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ABSTRACT. Phosphorus introduced to the ocean must ultimately be
removed if a steady state is to be maintained over geologic time. Aeolian
input is insignificant, and there is evidently no hydrothermal contribu-
tion. Rivers dominate P-input to the ocean. The fluvial P-flux is poorly
quantified due to the interactions of two factors: (1) man’s influence on
river-nutrient fluxes, and (2) inherent complexities in understanding the
biological and inorganic associations of P in estuarine and coastal waters.
Our “best estimate” of the natural or pre-man P-input flux is about
10 X 10—?° moles —P /cm?*-ocean surface/year.

Of the identified flux of phosphorus to the sediments, about 90 per-
cent is in the form of biogenic debris or its regeneration products: (1)
organicrich hemipelagic sediments with a Porg/Corg mole ratio of about
4 X 10—3%; (2) biogenic calcium carbonates comammg several hundred
ppm-P (Po,/Ceo, = 1 X 1073), apparently mostly in coccoliths; and (3)
authigenic phosphorites, which are marginally significant in today’s
ocean. P-removal with (4) metalliferous sediments on hydrothermally-
active ridge crests may be an additional minor sink. The burial of phos-
phatic fish debris is negligible. P-removal by direct reaction of phosphate
in seawater with sea-floor basalts during mid-ocean ridge hydrothermal
circulation is insignificant. P-removal by processes such as sorption on
clay surfaces or formation of authigenic Fe and Al phosphate phases is
presently unquantified and remains a serious uncertainty in the phos-
phorus cycle.

The identified sources and sinks approximately balance, yielding a
residence time for P in the oceans of about 10° yrs.

INTRODUCTION

Phosphorus is an essential nutrient for primary productivity in the
oceans. However, the dependence of productivity on the phosphorus flow
through the ocean is unknown. The exact response of productivity is
undoubtedly very complex due to fixed-N limitation, Juxurious consump-
tion, and changes in oceanic ecology. Thus primary production rates may
not be linearly related to the flow of phosphorus through the oceans, and
biological processes in the oceans might not change much if the phos-
phorus content of the deep sea were 10 or 20 percent higher or lower than
the present values. There is little doubt, however, that large variations in
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the phosphorus content of the deep oceans (upon which supply to the
euphotic zone depends, via upwelling) would dramatically affect primary
production and many nutrient-sensitive ecological relationships.

Until recently, there was little systematic quantitative data regarding
the crucial question of how phosphorus is removed from the oceans. The
primary purpose of this paper is to present new evidence concerning the
sinks of phosphorus from the ocean and to incorporate this evidence into
our understanding of the P-cycle. We will first discuss potentially impor-
tant input fluxes, attempt to estimate (again) the fluvial flux, and discuss
the problems of estuarine and coastal processes that modify the fluvial
flux to the deep sea. We will then briefly review the arguments concerning
the ultimate controls of the deep-sea phosphorus concentration and at-
tempt to quantify P-fluxes out of the oceans. The final result will demon-
strate that processes controlling the deep-sea phosphate concentration are
related to several biologically and sedimentologically-linked processes.

INPUTS OF PHOSPHORUS TO THE OCEAN

If oceanic phosphorus is in steady-state, then the burial of phosphate
in sediments must be balanced by inputs. Potentially important input
pathways of phosphorus to the oceans include continental low-tempera-
ture weathering (fluvial and aeolian fluxes), high-temperature submarine
hydrothermal “weathering,” and submarine low-temperature seawater-
basalt exchange. The atmospherically transported, sea-water-soluble P-
flux from the continents to oceans is poorly known but is evidently
considerably less than 10 percent of the fluvial flux and will be ignored
here (Graham and Duce, 1979). We present below estimates of input
fluxes against which the burial fluxes we compute later may be compared.

Hydrothermal input—Mid-ocean ridge hydrothermal processes (Cor-
liss and others, 1979; Edmond and others, 1979a, b) would produce a flux
of soluble-P to the oceans, if phosphorus were solubilized from sea-floor
basalt and carried into the oceans by P-enriched hydrothermal seawaters.
The stratigraphic proximity of many phosphate deposits to volcanogenic
deposits is consistent with this hypothesis (Riggs, 1980). If so, then the
P-enrichment of metalliferous sediments may derive directly from hydro-
thermal solutions (see Sheldon, 1981; Baturin, 1978; Koritnig, 1970),
rather than by scavenging from seawater with hydrothermally-derived iron
precipitates (Berner, 1973; Froelich, Bender, and Heath, 1977; Bloch,
1978; see below). Two pieces of evidence argue against this hydrothermal
input hypothesis. First, P-analyses of model high-temperature seawater-
basalt reactions at 400°C (the presumed high-temperature endmember:
Edmond and others, 1979) yielded P-concentrations of only 13 uM (Froe-
lich, Bender, and Heath, 1977). Since the global hydrothermal water flux
is about 0.5 percent that of the global river water flux, and since rivers
contain about 1 uM-P (see below), the hydrothermal input could only be
about 7 percent of the fluvial input. Most of this would presumably end
up in metalliferous sediments rather than dissolved in seawater, so the
net input to the oceans would be negligible in any case. Secondly, data
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from “cool” vents (Galdpagos II, see fig. 7) suggests that P is depleted in
the hydrothermal effluent rather than enriched. There are two reasonable
explanations for this observation: (1) P is removed from seawater by
reaction with basalt at high temperatures, or (2) P is leached from basalt
at high temperatures and thus enriched in the fluid but js then removed
from hydrothermal solutions by low temperature secondary reactions oc-
curring within the vent plumbing (Edmond and others, 1979b). 1f the
former is correct, then NMOR hydrothermal processes are a sink rather
than a source of P. If the latter is correct, then we cannot discern the
high-temperature endmember (and thus the P-flux) from “cool” vent data.
Direct evidence from “hot” vents and the accumulated mineral assem-
blages is needed to answer this question. Preliminary data from the 21°N
East Pacific Rise black smoker vents suggest that P is depleted in the high
temperature endmember (Edmond, personal commun.). Thus it appears
that hydrothermal circulation of seawater through the crust is not a
source of P and may in fact be a small (insignificant) sink.

Low-temperature weathering input—Phosphorus could enter the
oceans via low-temperature reactions between seawater and sea-floor ba-
salts. In order to enter the oceans, phosphorus released during such re-
actions must diffuse through the pore waters of the overlying sediment
pile. If low-temperature exchange is a significant source of P to the
oceans, the P-flux from basement to scawater through pore water must be
comparable to the fluvial P-flux (10 X 10-% mole —P cm—2yr—*). Assum-
ing pure Fickian diffusion and taking a diffusion coefficient for phosphate
of 36 X 10—fcm3ec—! (Krom and Berner, 1980b), then the gradient
necessary to drive this flux can be estimated:

4(PO,)
dz

where F, = diftusive P-flux —10 X 10—9 mole cm—2yr—

F,=D,

D, = diffusion coeflicient of P —3.6 X 10—%cm?sec—?

(PO
id-zi = P = pore water gradient with depth in sediment
PO,y _ F, ey
Z -, 10 wmole 1 —'m

There is no evidence to support the existence of such large positive
gradients in basal sediments. The few DSDP phosphate pore water pro-
files in fact show negative gradients near the sea floor (fig. 1; Cook, 1974;
Gieskes, 1973). In addition, comparison of P-contents of altered (weath-
ered) sea-floor basalts with fresh (unweathered) ridge-crest tholeitic basalts
suggests that basalts gain P during low-temperature reactions (Hart, 1970).
Thus, low-temperature basalt reactions do not appear to be a P-source.

Fluvial input.—Attempts to estimate the fluvial flux of “reactive”
phosphorus encounter at least four problems: (1) it is unknown what
fraction of the total phosphorus eroded from the continents is solubilized,
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that is, we do not know what controls the dissolved phosphorus concen-
trations of rivers; (2) we do not know the extent (or even the direction!)
to which the riverine P-flux is modified in estuaries; (3) man’s tremendous
influence on the present phosphorus flux through deforestation and use
of fertilizer precludes estimating the “pre-agricultural” dissolved phos-
phorus flux directly from most of the contemporary river data; and (4)
some of the riverine particulate phosphorus flux (including an antropo-
genic component) may dissolve (or desorb) and become geochemically
(biologically) “reactive” once in the oceans. We will estimate the natural
P-flux, keeping these uncertainties in mind.

