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Abstract Understanding the controls on opal export in the Southern Ocean can inform both the prediction
of how the leakage of silicic acid from the Southern Ocean responds to climate and the interpretation of
paleo-proxies. We have compiled a database of 185 230Thorium-normalized opal burial rates and 493 opal
concentration measurements in Southern Ocean sediments and matched these with environmental
climatologies. By subdividing the Southern Ocean on the basis of oceanographic regions and interpolating
the opal burial rates, we estimate a total biogenic Si burial south of 40°S of 2.3± 1.0 Tmol Si yr�1. In both the
seasonally ice-covered and permanently ice-free regions we can explain 73% of opal burial variability from
surface ocean properties. Where sea ice is present for at least part of the year, the length of the ice-free
season determines the upper limit of opal burial in the underlying sediments. In the ice-free regions of the
Southern Ocean, the supply of silicic acid through winter mixing is the most important factor. Our results do
not support a strong role of iron in controlling opal burial. We do however find that satellite-derived net
primary production increases with increasing (modeled) dust delivery. These findings support the decoupling
between carbon and opal fluxes in the Southern Ocean. When corrected for opal dissolution, the observed
opal fluxes are in reasonable agreement with fluxes simulated using an ocean biogeochemical model.
However, the results suggest current preservation algorithms for opal could be improved by incorporating the
composition of particle flux, not only its magnitude.

1. Introduction

Close to half of the ocean’s biogenic silica, or opal, burial occurs in sediments of the Southern Ocean
[DeMaster, 2002]. Upwelling of deep water brings large amounts of silicic acid to the surface where it is
converted to biogenic Si primarily by diatoms. The Southern Ocean zone of diatom production is reflected
in the underlying sediments in the form of the “opal belt” [Lisitzin, 1971], a circumpolar band of opal-rich
sediments. Upwelled silicic acid not consumed in the Southern Ocean is exported to the low latitude
thermocline via mode and intermediate waters [Sarmiento et al., 2004], where it can support diatom pro-
duction. The magnitude of silicic acid export to the low latitudes therefore depends on both the rate of
supply of silicic acid through upwelling and on the degree of utilization of silicic acid by diatoms in the
Southern Ocean. In the modern Southern Ocean, Si utilization is efficient, with the Southern Ocean acting
as a net sink for Si [Tréguer, 2014]. This results in Si-depleted waters feeding the tropical thermocline and
favoring growth of CaCO3-bearing phytoplankton such as coccolithophores over diatoms in the low
latitudes [Matsumoto et al., 2014; Sarmiento et al., 2004]. According to the silicic acid leakage hypothesis
(SALH) [Brzezinski et al., 2002; Matsumoto et al., 2002], the export, or leakage, of silicic acid from the
Southern Ocean increased during glacial times. The leakage may have occurred in response to either
increased iron delivery from dust, decreasing the Si:N uptake ratio of diatoms [Takeda, 1998], or an increase
in sea ice, decreasing Si uptake in the Antarctic zone [Chase et al., 2003; Kienast et al., 2006;Matsumoto et al.,
2014]. In either case, the resulting shift away from carbonate-bearing phytoplankton in the low latitudes
would decrease the CaCO3:organic C rain ratio, leading to ocean uptake of atmospheric CO2 [Archer
et al., 2000]. The SALH therefore proposes that the degree of Si utilization in the Southern Ocean can
modulate atmospheric CO2.

The motivation for this study is to better understand what determines, at the large scale, the production
and export of biogenic Si in the Southern Ocean. Is biogenic Si export determined primarily by the supply of
silicic acid via upwelling? Alternatively, is biogenic Si export smaller than the rate of supply of silicic acid and
capped by a predictable environmental constraint such as light availability? How does iron availabilitymodulate
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biogenic Si export? Understanding the
controls on biogenic Si export will
inform (a) the prediction of how the
leakage of silicic acid from the
Southern Ocean might respond to cli-
mate change (past and future) and (b)
the interpretation of paleo-proxies. For
example, sedimentary opal has been
used as a proxy for sea-ice extent
[Cooke and Hays, 1982], productivity
[Mortlock et al., 1991], and upwelling
intensity [Anderson et al., 2009]. This
study also provides an updated esti-
mate of the overall magnitude of bio-
genic silica burial in Southern Ocean
sediments, useful for global budgeting.

We take an empirical approach to inves-
tigate the environmental controls on
biogenic Si export. We use surface sedi-
ment as a recorder of “recent” biogenic
Si burial, determined from measure-
ments of 230Th-normalized opal burial.
Under ideal conditions, surface sedi-
ments can be thought of as analogous
to bottom-mounted sediment traps. By

integrating over the seasonal cycle and capturing the composition of export flux, sediment traps provide
important information on the controls on annual biogenic Si flux in the Southern Ocean [Honjo et al., 2000;
Nodder et al., 2005; Trull et al., 2001a]. However, the number of sediment trap deployments in the
Southern Ocean is very limited. To the extent that surface sediments act as sediment traps, integrating flux
over thousands of years, these more numerous archives can contribute to an understanding of the
environmental controls on biogenic Si export, recognizing of course the potential for decoupling between
surface processes and seafloor fluxes. We use 230Th normalization to correct for postdepositional sediment
redistribution [Francois et al., 2004], which can be significant in the Southern Ocean [Dezileau et al., 2000].
This approach was first applied in the Southern Ocean by DeMaster [2002] and subsequently by Geibert
et al. [2005]. Indeed, we have used and extended the data set of Geibert et al. [2005]. Here we have
associated every surface sediment opal flux estimate with corresponding climatological values for putative
environmental drivers of opal flux: surface silicic acid concentrations, ice cover, mixed layer depth, and
dust deposition. Th normalization cannot account for opal that has dissolved prior to burial, and the fluxes
calculated using Th normalization are therefore often referred to as “preserved vertical fluxes.” Here we
will refer to Th-normalized opal flux as simply “opal burial.” We have also analyzed a much larger data
set of Southern Ocean sedimentary opal concentrations. The interpretation of opal concentration is
complicated, as it reflects both the magnitude of sedimentary opal burial and its dilution by the flux of
other sedimentary phases. Nevertheless, we include this parameter as many more measurements of opal
concentration are available.

2. Methods
2.1. Surface Sediment Data Compilation: 230Th-normalized Opal Burial and Opal Concentration

We assembled from the literature 185 Th-normalized opal burial measurements from surface sediments of
the Southern Ocean (defined as south of 40°S) (Figure 1 and Table 1). The majority of the measurements
(111) are from Geibert et al. [2005], with the remainder from eight other publications [Bradtmiller et al.,
2009; Chase et al., 2003; Dezileau et al., 2003; Frank et al., 1999, 2000; Kumar, 1994; Pondaven et al., 2000;
Yu, 1994] that extend the geographic coverage into the SW Pacific and Indian oceans. We also compiled a
total of 493 opal concentration measurements (Figure 1), largely composed of measurements made at

Figure 1. Spatial distribution of 230Th-normalized sedimentary (top) opal
burial and (bottom) opal concentration measurements compiled for this
study. 230Th-normalized opal burial data are from Bradtmiller et al. [2009],
Chase et al. [2003], Dezileau et al. [2003], Frank et al. [1999, 2000], Geibert
et al. [2005], Kumar [1994], Pondaven et al. [2000], Yu [1994], and L. Burckle
(unpublished opal concentration data), and are archived at PANGEA
(http://issues.pangaea.de/browse/PDI-9945). The location of the Antarctic
Polar Front is indicated in pink, and the mean location of the November
ice edge is indicated in black (mean 1979–2007 from the Australian
Antarctic Data Centre, https://www1.data.antarctica.gov.au/).
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LDEO (L. Burkle, pers. comm., 2005). While the core tops used by Geibert et al. [2005] were not explicitly dated,
the authors took care to only include the undisturbed surface-most sediment layer and did not include any
samples collected by gravity or piston core. Here we have included samples collected by gravity and piston
corer, but all of the cores have some form of stratigraphic control, such that surface sediments in the 230Th
compilation are known to be of Holocene age (<10 ka). Samples with opal concentration alone (e.g., 327
samples) have not been assessed for age control and are presented as simply “surface sediments.” Where
necessary, data were converted to g cm�2 kyr�1, assuming a molecular weight for opal of 67.3 gmol�1

[Mortlock and Froelich, 1989]. The full data set is archived at the earth science archiving site
PANGAEA (http://issues.pangaea.de/browse/PDI-9945).

