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Abstract

Dissolved (< 0.4 pm) iron has been measured in 354 samples at 30 stations in the North and South Pacific, Southern
Ocean and North Atlantic by the Trace Metals Laboratory at Moss Landing Marine Laboratories. These stations are all more
than 50 km from a continental margin. The global distribution of dissolved iron, which is derived from these profiles, is
remarkable for several reasons. The dissolved iron profiles have a uniform shape with a nutrient-like profile at each station.
Concentrations at the surface are all < 0.2 nmol kg™' and average 0.07 nmol kg~ '. Below 500 m, the average
concentration is 0.76 nmol kg ~'. The largest value in the data set is 1.38 nmol kg™ '. There is no inter-ocean fractionation,
which is unique for an element with a nutrient-like profile. Published estimates of the iron residence time are on the order of
100 to 200 yr, indicative of rapid removal. Other elements with such short residence times are characterized by vertical
profiles that decrease with depth and deep concentrations that decrease with age as water passes from the Atlantic to the
Pacific. This is not the case for iron. The largest horizontal changes in dissolved iron are observed in gradients from the
continental margin. There is only a factor of three difference between the minimum (0.4 nmol kg~ ') and maximum (1.3
nmol kg ') value in the data set at a depth near 750 m, where variability is at a maximum. The minimum concentrations are
found at stations in the remote central Pacific and the maximum values occur at stations adjacent to the continental margin.
The major source of iron in the deep sea is generally aeolian deposition. Integrated (surface to 500 m) concentrations of iron
at each station are only weakly correlated with the aeolian iron deposition flux, however. This contrasts with other elements
such as lead that also have strong atmospheric sources. These observations lead us to conclude that the nutrient-like profile is
maintained by a mechanism that reduces the scavenging rate of dissolved iron at concentrations less than 0.6 nmol kg~ I
This mechanism may be complexation by strong iron binding ligands, which have been found in both the Atlantic and
Pacific at concentrations near 0.6 nM. This apparent solubility would act to diminish inter-ocean fractionation. It would
allow a nutrient-like profile to develop before scavenging began to remove iron. In order to test the concept, we developed a
numerical model to make quantitative predictions of dissolved iron concentrations from place to place. The dissolved iron
source in the ocean interior is remineralization from sinking particulate organic matter. Scavenging removes dissolved iron
only at concentrations greater than the apparent solubility. The only geographically variable parameter in the model is the
export flux of carbon from the surface layer, which carries iron with it. The model generated dissolved iron profiles, based
on measured or estimated values of the carbon export flux, are in remarkable agreement with the observed profiles at all
stations from the North Atlantic through the Southern Ocean to the North Pacific. © 1997 Elsevier Science B.V.
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1. Introduction

There is considerable interest in the biogeochemi-
cal cycling of iron (Bruland et al., 1991; Geider and
La Roche, 1994; de Baar, 1994; Wells et al., 1995;
Hutchins, 1995). The role of iron in controlling
oceanic productivity in high nitrate low chlorophyll
(HNLC) waters has been clearly demonstrated. Ex-
periments by several groups have shown that iron
will increase phytoplankton growth rates when it is
added to containers of HNLC seawater, if sufficient
care is taken not to contaminate the control samples
with iron (Martin and Fitzwater, 1988; Martin et al.,
1989, 1990a; Coale, 1991; Johnson et al., 1994; de
Baar et al., 1990). These effects have been demon-
strated in HNLC waters of the subarctic Pacific,
equatorial Pacific, and the Southern Ocean. Three
deliberate iron addition experiments in the equatorial
Pacific show dramatic increases in phytoplankton
growth after iron is added (Martin et al., 1994; Coale
et al., 1996b). These effects are clear at added
dissolved iron concentrations of 0.3 nmol kg", just
4 to 5 times greater than the ambient concentration.
Paleoceanographic tracers of ocean productivity show
a strong correlation between export of carbon and
iron accumulation rates in sediments of the Southern
Ocean (Kumar et al., 1995). Observations of chloro-
phyll following dust deposition events suggest a
strong linkage between dust input and primary pro-
duction (Young et al., 1991).

Despite this interest in the role of iron in regulat-
ing primary production, there have been no compre-
hensive assessments of the processes that control
iron concentrations in the ocean. The trace metals
laboratory at Moss Landing Marine Laboratories has
collected and reported a series of profiles for dis-
solved and particulate iron concentrations in waters
throughout the world ocean (Martin and Gordon,
1988; Martin et al., 1989, 1990b, 1993; Coale et al.,
1996a). These data show that the vertical profile of
iron is nutrient-like, with low concentrations in the
surface layer and increasing concentrations with
depth. The concentrations of iron are closely corre-
lated with that of nitrate in the subarctic North
Pacific (Martin et al., 1989), as one might expect for
a limiting nutrient.

The oceanic distribution of iron is not completely
nutrient-like, however. Iron does not show a strong

inter-ocean fractionation (Martin et al., 1993), in
contrast to nitrate. Other micro-nutrient metals, such
as zinc, show clear differences between the Atlantic
and Pacific (Bruland and Franks, 1983). One might
expect that if iron is remineralized from sinking
biogenic debris and accumulated in the water col-
umn, as iron appears to be in the subarctic North
Pacific (Martin et al., 1989), then its concentration
should be much lower in the Atlantic. Nutrient ele-
ments also generally have oceanic residence times
longer than that of water in the ocean, on the order
of 10° <7< 10% yr (Whitfield and Turner, 1987).
For example, phosphate has a residence time of
approximately 7 X 10* yr (Broecker and Peng, 1982).
Estimates of the dissolved iron residence time in
seawater are much shorter than the thermohaline
circulation time (1000 yr). Bruland et al. (1994)
estimate the residence time of iron in the deep-sea to
be 70 to 140 yr, while Landing and Bruland (1987)
estimated values of 58 yr over the depth range O to
1400 m. It is difficult to imagine how an element
with a residence time < 200 yr could accumulate a
nutrient-like profile in less than one ocean mixing
cycle in all regions of the ocean. In fact, elements
with residence times less than one ocean mixing
cycle typically show a depletion in the Pacific, rela-
tive to the Atlantic (Whitfield and Turner, 1987), as
do manganese (Bruland and Franks, 1983) and alu-
minum (Orians and Bruland, 1985). The simple sur-
face water uptake and deep-water remineralization
cycle that is typical of other elements with nutrient-
like profiles is insufficient to describe the distribu-
tion of iron.