The total phosphorus flux to the oceans can be estimated from
present and pre-agricultural total continental denudation rate estimates
(Judson, 1968; Gregor, 1970) (table 1). If the total phosphorus content of
the Earth’s crust were eroded uniformly and carried to the oceans, the
total (dissolved plus particulate) pre-agricultural phosphorus flux would
be about 90 X 10—? moles cm—2yr—?, on a whole ocean basis. (All fluxes
in this paper are given in units per cm? of ocean area.) Man’s acceleration
of the denudation process alone (through deforestation, cultivation, and
urbanization) has increased this total flux to about 210 X 10—° moles-P
cm—?yr~1 In addition to increased continental erosion, man directly
mines an additional 130 X 10—° moles-Pcm—2yr—!, primarily for fer-
tilizers. On a short term basis, this phosphorus is tied up in subsoil
horizons of agricultural land, but in the long run, it must find its way
eventually to the sea. It is not clear whether man’s fertilization of agricul-
tural lands will lead to an increase in the input of reactive-P to the
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Fig. 1. Interstitial phosphate gradient in DSDP holes approaching basement: (A)
DSDP site 149, Venezucla Basin, Caribbean Sca (Gicskes, 1973); (B) DSDP site 147,
Cariaco Tranch, Caribbean Sea (Gieskes, 1973); (C) DSDP site 262, Timor Trough,
southwestern Pacific Ocean (Cook, 1974). 'The curves drawn through the data are model
fits from Toth and Lerman (1977). Dashed linc near basement is the approximate
phosphate gradient that would be necessary to drive an upward flux of P derived from
basalt to equal the P influx to the oceans from rivers: dPO,/dz = 10 gmole 17! m—.



TABLE 1

Total phosphorus fluxes to the oceans

Pre-agricultural total continental
denudation rate

Phosphorus concentration of

the Earth’s crust

Total pre-agricultural river
phosphorus flux

Total river suspended load
Total river bedload
Total river dissolved load

Total continental denudation rate

Phosphorus concentration of the
Earth's crust

Total contemporary phosphorus flux

Phosphate rock mined by man (in 1980)

Average phosphorus content
of mined phosphate rock

Potential total phosphorus flux
by man’s mining of P

Pre-agricultural phosphorus flux

10 X 10% g yr—!

0.1

100 X 10" g yr— = 90 X [0—* moles-P em—"yr—*

Contemporary phosphorus flux
18.3 X 10" g yr—

1.8 X 10% g yr—

5.8 X 105 g yr—!

0.1

240 X 10" g yr—* = 210 X 10~ moles-P em—?yr—!

Man-mincd potential phosphorus flux

11 X 10 g yr—

13.3%,

145 X 10" g yr—' = 130 X 107 moles cn—*yr—

Judson, 1968
Gregor, 1970
McKelvey, 1973

Holeman, 1968
Judson, 1968
Livingstone, 1963
Gibbs, 1967

McKelvey, 1973

extrapolated from

Emigh, 1973
Stumm, 1973
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TABLE 2

Dissolved phosphorus river flux estimates

Phosphorus flux

10— moles cm—*yr—

(%14

14

36

6.2

7.1
3.6

II1.

Reference

Contemporary

Rittenberg, Emery, and Orr, 1955
Stumm, 1973

Lerman, McKenzie, and Garrels, 1975
Garrels, MacKenzie, and Hunt, 1975

Silker, 1964
Williams, 1968

Pre-agricultural

Froelich, Bender, and Heath, 1977
Riley and Chester, 1971

Goldberg and others, 1971
Holland, 1972

Ronov and Korzina, 1960

Basis

Contemporary river flux estimate including
man's input

Solubility of apatite + 509, man’s influence
including man’s input

From Garrels and MacKenzie (1971}, probably
including man’s input

Contemporary Columbia River {~ 0.6 uM dissoived-P)

Amazon River (total-P ~ 50 pg )
Total P ~ Dissolved Org + Reactive

Amazon River (Gibbs, 1972: dissolved-P =
1% ug )

Average rivers = 20 ug I
(Pre-agricultural)

(Pre-agricultural)

(Pre-agricultural)

21240 snioydsoyd surevw oy 1,
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oceans. This potential acceleration of the phosphorus cycle has been dis-
cussed by Stumm (1973) and Lerman, MacKenzie, and Garrels (1975).

The “reactive” flux is more difficult to estimate, since it includes not
only dissolved reactive phosphate but also dissolved organic phosphorus
plus any potentially dissolvable forms, such as phosphate adsorbed to
clays and iron oxides, iron, and aluminum phosphates, and any partic-
ulate organic phosphorus, some portion of which may be released in
seawater and enter the biological cycles. Estimates of the relative impor-
tance of these fractions in contemporary rivers cannot be easily extrap-
olated to pre-agricultural fluxes.

We can try to set limits on the “reactive” phosphorus river input.
First, we can safely assume that much less than 100 percent of the total
pre-agricultural phosphorus flux is reactive in the oceans, so that the
maximum upper limit is about 90 X 10-? moles-P cm—?yr—1. Contem-
porary dissolved phosphorus river flux estimates generally range from 14
to 18 X 10—° moles-P cm—2yr—1! (table 2), which we might take as a more
reasonable upper limit, although often it is not clear whether some of
these estimates include reactive fluvial forms other than dissolved phos-
phorus. As a reasonable lower limit, we can use estimates of the pre-
agricultural dissolved phosphorus flux based on observed concentrations
in “undisturbed” rivers (for example, the Amazon) or on apatite solubility
arguments. These values range from 3.6 to 7.1 X 10—? moles-P cm—2yr—1,

Table 3 summarizes these upper and lower estimates of the river flux.
The wide range of these values exemplifies the difficulties inherent in
attempting to estimate the fluvial flux. We will nevertheless select a value
of about 10 = 5 X 10—° moles cm—2yr—* (P rivers = 1 uM) as an “accept-
able” value for the river flux and emphasize that this may be a chimera.

Input from estuaries and shelves—The fluvial flux of phosphorus is
delivered to the ocean via estuaries and coastal waters. The fluvial dis-
solved flux can be modified here in three ways: (1) adsorption/desorption
of reactive-P onto/off-of surfaces of river-borne suspended clays, (2) biolog-
ical uptake by estuarine organisms or release of reactive-P from dissolved

TasLE 3
Estimates of natural (pre-agricultural) “reactive” phosphorus river flux

Flux Normalized to Normalized to
ocean area river water flux
(8.62 X 10" cm?) (3.3 X 10)
10" moles yr—* 10 g P yr— 10— moles cm—2yr—* uM
Maximum
Upper limit 32 10 90 10
Reasonable
Upper limit 0.5-0.6 1.5-1.9 14-18 1.5-2.0
Reasonable
Lower limit 0.1-0.3 0.3-0.9 4-8 0.4-0.8
“Acceptable”

value 0.4+02 1.2*£06 10+£5 1x£05
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or particulate organic matter produced upstream, and (3) the transforma-
tion (via slow dissolution, desorption, and regeneration) of particulate
unreactive-P (transported by rivers to estuaries and shelf sediments) to re-
active, dissolved-P, followed by its eventual release to the overlying water.