2.2. Environmental Climatologies

The environmental climatologies used are summarized in Table 2. The season length is defined as the
number of ice-free days per year, based on a 15% ice-cover threshold to define the presence of sea ice
[Stammerjohn et al., 2008]. Spatial patterns of ice-season length are very similar regardless of ice concentra-
tion threshold, from 15% to 50% [Parkinson, 1994]. Dust deposition, which we treat here as a proxy for eolian
iron deposition, is from a global model of pre-industrial dust deposition [Mahowald et al., 2006]. In treating
dust as a proxy for eolian iron, we assume that both the iron content of dust and the fraction of iron in dust
that is soluble are constant. For each opal flux and opal concentration data point we performed a simple
match-up with the gridded environmental climatologies. No spatial averaging of environmental parameters
was applied. The Antarctic Polar Front (APF) [from Orsi et al., 1995] position for each sediment site was
expressed as degrees north of the latitude of the APF at that longitude. The additional variables of water
depth and total flux (from 230Th) were also examined because they could impact opal preservation (and
therefore also opal burial). While the total mass accumulation rate might be expected to govern opal preser-
vation more than vertical rain rate, we have used total Th-normalized burial as this parameter is available
from a much larger fraction of the cores examined.

2.3. Si Burial Calculation and Bioregionalization

Th-normalized burial rates are useful for constraining the sediment burial term in the global Si budget.
A method is needed to extrapolate the sparse measurements to the entire Southern Ocean. In their study
of Th-normalized opal burial in the Atlantic and SE Pacific sectors, Geibert et al. [2005] used the classical

Table 1. Mean, Standard Deviation, and Number of Observations of Opal Burial and Opal Concentration in Four Regions
of the Southern Ocean

Opal Burial (g cm�2 kyr�1) Opal Concentration (Dry Weight %)

Mean Stdev n Mean Stdev n

Pacific 0.25 0.30 78 32 25 276
Atlantic/Indian 0.32 0.40 107 25 24 217
N APFa 0.19 0.22 80 29 24 177
S APF 0.37 0.42 105 28 25 316

aNorth of the Antarctic Polar Front (APF) in all sectors.

Table 2. Environmental Climatologies Used to Match Up With Seafloor Opal Data

Variable Data Set Years Source Grid Size

Ice-free season length Sea ice trends and climatologies from SMMR and
SSM/I bootstrap algorithm

1979–2006 NSIDC 25 km
Stroeve [2003],

Stammerjohn et al. [2008]
Nutrients WOA09, monthly objectively interpolated, 0–30m 1970–2008 NODC 1°
Mixed layer depth MLD_DR003, IsoPycnal layer depth, monthly 1961–2008 Locean-ipsl 2°
Dust deposition Modeled global dust Pre-industrial “composite” Mahowald et al. [2006] 2°
Sea surface temperature In situ and satellite SST climatology 1961–1990 Reynolds et al. [2002] 1°
Antarctic Polar Front From ship-based hydrographic data 1961–1990 Orsi et al. [1995] NA
Net primary production CbPM using SeaWiFS r2010 1998–2010 Westberry et al. [2008] 1°
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sea-ice-based zonation of the Southern Ocean [Treguer and Van Bennekom, 1991] as the basis for extrapola-
tion. Here we use a more recent bioregionalization effort for the Southern Ocean [Grant et al., 2006] (Figure 2
and Table 3), which uses a clustering algorithm to subdivide the Southern Ocean into 14 regions on the basis
of bathymetry, sea surface temperature (SST), surface nitrate concentration, and surface silicic acid concen-
tration. This regionalization classified 96% of the ocean area south of 40°S, with some coastal areas missing
due to lack of data (Table 3). All of the opal burial data lie within classified regions. Six of the regions contain
no opal burial measurements, but these regions combined comprise only 6% of the classified area south of
40°S (Table 3). For each region with at least two measurements of Th-normalized Si burial a mean and stan-
dard deviation were calculated. The mean Si burial per square meter was then multiplied by the region area
to obtain a total burial per region. For the regions with no data we assigned a Si burial rate based on the burial
rate in the next most similar region, based on the clustering output [Grant et al., 2006] (see Table 3). For these

Table 3. Bioregions [Grant et al., 2006] and Associated Mean and Standard Deviation of Th-normalized Opal Burial Estimates Used to Calculate the Total Burial of
Biogenic Si in Sediments South of 40°Sa

Region Name
Area

(106 km2)
Fractional

Area
Opal

Burial n
Samples
per km2

Mean
Opal Burial
[g/cm2/kyr]

Std Opal
Burial

[g/cm2/kyr]b

Mean
Si Burial

[109mol/yr]

Std Si
Burial

[109mol/yr]

1. Southern Temperate 14.21 0.19 21 113 0.06 0.04 132.6 91.9
2. Sub-Antarctic front 4.79 0.06 16 256 0.09 0.04 62.4 28.0
3. Polar Front 9.30 0.12 50 413 0.38 0.32 530.2 444.2
4. Southern ACC front 10.95 0.14 43 301 0.53 0.49 868.0 798.3
5. Antarctic Open Ocean 10.94 0.14 27 189 0.30 0.27 490.6 433.7
6. Antarctic Shelves 1.91 0.02 0 0 0.04c 0.04 11.3 11.3
7. Antarctic Shelf Slope, BANZARE Bank 0.43 0.01 0 0 0.04c 0.04 2.6 2.6
8. Campbell Plateau, Patagonian Shelf, Africana Rise 0.94 0.01 1 82 0.11 0.11 15.9 15.9
9. Inner Patagonian Shelf, Campbell and Crozet islands 0.11 0.00 0 0 0.11d 0.11 1.9 1.9
10. Kerguelen, Heard, and McDonald islands 0.28 0.00 0 0 0.09e 0.09 3.9 3.9
11. Subtropical Front 13.16 0.17 8 47 0.06 0.07 119.0 136.7
12. Northern temperate 1.46 0.02 0 0 0.06f 0.06 13.6 13.6
13. Weddell Gyre and Ross Sea banks 4.56 0.06 20 336 0.04 0.13 28.4 91.1
14. Chatham Rise 0.43 0.01 0 0 0.11d 0.11 7.3 7.3

aRegions without opal burial data were assigned an average opal burial equal to that in a “comparable” region (subjectively chosen).
bRegions with no data were assigned a standard deviation of 100%.
cAssumed same as region 13.
dAssumed same as region 8.
eAssumed same as region 2.
fAssumed same as region 11.

