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(1 X 1) surface unit cell. For the interfaces we used a grid corresponding to 16 k-points per
(1 X 1) unit cell. For metallic structures we used the Mermin functional with a
temperature of 1,000 K and the extrapolation to zero Kelvin proposed in

ref. 28.

The band offsets have been derived by relating the plane wave part of the potential,
averaged laterally, to band edges. The relative displacement between potential and band
edges has been obtained from the epitaxially strained bulk materials.

The phase diagram in Fig. 2 was obtained from the total energies as a function of the
oxygen chemical potential. A number of different, stoichiometric and non-stoichiometric,
interface structures with varying oxygen content have been considered. The regions where
one of the stoichiometric interfaces (A, B or the dimer-oxidized variant of B) is most stable
are shaded. Tests for the upper boundary of interface A with larger, that is (4 X 4), unit cells
confirmed that the phase boundaries obtained in (2 X 2) unit cell are reliable to about
0.03 eV.
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The ocean’s biological pump strips nutrients out of the surface
waters and exports them into the thermocline and deep waters. If
there were no return path of nutrients from deep waters, the
biological pump would eventually deplete the surface waters and
thermocline of nutrients; surface biological productivity would
plummet. Here we make use of the combined distributions of
silicic acid and nitrate to trace the main nutrient return path
from deep waters by upwelling in the Southern Ocean' and
subsequent entrainment into subantarctic mode water. We
show that the subantarctic mode water, which spreads through-
out the entire Southern Hemisphere>* and North Atlantic
Ocean’, is the main source of nutrients for the thermocline. We
also find that an additional return path exists in the northwest
corner of the Pacific Ocean, where enhanced vertical mixing,
perhaps driven by tides*, brings abyssal nutrients to the surface
and supplies them to the thermocline of the North Pacific. Our
analysis has important implications for our understanding of
large-scale controls on the nature and magnitude of low-latitude
biological productivity and its sensitivity to climate change.

The classical explanation for the observed nutrient distribution of
the ocean in the low latitudes is that the downward flux of biogenic
material from the surface of the ocean is balanced by upwelling of
dissolved inorganic nutrients driven by vertical mixing in the main
thermocline. This essentially one-dimensional view grew out of
early theories of thermocline and thermohaline circulation that are
no longer tenable. Estimates of the magnitude of vertical mixing in
the main thermocline are about an order of magnitude smaller than
required to explain the vertical profiles of tracers within this
feature®. In addition, ocean model simulations of radiocarbon
distribution show that balancing the formation of deep waters by
upwelling through the main thermocline gives results that are
inconsistent with observations'. Instead, these studies suggest that
a more likely return path for the deep water to the surface is in the
Southern Ocean'.

Subantarctic Mode Water (SAMW) has been identified as the
main conduit of nutrients from the Southern Ocean to the upwel-
ling regions of the equatorial Pacific and off South America®. The
SAMW is a pycnostad (a layer of relatively uniform density) that
originates in the thick wintertime mixed layers that ring the
Southern Ocean” (Fig. 1d). This belt, which is particularly strong
eastward of the central Indian Ocean to the western South Atlantic,
coincides with the Subantarctic Zone (SAZ) between the Subtropi-
cal Front at about 40—-45° S and the Subantarctic Front at about 45—
55°S, and appears to also include the Polar Front Zone (PFZ)
between the Subantarctic Front and Polar Front just to the south
(Fig. 1d). The SAMW pycnostad increases in density from
g¢ = 26.5 (equivalent to 1,026.5kg m~>) in the western Atlantic
to ¢ = 27.1 in the southeast Pacific® as it flows in an eastward
circuit around the Southern Ocean.
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One unusual characteristic of the waters found in this band is that
they have high concentrations of nitrate (Fig. 1a), but low concen-
trations of silicic acid (Fig. 1b). We define a new tracer, Si* =
[Si(OH),] — [NO5 ], whose concentrations of —10 pmolkg™" to
—15pmolkg ™" in the SAMW formation regions (Fig. 1c) are the
lowest we were able to find anywhere at the surface of the ocean. We
use the low Si* characteristic to trace the SAMW on the oq = 26.8
surface, which is the median of the range of densities that make up
the SAMW (Si* is nearly conserved in this water mass; see
Methods). Figure 2a charts the reach of low-Si* SAMW throughout
the Southern Hemisphere subtropical gyres® and into the North
Atlantic, where it is part of the upper water return flow of the global
thermobhaline circulation’.

