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Marine Polyphosphate: A Key Player
in Geologic Phosphorus Sequestration
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The in situ or authigenic formation of calcium phosphate minerals in marine sediments is a
major sink for the vital nutrient phosphorus. However, because typical sediment chemistry is not
kinetically conducive to the precipitation of these minerals, the mechanism behind their formation
has remained a fundamental mystery. Here, we present evidence from high-sensitivity x-ray

and electrodialysis techniques to describe a mechanism by which abundant diatom-derived
polyphosphates play a critical role in the formation of calcium phosphate minerals in marine
sediments. This mechanism can explain the puzzlingly dispersed distribution of calcium
phosphate minerals observed in marine sediments worldwide.

foundly influences global oceanic primary

production on both modern and geologic
time scales (/, 2). Over the past several decades,
the residence time of phosphorus in the ocean has
been repeatedly revised downwards as previous-
ly unidentified sedimentary sinks have been dis-
covered (/, 3). Among these sinks are ubiquitous
fine-grained authigenic apatite minerals (4), whose
origin is enigmatic (5). Given the strong influence
of this mineral sink on the global cycling of phos-
phorus and its potential impact on long-term nu-
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trient availability and biological production, an
understanding of the underlying mechanisms that
lead to the formation and burial of apatite in mod-
ern and ancient sediments is critically important.
Here, we show that polyphosphate is a key com-
ponent in the formation of apatite in marine
sediments.

Polyphosphate is a relatively understudied
component of the marine phosphorus cycle. A
linear polymer of orthophosphate units linked by
phosphoanhydride bonds (fig. S1), polyphosphate
is present in cells as dense, calcium-associated
cytoplasmic inclusions (6). Under phosphate-
enriched conditions, cultured marine algae syn-
thesize polyphosphate as a luxury nutrient reserve
(7-12). The biological synthesis of substantial
amounts of polyphosphate in natural marine sys-
tems, in contrast, has been hypothesized to be
inconsequential (/2), as phosphorus is present at
biologically limiting concentrations in much of
the global ocean (1, 3). Correspondingly, inves-
tigations into the composition of marine biogenic
phosphorus compounds have typically focused

on organic forms (/, /3). The lack of commonly
used analytical techniques that cleanly evaluate
polyphosphate within samples has further re-
sulted in a paucity of research on the importance
of this phase. With the recent development of
high-resolution x-ray spectromicroscopy methods,
various particulate organic, mineral, and poly-
meric phosphorus-containing phases like poly-
phosphate can now be identified and mapped at
submicrometer scales. In addition, a new com-
bined electrodialysis/reverse osmosis technique
allows for a more comprehensive examination
of phosphorus composition in the dissolved
phase. We have developed insights into the origin
and transformation of marine polyphosphate
through the application of these high-resolution
x-ray (/4) and high-recovery electrodialysis (15, 16)
techniques.

We collected organisms, sediments, and dis-
solved and particulate matter during April and
July 2007 from Effingham Inlet, a Pacific fjord
located on Vancouver Island, British Columbia
(fig. S2) (16). During the spring bloom of April
2007, intracellular polyphosphate inclusions were
observed in individual diatoms, including the glob-
ally ubiquitous and abundant Skeletonema spp.
(fig. S3). On the basis of bulk *'P— nuclear
magnetic resonance (NMR) characterization of
the spring bloom plankton community (/6), inor-
ganic polyphosphate represented a substantial 7%
of total phosphorus in surface water biomass.
Surface water dissolved phosphate concentrations
were 0.5 M, which reflects a level of phospho-
rus availability typical of coastal marine systems.
Nutrient ratios were also consistent with phospho-
rus limitation in our field site (nitrogen:phosphorus =
~40). By comparison, in laboratory cultures
with enriched, ~uM phosphate concentrations,
Skeletonema spp. and Thalassiosira spp. can
accumulate polyphosphate to correspondingly
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high levels of 30% and 19 to 43% of total
cellular phosphorus, respectively (10, 12). The
population of diatom-dominated plankton in
Effingham Inlet exhibited near-Redfield elemental
stoichiometry, with a molar C:N:P composition of
188:16:1. The presence of substantial poly-
phosphate in these organisms thus appears not to
alter their elemental content relative to the classic
composition of marine phytoplankton. This find-
ing suggests that inorganic polyphosphate has
conventionally been quantified as a component
of organic biomass and is not inconsistent with
Redfield stoichiometry.