These observations suggest that many of the pro-
cesses controlling iron distributions are unique. One
might be tempted to suggest that these observations
imply that there is a significant error in the measure-
ment of dissolved iron. As we show below, there is
good agreement between our results and those ob-
tained by other laboratories with proven capabilities
for ultra-trace metal analysis in the ocean. In this
paper, we focus primarily on the MLML data set for
iron for several reasons. First, these data are analyti-
cally consistent. There are no reference standards for
iron at oceanic concentrations (< 1 nM). It is diffi-
cult to account for interlaboratory differences in iron
measurements, therefore, unless repeated occupa-
tions of the same oceanic area have been made by
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different laboratories. The iron profiles in the MLML
data set also show smooth changes with depth that
correlate with other oceanographic features. Finally,
the MLML data set encompasses most regions of the
open ocean, with the notable exception of the South
Atlantic, Indian and Arctic Oceans.

In our recent work, we have attempted to quantify
the processes controlling metal distributions by plac-
ing our studies within the framework of numerical
models (Johnson et al., 1994, 1996; Gordon et al.,
submitted). In order to assess whether the mecha-
nisms that we consider here are consistent with
known oceanographic processes, we present a simple
model for iron cycling. This model incorporates the
processes that we believe are most likely to control
dissolved iron concentrations. This model quantita-
tively accounts for the distribution of iron that we
have observed throughout the world ocean. The
quantitatively defensible predictions that it generates
are strong evidence that the model accurately repre-
sents the major features of the oceanic iron cycle.

2. Data set

The complete data set for dissolved and particu-
late iron concentrations is available on the MLML
home page on the World Wide Web at the address
http: / /color.miml.calstate.edu /www /data/. The
primary data set consists of 30 open ocean concen-
tration profiles. Fig. 1 shows the locations of the
vertical profiles in the open ocean. Many of the
profiles are reported here for the first time, while
some of the data has been described in previous
publications (Martin and Gordon, 1988; Martin et
al., 1989, 1990a,b, 1993; Coale et al., 1996a; Gordon
et al., submitted). All of the sample collection and
analyses were performed using the same procedures.
In every case, samples were collected using Teflon
coated 30 |1 Go-Flo bottles suspended on non-metallic
Kevlar line and tripped with Teflon messengers.
Only 2 bottles were used per cast because our clean
van is only equipped to filter two samples at a time.
This minimized the time that each sample was in the
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Fig. 1. Station locations where the MLML Trace Metals Laboratory has measured iron (solid circles) and where other laboratories have also
measured consistent concentrations of dissolved iron (solid triangles). Also shown on the map are contours of aeolian iron flux to the sea

surface (from Duce and Tindale, 1991). Contour intervals in units of mg m~ > yr

~! reported by Duce and Tindale (1991) were converted to

pmol m™2 yr~' by assuming an atomic weight of 50 for iron. The labels for the triangles refer to the data source (Br-Bruland et al., 1994;
RB-Rue and Bruland, 1995; WL-Wu and Luther (1994); I0C-Landing et al., 1995; Ob-Obata et al., 1993; Ta-Takeda et al., 1995). The
labels for the circles refer to the MLML Trace Metals lab station designation: Roman numerals refer to VERTEX cruise number and station,
F refers to FeLine stations, EP to JGOFS EqPac stations, PX to PlumEx stations, R to Ross Sea stations, DP to Drake Passage stations and

N to JGOFS NABE stations.



140 K.S. Johnson et al. / Marine Chemistry 57 (1997) 137161

bottle. As a result, each complete profile required
two to three days for collection. The Go-Flo bottles
were acid cleaned prior to each cruise and they
remained covered with plastic bags at all times ex-
cept during deployment and recovery operations.
Water was drained through a Teflon stopcock with
an internal Teflon tube extension that reached to the
bottom of the bottle, allowing filtration of all sample
water. Go-Flo bottles were pressurized to 0.5 bar
with filtered nitrogen gas and the sample water
passed into the MLML trace metal clean van through
polyethylene tubing. Inside the clean van, sample
water was filtered through tared, acid-washed Nucle-
pore polycarbonate membrane filters (142 mm, 0.4
wm) mounted in Teflon sandwiches.

Two aliquots of the filtrate were collected in
separate, acid-cleaned, low density polyethylene bot-
tles and acidified to pH < 2 with 4 ml of 6 N quartz
distilled hydrochloric acid (QHCI) per liter. Dis-
solved iron was operationally defined as the fraction
which passed through the 0.4 um filter. Dissolved
iron was preconcentrated in Teflon separatory fun-
nels using 1% APDC-DDDC liquid-liquid organic
extraction into chloroform (Bruland et al., 1979).
The technique consisted of a double forward extrac-
tion without a back extraction step in order to mini-
mize blank values. The chloroform containing the
extracted iron was evaporated in quartz beakers and
digested with several aliquots of quartz distilled ni-
tric acid (QHNO;).

The polycarbonate filters containing the particu-
late iron were sequentially digested with 6 N QHCI,
concentrated QHNO,, and Ultrex (J.T. Baker) hy-
drofluoric acid. Digestion took place in an all Teflon
bomb which was heated in a boiling water bath for a
total of 3 h (Eggiman and Betzer, 1976).

All water collection, filtration and sample prepa-
ration was performed in MLML trace metal clean
rooms using all plastic laminar flow hoods and clean
benches of Class 100 or better. All analyses were
conducted using a Perkin-Elmer Zeeman 5000 atomic
absorption spectrophotometer coupled to an HGA
500 graphite furnace.

Detection limits for dissolved iron were based on
a 250 ml sample and twice the standard deviation of
the mean blank level. The variability in blank analy-
ses has decreased somewhat over the time period
involved in this study (1984 to present). Absolute

blank levels have also decreased to generally less
than 0.02 total nanomoles of iron in the concentrated
extracts. Values reported are averages of two extrac-
tions from two separate sample aliquots unless one
sample was contaminated.

Of the 398 samples collected and analyzed for
dissolved iron on the cruises discussed here, 44
samples were believed to be contaminated and are
not included. The contamination almost always ap-
peared to be associated with the Go-Flo bottles (both
replicates were high) and not the polyethylene sam-
ple collection bottles or analysis. Contaminated sam-
ples typically represented isolated outliers that oc-
curred randomly in the data sets. However, every
other sample from the Drake Passage profile was
contarninated (7 samples total) because they were all
collected with the same defective Go-Flo bottle
(Martin et al., 1990b).

The remaining 354 samples in the open ocean
data set will be the primary focus of this paper. This
set of 354 samples includes only those collected
more than 50 km from a continental land mass. We
will also consider profiles of iron concentrations
determined closer to the continental margin, and
which have been previously reported (Martin and
Gordon, 1988; Martin et al., 1989, 1990a,b), when
we discuss horizontal gradients. The profiles from
the Ross Sea and the PlumEx experiment near the
Galapagos Islands represent only a subset of the data
that we have collected in these regions. The remain-
der of the Ross Sea data will be discussed in another
publication (Fitzwater et al., in preparation). The
remainder of the PlumEx data is discussed fully by
Gordon et al. (submitted).