In addition to being a powerful water mass tracer, Si* is an
indicator of nutrient status related to the requirements of diatoms.
Diatoms with adequate light and nutrients (including iron) gener-
ally contain Si and N in a mole ratio of ~1:1 (ref. 9), which requires
Si* = 0. The presence of negative-Si* SAMW waters at the base of
the main thermocline (see depth in Fig. 2b) is associated with a
silicic acid:nitrate ratio of <0.5 in the supply to surface waters
(Fig. 2¢; see Methods), which helps explain the prevalence of low
diatom production over much of the world ocean’.

High nutrients in the surface waters of the Southern Ocean where
SAMW forms cause this water type to be a significant source of
nutrients to the rest of the ocean. To evaluate the influence of this
supply on biological productivity in the rest of the ocean, we

|

Si* (umol kg™")

Figure 1 Polar stereographic maps of upper ocean nutrients and physics. a, Annual mean
nitrate; b, annual mean silicic acid; ¢, annual mean Si*; and d, winter mixed

layer thickness averaged over the July—September period. The southerly line denotes the
mean position of the Polar Front?. In sequence from south to north, the remaining lines
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performed a simulation with an ocean biogeochemistry general
circulation model in which the Southern Ocean nutrient source was
turned off by forcing nutrients towards zero at the surface of the
ocean south of 30° S (see Methods). A comparison of this simulation
to one in which surface nutrients were forced to observations
everywhere suggests that the Southern Ocean nutrient supply
accounts for about three-quarters of the biological production
north of 30°S (Fig. 3).

The North Pacific Ocean is an important exception to the
dominance of the SAMW influence. Figure 2a indicates that the
main thermocline must be tapping directly into the high-nutrient
waters of the deep ocean in this region'’. The northernmost region
of this basin is an area of upwelling; and wintertime cooling can
make the water quite dense at the surface, particularly in the Sea of
Okhotsk. The densest waters at the surface in the Sea of Okhotsk are
only about og = 26.8 (ref. 11), which is not high enough to allow
deep waters to reach the surface. However, gy = 26.8 is the median
density of upper North Pacific Intermediate Water'> (NPIW), the
formation of which is the result of a complex series of processes
occurring in the Sea of Okhotsk*" (probably involving strong
vertical mixing driven by tidal interactions in the Kurile Islands*'*),
as well as processes occurring in the ‘mixed water region’ between
the Kuroshio and Oyashio currents'>'®. We suggest that the strong
vertical mixing in the Kurile Islands region brings deep nutrients up
into the thermocline at the depth of the NPIW as well as above it.

The influence of NPIW extends over the entire North Pacific to
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denote the position of the Subantarctic Front, the Southern Subtropical Front, and the
Northern Subtropical Front?”. Nutrient data are from ref. 28; the mixed layer thickness
data are from ref. 29.
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Figure 2 Global maps of nutrient properties mapped on the potential density surface
09 = 26.80. The southern boundary is determined by where the annual mean

density field outcrops at the surface of the ocean. a, Si*. See Methods section for
discussion of evidence that Si* is conserved after the formation of SAMW in the SAZ.
There are a few low-oxygen regions in the North Indian Ocean and eastern tropical
Pacific where removal of nitrate as a consequence of denitrification decouples Si
cycling from that of nitrate. We correct for this by using N* (ref. 30), to define a corrected
Si* = Si(OH)4 — NOz — 8(N*) where  is set to one if N* is smaller than
—2pumolkg ™" and to zero otherwise. Si* is not conserved in the NPIW. b, Depth of the
09 = 26.80 surface. The data for a and b are from ref. 28. ¢, The zonal mean of the ratio
of the vertical gradient of silicic acid to that of nitrate between the surface 100 m and the
next 100 m, calculated as described in the Methods section.

the Equator (Fig. 2a), where it accounts for 70% of the silicic acid
supply for diatom production despite the fact that half the supply of
nitrate comes from the Southern Hemisphere'. The influence of
this water type can be seen at the surface of the ocean throughout
the North Pacific, where the silicic acid to nitrate supply ratios are
much higher than over the regions where SAMW influence domi-
nates (Fig. 2¢).

Model simulations in three-dimensional coupled biological-
physical models consistently underpredict biological productivity
in the North Pacific relative to observations'’. This has been
attributed to the failure to form NPIW with the right characteristics
in these models". Solving this problem may require developing a
parameterization for the influence of tidally driven vertical mixing
in the northwest Pacific.

