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Phytoplankton growth in the eastern equatorial Pacific Ocean
today accounts for about half of the ‘new’ production—the
fraction of primary production fuelled by externally supplied
nutrients—in the global ocean. The recent demonstration that an
inadequate supply of iron limits primary production in this
region' supports earlier speculation that, in the past, fluctuations
in the atmospheric deposition of iron-bearing dust may have
driven large changes in productivity’. But we argue here that only
small (~2nM) increases in the iron concentration in source
waters of the upwelling Equatorial Undercurrent are needed to
fuel intense diatom production across the entire eastern equatorial
Pacific Ocean. Episodic increases in iron concentrations of this
magnitude or larger were probably frequent in the past because a
large component of the undercurrent originates in the convergent
island-arc region of Papua New Guinea, which has experienced
intensive volcanic, erosional and seismic activity over the past 16
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million years. Cycles of plankton productivity recorded in eastern
equatorial Pacific sediments may therefore reflect the influence of
tectonic processes in the Papua New Guinea region superimposed
on the effects of global climate forcing.

High-resolution sediment records in the eastern equatorial
Pacific show strong cycling in silica:carbonate ratios resulting
largely from the variable accumulation of diatom (silica) and
coccolithophore (carbonate) tests’. These alternating conditions
today reflect regimes having higher and lower productivity, respec-
tively. Superimposed on these cycles are repeated episodes of
extremely intense diatom production, manifested as laminated
diatom deposits’. Increased upwelling of macronutrients driven
by intensified global winds was thought to have been responsible for
higher-productivity periods®, but a recent mesoscale enrichment
study (IronEx II) showed' that diatom growth is limited by iron
rather than inadequate supplies of nitrogen, phosphorus or silicon.
The questions are now what magnitude of Fe inputs are needed to
generate diatom bloom events and what was the frequency of these
excursions?

Gauging the Fe perturbations required to stimulate diatom
production reduces to two issues: (1) what is the lowest Fe
concentration whereby uptake still permits maximum cellular
growth rates, and (2) what Fe flux to surface waters is then
needed to sustain high diatom productivity once this concentration
threshold is surpassed? The distinction between concentration and
flux is important, because it constrains the magnitude of events
needed to generate intense diatom blooms. For example, maintain-
ing relatively high (=1nM) Fe concentrations would require
massive and persistent dust deposition because Fe is rapidly lost
from surface waters’. In this case, significant global climate change
must precede changes in diatom production. Conversely, if only
low Fe concentrations are needed then flux requirements are
substantially smaller, so that large shifts in productivity might
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Figure 1 Source waters of the Equatorial Undercurrent (EUC). The New Guinea
Coastal Undercurrent (NGCU) transports water at 200 m depth from the Solomon
Sea, through the narrow Vitiaz Strait, and along the northern shelf margin of Papua
New Guinea where it is joined by the St Georges Undercurrent (SGU)"". The
combined undercurrent turns north and then eastwards as the equatorial under-
current. Additional undercurrents flowing north of New Ireland (the New Ireland
Coastal Undercurrents, NICU), join the EUC, increasing its total flow. Subsurface
waters north of the Equator also contribute to undercurrent flow; present
estimates of the magnitude of this entrainment vary from small to roughly equal

that of the southern inflows™®"". Surface currents have been omitted for clarify.
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Table 1 Iron upwelling fluxes needed to support diatom growth

Cellular Fe:carbon* Fe upwelling fluxt Initial dissolved Fe$

(wmol Fe:mol C) (nmol Fe m=2d™") (nM)
24 360 (720) 21(42)
4.0 600 (1,200) 3.4(6.8)
6.0 900 (1,800) 5.2(10.4)

*The range of cellular Fe quotas for oceanic phytoplankton determined in laboratory
experiments’ and natural population cultures from equatorial Pacific surface waters'®.

T Fe fluxes needed to support a calculated upwelling-nitrate-sustained new production rate
of 150nmol C m=2d™" at 90°W (off the Galapagos) as a function of diatom Fe quotas. The
prerequisite Fe flux would decrease westwards along the Equator due to lower nitrate
upwelling fluxes. Values in parenthesis are for maximum, non-sustainable bloom produc-
tion (300 nmol C m=2d™"), such as occurred during IronEx Il (that is, where nitrate concentra-
tion is drawn quickly to zero).