3. Overview of the MLML data set
3.1. Dissolved iron

Fig. 2a shows the concentrations of dissolved iron
plotted versus depth for all 30 stations in the MLML
data set that are > 50 km from a continental land
mass. Mixed layer concentrations are all less than
0.2 nmol kg~'. Dissolved iron increases with depth
below the mixed layer at each station and all profiles
converge on values in the range 0.5 to 0.9 nmol
kg~ ! at depths below 1700 m. The concentrations
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reach maximum values of 1 to 1.3 nmol kg™’ in

profiles located near the coast. The maximum occurs
at depths between 500 and 1000 m and then concen-
trations decrease at greater depth until they converge
with the central gyre profiles. There is only a factor
of three difference between the minimum (0.4 nmol
kg™!) and maximum (1.3 nmol kg™') value in the
data set at a depth near 750 m. As discussed below,
there are strong gradients near the coast. If the 4
stations nearest the coast in the North Pacific
(VERTEX V-1, V-2, VI-1, VII-8) are excluded, then
the uniformity of the open ocean profiles is even
more evident (Fig. 2b).

The results reported here for the open ocean come
primarily from the North Pacific. There are also two
profiles from the North Atlantic, three profiles in the
Pacific sector of the Southern Ocean (including the
Drake Passage) and two in the tropical South Pacific.
All of these profiles are generally consistent with the
results seen in the North Pacific (Fig. 2). Together,
these regions account for roughly 60% of the total
ocean volume. The uniformity of the iron concentra-
tions within this fraction of the ocean suggests that
most of the remaining volume that lies more than 50
km from the coast, and which has not yet been
sampled (primarily the South Atlantic, Indian and
Arctic Ocean), should also have iron concentrations

typical of those summarized here. The average of all
of the measurements of iron at distances of more
than 50 km from the coast is 0.38 nmol kg™’
(n = 354). In the mixed layer, dissolved iron concen-
trations are all < 0.2 nmol kg~! with an average of
0.07 + 0.04 nmol kg~' (n=112). The average is
skewed in the high direction because many of the
observations are reported as the detection limit. The
average iron concentration at depths below 500 m is
0.76 + 0.25 nmol kg~' (n=117).

We believe that these profiles are an accurate
representation of dissolved iron concentrations in the
bulk of the ocean for two reasons. First, as we
discuss below, the profiles are consistent with
oceanographic processes, in the sense used by Boyle
et al. (1977). We develop a model based on simple
oceanographic principles to test the consistency of
the measurements. The model quantitatively de-
scribes the differences in iron concentrations from
site to site based on known changes in oceano-
graphic properties. Second, there is compelling
agreement between these data and results generated
by others with extensive trace metal experience at
open ocean levels. Dissolved iron profiles in the
central North Pacific (Bruland et al., 1994; Rue and
Bruland, 1995), in the western North Atlantic (Wu
and Luther, 1994), and in the western North Pacific
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Fig. 2. (A) Dissolved (< 0.4 um) iron concentrations measured in 354 samples at stations more than 50 km from the continental coastline,
(B) Dissolved (< 0.4) iron concentrations as in (A), but excluding the 4 stations closest to shore (VERTEX V-1, V-2, VI-1, VII-8) in the

North Pacific.
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Fig. 3. Comparison of the MLML results with dissolved iron
measurements obtained by Bruland et al. (1994), Rue and Bruland
(1995), Flegal /UCSC in the 10C intercalibration (Landing et al.,
1995), Wu and Luther (1994) and Obata et al. (1993). The average
profile calculated from all of the MLML data in Fig. 2 is shown,
as is the single profile determined at 3°S, 140°W on the FeLine
cruise.

(Obata et al., 1993) are quite similar to the results
that we have found (Fig. 3). These data sets all
follow relatively smooth trends. The single profile of
iron that follows a smooth trend versus depth (Flegal,
UCSO) in the IOC trace metal intercalibration exer-
cise (Landing et al., 1995) is also substantially simi-
lar to the results that we have obtained (Fig. 3). This
station was located in the eastern North Atlantic. The
iron profile reported by Landing in the IOC exercise
is also similar to the data we find, except for a series
of high values from 500 to 1200 m. In addition, an
iron profile in the Arabian Sea reported by Takeda et
al. (1995) has quite low values in the upper 100 m,
above the extremely strong oxygen minimum layer
found in this area.

There are many iron profiles reported in the litera-
ture that consist of iron concentrations substantially
different than the results that we have obtained. The
dissolved iron concentrations in these other studies

are higher than the results that have been determined
by the MLML Trace Metals Laboratory, which may
be indicative of contamination during sampling and
analysis. We believe that it is imperative to resolve
these differences in the future by establishing iron in
seawater standards with concentrations that span the
range found in the data set reported here. In addition,
an intercalibration that involves each laboratory us-
ing its usual sample collection procedures must be
conducted. In the mean time, there is sufficient
interlaboratory agreement and oceanographic consis-
tency with the MLML data set to make a convincing
argument that it is typical of most of the ocean.
Observations of anomalous dissolved iron concentra-
tions, such as high values at the surface (> 0.5 nmol
kg™'), should be accompanied by a suite of observa-
tions that reproduce the nutrient-like iron profiles
shown in Figs. 2 and 3. This will add confidence that
anomalous values are not analytical artifacts.

3.2. Particulate iron

Particulate iron was measured at only a subset of
the stations discussed here. Most of the samples from
the remaining stations are archived, but have not
been analyzed due to financial constraints. The par-
ticulate iron data set spans a somewhat larger con-
centration range than does the dissolved iron data set
(Fig. 4). The concentrations of particulate iron reach
values near 5 nmol kg~'. Concentrations greater
than 1 nmol kg™' are limited to 4 stations near the
continental margin. These are VERTEX V, Stations
1 and 2 near the California margin, VERTEX VII,
Station 8 near the Alaska margin and Station 30 over
the continental slope in the Ross Sea. The particulate
iron concentrations are all <1 nmol kg~' at the
remaining stations, with the exception of 1 sample.

The particulate iron concentrations in the North
Pacific are generally similar to the values reported
by Bruland et al. (1994), if the 4 stations near the
continental margin are excluded. Concentrations of
particulate iron at the surface are typically within the
range of 0.1 to 0.3 nmol kg ', while Bruland et al.
report concentrations from 0.1 to 0.2 nmol kg™'.
The concentrations increase with depth at most sta-
tions. Deep water (> 1000 m) concentrations of
particulate iron are in the range of 0.2 to 0.8 nmol
kg ~!, which encompasses the range of values (0.2 to
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Fig. 4. Vertical profiles of particulate (> 0.4 um) iron. Data at
four stations near the continental margin are shown as open circles
(VERTEX V, Stations 1 and 2 near the California margin, VER-
TEX VII, Station 8 near the Alaska margin and Station 30 over
the continental slope in the Ross Sea). The remaining stations are
shown as closed circles.