Figure 2. The location of surface opal flux measurements shown on a map of objectively classified bioregions of the
Southern Ocean, from Grant et al. [2006]. 1. Southern Temperate; 2. Sub-Antarctic front; 3. Polar Front; 4. Southern ACC
front; 5. Antarctic Open Ocean; 6. Antarctic Shelves; 7. Antarctic Shelf Slope, BANZARE Bank; 8. Campbell Plateau,
Patagonian Shelf, Africana Rise; 9. Inner Patagonian Shelf, Campbell and Crozet islands; 10. Kerguelen, Heard andMcDonald
islands; 11. Subtropical Front; 12. Northern temperate; 13. Weddell Gyre and Ross Sea banks; 14. Chatham Rise.
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regions and for the Campbell Plateau
region with only a single Si burial
measurement, we assigned a stan-
dard deviation equal to 100% of the
Si burial value.

3. Results

The classical opal belt [Lisitzin, 1971]
is reproduced in the updated data
set in the spatial distribution of Th-
normalized opal burial (Figure 1a)
and opal concentration (Figure 1b).
Viewed as a function of the zonal dis-
tance from the APF, the data show a
maximum in opal burial and opal
concentration in the vicinity of the
Polar Front (Figure 3). Indeed, within
the resolution of these data, the
zonal maxima of both opal burial
and opal concentration are centered
on the APF. Qualitatively, the spatial
distribution of opal flux, and to a
lesser degree opal concentration, is
consistent with the zonal averages
of season length (number of ice-free
days per year) and silicic acid avail-
ability: decreasing opal burial to the
south tracks the decreasing season
length, while increasing opal burial
to the north tracks increasing silicic
acid availability. The intersection of
minimum ice-season length and

maximum silicic acid availability is on average about 5° south of the APF, which is south of the maximum
in opal burial and concentration (Figure 3). Net primary productivity (NPP) at the same locations shows a dif-
ferent spatial pattern (Figure 3), with relatively little variability as a function of latitude except in the far south
where NPP decreases as sites are ice covered more than 6months of the year.

We compare (Figure 4) the observed opal burial rates with modern opal fluxes to the seafloor simulated using
MESMO2, an earth system model of intermediate complexity [Matsumoto et al., 2008, 2013]. The model has a
prognostic export production of organic carbon, opal, and CaCO3 with dependencies on colimitation by
multiple nutrients (P, N, Si, and Fe), light, temperature, and mixed layer depth. Opal export is related to
organic carbon export by the Si:N uptake ratio of diatoms, which is a function of Fe availability. This data-
model comparison shows a broadly similar distribution of opal flux to the seafloor as a function of latitude
as the observations of Th-normalized opal burial (Figure 4). Specifically, in MESMO2 as in the observations,
opal fluxes show a midlatitude maximum. However, the latitude of maximum opal flux is about 5° farther
south in the observations compared to the model. MESMO2 output shown in Figure 4 has been shifted south
by 5°. We suspect the latitudinal offset of the MESMO2 output is because the APF in MESMO2 is located too
far north, due to the coarse model resolution. The latitudinal resolution of MESMO2 is uniform in sine of
latitude so that it becomes coarser toward the poles; it is 5–7° near the APF. Other model-data comparisons
support the notion that the APF in MESMO2 is too far north. First, the MESMO2 estimate of Antarctic sea ice
during September 2000 is 50–75% greater than the satellite-derived estimate [Matsumoto et al., 2013]. As the
APF is the northerly limit of sea ice, this is consistent with the APF in MESMO being too far north. Second, in
MESMO2 the subsurface Si* minimum is sourced from the surface at approximately 45°S, whereas in the
observations it is close to 50°S [Matsumoto et al., 2013]. If we assume the subsurface Si* minimum
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Figure 3. (top) Opal burial (in g/cm2/kyr), (middle) opal concentration, and
(bottom) satellite-derived net primary production (NPP, in mg/m2/d) [from
Westberry et al., 2008] as a function of the latitude of the site relative to the
local mean position of the Antarctic Polar Front (APF) [from Orsi et al., 1995].
Also plotted are the zonally averaged values of season length (number of
ice-free days) and silicic acid availability (MAM surface silicic acid concen-
tration). These parameters have been normalized to a range of 0–1. Data
points are color coded by bioregion (Figure 2).
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corresponds to the location of the APF [Sarmiento et al., 2004], this supports the conclusion that the model’s
APF is about 5° too far north.

MESMO2 calculates the vertical rain of opal to the seafloor, while Th-normalized fluxes record the preserved,
buried opal rain, after post-depositional dissolution. Between 60% and 96% of the opal rain to the seafloor is
dissolved prior to burial [Ragueneau et al., 2002]. In order to directly compare the observations with the
model, we have accounted for postdepositional dissolution using two published empirical algorithms. The
algorithm of Serno et al. [2014] was developed based on a comparison between sediment trap and seafloor
opal burial fluxes in the North Pacific, and derives opal rain by scaling opal burial by an inverse linear function
of the total (Th-based) mass accumulation rate. The algorithm of Sayles et al. [2001] is also based on a sedi-
ment trap-seafloor comparison, but for the Southern Ocean, and derives opal rain by scaling opal burial by
an inverse function of the square root of the sedimentation rate. When applied to our opal burial data, both
algorithms produce opal fluxes to the seafloor within the range of the MESMO predictions, with the observa-
tions being slightly higher relative to the model output in the southern part of the domain (Figure 4). To the
degree that MEMSO accurately simulates opal export, which compares reasonably well to available observa-
tions [Matsumoto et al., 2013], the data-model comparison indicates that the large scale features of opal
export in the modern ocean are captured by this compilation of opal burial rates.

In order to identify additional environmental controls on opal burial, we next separated the data into those sites
withmore or less than seven ice-covered days per year. The results were not sensitive to the choice of minimum
ice-cover durations of between 0 and 10 ice-covered days per year to define the ice-affected region. A cutoff of
seven ice-covered days produced the best fit with environmental variables in both the ice-covered and ice-free
regions. The number of ice-free days appears to impose an upper limit on the opal burial to the underlying

sediment (Figure 5, left). When the
ice-free season is shorter than about
200days, there is essentially no opal
burial. For longer ice-free seasons, the
maximum realized opal burial increases
with increasing number of ice-free
days, although very low opal burial is
possible irrespective of ice-season length
(Figure 5, left). The relationship between
opal concentration and season length
(Figure 5, right) is similar, although with-
out the appearance of a threshold ice-
free season length. Rather, maximum

Figure 4. (left) MESMO2 [Matsumoto et al., 2013] modeled opal flux to the seafloor compared to Th-normalized preserved
opal burial. (middle) MESMO2modeled opal flux to the seafloor compared to opal flux to the seafloor derived by correcting
Th-normalized preserved opal burial for dissolution at the seafloor using the algorithm of Serno et al. [2014]. (right)
MESMO2 modeled opal flux to the seafloor compared to opal flux to the seafloor derived by correcting Th-normalized
preserved opal burial for dissolution at the seafloor using the algorithm of Sayles et al. [2001]. In all plots the MESMO2
output has been shifted south by 5°.