Polyphosphate can exist within a range of
sizes and molecular weights inside cells, depend-
ing on the length of the polyphosphate polymer.
Destruction of polyphosphate-containing dia-
toms by zooplankton grazing, viral infection, and
senescence may liberate the intracellular contents

of these cells, including variably sized polyphos-
phate inclusions. Consistent with these processes,
we observed a substantial amount of polyphos-
phate in the <0.45-um fraction of dissolved mat-
ter (16). In subsurface seawater samples processed
by the high-recovery electrodialysis/reverse os-
mosis technique (/5), polyphosphate accounted
for ~11% of the total dissolved phosphorus pool.
Previous dissolved matter characterizations do not
report polyphosphate (17—19), probably because
of the lower-recovery methods used in these studies.
By adding the critical step of deionizing seawater
samples before concentrating dissolved molecules,
the combined electrodialysis/reverse osmosis tech-
nique can isolate up to 90% of marine dissolved
matter, the highest recovery yet possible (75).

In addition to dissolved matter, polyphosphate
was also present in sinking particles, representing
7% of total phosphorus in sinking material (16).

Table 1. Key chemical parameters of major phosphorus pools. Polyphosphate content for each pool was
measured by 3*P-NMR. Total phosphorus (% total P) and weight percent (wt %) biogenic silica content
were determined by standard chemical techniques (16). Where available, error estimates represent mea-
surement reproducibility on the basis of replicate analyses. Analytical errors associated with the poly-
phosphate measurement are +10% of the reported value. For example, a polyphosphate measurement of
7% would have an associated error of +0.7%. Replicate total phosphorus measurements agreed to within

<5%.
Phosphorus Polyphosphate Total P Biogenic silica
pool (% total P) (umol g™ (wt %)
Plankton 7 123.0 + 1.7 40.4 + 1.4
Dissolved matter 11 1.72* -
Sinking particles 7 59.76 + 0.42 437 + 2.3
Surface sediment 8t 4471 12.08 + 0.65
*Units are uM. tData are from (24).
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Fig. 1. X-ray fluorescence mi-
crograph and fluorescence spec-
tra of phosphorus-rich regions in
Effingham Inlet sediment. Sedimentary
phosphorus (red) appears as distinct, het-
erogeneously distributed submicrometer-
sized particles against a comparatively

uniform background of sedimentary alu-

minum (blue) and magnesium (green). On the basis of high-resolution x-ray spectroscopic characterization,
about half of the 147 phosphorus-rich regions examined in our samples were found to be polyphosphate,
whereas the other half were classified as apatite, a common calcium phosphate mineral.
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Individual diatoms containing intracellular poly-
phosphates were observed throughout the water
column, which suggests that sinking polyphos-
phate reaches the sediment protectively encased
within intact cells. In fact, diatoms have been
shown to play major roles in the mineral-
ballasted transport of material to depth (20, 21).
Table 1 summarizes our results on the poly-
phosphate, total phosphorus, and biogenic silica
composition of major phosphorus pools inves-
tigated in this study. Mass balance estimates
based on these data demonstrate that plankton-
derived polyphosphate can account for the entire
polyphosphate content of sinking particles. To
make this calculation, the concentration of poly-
phosphate in plankton and sinking material can
be expressed relative to biogenic silica content,
which is roughly conserved between these two
pools. Using the total phosphorus concentrations
of plankton and sinking particles, the silica-
normalized polyphosphate content of sinking
material is ~45% of that in organisms. This es-
timate, although based on a single particle flux
measurement, shows that plankton are a plausible
and sufficient source for the polyphosphate found
in sinking material.

Bacterial decomposition of the organic diatom
frustule matrix results in rapid dissolution of the
mineral shell (22) and the consequent release of
polyphosphate and other cellular contents to the
sediment environment. This scenario is consist-
ent with the relatively low biogenic silica content
of Effingham Inlet surface sediments (Table 1)
and with microscopy results showing damaged
and vacant diatom frustules in sediments. In
addition, high-resolution x-ray spectromicrosco-
py methods (/4, 23) revealed an abundance of
free 0.5- to 3-um polyphosphate granules in sur-
face sediments (/6). This size range is similar to
that observed within diatoms, again suggesting a
diatom source.