$The dissolved Fe concentrations in the PNG coastal undercurrent needed to support the
required Fe upwelling flux at 90° W (near the eastern margin of the equatorial high-nitrogen,
low-chlorophyll region).

possibly precede or occur independently of global climate change.

The threshold concentration where Fe uptake becomes diffusion-
limited has been explored in models® and contrived, well-defined
laboratory culture experiments’. But predicting diffusion-limited
conditions in ocean waters is difficult because we do not know
which soluble chemical Fe species are directly accessed by
phytoplankton®. Nonetheless, ambient soluble Fe concentrations
(of species with molecular mass <1kDa) only doubled to 40 pM Fe
during IronEx IT despite nanomolar Fe additions; the bulk of added
Fe was sequestered into colloidal forms not directly accessible to the
cell (M.L.W., manuscript in preparation). Thus it appears that
massive dust deposition is not a prerequisite for dramatically
altering productivity in the eastern equatorial Pacific.

The bulk of Fe input to equatorial surface waters occurs by
advective upwelling from the Equatorial Undercurrent (EUC)
rather than atmospheric deposition’. The possibility that under-
current Fe inputs have varied during the past has not been explored.
The EUC originates near Papua New Guinea (PNG) as a coalescence
of at least four undercurrents, important components of which are
the New Guinea Coastal Undercurrent (NGCU) and the St Georges
Undercurrent (SGU) (Fig. 1). Both draw water from the Solomon
Sea along the north coast of PNG before turning towards the
Equator at ~145°E'®". This core undercurrent is then joined
by the New Ireland Coastal Undercurrents (NICU in Fig. 1) plus
subsurface contributions from northern waters to form the EUC.
The ~500-km-wide, 100-m-thick EUC then travels ~13,000 km
constrained between 2°N and 2°S at speeds of 0.6—1.7ms ", It
begins its equatorial transit at ~200m depth, but shoals gently
upwards to surface south of the Galapagos Islands in the east. The
New Guinea Coastal Undercurrent, the St Georges Undercurrent
and the New Ireland Undercurrents are likely to strongly influence
the dissolved Fe content of the EUC due to their very close
proximity to land.

The loss of dissolved Fe from the ribbon-like EUC will largely
result from advective upwelling into wind-mixed surface waters;
turbulent diffusional losses will be small even with large (~10 cm’s ™)
values of the vertical turbulent diffusivity coefficient. Using first-
order approximations to model this loss (see Methods) suggests that
Fe concentration in the upper EUC will fall exponentially during its
passage across the Pacific Ocean. Lateral entrainment of water into
the undercurrent' will probably further dilute the Fe concentration,
perhaps by an additional factor of two. Scavenging losses to sinking
particles will be small in relation to advective upwelling, given the
comparatively low particle flux and high undercurrent speeds.

How well does this approach work? In this simplified model, Fe
concentrations in the lower portion of the EUC will change little
from those in the source waters while values in the upper segment
decrease eastwards. Choosing a concentration of 0.35nM Fe at
145°E yields a predicted value of ~0.1 nM Fe in the upper portion
of the EUC at 140° W, roughly halfway across the Pacific. These two
values are nearly identical to those measured in the upper and lower
portions of the EUC in this region’. Although no Fe data have been
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reported for the New Guinea Coastal Undercurrent, the St Georges
Undercurrent or the New Ireland Coastal Undercurrents, the
0.35nM value is remarkably close to that calculated (0.34 nM Fe)
from reported oxygen values' and a general O,:Fe relationship in
the oceans". Even with dilution of the EUC by entrainment during
passage across the Pacific, this simplistic model provides a reason-
able first approximation for calculating Fe upwelling fluxes across
the eastern equatorial Pacific as a function of Fe concentrations in
the coastal undercurrent.