Figure 5. (left) Opal burial and (right) opal concentration as a function
of the number of ice-free days per year, for sites where is ice present
(15% coverage) for at least 7 days per year. Data points are color coded
by bioregion (Figure 2).
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opal concentration increases from 0% to >90% as the ice-free season increases from 0days to year-round.
Sedimentary opal concentration is determined by the burial rate of opal relative to other constituents. The
difference between opal concentration and opal burial as a function of ice-free days (Figure 5) can be
explained if total particle rain increases with increasing season length more slowly than opal rain increases
with season length. In other words, at high southern latitudes the small total particle flux is dominated by
Si-producing organisms such that opal % is high while opal burial is low. Such amodel is consistent with sedi-
ment trap records of particle flux from the SW Pacific [Honjo et al., 2000; Sayles et al., 2001]. Differences in opal
preservation with season length may also contribute to the contrast between opal burial and opal concen-
tration, but are not necessary to explain the contrast.

In the seasonally ice-covered region (n = 66) a stepwise multiple linear regression identified the
number of ice-free days, the average autumn (March, April, and May) mixed layer depth (MLD), and
total flux (Th-normalized) as explanatory variables, together accounting for 73% of the variability in
(log normalized) opal burial (adjusted r2 = 0.73, Table 4). Considered independently, all three variables
make a positive contribution to opal burial, increasing in importance from MLD< total flux< ice-free
days (Table 4).

In the ice-free region (n=114), multiple linear regression identified six predictive variables, which combine
to explain 73% of the variability in opal flux (Table 4): total flux, average autumn MLD, dust flux, winter SST
(June, July, and August), and spring SST (September, October, and November). All variables except spring
SST make a positive contribution to opal flux. Considered on their own (and therefore ignoring the impact
of likely colinearity), SST and total flux explain the most variability, with dust and MLD making minor
contributions (Table 4). Figure 6 shows the spatial patterns of areas where this statistical model over-predicts
(red dots) and under-predicts (blue dots) opal burial. Predictions are generally more accurate in the northern
part of the domain, with a hint of under-prediction in the eastern side of the basins (Figure 6, top). In contrast,
the predictions of the multiple linear regression in the ice-affected region are generally more accurate to the
south, where there is greater ice cover (Figure 6, bottom). Therefore, in both the ice-affected and ice-free
regions the model predictions are least accurate in the transition zone between ice-affected and ice-free
zones. A possible explanation for this is that the opal burial reflects relict conditions from a period when
ice extent was different from today [e.g., Curran et al., 2003].

Table 4. Details of Statistical Comparisons Discussed in the Texta

Dependent Variable Region Predictor Variables RMSE Adjusted r2 n p

Log opal burial Ice covered Dust 0.74 0.19 66 0.0001
Log opal burial Ice covered Annual SST 0.51 0.62 66 <0.0001
Log opal burial Ice covered Season 0.46 0.69 67 <0.0001
Log opal burial Ice covered Total flux 0.63 0.43 66 <0.0001
Log opal burial Ice covered MAM_MLD 0.67 0.34 67 <0.0001
Log opal burial Ice covered Season, total flux, MAM_MLD 0.43 0.73 66 <0.0001
Log opal burial corrected Sayles Ice covered Season, MAM_MLD 0.43 0.66 66 <0.0001
Log opal burial corrected Serno Ice covered Season, MAM_MLD 0.43 0.61 66 <0.0001
Log opal burial Ice free Dust 0.53 0 118 0.815
Log opal burial Ice free SON_Si 0.41 0.39 118 <0.0001
Log opal burial Ice free Total flux 0.46 0.22 114 <0.0001
Log opal burial Ice free MAM_MLD 0.53 0.004 118 0.22
Log opal burial Ice free JJA_sst 0.4 0.44 118 <0.0001
Log opal burial Ice free SON_sst (–) 0.39 0.47 118 <0.0001
Log opal burial Ice free Total flux, MAM_MLD, dust, JJA_sst, SON_sst (–) 0.27 0.73 114 <0.0001
Log opal burial Ice free; minimal frontal movement Total flux, MAM_MLD, dust, JJA_sst, SON_sst (–) 0.24 0.72 59 <0.0001
Log opal burial Ice free NPP 0.382 0.0131 118 0.113
Log opal burial corrected Sayles Ice free MAM_MLD, dust, JJA_sst, SON_sst (–) 0.28 0.65 114 <0.0001
Log opal burial corrected Serno Ice free MAM_MLD, dust, JJA_sst, SON_sst (–) 0.28 0.63 114 <0.0001
Ice-covered days per year Ice covered Opal burial (–), annual SST 30.9 0.89 66 <0.0001
Ice-covered days per year Ice covered Annual SST 33.5 0.88 66 <0.0001
NPP Ice free Dust 57 0.61 347 <0.0001

aWhere predictor variables are shown in italics the choice of variables was determined from a stepwise multiple linear regression procedure from the list of
variables in Table 2. Nonsignificant (p> 0.0001) correlations are in bold.
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Considering the difference in time-averaging
between the climatologies (decades) and
the surface sediment records (hundreds to
thousands of years), wewere concerned that
changes in frontal positions over these
timescales may have obscured some of the
correlations between environmental vari-
ables and seafloor properties. We therefore
repeated our analysis of ice-free sites consid-
ering only the region from 180°E to 315°E in
the Atlantic, where frontal positions have
moved the least over the past 15 years
[Sokolov and Rintoul, 2009]. The correlations
between opal burial and environmental vari-
ables were essentially the same when con-
sidering this more restricted area (n=59)
where changes in frontal position were likely
small (Table 4).

Although NPP is not strictly an environ-
mental driver of biogenic opal production,
NPP and biogenic opal burial could be cor-
related, particularly if diatoms dominate
NPP. We were therefore interested in
whether there is a relationship between

sedimentary opal burial and primary production. We found none (Figure 7, left). We did, however, find a sig-
nificant correlation between NPP and dust flux (Figure 7, middle; r2 = 0.62). We also tested the relationship
between dust and productivity using the standard SeaWiFS product, as well as the Johnson et al. [2013] chlor-
ophyll algorithm for the Southern Ocean, and found much weaker (r2 = 0.38 and 0.22, respectively) but still
statistically significant correlations.

Using a bioregionalization approach (Table 3) we estimate the total burial of biogenic Si in sediments
south of 40°S to be 2.3 ± 1 Tmol yr�1. The Southern Antarctic Circumpolar Current (ACC) front, Polar
Front, and Antarctic Open Ocean regions have the largest Si burial per unit area and also account
for the most Si burial south of 40°S; together they account for 82% of the Si burial. The mean per-area
flux is largest in the Southern ACC front region (0.53 g cm�2 kyr�1). Because of their large area, the
Southern Temperate and Subtropical Front regions also contribute significantly (combined 5.5% of
total) to Si burial in the Southern Ocean, despite their small per-area average fluxes (0.06 g cm�2 kyr�1

in both regions).

Figure 7. Scatter plots of (left) opal burial versus dust flux [Mahowald et al., 2006], (middle) satellite-derived net primary
production (NPP) [Westberry et al., 2008] versus dust flux, and (right) opal burial versus NPP at sites where there is sea-ice
present less than 7 days per year.