X-ray fluorescence data indicated that among
the hundreds of phosphorus-rich particles identi-
fied in our sediment samples, ~50% were poly-
phosphate, with the remaining fraction composed
of apatite, a common calcium phosphate mineral
(Fig. 1). Previous *'P-NMR analysis of Effingham
Inlet surface sediments has shown that polyphos-
phate accounts for 8% of the total phosphorus in
surface sediment samples (24). In other studies,
polyphosphate has eluded detection by bulk tech-
niques such as >'P-NMR because such methods
are relatively insensitive to the presence of less
prevalent phases. Because synchrotron-based x-ray
spectromicroscopy is unique in its capacity to
simultaneously image and chemically character-
ize minimally prepared particulate samples at
submicrometer resolution, this highly sensitive
method is key to the direct identification of less
prevalent phases in a wide variety of environ-
ments (/4).

Our findings demonstrate that marine poly-
phosphate accounts for 7 to 11% of the phospho-
rus in dissolved and particulate pools (Table 1).
This level of abundance is comparable to that of
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more commonly identified organic phosphorus
forms. For example, phosphonates typically rep-
resent ~3% of total phosphorus in fresh organic
matter (25). The relative polyphosphate contents
of plankton, sinking particulates, and sediments
are nearly identical in our samples (Table 1). The
consistency of the polyphosphate signal through-
out the water column and surface sediment sug-
gests that extracellular polyphosphate may not be
readily bioavailable. Rapid enzymatic hydrolysis
of polyphosphate by benthic microbes has been
observed to occur, but only intracellularly (26).
Because the phosphoanhydride bonds linking or-
thophosphate units of polyphosphate are relative-
ly stable in the absence of hydrolytic enzymes
(6), free sedimentary polyphosphate may be an
efficient storage form of phosphorus over long
periods. Consistent with this idea, x-ray analysis
revealed the presence of extracellular polyphos-
phate in Effingham Inlet sediments up to 60 years
old, which suggests that a portion of the free
sedimentary polyphosphate pool is not remobi-
lized over decadal time scales.

Though a portion of the sedimentary polyphos-
phate pool may be relatively stable, mass balance
calculations reveal that some polyphosphate is
removed from surface sediments over relatively
short time scales. Using the bulk sediment trap
flux from our field site (136 g m 2 year '), we
estimated the sedimentary flux of polyphosphate
to be 48 ug P m 2 day_1 (16). The accumulation
rate of polyphosphate in recent (<3-year-old) sed-
iments from Effingham Inlet is 86% of this flux,
based on the polyphosphate and total phosphorus
content of surface sediments (Table 1). This dis-
parity reflects a 14% loss of polyphosphate in
surface sediments, a loss that may increase as
sediments age.

The loss of sedimentary polyphosphate in
sediments does not necessarily indicate that
phosphorus is remobilized from polyphosphate
particles. Rather, as evidence from x-ray spec-
tromicroscopy reveals, the relative stability of
free sedimentary polyphosphate permits diage-
netic transformations that result in the long-term
sequestration of phosphorus. In addition to dem-
onstrating that polyphosphate and apatite are
prevalent in sediments from Effingham Inlet, re-
sults from x-ray spectromicroscopy also showed
an abundance of fine, dispersed particles that ex-
hibit spectral features transitional between pure
polyphosphate and apatite (Fig. 2). Polyphosphate
thus appears to nucleate authigenic apatite growth,
thereby converting surface water derived poly-
phosphate to stable phosphorus containing min-
eral phases that reside in sediments over geologic
time scales.

Authigenic apatite formation in marine sedi-
ments has been recognized in numerous studies
as an important phosphorus sink (4). However,
the processes leading to the precipitation and
growth of these authigenic apatites are not well
understood. Massive apatitic phosphorite depos-
its that account for as much as 25% of total
phosphorus in the sediments underlying major

coastal upwelling zones may be related to the
activity of polyphosphate-accumulating sulfur
bacteria (26). Enzymatic hydrolysis of intracel-
lular polyphosphate by these bacteria releases
considerable amounts of dissolved phosphate to
sediment pore waters. As a result, pore waters
achieve the high degree of supersaturation re-
quired to overcome the kinetic nucleation barrier
to apatite precipitation, and substantial apatite
formation consequently occurs (26).