Several studies of phosphorus behavior in estuaries strongly suggest
that rapid desorption reactions with suspended material “buflers” re-
active-P at concentrations of about 1 uM over much of the salinity mixing
range (Pomeroy and others, 1965; Stefansson and Richards, 1963; Butler
and Tibbitts, 1972; Parker and others, 1972; Liss, 1976). Data of Froelich
and Wells (in preparation) in a local, well-defined, pristine estuary is
typical of previous data displaying this “buffering” effect (fig. 2). The
popular interpretation is that reactive-P is desorbing from suspended
fluvial solids to provide the input necessary to boost concentrations above
the theoretical mixing line. The question we must answer is: what is the
origin of this input? If really derived from fluvial suspended material,
then this mechanism increases the reactive-P flux to the oceans. If derived
from marine sources (for example, from marine C,, or from marine
CaCO, swept into the estuary by estuarine circulation along the bottom),
then it does not enhance the fluvial P-flux. These preliminary data sug-
gest that, in the Ochlockonee at least, there is insufficient fluvial partic-
ulate phosphorus to be the source of this input. If this is true of other
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Fig. 2. Dissolved reactive phosphate data in the Ochlockonee River, FL (Oct. 4,
1980) showing typical mid-estuary desorption input, or “buffering.” The lower dashed
line represcnts the conservative mixing line between river water and seawater. The
upper dashed line shows the approximate input above conservative mixing necessary to
explain the observed data. Nitrate and silica data for this date (not shown) followed
simple linear mixing lines between river water and secawater end members: there was
little biological input or removal. Riverine particulate material contained insufficient
reactive-P to provide the input signal observed in the estuary. The simplest explanation
of these data is relecase of P from marine-derived particulate material entrained into
the estuary (Froelich and Wells, in preparation).
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estuarine systems where ‘“buffering” has been observed, then estuarine
input via desorption, dissolution, or regeneration does not enhance the
eventual fluvial reactive-P flux to the oceans. A great deal more com-
prehensive estuarine nutrient work (in pristine systems!) is needed to
clarify this supposition.

Biological uptake of P in estuaries and coastal waters is an important
potential removal mechanism. Typical data demonstrating such uptake
in an estuary is shown in figure 3. Again, the question we must answer is:
what is the ultimate fate of the particulate organic-P produced? In the
short-term (~ 10,000 yrs = one interglacial high-stand of sealevel), some
fraction of the organic-P not rapidly regenerated will be buried in es-
tuarine and shelf deposits and thus deprive the oceans of that fraction of
the fluvial input. In the long-term, however (> 100,000 yrs = one com-
plete glacial/interglacial rise and fall of sealevel), the P, deposited on
shelves will be eroded from the exposed continental shelf and transported
to the deep sea. Thus the long-term effect on the fluvial P-flux is nil. It
has been argued, however, that this alternating shelf deposition/by-pass-
ing of the fluvial P-flux may have measurable consequences for oceanic
nutrient-related chemistries on time-scales less than 100,000 yrs (for ex-
ample, biogenic calcite production and the calcite compensation depth:
Broecker, 1971; atmospheric CO,: Broecker, 1973, 1981).

For lack of better evidence, then, we will argue that the fluvial P-flux
enters the ocean substantially unmodified by estuarine and near-shore
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Fig. 3. Dissolved reactive phosphate data in the Ochlockonee River, Florida (May
13, 1980) showing typical biological removal. Biological uptake inferred by high chlo-
rophyll @ and uptake of NO;— and Si (data not shown) in the mole ratios N:P:8i =
16:1:23, characteristic of estuarine diatom blooms (Froelich and Wells, in preparation).
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processes, at least on time scales comparable to those of the residence time
of P in the oceans (103 yrs). Since no other significant input fluxes can be
recognized, we take the total input flux of reactive-P to the oceans as
equal to the fluvial flux (10 = 5 X 10—° moles ecm—2yr—1). This “best
estimate” of the input flux is a guide against which later estimates of
various burial fluxes may be compared.

CONTROLS ON THE PHOSPHORUS CONCENTRATION OF THE DEEP SEA

Many have debated whether the maximum deep-sea phosphate con-
centration is thermodynamically or kinetically controlled. The present
phosphate concentration of the deep Pacific is about 3 uM, which, as
Sillén (1967), Pytkowicz and Kester (1967), Atlas (ms), and Atlas and
Pytkowicz (1977) have pointed out, is near the value predicted by equilib-
rium with apatite. Equilibrium models of seawater have, therefore, em-
phasized that the phosphorus concentrations of deep waters is controlled
by apatite solubility (Gulbrandsen and Roberson, 1973) and should be
independent of changes in productivity, oceanic mixing, or input/output
rates. These models would imply (but not require) that the primary phos-
phorus sink be associated with inorganic precipitation of apatite from
seawater. Francolite, the mineralogical form of marine apatite (McCon-
nell, 1973) displays a wide range in solubility due to its variable chemistry
(Atlas and Pytkowicz, 1977), so that it is in fact presently unclear whether
the deep Pacific is saturated with respect to any single common marine
phosphate salt. In any case, inorganic homogeneous precipitation of cal-
cium phosphate in the water column is apparently kinetically unlikely,
requiring several millions of years (Atlas, ms, p. 90). In addition, inter-
stitial phosphate concentrations of both pelagic and hemipelagic sed-
iments likely containing calcium phosphates are generally higher than the
local bottom water (Brooks, Presley, and Kaplan, 1968; Baturin, 1972;
Hartmann and others, 1973, 1976; Bray, Bricker, and Troup, 1973; Emer-
son and others, 1980; Jahnke, 1980 and unpub. data; and others). These
observations suggest that the deep-sea phosphate concentration is not
fixed by simple equilibrium with a single salt.

Kinetic models of seawater chemistry (for example, Redfield, 1958;
Broecker, 1971) emphasize the role of non-equilibrium biclogical proc-
esses occurring in the euphotic zone. In such models, the phosphorus
concentration of the deep sea is controlled by the interaction of biological
processes and oceanic mixing: negative feedback fixes the phosphate con-
centration of the deep sea at that level necessary to provide the requisite
phosphate via upwelling to produce a particulate biogenic phosphorus
flux to the deep sea from which is buried a fraction sufficient to balance
exactly the river input (Broecker, 1974). If this model is correct, then the
major phosphorus sink is biogenic, and the primary control of the deep-
sea phosphate concentration involves a balance between burial and re-
generation (or dissolution) of biogenic phosphorus.
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PHOSPHORUS SINKS

Five processes have been mentioned as potentially important phos-
phorus sinks (Froelich, Bender, and Heath, 1977): (1) burial of phosphorus
tied up in organic matter; (2) sedimentation of biogenic calcium carbonate
containing several hundred ppm phosphorus; (3) burial of phosphorus in
phosphorites (in sediments underlying highly productive surface waters);
(4) burial of phosphatic fish debris; and (5) inorganic sorption and pre-
cipitation of phosphate with clays, with iron hydroxyoxides in metallifer-
ous sediments, and with Al and Fe phosphates.

In the following discussion, we will attempt to quantify P-fluxes out
of the oceans associated with each of these sinks. In several cases (for
example, clay sorption), little pertinent information exists by which we
might estimate burial fluxes. Thus our approach here is to document
those sinks we can identify and quantify and point out where additional
work is needed.

1. Phosphorus Removal With Organic Carbon

Phosphorus is intricately involved with marine productivity, so it is
reasonable to suppose that phosphorus removal might occur by burial of
organic phosphorus in association with organic matter in sediments. A
knowledge of the average (P:C),,, ratio buried in marine sediments would
permit us to calculate P, -burial from knowledge of the carbon cycle.

During productivity at the sea surface, carbon and phosphorus are
fixed into organic matter containing an average (P:C),, mole ratio of
9.4 X 102 (the “Redfield ratio”, (P:C),, = 1:106; Fleming, 1940; Red-
field, Ketchum, and Richards, 1963). Most of this organic matter is re-
generated either in the upper water column (Bishop and others 1977;
Bishop and others, 1980) or on the bottom (Miiller and Suess, 1979). A
small fraction of the organic productivity at the sea surface escapes the
upper ocean in fecal pellets and other large aggregates that sink rapidly
to the sea floor. These “fast flux particles” likely carry the unadulterated
surface-water particulate (P:C),,, ratio directly to the sediment floor, since
there is little chance for regeneration in the water column (Honjo, 1978;
Knauer, Martin, and Bruland, 1979; however, see Suess and Miiller, 1981).
The fine fraction of organic particulates suspended in seawater below the
euphotic zone (which does not contribute significantly to the vertical
flux) represents “floating” refractory material (residue of regeneration).
The (P:C)or ratios in this relict material are typically lower than the
Redfield ratio and decrease with depth reflecting fractional regeneration
of organic-I’ from organic-C with “age” of the water (Copin-Montegut
and Copin-Montegut, 1972, 1978; Ketchum, Corwin, and Yentsch, ms;
Lemasson, Cremoux, and Montel, 1977; Bishop, Edmond, and others,
1977; Bishop, Collier, and others, 1980). Thus the (P:C),, ratio input to
the sediment surface is probably close to the Redfield ratio. This need not
necessarily be the burial ratio, however, as is often assumed.