Figure 6. Accuracy of the multiple linear regression predictions of opal
burial at the (top) ice-free and (bottom) ice-affected sites. White dots
indicate sites where predicted and observed opal burial agree to
within 0.1 g/cm2/kyr, red dots indicate where predicted opal burial is
greater than observed opal burial by more than 0.1 g/cm2/kyr, and
blue dots where predicted opal burial is less than observed opal burial
by more than 0.1 g/cm2/kyr.
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4. Discussion

The opal belt was initially defined on the basis of sedimentary opal concentration [Lisitzin, 1971], and then
diatom preservation [Burckle and Cirilli, 1987], opal accumulation rate [DeMaster, 1981], and more recently
Th-normalized opal flux [DeMaster, 2002; Geibert et al., 2005; this work]. The southern limit of the opal belt
has long been attributed to the presence of sea ice suppressing annually averaged diatom production.
Indeed, on the basis of this modern distribution, the opal belt has been suggested as a proxy for the summer
[Cooke and Hays, 1982] or spring [Burckle and Cirilli, 1987] ice edge. Dilution by ice-rafted debris may also
contribute to defining the southern boundary of the opal (concentration) belt [Sayles et al., 2001].

The northern boundary of the opal belt was initially attributed to a temperature limitation on diatom growth,
closely tied to the location of the Sub-Antarctic Front [Burckle and Cirilli, 1987]. More recent work attributes
low diatom abundance north of the APF, and by implication the northern limit of the sedimentary opal belt,
to low concentrations of silicic acid [Trull et al., 2001b]. In support of silicic acid limitation, research from 170°
W has shown that diatom growth at ice-free latitudes effectively consumes all available silicic acid on a sea-
sonal basis [Nelson et al., 2002; Sigmon et al., 2002], leading to the suggestion that opal flux can be used as a
proxy for silicic acid supply in the geological record [Anderson et al., 2009]. In the following we discuss the
new insights provided by this updated map of biogenic Si burial, followed by a discussion of the revised Si
burial term for the Southern Ocean.

4.1. Southern Control: The Role of Sea-Ice

The role of sea-ice in reducing productivity has been invoked by paleoceanographers to explain variability of
Antarctic opal burial records on glacial to interglacial timescales [Charles et al., 1991; Chase et al., 2003]. Our
data show that the length of the ice-free season places an upper limit on opal burial. This is consistent with
the results of Chase et al. [2003], who noted a correspondence between the decreasing opal flux in surface
sediments south of 61°S along 170°W and the decreasing number of ice-free days. Here we confirm this rela-
tionship across the whole of the Southern Ocean, using a much larger and circumpolar opal burial data set, a
better representation of the ice-season length, and a more quantitative matching procedure. This larger data
set shows that although ice places an upper limit on opal burial, other factors are also important, and in many
locations, opal burial is much lower than the “upper limit” imposed by the length of the ice-free season.
Reductions in opal burial in the sediment record cannot be taken alone as evidence of sea-ice expansion
but should ideally be coupled with additional proxies of sea-ice change, as discussed below.

On an annual basis, increases in the duration of sea-ice cover lead to a decrease in the maximum burial of bio-
genic silica that can be expected, presumably by decreasing annual diatom productivity through light limitation
induced by ice cover. Diatoms are a dominant component of the phytoplankton community in the seasonally
ice-covered region of the Southern Ocean, so we might expect annual carbon export to also decrease with
increasing duration of ice cover. Indeed, satellite-derived NPP decreases with increasing ice duration
(Figure 3), suggesting that annual carbon export is also limited by the length of the growing season, at least
when ice is present more than 6months a year. This conclusion is complicated by the poor satellite data cover-
age at high southern latitudes and the possible ephemeral nature of ice-edge blooms. However, MESMO2
output reproduces a similar pattern, with particulate organic carbon (POC) flux to the seafloor decreasing with
latitude (increasing ice duration), in the far south of the model domain. A compilation of in situ productivity
measurements in the Arctic shows a remarkably similar regulation of annual pelagic primary production and
the open water season [Rysgaard et al., 1999]. Thus, although the sea-ice ecosystem and ice-edge blooms
can be highly productive, particularly for diatoms, and critical habitat for diverse Antarctic species [Arrigo,
2014], on an annual basis, increases in ice duration are associated with decreases in both NPP and opal burial.
Although we suspect the decrease in annual opal burial and NPPwith ice duration is driven by a decrease in the
annual light availability as ice increases, other mechanisms are possible. For example, given the importance of
ice-edge blooms, it may be that the timing of ice growth and retreat is critical, relative to other seasonal forcing
such as day length and nutrient availability. The ecological makeup of ice-edge blooms, and the nature of the
opal produced, may even be affected by the length and phenology of seasonal ice cover.

4.2. Northern Control: The Role of Silicic Acid

At latitudes with negligible sea-ice, the prevailing view is that annual diatom production is determined by
silicic acid availability [e.g., Sigmon et al., 2002; Trull et al., 2001b]. Indeed, we find the latitudinal distributions
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of opal burial and sediment opal % are consistent with a role of silicic acid availability in determining opal
burial, with a northward decrease in opal burial and concentration coincident with a northward decrease
in silicic acid concentration (Figure 3). When we compare opal burial with individual climatological variables
(Table 3), we find that silicic acid availability at the start of the growing season (SON) explains 39% of the
variability in opal burial. We considered other measures of silicic acid availability, including annual and
monthly averages, and none was any more predictive of opal burial. Winter and spring SSTs are actually
better (inverse) predictors of opal burial than is spring silicic acid, explaining roughly 45% of variability in opal
burial (Table 3). One explanation for this is that temperature serves as a proxy for silicic acid concentration,
and given the relative paucity of silicic acid measurements across the Southern Ocean, temperature provides
a more accurate representation of available Si. An alternative explanation is that temperature directly affects
diatom growth or silicification; covariation of many of the environmental variables considered here makes it
difficult to distinguish these alternate explanations. In a multivariate context, in addition to SST, autumnMLD,
total Th-normalized flux, and dust flux all contributed to explaining opal flux variability in the ice-free region.
A role for silicic acid as amaster variable is supported by the inclusion of autumnMLD in themultivariate solu-
tion, as deeper winter mixing should deliver greater Si to surface waters at the start of the growing season.
The mean MLD shoals at the ice-free sites between winter and summer, from a mean of 177m in winter,
149m in autumn, 60m in spring, and 95m in summer.

4.3. The Role of Iron

The supply of silicic acid is not the only factor thought to affect biogenic Si production in the Southern Ocean. In
situ iron fertilization experiments [Boyd et al., 2000; Coale et al., 2004; Smetacek et al., 2012] and the study of
naturally iron-fertilized regions [Blain et al., 2007; Pollard et al., 2009] have demonstrated the stimulating effect
of iron addition on phytoplankton production, including diatom production. Modeling [Fennel et al., 2003]
and correlative studies [Moore and Abbott, 2000; Cassar et al., 2007] have further demonstrated the role of iron
in determining annual carbon export in the Southern Ocean, although other work has failed to find correlation
between dust and primary production in the Southern Ocean [Boyd et al., 2010; Le Quéré et al., 2002].

In this study we find a significant correlation between annual average NPP and modeled dust deposition but
not between dust deposition and opal burial (Figure 7 and Table 4). However, in a multivariate context, dust
flux slightly improves the predictability of opal flux, in a positive sense (Table 4). The role of iron in explaining
variation in opal export is complex. On one hand, iron is required by diatoms for photosynthesis and nitrogen
uptake, and iron addition tends to favor the growth of diatoms over other species [Armand et al., 2008]. On
the other hand, the Si:C ratio of diatoms decreases with increasing Fe availability. This decrease in Si:C has
been shown to occur as a result of (a) changing morphology of individual species [Leynaert et al., 2004;
Marchetti and Harrison, 2007] and (b) a shift in diatom community composition, from highly silicified species
that thrive under low iron conditions to lightly silicified species that thrive under iron-sufficient conditions
[Assmy et al., 2013; Mosseri et al., 2008].