There is also a modest amount of high-Si* water in the eastern
equatorial Indian Ocean and Bay of Bengal (Fig. 2a), where the
supply ratio to the surface is also large (Fig. 2c). The former
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Figure 3 Predicted global zonal mean of the fractional contribution of Southern Ocean

nutrient supply to global export production. Data obtained from an ocean biogeochemistry
general circulation model (see model description in the Methods section). This figure is
based on simulations carried out by R. Slater, with diagnostics provided courtesy of

|. Marinov and A. Gnanadesikan.

probably results from North Pacific influence, but may also involve
vertical mixing in the Indonesian Straits; the latter appears to be
generated locally in the Bay of Bengal.

Given the importance of the SAMW and NPIW in the global
thermocline nutrient cycle, we need to understand the processes
that determine the properties of these water types. Previous work
based on nitrogen isotopes suggests that surface nitrate in the SAZ
and PFZ is carried northward by Ekman transport from the region
to the south of the Polar Front'®, where upwelling brings water with
extremely high nutrient concentrations to the surface of the
Southern Ocean (Fig. 1a and b). Organisms in the upwelling zone
utilize the nutrients as these waters move towards the north (Fig. 4).
Figure 1c shows that the waters furthest to the south have Si* that
goes as high as 50 pmol kg ™', but by the time they reach the Polar
Front they have Si* values of zero or less, with Si* becoming
increasingly negative towards the north within the Polar Front
Zone and Subantarctic Zone (Figs 1c and 4). The preferential
removal of silicic acid that would be required in order to generate
such decreases in Si* is a well known phenomenon (Fig. 2¢),
generally attributed to the influence of iron limitation in dramati-
cally increasing the Si:N ratio of diatoms'. Studies in this region
suggest that iron in sea ice and in upwelling deep water is sufficient
to sustain intense diatom blooms but not high enough to prevent
some manifestations of iron limitation, with the consequence that
the Si:N ratio of diatoms is very high®. Lateral mixing along
isopycnals from the interior of the ocean plays a role in determining
the surface nutrient distribution in the Southern Ocean as well?,
but would not be able to provide the required upward supply of
nutrients from the deep ocean to the SAMW formation region.

By contrast with the SAMW, the NPIW is rich in both nitrate and
silicic acid. One might speculate that a difference in iron supply may
play a role in mitigating the depletion of silicic acid relative to
nitrate in this region. However, a more important contributor may
be that NPIW formation, which occurs primarily by vertical mixing
in the interior of the ocean, does not involve exposure at the surface
of the ocean. The formation of NPIW thus avoids the biologically
driven resetting of deep ocean nutrient ratios that occurs at the
surface of the ocean during SAMW formation.

Our analysis has important implications for the impact of climate
change on the global nutricline, biological productivity and the
carbon cycle. The Southern Ocean has long been recognized as
playing a central role in the global carbon cycle and biological
productivity, and in the response of these to climate change***. We
show that it is specifically the processes determining the properties
of SAMW, and the mechanisms leading to its formation in the SAZ,
that are most crucial in determining how Southern Ocean processes
affect the supply of nutrients to the main thermocline and low-
latitude productivity. The SAZ is a region of deep mixed layers;
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Figure 4 Southern Ocean control on thermocline nutrient concentrations. Conceptual
diagram depicting the Southern Ocean physical and biological processes that form low-
Si* waters and feed them into the global thermocline. Top, water pathways; bottom,
details of surface processes. Upper Circumpolar Deep Water (CDW) upwells to the surface
in the Southern Ocean, and is transported to the north across the Antarctic Polar Front
(APF) into the Polar Front Zone (PFZ), where Antarctic Intermediate Water (AAIW) forms,
and then across the Subantarctic Front (SAF) into the Subantarctic Zone (SAZ), which is
bounded to the north by the Subtropical Front (STF). Silicic acid is stripped out
preferentially over nitrate as the water moves to the north, thus generating negative Si*
values. This negative-Si* water is Subantarctic Mode Water (SAMW), which sinks into the
base of the main thermocline and feeds biological production in the low latitudes.