We can judge the sensitivity of equatorial production to changes
in dissolved Fe concentrations in EUC source waters by comparing
model estimates of Fe upwelling fluxes with the Fe requirements for
diatom growth. At 140° W, the upwelling flux of nitrate corresponds
to a potential nitrate-sustained carbon production rate of
103 mmolCm™2d™ (ref. 9). A gradual 50% increase eastwards in
the fugacity of CO, in surface water'* leads to corresponding nitrate-
sustained production rates of ~150 mmol Cm™>d ™" on the eastern
margin of the equatorial Pacific. Seasonal variations in these
estimates during a normal year will be comparatively small.

The calculated Fe flux needed to ensure that the upwelling nitrate
fuels rapid diatom growth depends upon their cellular Fe quotas.
Using the range of 2.4—6.2 pumol Fe:mol C measured in laboratory
cultures’ and natural populations" of oceanic diatoms, upwelling Fe
fluxes of 360—900 nmol m™d™" would be required to fully nourish
diatom production (Table 1). The onset of rapid growth would
occur 2—5 days after these increases in Fe upwelling flux (assuming a
50 m mixed depth and a 40 pM Fe threshold for optimal growth).
According to our model, these Fe upwelling fluxes would require
only 2—5 nM Fe in the coastal undercurrent feeding the EUC (Table
1, Fig. 2). Extremely intense diatom production, such as occurred
during IronEx IT (~300 mmol Cm72d™), would require 4—10 nM
Fe in the source waters. Although these values are significantly
higher than our present estimates for Fe in PNG undercurrents, they
are similar to those measured in subsurface waters off the California
shelf'®. We now consider whether it is reasonable to expect such
increases to have occurred in the past.

Papua New Guinea straddles a complex island arc junction of
several plates'’. During the Neogene period (23—1.6 Myr ago) there
was significant crustal shortening and uplift in the New Guinea
mobile belt, with extensive igneous activity occurring in the New
Guinea Highlands during the middle Miocene epoch and again in
the Pliocene epoch'®. Between 16 to 3 Myr ago an extensive turbidite
unit (called the Sukurum Formation), composed of volcanic and
volcaniclastic rocks, was deposited along the northern margin of
PNG, derived mainly from the Highlands region (Fig. 3)". The
Highlands uplift intensified dramatically during the late Miocene
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Figure 2 Estimated upwelling fluxes of iron. Iron fluxes from the EUC to surface
waters vary as a function of longitude along the Equator and different starting Fe
concentrations in the coastal undercurrents of PNG (filled squares, 2.1 nM Fe;
open circles, 5.0nM Fe; filled circles, 10.0nM Fe). Shaded region indicates the
range of upwelling Fe flux needed to support or surpass nitrate-sustained diatom
blooms across the eastern equatorial Pacific (Table 1).
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and early Pliocene (3—8 Myr ago)®, along with uplift of the north-
west margin of PNG resulting from the oblique collision with
the New Guinea Highlands®. At approximately the time of this
collision, the Manus basin began opening, the New Britain arc
reversed itself, and the crust under Solomon Sea began subducting
beneath the south margin of New Britain®.

Deep waters existed along the northern margin of PNG during
this tectonic rearrangement®, so it is reasonable to expect that the
EUC source existed as a single shallow undercurrent constrained
against the evolving PNG shelf by coriolis force, much as the New
Guinea Coastal Undercurrent is today. Thus the undercurrent
would have laid directly over the accumulating Sukurum Forma-
tion. The dramatic increase in erosion during the late Miocene to
Pliocene (3—8 Myr ago) probably influenced undercurrent Fe con-
centrations through the partial dissolution of sinking particulates
carried offshore in estuarine plumes as well as by turbidity currents
induced by slumping of rapidly accumulating shelf sediments.