Depending on how diatom carbon production responds to iron availability, and how andwhy net community
Si:C uptake varies with iron availability, an increase in iron availability in an iron-limited region may paradoxi-
cally lead to a decrease in biogenic Si production, as diatoms, though stimulated to produce more carbon,
shift to lower Si:C uptake ratio. This scenario has been proposed to explain the absence of an opal flux event
in the equatorial Pacific during the LGM despite evidence for silicic acid leakage [Pichevin et al., 2009]: the
abundant iron from dust decreased diatom Si uptake, such that opal flux was lower despite more abundant
silicic acid, a result recently confirmed through modeling [Matsumoto et al., 2014]. The role of iron in
regulating both diatom carbon fixation and silicification may also explain why biogenic Si did not increase
during the ISENEX iron fertilization experiment, despite clear increases in diatom abundance and carbon
export [Assmy et al., 2013; Smetacek et al., 2012]. Likewise, in the naturally iron-fertilized waters of the
Kerguelen plateau, biogenic Si production and diatom biomass are not significantly different than in
surrounding High Nutrient Low Chlorophyll waters [Mosseri et al., 2008]. The same dual action of iron may
be at play in the data considered here, driving the phytoplankton toward either a small, Fe-limited growth
of highly silicified diatoms or a more prolific growth of weakly silicified diatoms; the net result may be a lack
of correlation between iron and opal production and burial.

One caveat in interpreting these results is that dust flux may be a poor proxy for iron availability. While the
good correlation between dust flux and NPP (Figure 7), in a region known to be iron limited, suggests dust
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flux is a reasonable proxy for iron availability, non-aeolian sources of iron such as shelf iron, upwelling, and
even hydrothermal iron are known to be important in the Southern Ocean [Tagliabue et al., 2014; Death
et al., 2014]. We conclude that either iron availability plays a minor role in determining opal burial, because
of the competing effects of iron on diatom and community C and Si production, or that iron is possibly impor-
tant in driving opal export, but such a relationship is not seen here because iron availability in the Southern
Ocean is poorly represented by dust flux alone.

4.4. The Role of Opal Preservation

In addition to opal export from surface waters, variable preservation of opal in the water column and sedi-
ments may contribute to the variability in Th-normalized opal burial. For example, Leynaert et al. [1993] have
suggested that in the Weddell Sea, low opal burial and concentrations are driven in part by exceptionally
poor opal preservation. Factors identified as affecting the preservation of opal in the sediment include
diatom species composition [Warnock et al., 2007], pore-water Al [Van Cappellen and Qiu, 1997], sediment
accumulation rate [Sayles et al., 2001], and bioturbation [Ragueneau et al., 2001]. We found no correlation
between water depth and opal burial, nor did the inclusion of water depth improve multivariate prediction
of opal burial. This suggests that variable dissolution in the water column does not significantly affect burial,
consistent with previous findings [Tréguer and De La Rocha, 2013].

The comparison between simulated opal flux to the seafloor from MESMO2 and reconstructed opal flux from
opal burial data (Figure 4) provides further insight into opal preservation at the seafloor. Overall, the agree-
ment is quite good between the model and the observations, after shifting the model output south by 5° and
applying the Southern Ocean-specific Sayles et al. [2001] algorithm to correct for opal dissolution. However,
the dissolution-corrected opal fluxes are somewhat lower than modeled opal flux in the north and somewhat
higher than modeled flux in the south, an effect that is more pronounced using the Serno et al. correction
(Figure 4). While there are many possible explanations for this latitude-dependent offset, including deficiency
in the model simulation, one possibility is that it reflects bias in the preservation algorithm. We have used Th-
normalized total flux to estimate opal preservation, but the total mass accumulation rate, which is less readily
available, is certainly more relevant to opal preservation [Serno et al., 2014]. Furthermore, the composition, as
well as the magnitude, of the total flux may be an important variable. Field and laboratory results find the
pore-water Al:Si ratio is an important variable regulating sediment opal dissolution: opal preservation
increases as this ratio increases [Dixit and Van Cappellen, 2003; Dixit et al., 2001]. If the ratio of detritus to opal
in the sedimentary flux is an important determinant of pore-water Al:Si, then high-flux regions of the
Southern Ocean, which tend to be dominated by opal [Sayles et al., 2001; Serno et al., 2014], will tend to have
lower Al:Si ratios in pore waters, and therefore lower preservation of opal, than expected on the basis of total
flux alone. Therefore, in the regions of highest fluxes such as the APF where opal dominates, the preservation
algorithm may be over-correcting. We concur with Sarmiento and Gruber [2006] that the importance of sedi-
mentation rate on opal preservation needs to be revisited in light of research demonstrating the important
role of Al in regulating opal preservation. This is particularly true in the Southern Ocean, which is subject to
highly variable inputs of Al, from shelf sediments, ice-rafted debris, sediment redistribution, and dust.

4.5. Implications for Paleo-proxies

As discussed in the Introduction, opal burial in the Southern Ocean has been interpreted in different ways in
the literature, as reflecting sea-ice coverage, productivity, and stratification or upwelling. This study has impli-
cations for the interpretation of opal burial in the paleo record.

The first important implication is that sea-ice duration constrains the maximum value of opal burial observed.
Assuming modern-like Si availability in the Antarctic zone (i.e., high Si concentrations), opal accumulation
rates higher than the observed maximum for a given sea-ice cover today most likely point to a longer
growing season. However, conversely, reductions in opal burial cannot necessarily be interpreted as an
increase in the duration of sea-ice cover. Other factors, most notably reduced deep winter mixing and poor
opal preservation, also contribute to low opal burial.

In terms of predictive power, opal burial alone can predict the number of ice-covered days per year to within
103 days (2 × root mean square error of the prediction), while annual SST alone, at the same sites, can predict
ice-covered days to within 68 days. The combination of opal flux and SST is only marginally better than SST
alone, providing a 95% confidence interval of 62 days, reflecting the colinearity of SST and opal flux (r2 = 0.62).
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By comparison, the modern analogue technique applied to diatom assemblages can provide a 95% confi-
dence interval of 24 days [Crosta et al., 1998]. A prediction of ice cover to within 2months is perhaps more
useful than it appears at first. For example, debate in the sea-ice reconstruction community centers around
the presence of the winter versus summer ice edge. For a given site, this translates to a difference between
a sea-ice cover of 4–6months (winter only) and 9–12months (winter and summer). In this sense, opal burial
and independent SST reconstructions could be used in concert with proxies based on diatom taxonomy to
provide improved spatial constraints on sea-ice cover and duration.