models and observations suggest that these layers are formed by a
combination of cooling of subtropical gyre water and northward
wind driven Ekman transport®. Both of these very probably
changed during the ice ages and are likely to change with global
warming, though the nature of the change is controversial. Our
analysis also suggests that NPIW formation in the North Pacific is
crucial in determining low-latitude productivity in the north and
equatorial Pacific; NIPW formation thus merits greater attention
than it has received in the past'®. O

Methods

Conservation of Si*
The usefulness of preformed Si* as a tracer of the SAMW depends on the extent to which it
is conserved. It will only be conserved if nitrate and silicic acid are recycled everywhere in a
ratio of 1:1. Preferential remineralization of nitrate or of non-siliceous organisms, which is
the behaviour that might be expected at the depth of the SAMW, will thus tend to reduce
Si*. Figure 2a does not show any significant reduction of Si* away from the SAMW
formation region, which provides qualitative support for conservation of this tracer.

We further examined this issue as follows. Both Si and N can be conceptually separated

into preformed and remineralized components: NO; = NO;F omes T ANO3, and
Sl(OH)4Obsmc « =Si(OH)y, ... TASI(OH),. Combining these gives
=Si(OH)4, g =~ NO3, ., =Si(OH)y, ;.. ~NO;, 4 (ASi(OH),~ANOy). If

remmerahzatlon were occurring with a 1:1 ratio, then ASi(OH), and ANO; would be

equal and Si* =Si(OH),, . . — NO;, . .. However, we expect some preferential

remineralization of nitrate, so we further split ASi into a fraction that follows the 1:1

ratio and a term that contains the preferential remineralization,

ASi(OH), = ASi(OH),,, + ASi(OH)y, ..., - However, ASi(OH),,, = ANO;, so we have
=Si(OH)y,, g — NO3, . +ASI(OH)y, .., On the 0 = 26.8 surface, the

preformed silicic acid concentration is close to 0, thus giving

ASI(OH)y,, i = SI*+NO;, . We calculate preformed nitrate by subtracting the

remineralized nitrate from the observed nitrate concentration,
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05, ome = NO3 . — ANOy, with remineralized nitrate calculated from the apparent
oxygen utilization (AOU = Oy,,...o. — O20pumes ) Multiplied by the average N:O,
stoichiometric ratio of 16:170, that is, ANO; = AOU - 16/170. Except for the large North
Pacific signal, which has a different preformed concentration, a plot of the preferential
silicic acid distribution on the ¢y = 26.8 surface is within = 5pmolkg ™' of 0,
demonstrating that our assumption of minimal impact of preferential remineralization on
the Si* distribution is a good one at the depth of the SAMW.

Export ratio

The opal to nitrogen export flux ratio is obtained from the water column nutrient data
synthesis compiled from WOCE, SAVE, TTO and GEOSECS (see list of cruises in ref. 25);
we used the method of ref. 25 to calculate the opal to organic carbon export flux ratio®.
Briefly, ref. 25 shows how the export flux ratio can be calculated from the vertical
concentration gradient ratio of the precursor inorganic nutrients if certain assumptions
are met. As in that study, we calculate the concentration gradient ratio by taking the mean
over the top 100 m for the surface concentration, and the mean over 100 to 200 m for the
thermocline concentration. The ‘most likely” export flux ratio is then obtained from

( Jopal ) _ 2 (Si(OH)4)100-200m=(Si(OH)a)o 100 m)
Jorganic nitrogen

22 (NO3 100-200-m=(NO3 Do-100m)

As in ref. 25, we use the bootstrap method to estimate the nonparametric standard
deviation of the mean. We construct 10,000 trial data sets from the original data set by
random selection with replacement (that is, repeatedly randomly selecting from the same
set of observations). The ‘best” estimate of the gradient is the median of all the individual
estimates, and the 95% confidence limits come directly from the 2.5% and 97.5% tails of
the resulting distribution.