But by the middle Pliocene (3 Myr ago), uplift and erosion of the
Highlands had abruptly decreased®. The oblique collision and uplift
of the Adelbert-Finisterre terrane above sea level during this interval
also would have redirected the bulk of erosional debris towards the
resultant embayment'®, and displaced the undercurrent northwards
away from the region of most intense sediment dispersal (Fig. 3).
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Figure 3 PNG tectonic sequence and eastern equatorial Pacific opal accumula-
tion. Schematic representation of the PNG reconstruction is adapted from
Abbott?. Right, the submarine (>500m) Adelbert-Finisterre terrane is shown in
light grey while the sub-aerial stages are in dark grey. The palaeo coastal
undercurrent feeding the EUC is constrained along the shelf by Coriolis force.
Arrows depict the undercurrent direction and the accumulation site of the
Sukurum Formation. Asterisks indicate the position of the Bismarck arc com-
prising numerous volcanic centres. The approximate time line for collision and
uplift of the Adelbert-Finisterre terrane is shown. Details of the location and
orientation of the submarine terranes are less relevant than the timing of their
uplift. Left, the opal mass accumulation rate (MAR) at the eastern equatorial site
849 of the Ocean Drilling Program Leg 138 corresponding to this time interval is
shown for comparison®.
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During the late Pliocene epoch and the Quaternary period, con-
tinued uplift of New Britain, New Ireland and associated island
chains of the Manus arc gradually fragmented the palaeo-under-
current into the present assemblage of undercurrents.

This tectonic reconstruction® suggests that Fe infusion of the
EUC has fluctuated over the past 16 Myr, with inputs being most
intense during the rapid uplift of the Highlands between ~3 and
8 Myr ago. This time interval corresponds to a period of extremely
high opal accumulation in the eastern equatorial Pacific (Fig. 3).
Although a paucity of geological data precludes a detailed recon-
struction of PNG coastal geometry, the Adelbert-Finisterre terrane
uplift was coeval with decreased diatom production (Fig. 3),
suggesting a link between tectonics of PNG and high opal accumu-
lation in the eastern equatorial Pacific. The same erosional process
would have also infused the undercurrent with other bioactive
metals and Si (ref. 25), ensuring that diatoms could flourish in
eastern equatorial Pacific surface waters.

Aeolian deposition in the eastern equatorial Pacific would have
provided an additional source of Fe, and sediment records indeed
show higher deposition occurred between 4 and 7 Myr ago. But
these dust fluxes appear to have been only double present inputs®;
enough to perhaps stimulate diatom production but not enough to
generate massive diatom blooms (Table 1). Moreover, aeolian
deposition seems unlikely to explain laminated diatom mats.
These features signify very short periods of extremely high diatom
production and extend >3,000 km along the Equator beneath the
undercurrent® (*2° of the Equator) but not farther north where
aeolian fluxes were highest. The essential pulsed Fe inputs which
fuelled these very large (>5 x 100 pum) diatoms have left no obvious
terrigenous particulate signals.

We now consider the subtle control that erosional inputs may
have exerted on the character of algal productivity. Comparatively
large Fe enrichments (>~5nM) of the coastal undercurrent could
initiate massive diatom blooms across the entire eastern equatorial
region (Table 1), where rapid N depletion would lead to sudden
decreases (‘crashes’) in diatom populations, events that probably
caused the formation of laminated diatom mats*”. These extensive
mats appear sporadically between ~4 and 12Myr ago, which
coincides roughly with the Sukurum deposition in PNG. On the
other hand, pulses or prolonged periods of moderate Fe enrichment
of the coastal undercurrent would stimulate diatom growth over
that of their smaller coccolithophore cousins, which could help
explain the sub-Milankovitch cycling of silica:carbonate ratios
observed in equatorial sediments. Depending on the balance with
macronutrient inputs, moderate enrichments also might yield an
east to west gradient in diatom production. Conversely, small Fe
inputs would stimulate only coccolithophores, because their greater
efficiency of Fe use and their smaller size allows them to out-
compete diatoms under Fe-stress conditions’. Such enrichments
might help to explain periods of high carbonate accumulation in
equatorial sediments.

Erosion in PNG would probably also have enriched the EUC with
the non-bioactive elements Al, Ti, Ba, Th, Po and Pb, which are
metals used to help reconstruct palaecoproductivity. It remains to be
evaluated whether these chemical proxies may at times have been
compromised in the eastern equatorial Pacific.