To estimate the (P:C),,, burial ratio we have plotted the available
data for sedimentary C,,, and (P:C), (fig. 4). (P:C),,, ratios in organic-
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Fig. 4. Percent G versus (P/C),,, ratio for sediment data. The Redficld ratio is
given by arrow (9.4 X 10®). The solid line through the data fits the hyperbolic
equation (% Corg) X (P/C)or, = 4 X 107, or p =~ 100 ppm. Data from (O northwest
African continental risc > 500 m (Hartmmann and others, 1976); ® northwest African
continental shelf and slope < 300 m Hartmann and others, 1976); A west African con-
tinental rise and French equatorial Atlantic > 500 m (Froelich, ms); A west African
continental shelf and slope < 500 m (Froclich, ms); X ecastern tropical Pacific
MANOP sites “M” (metalliferous) and “H” (hemipelagic) (Froelich, ms); [ western
subtropical Altantic > 2000 m (Cook, ms); @l cast North American continental slope and
rise < 2000 m (Cook, ms; Morse and Cook, 1978); + Texas shelf, Gulf of Mexico
(Filipek and Owen, 1980); W Santa Barbara Basin (Sholkovitz, 1973); V Long Island
Sound (Krom and Berner, 1981); O Peru continental margin < 650 m (Suess, 1981);
O Central Pacific gyre (Suess and Miiller, 1981).
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rich sediments (> 1 percent C,,) are about one-half to one-fifth of the
Redfield ratio. This is usually interpreted as reflecting fractional regenera-
tion of P, from C,, during oxidation of organic matter in marine
sediments (Sholkovitz, 1973; Hartmann and others, 1973; Froelich, ms;
Filipek and Owen, 1980). (P:C),,, ratios in organic-poor pelagic sediments
(< 0.5 percent G,) are, however, apparently enriched in P with respect
to the Redfield ratio (Hartmann and others, 1973, 1976; Froelich, ms;
Suess and Miiller, 1980). This observation may reflect the presence of
stable, phosphorus-rich organic moieties that are preferentially enriched
during oxic diagenesis of slowly-accumulating pelagic sediments, for ex-
ample, the inositol phosphates, known to comprise a significant fraction
of the P, in soils and lake sediments (Weimar, ms) and recently iden-
tified in marine sediments (White and Miller, 1976). An alternate ex-
planation is that organic-poor pelagic sediments contain a larger fraction
of biomass carbon, reflecting a bacterial P/C of about 24 X 10—3 (Suess
and Miiller, 1980).

The curve drawn through the data in figure 4 is a hyperbola satis-
fying the relationship (P/C)og X Corg = 4 X 1072 The data are consistent
with this inverse relationship (particularly considering the probable scat-
ter introduced by the variety of analytical techniques represented here for
the analysis of organic carbon and organic phosphorus in marine sed-
iments). The simplest explanation for this distribution is that the organic
phosphorus concentrations of a wide variety of marine sediments are
fairly constant at 100 ppm and thus not a function of organic carbon
content. Inspecting the data, we find that over 80 percent of the P, data
cluster within a factor of two of 100 ppm-P,., (50-200 ppm). The outliers
consist of two special populations (Froelich, 1979a, b); (1) upper con-
tinental slope and shelf cores on the west African continental margin
which are known by §12C analyses to contain about 20 percent terrestrial
organic carbon (P:C ~ 1-2 X 10—2% in “average” terrestrial biomass, Dee-
vey, 1973); (2) metalliferous sediments from the East Pacific Rise which
contain high concentrations of labile inorganic-P compounds which might
interfere positively in the P, analytical technique.

With these two exceptions, almost all the available sedimentary P,
data will fall in the narrow range of 50 to 200 ppm regardless of C,,, con-
tents in the range from 0.15 to over 4.0 percent. This result is surprising
but must ultimately be the result of counterbalancing mechanisms that
control the ultimate carbon content (overlying productivity and sedimen-
tation rate: Miiller and Suess, 1979; Heath, Moore, and Dauphin, 1977)
and (P:C),., ratio (extent of diagenesis?), so that the P, content of
marine sediments does not vary widely.

We can estimate the burial rate of organic phosphorus in sediments
from the P:C ratio being buried and the burial rate of organic carbon.
The long-term (pre-agricultural) burial rate of organic carbon can be
calculated from the average river water bicarbonate concentration (0.55
mM, Wedepohl, 1971; corrected for atmospheric cycling) and the world
river flow (3.3 X 10 [ yr—1). Assuming that 80 percent of the carbon



The marine phosphorus cycle 487

entering the oceans is buried as CaCO; and 20 percent as organic carbop
(Li, 1972; Broecker, 1974; Garrels and Perry, 1974), then the organic
carbon burial rate is about 0.99 X 10—¢ moles-C cm—?yr—* (compare
0.91 X 10— moles-C cm—2yr—1; Garrels and Perry, 1974).

Since over the long-term organic carbon burial occurs primarily in
hemipelagic continentalrise sediments (Walker, 1974), and since these
sediments and their continental sedimentary counterparts contain be-
tween 1.0 and 1.7 percent C,, (Clarke, 1924; Ronov and Yaroshevsky,
1969; Parker, 1967), we can take the average P:C value for hemipelagic
sediments from figure 4 as about 4 = 2 x 10-8 (P:C = 0.4:106). This value
is in agreement with Hartmann and others’ (1976) finding that sediments
accumulating on continental rises at rates between 6 and 11 cm 103 yr—*
display ratios between 0.44:106 and 0.22:106. {We recognize that some
unknown, but potentially significant, proportion of G, burial may be
occurring in deltas which are poorly represented in the data compiled in
fig. 4.

s "I}'aking the P:C value as 4 X 103 and organic burial as 0.99 X 10—°¢
moles-C cm—2?yr—?, we calculate an organic phosphorus burial rate of
about 4 X 10—° moles-P cm—2yr—* or about 40 percent of the estimated
P-input to the oceans.

II. Phosphorus Remouval with Phosphorites

The organic phosphorus that escapes destruction in the water column
is buried in refractory organic material or is regenerated and released
into the interstitial water. Most of the interstitial-P diffuses out of the
sediment into the overlying ocean. Some fraction of this interstitial phos-
phate is inorganically precipitated and subsequently trapped in an inorgan-
ic form (when this salt is a carbonate fluorapatite, we call it phosphorite;
however, see McConnell, 1965). For this reason, an evaluation of the
removal of phosphorus with organic carbon should include an estimate
of the importance of its surrogate: phosphorite formation.

It is well known that several giant phosphorite deposits containing
over 10 moles-P exist in the geologic column (for example, the Permian
Phosphoria Formation). These phosphate reservoirs each contain a mass
of P larger than that dissolved in the present ocean (~ 3 X 10 moles).
Thus each could have been formed by becoming the primary sink for the
fluvial input to the oceans during several residence times of P in the
oceans (n X 10° yrs). The Phosphoria Formation is thought to have been
deposited over about 6 m. y., requiring about 15 percent of the yearly
fluvial P-flux. Thus giant deposits may have provided geochemically sig-
nificant sinks for phosphorus from past oceans. They represent environ-
ments of deposition for which there is no modern analog, nor is there a
generally-accepted model of their formation (Burnett and Sheldon, 1979;
Bentor, 1980; Sheldon, 1981). Only recently have attempts been made to
incorporate the episodicity of phosphogenesis (Cook and McElhinny,
1979) into our understanding of global paleoceanography (Arthur and
Jenkyns, 1981; Piper and Codispotti, 1975).
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It has long been accepted that the origin of phosphorite deposits is in
some way associated with biological processes (Kazakov, 1988; Youseff,
1965; McConnell, 1965). Most nodular phosphorite deposits on continen-
tal margins appear to be relict (Kolodny and Kaplan, 1970), although
occurrences beneath the highly productive southwest African and Peruvian
coastal zones are forming today (Veeh, Calvert, and Price, 1974; Baturin,
Merkulovo, and Chalou, 1972; Burnett, Veeh, and Soutar, 1980). The
probable mode of formation of shallow-water deposits by alternate phos-
phatization and reworking during eustatic sealevel changes has been well
described (Veeh, Calvert, and Price, 1974). However, it is unlikely that
such shelf deposits are important in the removal of phosphorus from the
recent ocean, since (1) most non-deltaic shelves are considered to be
primarily areas of erosion or reworking, rather than depositional environ-
ments (Emery, 1968; van Andel and Curray, 1960), (2) the shelves were
emergent during most of the recent (glacial) geologic past, and (3) the
burial flux of P in these young deposits is trivial (Burnett, 1977).