In contrast to the massive apatite-rich phos-
phorite formations characteristic of coastal up-
welling zones, most marine sediments worldwide
possess dispersed, fine-grained authigenic apa-
tites that make up a comparatively small 9 to 13%
of total sedimentary phosphorus (4). The rela-
tively modest accumulation of authigenic apatite
that is typical of sediments in nonupwelling zones
nevertheless represents a substantial phosphorus
sink because of the much larger areal extent of
these environments (4). Authigenic apatite for-
mation in these nonupwelling areas may not in-
volve an episodic mechanism to produce high
concentrations of dissolved phosphate, however.
Rather, our results show that dispersed grains of
sedimentary polyphosphate may nucleate apatite
growth directly and nonepisodically, reducing or
removing the nucleation barrier by acting as a
mineral template. As noted previously, calcium is
associated with polyphosphate in cells (6). The
presence of highly concentrated sedimentary
phosphorus regions with this calcium association
may result in eventual apatite formation without

Fig. 2. Diagenetic trans-
formation of polyphosphate
to apatite. An overlay of
phosphorus x-ray fluores-
cence spectra collected from
micrometer-sized phosphorus-
rich regions in Effingham
Inlet sediment illustrates the
diagenetic transition from
polyphosphate (top) to apa-
tite (bottom). The primary
phosphorus fluorescence peak
occurs at 2150 eV (a). Spec-
tral features above the pri-
mary peak reflect the local
bonding environment of phos-
phorus. Polyphosphate, a sim-
ple linear polymer associated
with calcium in cells, is char-
acterized by a single peak
18 eV above the primary
peak (b). In the diagenetic
transition from polyphos-
phate to apatite, the associ-

extensive interaction with the free sedimentary
phosphate pool. We observed the transition from
polyphosphate to apatite within surficial sediments
<3 years of age, suggesting that apatite formation
from a polyphosphate template may occur over
relatively short time scales.

The transport of polyphosphate from its
planktonic origin in surface waters to underlying
sediments, followed by the subsequent diagenetic
transformation into stable calcium phosphate
minerals, provides a “biological pump” mecha-
nism for the geologic sequestration of water
column—derived marine phosphorus (fig. S4).
The polyphosphate-accumulating diatoms ob-
served in this study are common in the global
ocean, including vast regions of coastal and polar
seas that exhibit similar phosphate availability to
our sampling site (27). Therefore, the sequestra-
tion of phosphorus through mechanisms involv-
ing diatom-derived polyphosphate is likely to be
quantitatively substantial on a global scale.

Another documented source of polyphosphate
in natural marine systems involves synthesis by
benthic sulfur-oxidizing bacteria (26), yet these
organisms thrive in specialized environments and
are not as globally prevalent as diatoms. Poly-
phosphate has been identified in Trichodesmium
spp. and other common marine cyanobacteria
(7-9), suggesting that these organisms may be a
important source of polyphosphate in the tropical
and subtropical oceans where they are abundant.
An abiological origin for polyphosphate is un-
likely in most marine environments because abi-

polyphosphate

apatite

ation between phosphorus
and calcium becomes more
crystalline, which may ac-
count for the appearance of

2124
21324
2140

2 8 3 & 8 8
= = = = = =
Energy (eV)

a primary peak “shoulder” (c). As the crystalline mineral matrix develops further, a peak 11 eV above of
the primary peak appears (d), and secondary peaks become more defined (e). The spectra presented in
this figure were collected from a single Effingham Inlet sediment sample <3 years of age. Thus, the
relative ages of the particles that yielded these spectra are not known.
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otic polyphosphate synthesis can only occur at 5.
the elevated temperatures characteristic of such
extreme environments as hydrothermal vent sys-
tems 6). There is no evidence that the transfor- 7.
mation of polyphosphate to apatite in marine
sediments is dependent on the specific source of &
polyphosphate, however. o
Enhanced phosphorus sequestration in ma-
rine sediments resulting from the conversion of 11.
diatom-derived polyphosphates to apatite may be'!2-
manifested in the geologic record. The mid- !
Mesozoic rise of marine diatoms28) coincides
with a trend toward lower organic carbon to total 14.
phosphorus ratios in marine sediment29).
Because oceanic phosphorus influences atmo-
spheric carbon dioxide levels over geologic time
through regulation of marine primary productiv-

16.

ity (2), geologic fluctuations in phosphorus burial 17.
efficiency brought on by changes in diatom abun- '&
dance may have also exerted substantial paleo- ;o
climatic influences.

20.
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