0.4 nmol kg~ ') reported by Bruland et al. (1994) at
depths below 1000 m. The particulate iron profile
that we observed at the FeLine 3°S station, which
has the dissolved iron profile most similar to that
reported by Bruland et al. (1994), also has a very
similar particulate iron profile.

4. Processes regulating dissolved iron concentra-
tions

4.1. Offshore gradients

The horizontal variability in the dissolved iron
data is associated with gradients from high concen-
trations near shore to low values in the open ocean.
High dissolved iron concentrations (> 02 nmol
kg™!) in the mixed layer over the continental shelf
and slope decay to concentrations < 0.2 nmol kg !
in waters more than 50 km offshore at locations in
the North Pacific (Martin and Gordon, 1988) and in
the Ross Sea (e.g., Fig. 5). The scale length for
dissolved iron transport, defined as the distance over
which concentrations drop to 1 /e of the initial value,

was estimated by plotting In[(Fe)] from a near sur-
face transect in Monterey Bay versus the distance
from shore (Fig. 6). The slope of this plot is —0.062
km ™!, which corresponds to a scale length (1 /slope)
of 16 km. Over a distance of 4 scale lengths (64 km),
the dissolved iron concentrations would be reduced
to about 2% (e~%%2*%* =0.019) of the concentra-
tion adjacent to the coast (Fig. 6). The mixed layer
concentrations at distances 50 to 100 km from the
continental margins are less than 0.15 nmol kg™’
and they are indistinguishable from open ocean iron
concentrations. These data suggest that high coastal
iron concentrations do not penetrate far into the
surface ocean. Near-shore regions have the potential
to be iron limited (see below).

A meridional section near 140°W from the Alaska
Margin (55°N) to 15°S and a zonal section of dis-
solved iron near 30°N from 122°W near the Califor-
nia coast to 147°W are shown in Fig. 7a, b. These
sections were constructed from all of the available
dissolved iron data in the MLML data set along
these lines that are more than 50 km from the shelf
break. Surface iron concentrations are very low along
both sections. The 0.2 nmol kg~ ' contour is located
well below 100 m, except near the coast, in both
sections. As in the surface, high iron concentrations
near the coast are apparent at all depths below the
mixed layer. These high iron concentrations extend
1000 km offshore at depths below 500 m. Thus, the
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Fig. 5. Profiles of dissolved iron (a, left) and nitrate (b, right)
measured at VERTEX V, Station 1 located 75 km off the Califor-
nia coast and at ONR Station (11) located 10 km off the open
California coast. Data from Martin and Gordon (1988).
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scale length for decay of the offshore dissolved iron
gradient within the main thermocline is much longer
than at the surface. The slope of a plot of In[(Fe)] at
1000 m versus distance from shore along the zonal
section is —0.0002 km~! (Fig. 6). This slope is
equivalent to a scale length of 5000 km to reduce
dissolved iron concentrations to 37% (1/e) of the
initial concentration. Note that very high iron con-
centrations (>4 nmol kg~') observed at depths
down to 800 m near the bottom at stations over the
continental slope (Martin and Gordon, 1988; Martin
et al., 1989) are not observed at any of the open
ocean stations. The scale length for transport of these
very high iron concentrations must be considerably
shorter than 1000 m.

The scale length for iron penetration offshore at
depths near 1000 m is several times greater to the
west, off California, than it is in the southerly direc-
tion off the coast of Alaska (Fig. 7: note the horizon-
tal scale difference in a and b). The large scale
length for iron transport to the west appears to be
limited to a narrow band of latitudes centered near
30°N (Fig. 7a). Dissolved iron concentrations drop
rapidly to the north and south of 30°N at all depths
below 800 m along 140°W. This may be related to
the filaments of water that cross the California Cur-
rent (Bernstein et al., 1977), transporting chemicals
far offshore.
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4.2, Relationship of iron to oxygen and recycled
nutrients

The increasing concentration of iron with depth
suggests that it is involved in a particle remineraliza-
tion cycle similar to nutrients such as nitrate (Martin
and Gordon, 1988; Sunda and Huntsman, 1995). If
we plot iron versus apparent oxygen utilization
(AOQU) for stations in the North Atlantic and North
Pacific, however, we see quite different results (Fig.
8). In the North Pacific, iron increases with AQU.
Nearly the same increase in iron occurs in the North
Atlantic, but there is a much smaller increase in
AQU. Dissolved Fe and AOU remain highly corre-
lated in the North Atlantic, but the slope of the
relationship is much greater. In the South Equatorial
Pacific, AOU increases rapidly with depth through
the shallow (200 m) oxygen minimum, while iron
remains < 0.1 nmol kg~' through the core of the
oxygen minimum. Iron increases below this depth in
the South Equatorial Pacific, while AOU does not
change much. As a result, dissolved iron and AOU
are very poorly correlated at this station.

If we compare iron profiles to those of nitrate, an
element that is highly correlated with AOU, we see
quite a difference in behavior (Fig. 9). Each iron
profile is qualitatively similar to the corresponding
nitrate profile. There is significant inter-ocean frac-
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Fig. 6. Natural logarithm of dissolved iron concentrations plotted versus distance from the continental margin for a mixed layer transect
offshore from Monterey Bay (a, left) and at 1000 m for a transect from central California to the central Pacific (b, right). The four
shallowest samples at three stations in Monterey Bay (ONR Stations 24, 25 and 28) and one station (VERTEX V Station 1) outside the Bay
reported by Martin and Gordon (1988) were used to construct the shallow transect. The deep transect was constructed using the
measurement nearest to 1000 m at VERTEX V Stations 1-4, and VERTEX VI, Stations 1, 3 and 4.
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Fig. 7. Dissolved iron in a meridional section (a) near 140°W from
12°S to 55.5°N and a zonal (b) section near 33°N from 122.5°W to
146.7°W. A zonal section of particulate iron (c) near 33°N from
122.5°W to 140°W is also shown. The meridional section for
dissolved iron was prepared from the four EqPac stations, five
FeLine stations, VERTEX V Station 4, VERTEX VI Stations 2-5
and VERTEX VII, Stations 5-8. The zonal section of dissolved
iron was constructed from the same stations used in Fig. 6b, while
the VERTEX V, Stations 1-4 were used to construct the particu-
late iron section.

tionation for nitrate (Fig. 9a), however. There is no
systematic difference between iron concentration in
the Atlantic and Pacific (Fig. 9b). Concentrations of
dissolved iron in the subarctic North Pacific are
slightly higher than the values found in the North
Atlantic. Concentrations in the equatorial South Pa-
cific are slightly lower than the North Atlantic val-
ues.

