other except that the Pacific contributions have a
larger North Pacific portion, as expected. A key difference from the global averages is that Atlantic (North
and Central) fractional contributions are reduced by roughly half or more from the global deep fractions.

Deep Pacific Averages (depth > 1000 m)

(b) Deep Indian Ocean Averages (depth > 1000 m)
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