Geosynclinical phosphorite deposits, however, form in deeper water
beneath areas of productive upwelling in biogenic sediments along con-
tinental slopes and rises, particularly at the intersection of the oxygen-
minimum zone with the bottom (D’Anglejan, 1968; Veeh, Burnett, and
Soutar, 1973; Manheim, Rowe, and Jipa, 1975). Anoxic diagenesis of
organic matter in the sediment column provides a source of dissolved
phosphate in the interstitial water which promotes heterogeneous nuclea-
tion and growth of apatite over calcite and opal tests (Burnett, 1977).
Thus some portion of the organic phosphorus delivered to the bottom is
incorporated into the sediment as a diagenetic replacement product on
biogenic detritus. If phosphorite burial is removing a significant pro-
portion of the P-flux from today's ocean, it must be occurring here in
continental rise sediments. Whether or not this dispersed phosphate
deposition in rise sediments will ever become part of a future phosphorite
formation is of course problematic but nevertheless is not germane to the
flux argument we present below.

Organic phosphorus buried below the sediment surface faces three
possible fates: (1) ultimate survival of regeneration with consequent
burial as Py, (2) regeneration to dissolved phosphate followed by release
to the pore water with subsequent diffusion into the overlying water
column (the fraction remaining in the pore water is quantitatively un-
important), and (8) regeneration to dissolved phosphate followed by
precipitation as an authigenic phosphate salt to be buried ultimately as an
inorganic surrogate for P, This last flux is what we wish to determine.
Present sediment geochemical techniques cannot directly measure dia-
genetic phosphorite-P, because we are unable to separate this phase from
the large burden of detrital apatite in hemipelagic sediments (Froelich,
ms). We will estimate phosphorite burial indirectly as the difference
between regenerated-P and diffusively-lost P in the same cores from areas
of potential phosphorite formation. In the following discussion we use
data from the continental slope and rise of western Africa in Hartmann
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and others (1976) to calculate the P-regeneration flux and the diffusive-
loss flux. We calculate extent of organic carbon regeneration from the
sulfate reduction product sulfide, an index of the extent of organic matter
oxidation (Berner, 1980; Goldhaber and Kaplan, 1980; Sweeney and
Kaplan, 1980). We assume that authigenic phosphate minerals are formed
only with phosphorus released during sulfate reduction (Burnett, 1977)
according to the reaction

(CH,0)106(HLPO,) 106/250 + 53 SO,= = 106 CO, + 106 H,O +

106
50" H,PO, + 53 5=.

The reaction as written assumes that the P/C ratio in the organic matter
undergoing diagenesis is equal to our average hemipelagic organic-P/
organic-C ratio of 4 X 10—2 We further assume that $= produced by this
reaction is quantitatively sequestered into the solid phase by iron sulfide
precipitation rather than lost by H,S diffusion (as indicated by low H.,S
concentrations found in hemipelagic areas with extensive sulfate reduc-
tion by Hartmann and others, 1976, and Froelich and others, 1979).
According to these assumptions, the amount of P regenerated from a
volume of sediment is given by the total sulfur content (minus a small
amount of organically bound sulfur) X (1/53 X 106/250). Calculated
values of regenerated organic phosphorus from Hartmann’s data are
presented in table 4. These show that an insignificant proportion of the
organic phosphorus originally present in these cores is regenerated by
sulfate oxidation above 10 cm depth (that is, SO,— reduction and 5=
entrapment are not important until below 10 cm). In core 12344 (at
700 m, the core nearest the O,min), about 50 percent of the organic
phosphorus has been regenerated below 100 cm. In other cores, the extent
of regeneration deeper than 100 cm ranges from about 10 to about 35 per-
cent. Extensive regeneration of organic phosphorus may be important in
sediments near the oxygen minimum, but since these sediments account
for only a small proportion of all hemipelagic sediments, we suggest that
the average fraction of P,, regenerated within hemipelagic sediments
(and thus the maximum potential phosphorite burial) is probably not
more than about 25 percent of organic phosphorus burial.

What fraction of the regenerated phosphorus is actually trapped in
marine sediments as phosphorite, and what fraction escapes by diffusion
to the overlying scawater? We estimate upward diffusive fluxes of phos-
phate in the cores in table 4 and subtract that from estimated burial rates
of regenerated-P in the same cores to obtain the phosphorite flux. To do
this we have estimated dissolved phosphate gradients in those of Hart-
mann’s cores in table 4 where interstitial phosphate data and sedimenta-
tion rate data are available (fig. 5). The results of these calculations
(table 5) suggest that phosphate is not presently escaping from those deep
sediments where significant regeneration has occurred (12310, 12392,
12379, 12347, and 12344). In fact, most of the diffusive loss of phosphate



Estimates of extent of regeneration of organic phosphorus in

TABLE 4

West Africa continental rise sediments (Hartmann and others, 1973)

Core no., Location and water depth Fraction of P, that
Depth S§r—x P, ** org is regenerated
cm umol g—? umol g—! umol g—* ) S L (= Prax/Punie)
12344 15°25.7'N 17°20.5W 613-748m
0-8 <10 <0.1 5.4 5.5 <0.05
12-61 105 09 4.7 5.6 0.16
97-335 83 0.7 0.7 14 0.49
12327 23°07.9N 17°44.1'W 2015-2115m
0-35 <10 <0.1 4.9 5.0 <0.05
12379 23°08.4'N 17°44.7W 2064-2151m
0-20 <10 <0.1 3.9 4.0 <0.05
50-805 191 1.5 4.4 59 0.25
12392 25°10.3'N 16°50.7W 2573-2610m
0-50 <10 <0.1 3.5 3.6 <0.05
50-600 95 09 3.7 4.6 0.20
600-850 79 0.6 2.7 3.3 0.18
12347 15°49.5'N 17°50.7"W 2550-2747m
0-13 10 0.1 29 3.0 <0.05
20-100 88 0.7 3.4 4.1 0.17
200-600 164 1.3 2.3 3.6 0.36
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is occurring from the uppermost sediment, evidently shallower than the
present depth of onset of extensive sulfate diagenesis.

It is possible that the present dissolved phosphate profiles (and thus
our estimate of diffusive P-loss) represent present conditions, whereas the
regenerated organic phosphorus (as calculated from the sulfide burial)
represents relict reactions that occurred at some past time, presumably
when the sediment was at or near the surface. Since pore water profiles
can adjust much more rapidly to changes in accumulation rates and
reaction rates than can solid phases (Lasaga and Holland, 1976; Froelich
and others, 1979), buried phases reflect “past” events, and pore water
profiles represent “present” occurrences. If present conditions in the up-
per 50 cm of these cores are an indication of the conditions prevailing at
the time when deeper sediments were being deposited and regenerated,
then we would argue from the calculations in table 5 and phosphate pore
water profiles in figure 5 that all the regenerated-P has escaped by dif-
fusion except at one site: core 12344, at the depth of impingement of the
O,-min with the bottom. If present conditions in the upper 50 cm of these
sediments do not reflect past conditions (that is, if more regenerated-P
was trapped), then the maximum fraction of the initial P, that was
trapped as phosphorite is about 25 percent (table 5, last column).

These arguments require a phosphorite burial flux less than or equal
to 25 percent that of organic-phosphorus burial or about <1 X 10—°
moles-P cm—2yr—1. It is unlikely that this value is too small, and the real
value is very likely to be much nearer zero than our estimate. This is less
than 10 percent of the input flux.

III. Burial of Phosphatic Fish Debris

Lowenstam (1974) has estimated that secretion of phosphatic fish
debris is several orders of magnitude larger than the other potential
phosphorus hard parts for which we have data. Thus we may concentrate
exclusively on fish debris. Taking Ryther’s (1969) world fish production
estimate of 2.4 X 1012 g yr—1 (dry weight) and Hutchinson’s (1952) esti-
mate that the world’s fish catch contains less than 1 percent by weight P
(presumably mostly in hard parts), we estimate a maximum annual pro-
duction of phosphatic fish debris of 2.1 X 10—° moles-P cm—2yr—1. This
value is at the low end of our estimated pre-man fluvial phosphorus flux
(table 3). Thus phosphatic fish debris can be a significant sink only if all
of the production is buried intact.