In the ice-free Southern Ocean, Th-normalized opal rain has been used as a proxy for both wind-driven upwel-
ling [Anderson et al., 2009] and reductions in wintertime vertical mixing due to density stratification [Sigman
et al., 2004; Jaccard et al., 2013]. The premise for opal burial to serve as such a proxy is that both upwelling
and vertical mixing processes supply silicic acid to the surface waters. Conversely, stratification and reduced ver-
tical mixing inhibit its supply. Further, this supply of silicic acid determines the annual production of biogenic Si
and its subsequent rain to the seafloor. The work presented here provides general support for opal burial as a
proxy of silicic acid availability, in that maximum opal burial coincides with maximum silicic acid concentrations
(Figure 3). However, the link to either upwelling or other vertical mixing processes is more indirect in that a num-
ber of factors associated with silicic acid availability (temperature and MLD) together explain about 70% of the
variability in opal burial in the ice-free regions (see above). In theory, Si supply and upwelling could become
uncoupled, for example, if there is a change in subsurface silicic acid concentration. The remaining unexplained
30% of variance in opal burial may be due to many factors, including preservation effects, problems with cli-
matologies, and temporal mismatches between the climatologies and surface sediments.

Regardless of the cause, the moderate predictability and indirect link to upwelling do suggest caution is
needed when interpreting opal burial as an upwelling proxy in the absence of careful site-specific cali-
bration. Along 170°W, Joint Global Ocean Flux Study produced detailed seasonal observations of water
column Si depletion, biogenic production, and vertical flux [Nelson et al., 2002; Sigmon et al., 2002],
which provide strong support for a relationship between Si supply (e.g., via upwelling) and Th-
normalized opal burial in this region [Anderson et al., 2009]. It is also important to recognize that the
role of sea-ice cannot be ignored. Indeed, our data suggest that even a modest increase in sea-ice-sea-
son length of 1–2months per year can significantly decrease opal burial, and conversely, decreases in
sea-ice cover could result in increases in maximum burial (Figure 5). Thus, opal burial records need to
be carefully interpreted with respect to changes in sea-ice versus changes in upwelling and other ver-
tical mixing processes, and are best interpreted in the context of multiple proxies.

The fact that more than 70% of the variability in opal burial can be accounted for by environmental drivers
associated with opal production in surface waters (e.g., season length, Si, and MLD) further supports the view
that opal burial recorded using Th normalization is generally reflective of surface water patterns of opal pro-
duction, as found in previous regional-scale studies [e.g., Nelson et al., 2002]. However, the lack of correlation
between opal burial and NPP (Figures 3 and 7) suggests opal burial is not a good proxy for carbon export. This
lack of relationship is seen both across the whole data set and independently in the ice-covered and ice-free
regions, and persists when opal burial is corrected for preservation using either the Sayles or Serno approach.
The good correlation between dust and NPP (Figure 7, r2 = 0.61; Table 4) in the ice-free region, which is
believed to be iron limited [e.g., Coale et al., 2004], provides further validation of the NPP product.
Together, these observations suggest the discord between opal burial and NPP reflects a real decoupling
between carbon export and Si export, as opposed to a mismatch between a surface water signal (NPP)
and a sedimentary signal (Th-normalized opal burial). Our results therefore strongly support the notion of
decoupling of carbon and opal export in the Southern Ocean [e.g., Anderson et al., 1998; Assmy et al., 2013;
Honjo et al., 2000; Salter et al., 2007]. While opal and organic carbon fluxes become evenmore decoupled with
depth due to preferential remineralization of carbon [Nelson et al., 2002], our results support the view that the
spatial decoupling arises at the surface. Abelmann et al. [2006] suggest the decoupling arises through an eco-
logical shift from the dominance of the thick-walled, high Si-low C exporting Fragilariopsis kerguelensis-type
ecosystem in the permanently open ocean zone (analogous the “ice-free” region in this study) to the thin-
walled, low Si-high C exporting Chaetoceros-type productivity in the seasonal ice zone. An iron-mediated
decoupling is seen in the model runs of Matsumoto et al. [2014], where iron fertilization increases POC flux,
and decreases opal flux in the Southern Ocean. We conclude that opal burial is not an appropriate proxy
for carbon export in the Southern Ocean.
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4.6. Southern Ocean Opal Burial

This work provides an updated estimate of Holocene Si burial in the Southern Ocean based on Th-normalized
measurements (Table 3). Using a bioregionization approach to extrapolate measurements to the entire
Southern Ocean, we estimate biogenic Si burial south of 40°S to be 2.3 ± 1.0 Tmol Si yr�1. This is only slightly
higher than the recent estimate of 2.0 ± 1.2 from Tréguer and De La Rocha [2013] for the “opal belt” as defined
by Lisitzin [1971]. Geibert et al. [2005] use the classification based on sea-ice of Treguer and van Bennekom
[1991] for their extrapolation of Th-normalized Si burial in the Atlantic sector. Treguer and De La Rocha
[2013] have based their circum-Antarctic estimate on the work of Geibert et al. [2005], together with data
points (i.e., not interpolated) from Pondaven et al. [2000], Dezileau et al. [2003], and DeMaster [2002]. The
revised estimate provided here benefits from a larger data set and the presumably improved interpolation
provided by the bioregionalization approach.

The interpolation could be improved further and provides guidance on which regions are most data poor.
Seven of the bioregions have no Th-normalized opal flux estimates (Table 3). Of these, the Antarctic shelves
and northern temperate regions have the largest surface area. Shallow water limits the application of Th
normalization on the shelves, but there are other estimates of sediment accumulation rate (Pb-210, Pu,
and C-14) and biogenic silica accumulation in the shelf environments of the Ross Sea and the Western
Antarctic peninsula [e.g., DeMaster et al., 1996]. The bioregionalization itself could also be improved, for
example, by including sea-ice and ocean color data, or using alternative statistical approaches [Grant
et al., 2006]. We estimate an opal burial efficiency (opal export/burial) south of 40°S of 3.6% from the ratio
of opal burial estimated here from observations (2.3 Tmol Si yr�1) to opal export from the mixed layer
estimated from MESMO 2 (63.3 Tmol Si yr�1). This opal preservation efficiency is consistent with
observation-based estimates from the Southern Ocean, which range from 1% to 6% [Nelson et al., 2002;
Pondaven et al., 2000], lending confidence to both the MESMO opal export result and the observationally-
constrained opal burial result.

There are biogeochemical implications to the factors limiting opal export. We assume that the link between
sea-ice and opal burial arises because sea-ice limits the annual consumption of silicic acid by diatoms, rather
than, for example, affecting opal preservation. If this is the case, greater sea-ice extent and duration should
lead to reduced silicic acid uptake in the Antarctic zone, leaving more silicic acid available to be transported
across the Polar Front and potentially into the low latitude thermocline via mode and intermediate waters
[Sarmiento et al., 2004]. In this sense, expanded sea-ice can in theory lead to silicic acid leakage from the
Southern Ocean, as demonstrated in a model [Matsumoto et al., 2014]. Likewise, if the length of the ice-free
season increases in the future, and opal burial in the Southern Ocean increases as a result, we can speculate
that this will result in even greater trapping of Si in the Southern Ocean and more severe Si limitation of
diatom growth outside the Southern Ocean.