The potential effect that erosion in the New Guinea Highlands
exerted on productivity in the eastern equatorial Pacific would have
diminished over the past ~4 Myr, when island emergence north of
PNG partitioned the coastal undercurrent feeding the EUC into
several smaller undercurrents (Fig. 1). Thus much larger Fe inputs
to the New Guinea Coastal Undercurrent should now be required to
equal the effects on productivity in the past. Nonetheless, the
Bismarck and New Ireland volcanic arcs consist of hundreds of
geologically recent eruptive centres and hydrothermal vent
regions™, suggesting that tectonics in the PNG region continue to
influence sediment records of the eastern equatorial Pacific.
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We recognize that climate forcing has unquestionably affected
productivity in the eastern equatorial Pacific, and that equatorial
sediment records reflect these impacts. But we argue that some
aspect of this cycling has been driven by localized tectonic processes
in the PNG island-arc region. The challenge is now to determine
which patterns are linked to which driving mechanisms. O

Methods

Model description. A first-order approximation of the Fe loss due to
upwelling from the EUC during its passage across the Pacific was given by
assuming the advective upwelling flux of Fe is ¢w, where ¢ is the dissolved Fe
concentration and w the vertical velocity. For a given initial Fe concentration in
EUC source waters, the gradient of ¢ is calculated using d¢/0t = — d(w¢)/dz by
supposing that w is uniform across the Pacific (~1.23md™")® and Fe
concentration falls linearly to zero over a vertical distance 6z of 100 m; that
is, from the core of the undercurrent at 150m, across the undercurrent
interface, to 50 m in the surface layer’. The resulting exponential fall in EUC
dissolved Fe concentrations during its passage across the Pacific is described by
¢ = ¢yexp( — x/x,), where x is distance eastwards, x, = uz/w, and u is an
assumed mean undercurrent velocity (~1 m s™"). Both wand u can be expected
to vary somewhat, but the values chosen probably overestimate Fe depletion
rates in the western equatorial Pacific, where upwelling velocities should be
lower and undercurrent velocities higher.
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The high abundance of both nickel and cobalt and the chondritic
Ni/Co ratio found in samples derived from the Earth’s mantle are
at odds with results from laboratory-based partitioning experi-
ments conducted at pressures up to 27 GPa (refs 1,2). The
laboratory results predict that the mantle should have a much
lower abundance of both Ni and Co and a considerably lower Ni/
Co ratio owing to the preferential partitioning of these elements
into the iron core. Two models have been put forward to explain
these discrepancies: homogeneous accretion®™ (involving changes
of the Ni and Co partition coefficients with oxygen and sulphur
fugacities, pressure and temperature) and heterogeneous accre-
tion”” (the addition of chondritic meteorites to the mantle after
core formation was almost complete). Here we report diamond-
cell experiments on the partitioning of Ni and Co between the
main lower-mantle mineral ((Mg,Fe)SiO;-perovskite) and an
iron-rich metal alloy at pressures up to 80 GPa (corresponding
to a depth of ~1,900 km). Our results show that both elements
become much less siderophilic with increasing pressure, such that
the abundance of both Ni and Co and the Ni/Co ratio observed in
samples derived from the Earth’s mantle appear to indeed be
consistent with a homogeneous accretion model.

Heterogeneous accretion models have garnered much support as
an explanation of the high abundance of Ni and Co in the Earth’s
upper mantle'’. This support is based on studies on the partitioning
of these elements between metal and silicate phases up to pressures
of 27 GPa (refs 11-16) which did not show convergence to equal
partitioning of Ni and Co as required in order to preserve their
observed chondritic ratio. However, studies™ on liquid metal-
silicate systems showed that this chondritic ratio may be preserved
under certain conditions of pressure and temperature in an early,
sulphur-rich magma ocean. None of these studies, however,
addressed the partitioning behaviour of Ni and Co at lower-
mantle conditions experimentally. About 80% of the lower mantle
consists of (Mg,Fe)SiOs-perovskite (hereafter called perovskite).
Because of the high melting temperature of this phase at high
pressure'’, a substantial amount of solid perovskite was probably
present in the early Earth during core formation. Models for the
interaction between iron and perovskite are nearly unconstrained by
experimental data: only few data exist on perovskite/metal parti-
tioning of Niand Co at pressures of the uppermost lower mantle'"'%,
The chemical exchange of siderophile elements between perovskite
and metal at very high pressure is also important for understanding
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