Iron will differ from nitrate, in part, because of its
tendency to be scavenged from the dissolved phase
by sinking particles. Whitfield and Turner (1987)
developed a scavenging index to classify the behav-
ior of elements in the ocean with respect to removal
by adsorption onto sinking particles. According to
the index, iron should be strongly scavenged, as are
aluminum and lead. This scavenging could act to
minimize the increase of iron concentrations in
deep-water due to remineralization of settling bio-
genic particles. Elements that are strongly scav-
enged, such as manganese, aluminum and lead, tend
to decrease in concentration with depth and with age
at a constant depth. This is just the opposite of the
behavior observed for iron.

The processes that control dissolved iron concen-
trations must be fundamentally different than those
that impact nitrate, phosphate or AOU in some im-
portant respects. Despite these differences, the verti-
cal scale length for the increase in iron concentra-
tions is similar to that of nitrate. This suggests that
the increase in dissolved iron concentration with
depth is driven by similar processes to those that
regulate nitrate accumulation or the production of
AOU.
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Fig. 8. Dissolved iron plotted versus apparent oxygen utilization
(AOU) at NABE 47°N and 59°N stations, VERTEX VII Stations 6
and 7 and the FeLine 3°S station.
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Fig. 9. Nitrate (a) and dissolved iron (b) versus depth at the same stations used in Fig. 8.

4.3. Atmospheric deposition signal

The main source of dissolved iron to surface
waters in most areas of the open ocean is dissolution
of iron from dust deposited at the sea surface (Duce
and Tindale, 1991). Exceptions to this may occur in
coastal zones or in areas of strong upwelling, such as
the equatorial Pacific (Coale et al., 1996a). The iron
deposited by dust can build up to detectable concen-
trations in the surface during periods of high dust
flux and low biological production. Bruland et al.
(1994) found iron concentrations at the surface in
oligotrophic waters of the central Pacific gyre as
high as 0.37 nmol kg~ '. Nitrate is extremely low in
the central North Pacific, and it may limit primary
production and the biological demand for iron near
the surface. Dissolved iron concentrations drop
rapidly with depth in this system and iron is depleted
to 0.02 nmol kg ™' at a depth of 70 to 100 m. Nitrate
concentrations begin to increase in this depth region
and the chlorophyll maximum is found in the heart
of the iron minimum in the euphotic zone (Bruland
et al., 1994).

Wu and Luther (1994) found dissolved iron con-
centrations as high as 0.58 nmol kg~' during sum-
mer in surface waters of the western Atlantic with
very low (< 0.1 uM) NO;3. A strong iron minimum
is again found in this system at the depth where

nitrate starts to increase. A similar surface dissolved
iron maximum was not present during the fall when
nitrate concentrations were slightly elevated (0.5
wM). Iron concentrations were also high (0.6 nmol
kg™') at the surface during winter, when strong
mixing limits primary production.

Atmospheric iron deposition varies by more than
2 orders of magnitude over the geographic range that
we have sampled (Duce and Tindale, 1991) and one
might expect that this should be reflected in the
dissolved iron concentrations, as it is for lead (Flegal
and Patterson, 1983). The concentration of iron that
we observed in the surface layer was uncorrelated
with the flux, however. The iron deposited in surface
waters is generally consumed very rapidly by phyto-
plankton. Apparently, iron deposited at the surface in
the regions studied by Wu and Luther (1994) and by
Bruland et al. (1994) was not consumed because
primary production at the surface was limited by
nitrate and not iron. The residence time of iron must
be substantially longer in these nitrate-limited sys-
tems. Iron is rapidly depleted to concentrations that
would limit production (Coale et al., 1996a; Fitzwa-
ter et al., 1996) once nitrate concentrations begin to
increase at the base of the euphotic zone in these
systems. We have also seen surface dissolved iron
maxima (up to 0.2 nmol kg~ ') at several of the
stations (VERTEX VI, Station 1; VERTEX VII,
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Station 5) sampled by the MLML Trace Metals
Laboratory where nitrate concentrations are negligi-
ble (< 0.5 uM). Thus, iron appears to accumulate to
concentrations above 0.1 nmol kg~' in open ocean
systems only when another nutrient, such as nitrate,
or light is limiting primary production.

If some of the iron deposited at the sea surface is
exported with biogenic particles and then remineral-
ized at depth, the dust deposition signal should be
evident in depth integrated standing stocks of dis-
solved iron. To test this theory, we plotted the
concentrations of iron integrated to a depth of 500 m,
where most of the carbon is remineralized (Martin et
al., 1987), versus the dust deposition flux of iron. A
greater depth also reduced the number of stations
where enough data was available. The aeolian iron
flux was determined at each station using the map
compiled by Duce and Tindale (1991; see also Fig.
1). The results are shown in Fig. 10. The correlation
between integrated iron concentration and iron flux
from the atmosphere (R? = 0.34) is significant (P <
0.01). The relationship between integrated iron con-
centrations and atmospheric iron flux is not ex-
tremely strong, however. Over the 100-fold range of
fluxes that characterize most of the ocean (0.02 to 2
wmol m™? yr~!), the mean integrated iron concen-
tration increases only 2-fold in the MLML data set.
Furthermore, these equations account for a relatively
small fraction of the variability in the integrated iron
concentration. Other factors such as proximity to the
coast seem to have greater impacts on the integrated
stock of iron than does aeolian dust deposition.

Over the range of stations that we sampled, the
data can be fit by a linear or power law relationship
(Fig. 10):

Y (Fe)AZ (pmol m™?)
=86+ 0.059J, (nmolm™> y™!) (D)
Y (Fe)AZ=60J3" (2)

The two equations predict quite different behaviors
for the integrated iron concentrations when extrapo-
lated to slightly higher dust fluxes than occurred in
the regions sampled by the MLML Trace Metal Lab
(Fig. 10). The linear relationship would suggest that
the stock of dissolved iron would increase continu-
ously, as the aeolian iron flux increases. The power
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Fig. 10. The concentration of dissolved iron integrated from the
surface to 500 m versus the aeolian iron flux to the sea surface.
The flux was estimated from the MLML station locations {circles)
and contour lines shown in Fig. 1. If a station touched a contour
line it was assigned a flux equal to the contour line. If the station
fell between two contour lines it was assigned a flux equal to the
arithmetic average of the surrounding contour lines. At stations
shown as open circles, the deepest sample was between 350 and
450 m and the last sample was used to extrapolate the integration
to 500 m. The open squares are the VERTEX V Station 1 and
VERTEX VII Station 8 near the continental margin and they were
not used to construct the regression line. Integrated iron concentra-
tions determined at the stations where other laboratories have
measured dissolved iron concentrations that are consistent with
the MLML observations (Fig. 1) are shown as triangles. Only
MLML data were used to fit the lines.

equation produces an asymptotic relationship for the
flux-integrated iron relationship. Such an asymptotic
relationship might result if there is a solubility con-
trol on dissolved iron concentrations. Solubility con-
trol is a concept we will explore further in this paper.