As Arrhenius (1963) has pointed out, fish debris appears to be dis-
solving in slowly accumulating pelagic sediments. Only fish teeth and
shark denticles (very resistant) are recognized in pelagic sediments of all

<-Fig. 5. Dissolved, interstitial phosphate versus depth plotted for those cores in
table 4 where both interstitial phosphate and accumulation rate data are available.
The gradients (dP/dz) were estimated as straight-line segments through the data in
the depth interval indicated and are given in nmoles cm—*. The upward diffusive fluxes
calculated from these gradients are presented in table 5. Data are from Hartmann and
others, 1976.



TABLE 5
Comparison of upward diffusive PO~ flux and downward burial flux of regenerated-P

Preg‘
Depth Accumulation Accumulation Upward PO *—- Phosphorite
Core interval rate¥ Preg** rate pmole-P flux®¥* gmole-I burialt ymole-P Fractiontt
no. cm gem 20y r—? pmol g—* cm L0 Pyr—! an—*10~Fyr—* cm 102 yr—! A

12344 12-61 4.0 0.9 3.6 <0 3.6 16
12327 0-35 4.0 <0.1 <04 ~{ 0.4 5
12379 50-805 14.0 1.6 22.0 2-9 13-20 15-23
12392 0-50 2.8 <0.1 <.28 124 0

" 50-600 6.0 0.9 5.4 1.1 4.3 16

i 600-850 3.0 0.5 15 ~0 1.5 18
12347 20-100 6.7 0.8 5.4 13.5 0 0

” 200-605 18.0 1.3 23.0 14.6 8 13
12328 30-44 4.6 0.4 1.8 11.2 0 0
12337 0-30 5.3 <0.1 <.53 11.2 0 0

” 45-150 4.7 0.4 2.1 6.8 0 0
12510 0-57 1.7 <0.1 <17 13.5 0 0

” 40-320 3.4 0.2 68 <I.1 <0.4 4

" 820-550 2.2 0.2 44 <0 0.44 13
12329 0-30 L5 <0.1 <15 19.0 0 0
12336 0-25 1.6 <0.1 <.16 28.0 0 0

* Bulk sediment accumulation rates derived from data in tables 2 and 3 of Hartmann and others (1976},
** Values from column 3 of table 4 for depth intervals shown.
sk Upward diffusive flux of PO calculated from PO/~ gradients cstimated in figure 5 and from apparent interstitiai diffusion cocfficient
for POP~ of D¥ypo a— ~8.6 X 10— cm?® scc™ (Krom and Berner, 1980a).
T The phosphorite burial flux is given by the regenerated-P accumulation rate minus the upward flux.
Tt Fraction of initial organic phosphorus that is transformed to phosphorite and buried as an inorganic surrogate.
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ages (Helms and Reidel, 1971), so that extensive pelagic burial of fish
debris is an unlikely phosphorus sink. P-accumulation rates measured on
a strip sample of a giant piston core taken under the central gyre in the
north Pacific (Hollister and others, ms; Doyle and Riedel, 1979) showed
that P in the > 20 pum fraction (mostly nodular fish bones, ootoliths, and
vertebrae) accumulated at rates of only 0.06 X 10—° moles-P cm—?yr—*
(Froelich, ms and 1979). Thus open ocean fish debris phosphorus burial is
clearly not a significant sink.

However, Ryther (1969) has suggested that more than 99 percent of
the world fish production occurs over continental shelves, narrow near-
shore upwelling areas, and open ocean upwelling zones which together
comprise only about 10 percent of the oceanic surface area and generally
overlie rapidly accumulating hemipelagic sediments. Rapid sedimentation
rates favor incorporation into the sediment before complete dissolution.
1f most fish debris is buried in hemipelagic sediments before dissolution,
it could balance a small portion (<20 percent) of the estimated river
influx of phosphorus.

We present here two arguments that suggest that only a fraction of
the fish debris produced in very productive areas is incorporated into the
sediments. The first argument is based on comparing measured burial
rates of fish debris with estimates of fish debris production in the same
area. The second argument is based on comparing fish scale production
and preservation.

The Callao Fishery, Peru.—DeVries (ms) has separated fish debris in
several cores raised from the upper continental slope off Callao, Peru, one
of the richest fisheries in the world (Ryther and others, 1971; Gulland,
1971) (table 6). Based on the average fish debris content (almost entirely
anchoveta) in two of these cores that have been dated (DeMaster, ms), we
estimate the burial flux of phosphorus in fish debris at these two sites to
be less than 125 and 325 X 10—? moles-P cm—2yr—1, respectively (table 7).
(We ignore possible consequences of shifts in productivity, compaction,
and sedimentation rate changes and simply take the “average” burial rate
over the last several thousand years as probably lying in this range. We
implicitly assume that productivity today is about the same as that during
the time span represented by the sediment record.)

We estimate the fraction of the fish debris production that is buried in
the Callao area by extrapolating production data for the entire Peruvian
fishery (table 7). Pre-fishery fish production in the whole Peruvian fishery
(which escapes predatory bird exportation) is estimated at 15 to 28 X 102
g-wet fish yr—*. This is equivalent to about 6-19 X 10® moles-P yr—1* in
fish debris. Since about 15 percent of the Peruvian fish catch is in the
Callao fishery, we prorate the production and deposition of fish debris
accordingly and conclude that the production of phosphorus in fish
debris in the Callao Zone is about 720 to 2160 X 10—° moles-P cm—2yr—*
(table 7).
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If cores W-7706-37 and -40 are typical of sediments in the Callao Zone
accumulating fish debris, then the fraction of fish debris phosphorus
preserved is about

< 125-325 X 10— moles-P cm—?yr—1
720-2160 X 10—?° moles-P cm—2yr—?

< 6-45 percent .

We can also compare production and burial rates of fish scales, an
independent means of estimating the fraction of fish-P preserved. The net
fish scale production in the Callac Zone is about 1 to 1.5 scales cm—2yr—1
(table 8). In core W 7706-40, scales accumulated at rates of about 0.10
cm~2yr—?! above 55 cm (fig. 6). Thus fish scale preservation is about 10
percent of the net production, in agreement with our estimate of total
fish debris preservation in the Callac fishery. Similar estimates of fish
scale preservation/production ratios for both sardine and anchovy oft the
southern California coast range from 10 to 20 percent, based on data for
fish scale production and accumulation in the Santa Barbara and Soledad
Basins, southern California (tables 9 and 10).

TABLE 6
Callao fish debris data

1. Percent fish debris (dry wt) in surface and sub-surface sediment on the upper con-
tinental slope off Peru. Average over the whole upper slope (core depths of 2 m) is
about 0.2 percent (DeVrics, ms).

Core number W7706-4 W7706-37 W7706-40 W7706-41 W7706-45
Water depth 325 m 370 m 186 m 411 m 810 m
Location 12°58.9’S 18°37.8°S 11°15.3’S 11°20.6'S 11°26.6’S

76°58.9W 76°50.9'W 77°57.8"W 78°07.0W 78°17.2°W

Percent fish debris

Surface 0.15 0.36 0.58 0.42 0.c9
(0-5) cm)

Subsurface — 0.26 0.23 0.25 —
(>5 cm) 0.19

1I. Burial rates of fish debris-P

W7706-37 W7706-40
1. Fish debris content of sediment below 5 cm
0.26%, 0.219, DeVries, ms

2. Phosphorus content of fish debris
129, Suess, unpub.

8. Bulk dry density
~0.25gcm—s —0.25gem—? Keller and Busch, 1978
DeMaster, ms

4. Sedimentation rates of upper 20 cm. These rates are based on straight lines
through log activity C-14 and Pb-210 versus depth plots, and thus are upper
limits (see DeMaster, ms).

<0.05 cm yr—* <0.16 cm yr—? DeMaster, ms

P-accumulation rates (upper limits):

<126 X 10— moles-P cm—?yr—* <325 X 107® moles-P cm—2yr—




TABLE 7

Callao fish debris production estimate

Pre-fishery fish-production in the
whole Peruvian fishery ‘

Predatory bird exportation

Net Peruvian fish production

Dry weight/wet weight
% Fish debris-P (hard parts)

Peruvian fish debris-P production

Caliao fishery = 159, of Peru fishery

Area Callao fishery — 1.25 X 10* cm?