Contribution of Southern Ocean to export production

The model simulations of the influence of the Southern Ocean on ocean biological
production are carried out in the KVLOW + AILOW ocean biogeochemical general
circulation model discussed in ref. 17. Biological uptake of nutrients is obtained by forcing
model predicted nutrients towards observed nutrients in the upper 75 m of the model. The
model includes production and remineralization of both dissolved and particulate organic
matter. We shut off the Southern Ocean nutrient supply to low latitudes by forcing surface
nutrients towards zero south of 30° S such that the water sinking out of the surface has little
or no nutrients in it. We note that the results we obtain are very sensitive to the model used,
and that we forced nutrients towards zero everywhere south of 30° S, not just in the SAMW
formation regions.
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Carbonates are important constituents of marine sediments and
play a fundamental role in the recycling of carbon into the Earth’s
deep interior via subduction of oceanic crust and sediments'~>.
Study of the stability of carbonates under high pressure and
temperature is thus important for modelling the carbon budget
in the entire Earth system. Such studies, however, have rarely
been performed under appropriate lower-mantle conditions
and no experimental data exist at pressures greater than 80 GPa
(refs 3—6). Here we report an in situ X-ray diffraction study of the
stability of magnesite (MgCO3), which is the major component of
subducted carbonates, at pressure and temperature conditions
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approaching those of the core-mantle boundary. We found that
magnesite transforms to an unknown form at pressures above
~115GPa and temperatures of 2,100-2,200 K (depths of
~2,600 km) without any dissociation, suggesting that magnesite
and its high-pressure form may be the major hosts for carbon
throughout most parts of the Earth’s lower mantle.

In equilibrium with silicates, the major carbonates in marine
sediments (CaCOj; calcite, CaCO; aragonite, and CaMg(COs3),
dolomite) transform to dolomite and magnesite with increasing
pressure to ~1—4 GPa (refs 7, 8), depending on temperature and
bulk compositions. Dolomite has been shown to transform further,
to magnesite-bearing assemblages in the presence of pyroxene and
olivine at pressures of 20-50 GPa (ref. 3): accordingly, magnesite
should be the only stable carbonate in the upper part of the mantle.
Direct evidence of the presence of magnesite has also been demon-
strated by its occurrence as inclusions in natural diamonds’,
although it has been a matter of debate whether it is transported
into the lower mantle via subduction®'*'",

The stability of MgCO; magnesite under lower-mantle con-
ditions has been studied by using the diamond anvil cell (DAC);
these studies showed that magnesite is stable at pressures to 80 GPa
and temperatures of 2,000-2,500K (refs 3-6). However, these
studies were based on analyses of samples quenched to ambient
conditions, or those at room temperature under high pressure,
except for one study using Raman spectroscopy at 26 GPa and at
1,200K (ref. 5), and no in situ X-ray diffraction studies under
simultaneous high pressure and high temperature have been made.
Moreover, the temperatures in most of these experiments were only
poorly constrained and suffered large uncertainties (10-20% of the
nominal values), and in some studies they were not even
measured>®. The maximum pressures studied were also limited to
50—80 GPa, equivalent to depths of ~1,300-1,900 km in the mantle,
and so the stability of magnesite throughout the mantle remains
unresolved.

We made 12 runs of in situ X-ray measurements at high
pressure and temperature, as summarized in Table 1. In each
run, X-ray diffraction measurements were conducted at two or
three different pressure—temperature conditions by increasing
temperature at a fixed load. Magnesite was found to persist to
pressures up to about 100 GPa, and at temperatures up to
3,000K, and we did not see any evidence for the dissociation
of MgCOj; under these conditions (Fig. la—c). The unit-cell
volume of magnesite was determined at high pressure after quench-
ing to room temperature in each run. A least-squares fitting of

Table 1 Experimental conditions and results

Run number P (GPa) T (K) t (min) Results
Ms29 30.7 1,800 5 Magnesite
30.2 2,300 5 Magnesite
Ms26 38.8 1,800 5 Magnesite
41.8 2,200 5 Magnesite
Ms28 47.8 2,000 5 Magnesite
50.9 2,500 5 Magnesite
Ms23 51.6 1,800 5 Magnesite
54.8 2,200 5 Magnesite
55.4 2,500 5 Magnesite
Ms7 59.1 1,800 5 Magnesite
60.6 2,000 5 Magnesite
Ms22 62.5 1,800 5 Magnesite
Ms25 66.1 1,800 5 Magnesite
63.0 2,400 5 Magnesite
Ms8 78.0 1,800 3 Magnesite
81.6 2,500 3 Magnesite
84.3 3,000 3 Magnesite
Ms16 96.9 2,000 10 Magnesite
Ms14 100.8 1,800 5 Magnesite
100.1 2,200 5 Magnesite
Ms15 112.6 1,800 5 Magnesite
114.4 2,200 5 Magnesite Il (+magnesite)
Ms18* 116.3 2,100 10 Magnesite Il (+magnesite)

*Al,Og pressure medium was not used.
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