The profile of iron observed in the high iron flux
region of the far western Pacific by Obata et al.
(1993) is more consistent with the power law rela-
tionship, than with a linear increase model (Fig. 10).
Despite the high atmospheric flux, there appears to
be little dissolved iron in this region. In contrast,
Powell et al. (1995) report high iron concentrations
(up to 10 nmol kg~ !) at the surface in the very high
dust flux zone off North Africa, which might be
more compatible with the linear relationship. Unfor-
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tunately, these samples were unfiltered. We will not
be able to determine whether Eq. (1) or Eq. (2) best
represent the behavior of iron in the ocean until a
complete dissolved iron profile is measured in a high
dust flux area.

4.4. Interaction of dissolved and particulate iron

Measurements of thorium isotope distributions in
the deep sea suggest that the dissolved metal concen-
tration is controlled by a reversible equilibrium be-
tween metal on particles and in solution (Bacon and
Anderson, 1982). The concentrations of dissolved
iron are not well correlated with the particulate iron
concentration (Fig. 11), as might result if there were
an equilibrium between iron in solution and on parti-
cles. At the offshore stations, the coefficient of deter-
mination R? is 0.22 for a regression of dissolved
versus particulate iron. A zonal section of particulate
iron contoured from the data from offshore of Cali-
fornia shows that high particulate iron extends nearly
1000 km offshore (Fig. 7c). Although both particu-
late and dissolved iron are high near the coast, the
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Fig. 11. Particulate iron versus dissolved iron. Data from 4
stations near the continental margin are shown as open circles
(VERTEX V, Stations 1 and 2 near the California margin, VER-
TEX VII, Station 8 near the Alaska margin and Station 30 over
the continental slope in the Ross Sea). The remaining stations are
shown as closed circles. The dashed line is a least squares fit to
the open circles and the solid line is a fit to the closed circles.
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Ratios of particulate iron to particulate aluminum at these stations
are shown in (b) and (d), respectively.

distribution of particulate iron along this section is
considerably different from that of dissolved iron
(Fig. 7b). A tongue of high dissolved iron extends
offshore with maximum concentrations at depths near
1000 m, while particulate iron has highest concentra-
tions in each profile at the maximum depth.

The ratio of particulate iron to particulate alu-
minum at Vertex V Station 1 is shown in Fig. 12b.
The Fe:Al ratio in particles averages 0.16 nmol /nmol
at depths below 100 m. The deep Fe:Al ratio is close
to the recent estimates of the molar Fe:Al ratios in
the upper crust of 0.21 (Taylor and McLennan,
1985) and 0.19 (Wedepohl, 1995). Thus, the high
particulate concentrations near the coast appear to
result from crustally derived material that is being
advected offshore. Griggs and Hein (1980) describe
plumes of particles that are transported 100’s of
kilometers offshore of California. The nearly vertical
isopleths of particulate iron (Fig. 7c) suggest that this
material is settling fairly rapidly and that it has a
different source than does dissolved iron.

The sections of dissolved and particulate iron
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show that there is not a simple relationship between
these constituents that is suggestive of exchange
equilibrium. The data do suggest that much of the
particulate iron in alumino-silicates can be removed
from the solid phase and incorporated into biogenic
particles that sink from surface layer. Fig. 12a shows
the vertical profiles of particulate iron and particulate
aluminum that were observed at Vertex V Station 1
(Martin and Gordon, 1988). The concentrations of
both particulate iron and aluminum are quite high at
depths below 100 m at this station, which is only 75
km off the coast. The high particulate aluminum
concentrations extend to the surface, while particu-
late iron is nearly depleted at the surface. The ratio
of particulate iron to particulate aluminum at Vertex
V Station 1 drops to 0.013 above 100 m (Fig. 12b),
which is significantly below the crustal ratio. The
large decrease in the Fe:Al ratio near the surface,
combined with high particulate aluminum concentra-
tions, is strong evidence that solubilization of some 2
nmol kg ™' particulate Fe must have occurred in the
euphotic zone. The solubilized particulate Fe does
not appear as dissolved iron. The waters at this
station have excess nitrate (> 4 uM) at the surface,
while the dissolved iron concentrations are less than
0.1 nmol kg~! (Fig. 5). Dissolved iron concentra-
tions at this level would be limiting to natural popu-
lations of open ocean phytoplankton (Coale et al.,
1996a; Fitzwater et al., 1996). The particulate iron
may have been solubilized in order to support growth.
Iron particles must be readily dissolved in the upper
ocean, perhaps by photoreduction (Johnson et al.,
1994; Miller et al,, 1995). The remobilized iron
could have been incorporated into particles that did
not contain aluminum (i.e., plankton) and which
were rapidly removed from the system.

Strong surface depletions, in particulate iron, such
as that observed at the VERTEX V Station 1, are not
as apparent at other stations in our data set. A small
minimum in the particulate iron profile does appear
in the nutricline at the VERTEX V Station 4 in the
central Pacific (Fig. 12c). However, particulate Al
concentrations in the particulate iron minimum are
also low, and below our detection limit (0.36 nmol
kg™!'). These low particulate Al values suggest that
the particulate iron was not preferentially removed
relative to aluminum. Bruland et al. (1994) have
noted that dissolved aluminum increases in surface

waters at their station in the central Pacific, which
suggests that dust particles were dissolved in the
euphotic zone. About half (0.35 nmol kg~') of the
iron from the particles appears in the dissolved pool
at their station, while the remainder (0.25 nmol
kg™ ') appears to have been lost.

The Fe:Al molar ratio is higher than the crustal
ratio at offshore stations (Fig. 12d), with surface
values as high as 0.65 and decreasing to 0.4 at depth.
Bruland et al. (1994) and Sherrell and Boyle (1992)
also both found Fe:Al ratios in particulate matter at
open ocean stations in the Pacific and Atlantic that
are higher than the current estimates of the crustal
ratio. The major input of iron at these stations is
from marine aerosol deposition (Duce and Tindale,
1991), which has Fe:Al ratios slightly higher than the
recent estimates of the crustal ratio (Duce et al.,
1983). The Fe:Al ratio in particles in the central
ocean gyres must be controlled by the preferential
retention of particulate iron at the surface, perhaps
by the plankton community. In the interior, these
high Fe:Al particles mix with particles having a
crustal Fe:Al ratio that are transported from the
continental margin. This will decrease the Fe:Al ratio
with depth.