Callao fish debris-P net deposition flux:

18.0 X 10** g wet fish yr—*
20.0
25.0
— 25
15 to 23 X 10 g wet fish yr—*
X 259,
X 0.5-1.0%,

6 to 9 X 10° moles-P yr—

720-2160 X 10— moles-P cm~zyr_1

Ancnymous, 1974
Ryther, 1971
Gulland, 1971

Gulland, 1971

Sanchez and Lam, 1970

Hutchinson, 1952;
Bacigalupo and others, 1963

Borgo, Vasquez, and Paz, 1967, 1969
Vasquez, Paz, and Hidalgo, 1970

Borgo, Vasquez, and Paz, 1969
Sanchez, 1966
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TABLE 8
Callao anchoveta fish scale production

Net Callao anchovy production 0.17-0.26 g cm—2yr—* (from information
in table 8)
1 anchovy =10g Simpson, Buzeta, and Gill, 1969
# scales/anchoveta = 600 - DeVries, ms

Net Callao fish scale production: I to 1.5 scale cm—2yr—

This information suggests that about 10 percent of the world fish
debris phosphorus is preserved, while 90 percent is dissolved before burial.
If 10 percent of the total production is buried, then the burial flux of
phosphorus in fish debris is about 0.2 X 10—* moles-P cm—2yr—*. This
value is much smaller than estimates both of the riverine P-input and of
the P-removal rates by other processes. Thus phosphatic fish debris burial
is probably not a significant P-sink.

IV. Phosphorus Burial With Biogenic Calcium Carbonates

We have summarized the available data for phosphorus concentra-
tions of highly calcareous sediments (> 90 percent CaCQO;) in table 11.
We will thus estimate the P-content of foraminiferal and coccolithiphorid
tests from analyses of fossils in pelagic sediments and bypass the important
question of whether the tests gain or lose P after the organisms die
(Morse, 1974; deKanel and Morse, 1978). Literature values (entries 1-5 in
table 11) would suggest that “average” biogenic calcite contains about
300 = 80 ppm phosphorus. Forams and coccoliths likely contain different
concentrations of phosphorus. Since the burial ratio of coccoliths to
forams presumably varies from place to place in the ocean, the CaCO,-P

SCALE ACCUMULATION RATE
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Fig. 6. Accumulation rates of all fish scales versus depth in core W7706-40. Rates
are about 0.1 cm—*y1—* above 55 cm to about 0.02 scale cm—?yr— below 53 cm. Bulk
accumulation rates arc from information in table 6 (DeMaster, ms; Keller and Busch,
1978). Fish scale data are from DeVries (ms).
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TABLE 9

Santa Barbara anchovy fish scale production

499

2.0 X 102 g wet fish
X 0.5 '

Pre-fishery southern California stock

Average age — 2 years

Pre-fishery southern California production 1.0 X 10" g wet fish yr—*

Santa Barbara Basin fishery = 7%, of
southern California fishery

X 0.07

Santa Barbara fish production 0.07 X 10™ g wet fish yr—*

1 anchovy = 20 g X 0.05
# scales/anchovy = 100 X 1000.

Santa Barbara scale production 3.5 X 10" scales yr—*

Net Santa Barbara scale production flux 0.035 scales cm—?yr—*

Santa Barbara scale accumulaticn rate 0.004 scales cm—yr—!

. 0.004
Scale preservation = 2035 = 1%

Messersmith, 1969

Messersmith, 1969

Messersmith, 1969

Soutar and Isaacs,
1969

Anonymous, 1951

Soutar and Isaacs,
1969

TABLE 10
Santa Barbara sardine scale production

5.0 X 10" g wet fish
X 0.33

Pre-fishery southern California stock

Average age = 3 years

Pre-fishery southern California production 1.65 X 10°* g wet fish yr—

Santa Barbara Basin fishery = 4.59 of

southern California fishery X 0.045

Santa Barbara fish production 0.075 X 10" g wet fish yr—?

1 sardine = 100 g X 0.01
# scales/sardine = 2400 X 2400.

Santa Barbara scale production 1.8 X 10 scales yr—!

2

Santa Barbara area = 1.02 X 10" cm*

Net Santa Barbara scale production flux 0.018 scales cm—?yr—*

Santa Barbara scale accumulation rate 0.0036 scales cm—?yr—*

0036

. 0.
Scale preservation 00180 — 20%

Felin and Phillips,
1948

Sette, 1969

Felin and Phillips,

1948
Soutar and Isaacs,

1969

Anonymous, 1951

Soutar and Isaacs,
1969
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TasLE 11
Phosphorus concentrations in highly calcareous sediments

1. Data from the Swedish Deep-Sea Expedition
(Pettersson, 1952: v. V (2), VI (2))

Sediment
Sample no. depth, cm %, CaCO, ppm-P
74 25 96 260
100 90 220
75 180 95 220
460 93 220
860 94 260
91 420 93 310
600 100 175
2-61B-2-61 1015 98 220
2-61B-2-62 217 94 130
2. El Wakeel and Riley (1961)
6
{Discovery “D") — 91 310
3. Marchig (1972)
SK 116 95 92 440
KK 125 120 91 390
KK 164 20 90 260
30 93 420
50 94 270
90 97 340
140 91 220
180 94 270
KK 169 92 350
SK 170 10-40 93 460
4. Cook (1977)
5A 2-4 90 344
5. Correns (1937)
Calculated on basis of
regression of 9, CaCO,
vs. %, 0,05 from equa-
torial Atlantic Metcor
Expedition (1925-1927) — 100 350
6. Froelich (1979b)
*RC-10-114 (bulk sample) 0-2 100 304
*RC-10-114: slightly sonicated
<20 pm (79%, by weight) 0-2 100 365
>20 um (219, by weight) 0-2 100 100
*RC-10-114: severely sonicated
<20 um (939, by weight) 0-2 100 320
>20 pum (7%, by weight) 0-2 100 60
7. Froelich (1979b)
**G76-5-15GCl: severely sonicated 0-5 86 —
>150 um 0-5 100 403
*+(G76-5-15GCl: slightly sonicated 0-5 61-86 —
>150 pm (15 samples 100 48 = 16
between
0-50 cm)

* RC-10-114: central equatorial Pacific, 2791 m deep (above CCD),
11°11’S 162°55'W.
Bulk analysis (INAA): 40.3 £ 059, Ca (100.8 % 2.59, CaCO,)
0.085 * 0.0019, Al<1Y, “clay”)

*#* G76-5-15GCl: central equatorial Atlantic, 3685 m deep (above CCD), 0°02.1’S
14°58.4"W. This sample was 859, CaCO, and presumably contained
significant detrital clays. Thus no attempt was made to analyze the
fine fraction.
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content of calcareous-rich sediments should vary accordingly. This effect
may produce the rather large variations in phosphorus concentrations ob-
served in calcareous-rich sediments (for example, table 11).

Froelich (ms) differentiated between foram-P and coccolith-P by
size fractionation of pure calcareous oozes (table 11: 6 and 7). By main-
taining both mass balances and phosphorus balances for each sample, and
by observing that increasing severity of sonication during wet seiving has
the combined effect of diluting the coccolith split (< 20 um) with foram
fragments while cleansing the foram splits (> 20 and > 150 um) of cocco-
liths entrapped in unbroken foram chambers, he was able to separate
crudely calcite-P into foram and coccolith fractions. These data suggest
that the forams in both pelagic equatorial Atlantic and Pacific sediments
are characterized by phosphorus concentrations of about 50 ppm. The
phosphorus content of the coccolith fraction is less certain but apparently
is about 400 ppm.

Taking foram-P as 50 ppm and coccolith-P as 400 ppm, the “average”
biogenic calcite (300 = 80 ppm-P) consists of 70 percent coccoliths and
30 percent forams. This agrees well with the work of Bishop and others
(1977) and Honjo (1978) who found that coccoliths comprise over 65 per-
cent of the vertical particulate flux of calcite, and with Broecker (1973)
who found that 50 to 90 percent of the calcite in a wide variety of recent
sediments is as coccoliths. However, Bramlette (1958) and Honjo (1976)
have described calcareous sediments containing less than 50 percent coc-
coliths.