The sea-ice mechanism for silicic acid leakage has been used to explain large opal fluxes observed [Hayes
et al., 2011; Kienast et al., 2006] in the eastern equatorial Pacific during marine isotope stage 3 (MIS 3
27–60 ka). At this time, dust flux to Antarctica was low, and therefore, iron fertilization was restricted, but
sea-ice was expanded relative to today and as extensive as during the LGM [Wolff et al., 2006]. In a previous
modeling study [Matsumoto et al., 2014], we found that when sea-ice extent is increased 50% relative to
today, in the presence of modern-like Fe inputs, some leakage of Si from the Southern Ocean does occur,
as manifested by higher Si concentrations in intermediate waters leaving the Southern Ocean. However,
the impact on floral composition, opal flux, and CaCO3:organic C rain rate outside the Southern Ocean is
modest. In the model, a dipole response to sea-ice expansion is observed, where opal flux in the southern
part of the Southern Ocean decreases strongly with sea-ice expansion while opal flux in the northern part
of the Southern Ocean increases with increased sea-ice. In the model at least, most of the extra silicic acid
exported from the Antarctic region in response to sea-ice expansion is consumed in the sub-Antarctic and
therefore not available to be exported to low latitudes, a result that depends on low iron availability to stimu-
late Si consumption in the sub-Antarctic. However, limited proxy records from the sub-Antarctic across MIS 3
show opal flux generally tracks terrigenous deposition in marine sediments and dust deposition in Antarctic
ice cores [Anderson et al., 2014; Kienast et al., 2006], suggesting iron addition stimulates annual opal flux in this
region, at least during MIS 3. Indeed, a Si isotope record from the Pacific sub-Antarctic (NBP9802-9PC2) shows
remarkable coherence with the Antarctic ice core dust deposition record [Robinson et al., 2014], suggesting Si
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consumption increases with increasing iron availability. Although changes in the upwelling supply of Si may
also be involved in explaining the MIS 3 opal flux behavior [Hayes et al., 2011; Anderson et al., 2014], these
observations support the possibility that during periods of coincident sea-ice expansion and low iron flux,
Si exported from the Antarctic zone is not consumed in the sub-Antarctic and may indeed reach equatorial
latitudes [Kienast et al., 2006].

Proxy records from the sub-Antarctic (where we know sea-ice is not a factor) also support a positive relation-
ship between dust flux and opal production on glacial-interglacial timescales. This relationship is seen both
temporally at a single site, where opal flux tracks terrigenous flux [e.g., Frank et al., 2000], and in considering
the spatial distribution across the sub-Antarctic, where opal flux in the Pacific sector during the LGM is lower
than in the Atlantic and Indian sectors, consistent with dust input to the Pacific being the lowest [Chase et al.,
2003; Bradtmiller et al., 2009; Lamy et al., 2014].

The above discussion suggests that the Southern Ocean operated differently during glacial climates (iron flux
and opal production are positively related) compared to today, when purposeful and natural iron fertilization
experiments indicate an inverse relationship for iron supply and opal production. In MESMO2, the negative
influence of iron on silicification outweighs the positive influence on diatom growth rate, such that opal pro-
duction generally decreases with iron addition, consistent with the modern observations. In contrast, in the
PISCES model [Tagliabue et al., 2014] the effect of iron on diatom growth outweighs the effect on diatom stoi-
chiometry, such that a decrease in iron supply leads to a decrease in opal flux, consistent with the glacial cli-
mate observations. It is important to keep in mind, however, that these models did not use identical
boundary conditions. For example, experiment ALL with MESMO2 [Matsumoto et al., 2014] used an idealized
and convenient set of glacial boundary conditions. Depending on the relative strength of these boundary
conditions, some of which cancel one another (e.g., greater ice and larger iron input would have opposing
effects on opal production), the net effect on opal export could be quite different. More work is needed to
better understand the controls on Si utilization and export in the Southern Ocean, and on the role of iron
in particular.

5. Summary and Conclusions

In this paper we present an expanded compilation of Th-normalized opal burial rates at 188 sites and opal
concentration measurements from 496 sites in the Southern Ocean, to estimate overall opal burial rates
and to use these more extensive data to better understand controls on opal rain rates. Using a bioregionali-
zation approach we estimate biogenic Si burial in the Southern Ocean at 2.3 +/� 1.0 Tmol Si yr�1, a number
consistent with recent estimates. Similar to previous studies, highest burial is found in the opal belt, bound
to the north by low silicic acid availability and to the south by the length of the ice-free growing season.
Our bioregionalization approach also reveals several regions where data are scant, notably the Antarctic
shelves and the northern temperate regions of the Southern Ocean.

We compared opal burial rates with seven environmental parameters and found that the factors controlling
opal burial rates were different in predominantly ice-covered and ice-free regions. In ice-covered regions, the
dominant variables included number of ice-covered days, winter mixed layer depth, and preservation effi-
ciency. In ice-free areas, the dominant explanatory variables were autumn surface water silicic acid concen-
tration and sea surface temperature, with autumn mixed layer depth, total Th-normalized flux, and dust flux
contributing additional explanatory power to the relationship. Opal burial is not correlated with dust flux
alone, a result that may reflect the decoupling between carbon and opal under the influence of iron: low iron
conditions promote a small production of heavily silicified diatoms, whereas higher iron levels promote a lar-
ger production of weakly silicified diatoms, the net result being that iron is not a good predictor of total opal
rain to the seafloor.

We corrected opal burial rates for postdepositional opal dissolution using the algorithm of Sayles et al. [2001],
which predicts opal preservation from total sediment flux. We find good agreement between the observed
corrected opal rain to the seafloor and those predicted fromMESMO2, an earth systemmodel of intermediate
complexity [Matsumoto et al., 2013], both in magnitude and geographic distribution. However, the observed
corrected opal rain rates tend to be smaller than the model predictions in the north and larger in the south.
One explanation for this mismatch is that it reflects the need for a better preservation algorithm, in particular
one that incorporates sediment components such as Al:Si ratio.
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Given that opal fluxes have been used as indicators of changes in sea-ice, export production, stratification,
and upwelling intensity, this work has several interesting implications for the interpretation of opal burial
as a paleo-proxy:

1. The duration of sea-ice cover places a maximum limit on the opal burial that is likely to be observed, but
several additional factors can reduce opal burial rates so that the reverse interpretation is difficult (i.e.,
decreased opal burial rates alone are not an indicator of increased sea-ice). At the same time, there
may be potential to improve reconstructions of summer and winter sea-ice extent by including opal burial
rates with diatom-assemblage information.

2. This work demonstrates that in ice-free regions, opal burial is related to changes in surface water silicic
acid concentrations. Insofar as silicic acid supply can be linked to changes in upwelling and stratification,
this analysis could support changes in opal burial as representative of changes in upwelling/stratification
in the sediment record [e.g., Anderson et al., 2009]. However, although factors associated with silicic acid
availability (temperature and MLD) are statistically significant predictors of opal flux in the ice-free regions
today (see above), their predictive power is modest and indirectly linked to upwelling. Furthermore, dur-
ing glacial times, regions that are today ice free may have been seasonally ice covered. As we have shown
that even small changes in sea-ice duration during the year can have a large impact on opal burial, the role
of changes in sea-ice duration needs to be carefully considered in interpretations of opal flux records
south of the APF.

3. In terms of export production, this study emphasizes the decoupling between opal and carbon export in
the Southern Ocean. Opal burial rates are not linked strongly with satellite-based estimates of net primary
production or iron concentrations (represented as simulated dust flux).

Overall, this work supports the view that patterns of sedimentary opal burial in the Southern Ocean are con-
trolled primarily by the surface ocean factors that control biogenic silica production and export. Ongoing work
to understand the processes controlling opal production and export will aid interpretation of the sedimentary
record. Although factors affecting opal preservation on the seafloor are of secondary importance, additional
work to understand these factors is also needed to fully exploit the sedimentary record of opal burial.
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