4.5. Iron solubility and organic complexation in
seawater

The relative constancy in concentration of dis-
solved iron at depths below 1000 m (Fig. 2b) is one
of the greatest surprises in oceanic iron distributions.
If iron behaved as other scavenged metals, then its
concentration should decrease with depth and de-
crease from the Atlantic to the Pacific (Whitfield and
Turner, 1987). The integrated stock of dissolved lead
in the water column increases strongly as the aeolian
lead flux goes up (Flegal and Patterson, 1983). In
contrast to lead, the integrated stock of iron is only
weakly related to that of the aeolian flux. Iron differs
from scavenged metals, such as aluminum or lead,
because there is a strong biological requirement for
iron that leads to its uptake by living cells. Reminer-
alization of biogenic particles must release iron, and
this process must be responsible for the similarity in
vertical distributions of nitrate and iron (Martin et
al., 1989). As we discuss below, remineralization of
iron from biogenic particles is not sufficient in the
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deep-sea to maintain the observed iron concentra-
tions against a scavenging rate equivalent to that
found for metals with a similar scavenging index.
The constancy of deep-water iron concentrations
suggests that removal rates of iron must decrease
substantially at concentrations less than about 0.6
nmol kg~'. Two mechanisms have the potential to
maintain constant iron concentrations in the deep-sea.
One is binding by organic ligands with a capacity to
complex about 0.6 nmol kg~' iron (Rue and Bru-
land, 1995; Wu and Luther, 1995). The second is an
equilibrium between dissolved and suspended partic-
ulate iron. This equilibrium could involve relatively
pure iron oxide phases or surface exchange reactions
on marine particles. Concentrations of iron greater
than the solubility limit or chelation capacity of
seawater would be removed relatively rapidly, while
concentrations at or below these values might remain
in solution for much longer periods of time.
Measurements of iron—organic interactions by
laboratories with a demonstrated ability to measure
total iron concentrations that are consistent with our
results show the presence of a strong iron binding
ligand at a concentration near 0.6 nmol kg™'. Rue
and Bruland (1995) found two classes of iron bind-
ing ligands at stations in the central North Pacific.
The strongest class of ligands had an average con-
centration of 0.44 nmol kg ™' in the upper 300 m and
a range from 0.4 to 0.6 nmol kg~'. Wu and Luther
(1995) found iron binding ligands with similar prop-
erties in the western North Atlantic with a concentra-
tion of 0.45-0.6 nmol kg *. These ligand concentra-
tions are very close to that required to maintain
dissolved iron concentrations in the deep sea at the
observed levels. Wu and Luther (1995) studied mixed
layer samples only. Rue and Bruland (1995) col-
lected samples from the entire water column. They
did not find the strong iron binding ligand at depths
below 500 m. However, 500 m is also the depth
where total dissolved iron concentrations exceed the
strong ligand concentration at their station. This
would make detection of the strong ligand much
more difficult, as no free ligand would be titrated by
added iron (Rue and Bruland, 1995). A second,
weaker ligand is present throughout the water col-
umn at concentrations near 2 nM (Rue and Bruland,
1995). This weaker ligand is present in excess of the
iron concentration at all depths. Iron bound by these

weaker ligands should also have a significantly re-
duced reactivity, unless the complex itself is scav-
enged onto sinking particles.

The coincidence between the strong iron binding
ligand concentrations of nearly 0.6 nM in both the
Pacific and Atlantic Oceans and total iron concentra-
tions in the deep-sea near 0.6 nmol kg~ does not
appear to be serendipitous. The correlation may be
produced by a reduction in the scavenging rate of the
fraction of dissolved iron that is bound to the strong
ligand. van den Berg et al. (1987) have suggested
that such a mechanism accounts for the high correla-
tion between dissolved copper concentrations and
strong copper binding ligand concentration in estuar-
ies. Whenever the copper concentration exceeds that
of the strong ligand, the excess copper is preferen-
tially scavenged. Iron binding by the strong ligand
identified by Rue and Bruland (1995) may provide
one mechanism to maintain the constancy of iron
concentrations in deep water.

It is also possible that the apparent solubility of
iron is controlled by an equilibrium with amorphous
Fe(OH),. Zhu et al. (1992) have estimated a solubil-
ity for inorganic iron in seawater, with respect to
Fe(OH),, of 0.66 nmol kg~ ! at pH 8 and 25°C. They
based their conclusions on a reinterpretation of the
work of Byrne and Kester (1976). Sunda and Hunts-
man (1995) have also observed a dissolved iron
solubility of 0.75 nM at a mean pH of 8.18. These
solubilities are close to the value required to account
for the constancy of iron in deep waters. A variety of
other estimates of the solubility of inorganic iron
have been obtained. Motekaitis and Martell (1987)
have calculated a slightly lower solubility for
Fe(OH), in seawater of 0.15 nmol kg~'. Millero et
al. (1995) recently reevaluated the speciation and
solubility of iron in seawater and they obtained a
value of 10 nmol kg~! for the solubility of inorganic
iron in seawater at pH 8. These measurements have
large uncertainties because of the difficulty of sepa-
rating dissolved, monomeric iron from colloidal iron.
The calculations also have large uncertainties be-
cause the equilibrium constants are not well con-
strained. Thus, the solubility of inorganic iron may
impact scavenging of dissolved iron, but the uncer-
tainty is too large to constrain the calculations.

We cannot directly verify that either of these
mechanisms acts to maintain constancy of deep-water
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iron concentrations. Nor can we differentiate be-
tween these mechanisms. Organic binding of iron, in
particular, provides a plausible explanation for main-
taining deep-water iron concentrations near 0.6 nmol
kg~ '. We show in the next section that a simple
numerical model, which incorporates an apparent
iron ‘solubility’ near this value, provides a very good
representation of the iron concentrations that we
have observed throughout the ocean.

5. Dissolved Fe model

The similarity of vertical profiles of dissolved
iron, nitrate and AOU suggests that they are con-
trolled by similar processes. This implies that the
major source of dissolved iron in the deep sea is
release during the remineralization of organic matter.
As we have shown for dissolved manganese (John-
son et al., 1996), the production rate of dissolved
iron can be estimated from the change in carbon flux
versus depth. The vertical flux of particulate organic
carbon (POC) at a set of stations throughout the
North Pacific can be fit by the equation

7 \7h
FC=F100(W) (3)

where Z is the depth in m, F,, is the flux (mol C
m~? yr~!') at 100 m depth and » was found to have
an average value of 0.858 (Martin et al., 1987). We
have adopted this equation for the work discussed
here. If the Fe /C ratio of settling marine particulate
organic carbon is Q ( wmol Fe /mol C), then the rate
of production of dissolved iron during carbon rem-
ineralization ( Py, nmol 17! yr™ ') is

oF,

— = = (1+b)
Pre= 0% = qoor Cme?