To calculate the burial flux of P in calcite, we will take the average
calcite-P as 300 ppm, corresponding to a P/C mole ratio of 1 X 10-3,
Assuming that phosphorus is completely released to seawater upon calcite
dissolution below the calcite compensation depth (Morse and Cook, 1978;
however, see Correns, 1937 and Arrhenius, 1952), then, since the total
carbon burial rate is 1.8 X 103 moles-C yr—* of which 80 percent is re-
moved as CaCO; (see sec. I), burial of phosphorus in calcite is about
4 X 10=° moles-P cm—2yr—'. Thus calcite-P burial is as significant as
organic-P burial (4 X 10—° moles-P ecm~?yr—* or about 40 percent of
input).

V. Inorganic Removal of Phosphorus

At least three inorganic processes could be important in removing
phosphate from seawater (in addition to phosphorite formation, which
we have discussed as a biologically-associated deposit): sorption onto
detrital clays, precipitation of non-calcium-containing phosphate salts
from pore waters, and removal both directly and indirectly during mid-
ocean ridge hydrothermal processes. There can be no significant removal
by low-temperature basalt-seawater exchange since the slightly negative
interstitial phosphate gradients measured at the basalt/basal sediment
interface are too small to allow a significant flux into the basalt (fig. 1:
see discussion of low-temperature weathering input).
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There is little quantitative information regarding the importance of
clays sorbing or desorbing phosphate. Arrhenius (1952, p. 41 and 42 and
references therein) and a few others have cited examples of apparent
P-enrichment in some North Equatorial “pelagic clays”. These observa-
tions are often cited as examples of P-sorption onto deep-sea clays, render-
ing red clays more phosphatic than shales or igneous rocks. A careful
check of the original data in all cases has convinced us that these high
phosphorus data (up to 0.6 percent-P in a few cases) are associated either
with Tertiary clays or with volcanogenic deposits similar to those de-
scribed by Berner (1973) and Froelich, Bender, and Heath (1977). Thus
clays on the present seafloor are apparently not P-enriched. (The reason
for enrichment in deep-sea clays, possibly during the Miocene period of
extensive global phosphogenesis, is an interesting question!) We are not
aware of any other data permitting quantification of a clay-sorbed P-flux
to sediments. Since about 90 percent of the total (particulate plus dis-
solved “reactive”) P-flux to the oceans is carried by particulates, these
reactive-P fluxes will be difficult to decipher from solid phase data. They
could be very important and remain a serious uncertainty in the phos-
phorus cycle.

Reduced iron phosphate (vivianite) and magnesium ammonium phos-
phate (struvite) are suspected of forming in reducing lake and estuarine
sediments (Emerson and Widmer, 1978; Emerson, 1976; Martens, Berner,
and Rosenfeld, 1978; Elderfield and others, 1981; Bray, Bricker, and
Troup, 1973), but there is no evidence that burial of these phases is an
important P-sink.

Berner (1973) has proposed the removal of seawater phosphate by
scavenging onto fresh ferric oxyhydroxides produced during hydrother-
mal processes at actively spreading ridge crests (see, also, Correns, 1937;
Revelle, 1944; Arrhenius, 1952). Hot hydrothermal seawater solutions
debouching from vents near the ridge crest are laden with dissolved Fe2+
which oxidizes upon contact with oxygenated seawater and precipitates
as ferric oxyhydroxides. These oxides scavenge phosphate plus a variety
of other trace elements from seawater and settle to the sea floor to form
metalliferous sediments containing up to 0.6 percent-P. Phosphorus ac-
cumulation rates measured in such sediments across the East Pacific Rise
are two orders of magnitude higher than the oceanic average. Scaled to a
global basis, metalliferous sedimentation could be responsible for remov-
ing from 1.1 to 1.6 X 10—? moles-P cm—2?yr—* from the world’s oceans
(Froelich, Bender, and Heath, 1977). This estimate of metalliferous sed-
imentation is probably too high since hydrothermal processes on fast-
spreading rise crests such as the East Pacific Rise may be exponential
functions of spreading rate (Bostrom, 1973). We will thus adopt the
lower end of this range as the most probable value: 1.1 X 10—° moles-P
cm—2yr—1,

Berner (1973) and Froelich, Bender, and Heath (1977) presented
several indirect lines of evidence supporting a scavenged-from-seawater
source for the phosphorus in metalliferous sediments rather than a source
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associated with the hydrothermal solutions. The source of metalliferous-P
could be decided unequivocably from a knowledge of the P-concentration
of the hydrothermal vent solutions themselves (Corliss and others, 1979;
Edmond and others, 1979a, b). Data from the cool vents of the Galdpagos
Ridge sampled during the Edmond, Corliss, and Gordon dives with D/V
Alvin (Galdpagos 11: March 1979; data from Froelich, ms and 1979) sug-
gest that P is depleted in hydrothermal emanations (fig. 7) and thus
cannot be the source of metalliferous-P. Preliminary data from the hot
vents at 21°N on the East Pacific Rise confirm this (Edmond, personal
commun.). Thus Berner’s (1973) conclusion that the phosphorus in metal-
liferous sediments derives from seawater appears sound, and our flux
calculation is appropriate.

CONCLUSIONS

Our estimates of phosphorus burial fluxes and the marine P-cycle are
summarized in table 12 and in a simple box model (fig. 8). Organic phos-
phorus and calcium carbonate—phosphorus make up about 40 percent
each of the total identified removal, while phosphorite burial and hydro-
thermal-P comprise about 10 percent each. The sum of the estimated
“reactive” phosphorus burial fluxes equals about 10 X 10—° moles-P
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Fig. 7. Dissolved P and Si in Galapagos rift hydrothermal solutions collected by
Edmonds, Corliss, and Gordon with the submersible D/V Alvin (Galapagos II; March,
1979). Si concentrations represent mixing between bottom water and high-temperature
silica-enriched hydrothermal solutions (Corliss and others, 1979). Increasing silica con-
centrations on this plot are representative of increasing temperature and thus an
increasing proportion of hydrothermal water in the sample. A decrease in phosphate
with increasing Si suggests that the hydrothermal solutions are deleted in P relative to
seawater. I: theoretical mixing line between bottom water phosphate (®) and a high-
temperature hydrothermal solution (endmember) devoid of phosphate (that is, PO, =
o at 380°C, or 24 mM-Si). II: theoretical mixing line between bottom water phosphate
and a low-temperature solution devoid of phosphate (that is, PO, = o at 18°C, or
1 mM-Si. O Dive 898, X — 900, + — 900, ® —902, A — 903, V — 904.)
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TasLE 12
Summary of P-burial fluxes

10~ moles cm—*yr—!

Organic phosphorus 4
Phosphorites <1
CaCOy-P 4
Hydrothermal 1.1
Fish debris <0.2
TOTAL 10

cm—2yr—1, requiring a river water ‘“reactive” P-concentration of about
1 M. The residence time of P in the oceans is thus about 8 X 10* yrs.

No one sink is responsible for the majority of phosphate removal,
although about 90 percent of the burial is associated with biogenic fluxes.
The vast majority of deep-sea regenerated phosphate is released during
organic carbon oxidation, and only a small portion derives from calcite
dissolution below the CCD. If the oceans are to maintain a steady-state
phosphorus cycle, then increased burial in one sink (for example, phos-
phorites) must be compensated by decreased burial in another sink or by
enhanced input. It is not intuitively obvious how the mechanisms for
such “sink-switching” might operate. It is clear, however, that the marine
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Fig. 8. Two-box model of the oceanic phosphorus and carbon cycles. Fluxes are in
units of moles per cm® of ocean surface per yr. Appropriate phosphate and T-CO,
concentrations of rivers and upwelling and deep-water sources are given in parentheses.
Carbon model is based on Broecker (1981) and references therein.
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phosphorus cycle is a complex system with no one simple control on the

deep-sea phosphate concentration.

According to the model presented in figure 8, the required river
water concentration is about 1 wM-P, near the middle of our “reasonable”
pre-agricultural dissolved phosphate river flux estimates (table 3). Thus
steady-state arguments do not require the existence of significant un-
accounted-for sinks. Neither, however, do these arguments eliminate the
possibility of such undiscovered fluxes.
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