= 45QF1002~1.858 (4)
The rate of production of dissolved iron is controlled
by the Fe /C ratio of the POC and the rate of export
of POC (F,y0)-

Production of dissolved iron must be balanced by
scavenging and mixing. We have assumed that scav-
enging removal is a first order process that occurs
only when dissolved iron concentrations exceed an
apparent solubility value near 0.6 nmol kg™’

Ry, = kg [(Fe) — (Fe)soy | (5)

where (Fe) is the total dissolved iron concentration
and (Fe),, is the apparent solubility of dissolved
iron. The scavenging rate constant is ky, = 0 if (Fe)
is less than (Fe),, . The value of kg, at dissolved
iron concentrations > (Fe),,, was treated as an ad-
justable parameter and determined as discussed be-
low.

The concentration of iron is then given by the
equation

J(F
(3te) = 45QF 02" H% — kFe[(Fe) - (Fe)sow]
8*(Fe)
+K, 3z’ (6)

The last term in Eq. (6) accounts for vertical mixing
of iron by eddy diffusion, and K, is the vertical
eddy diffusion coefficient. This equation can be
solved at each station to estimate the vertical profile
of dissolved iron concentrations if the values of Q,
Fio0s kge» (Fe)y,, and K, are known. The export
flux of carbon has been measured or estimated at a
number of stations where iron has been determined
(Martin et al., 1987, 1993; Johnson et al., 1996) and
we will focus on those stations where these values
are available. The value of (Fe),,, is assumed to be
0.6 nmol kg ™" as discussed above. The vertical eddy
diffusion coefficient was set to a value of 1 cm? s !,
which is typical of the values determined in one
dimensional studies of biogeochemical processes
(Munk, 1966; Craig, 1969; Gammon et al., 1982).
This value also produces a reasonable vertical profile
of nitrate when Eq. (6) is used to estimate nitrate
remineralization with the scavenging rate constant
set to zero (Fig. 13). The model eddy diffusion
coefficient of 1 cm? s™!' is larger than values re-
cently determined in deliberate tracer releases into
the main thermocline (0.11 ¢cm? s~ !; Ledwell et al.,
1993) and a submarine basin (0.33 cm? s~ !; Ledwell
et al., 1986). It must reflect parameterization of a
variety of processes, including boundary mixing and
lateral transport.

A vertical advective term would be necessary to
model the distribution of conservative properties,
such as temperature and salinity (Munk, 1966; Craig,
1969). The physics were parameterized only with a
diffusion term in our model because it was intended
to be applied in a variety of environments where
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Fig. 13. A model profile of nitrate calculated with eddy diffusion
coefficients of 0.5 and 1 cm? s™'. The vertical profiles of nitrate
and oxidative nitrate (15X apparent oxygen utilization) at VER-
TEX V Station 4 in the North Pacific are shown for comparison.

there is little information on vertical velocities. A
basin-scale model of *'°Pb, which fits the distribu-
tion of the metal observed across the North Atlantic,
also includes only diffusive terms (Spencer et al.,
1981).

The values of @ and kg, are only loosely con-
strained by measurements reported in the literature.
We therefore treated them as adjustable parameters
and optimized their values by a least squares fit of
Eq. (6) at steady state to the vertical profile of iron
observed at VERTEX VII Station 7, near Ocean
Station Papa (Martin et al., 1989). Boundary condi-
tions must also be specified to solve Eq. (6). We
have assumed an upper boundary condition of (Fe)
= 0.05 nmol kg~" at 50 m depth. A lower boundary
condition of (Fe) = 0.6 nmol kg™’ at 4000 m depth
was used. The upper boundary condition was justi-
fied because the average mixed layer iron concentra-
tion was 0.07 nmol kg~'. The lower boundary was
set equal to the apparent solubility of dissolved iron
at 4000 m, a depth well below that where most of the
iron variability occurs.

The model results for the dissolved iron profile at
VERTEX VII, Station 7 are shown in Fig. 14a. The
model predicted dissolved iron profile gives an ex-

cellent fit to the observed profile. The parameter
values that gave the best fit were Q=5 umol
Fe/mol C and kg, =0.005 yr~! with the observed
Floo of 2 mmol m~? yr~! (MLML Trace Metals
Laboratory, unpubl. data). Estimates of Q, based on
laboratory experiments with open ocean phytoplank-
ton, range from 2 to 100 wmol Fe /mol C at typical
concentrations of inorganic iron (Brand, 1991; Sunda
et al., 1991; Sunda and Huntsman, 1995). Martin et
al. (1989) estimated an upper limit of 27 to 38 umol
Fe/mol C based on analyses of particulate matter.
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Fig. 14. Comparison of observed dissolved iron concentrations
with model calculations at VERTEX VII Station 7 {Ocean Station
Papa) in the North Pacific (a), FeLine 3°S, 140°W (b), VERTEX
V Station 1 75 km off the California coast (c), USJIGOFS NABE
47°N in the North Atlantic (d), a composite of 3 Southern Ocean
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VERTEX V Station 2 about 600 km off the California Coast (f).
Model calculations with the F|,, value estimated at each station
are shown as a solid line. Best fit profiles, if substantially different
than those calculated with the estimated Fyy,, are shown as
dashed lines.
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The best fit value for the model lies in the middle of
this range and is consistent with our knowledge of
oceanographic processes. Sunda and Huntsman
(1995) also estimated Q =2.4 wmol /mol from re-
gressions of dissolved iron vs. phosphate in the
nutricline, an approach somewhat similar to that used
here.

A scavenging rate constant of 0.005 yr™ ' is also
generally consistent with observations of deep-sea
metal chemistry. The residence time with respect to
scavenging removal is 1 /k = 200 yr. This is reason-
ably close to the value of 70140 yr estimated by
Bruland et al. (1994). Their estimate was derived
from the residence time of particles in the deep sea
and the assumption that dissolved iron is in exchange
equilibrium with the particle pool (Bacon and Ander-
son, 1982). The estimated residence time for alu-
minum in the deep sea is 150-200 yr (Orians and
Bruland, 1985), which is quite similar to the value
found here for iron. These elements have similar
scavenging indices (Whitfield and Turner, 1987).
One would expect them to have similar residence
times. However, thorium also has a scavenging index
similar to iron (Whitfield and Turner, 1987). The
residence time of thorium in the deep-sea, with
respect to scavenging, is about 30 yr (Bacon and
Anderson, 1982). The difference may be due to
complexation of iron by ligand 2, which exceeds the
iron concentration at all depths (Rue and Bruland,
1995) and may greatly reduce its removal rate. Of
course, this would imply that aluminum is heavily
complexed as well.

In order to verify the generality of the model, it
was used to calculate the dissolved iron concentra-
tions at a suite of other stations from the North
Atlantic to the Southern Ocean. The only geographi-
cally variable parameter in the model after 0 and
kg, are fixed at the values determined at VERTEX
VII, Station 7 is F),,, the carbon export. Changes in
carbon export must account for all of the horizontal
variability in dissolved iron concentrations, within
the context of the model developed here. The results
at the FeLine 3°S station and at the VERTEX V
Station 1 represent the extremes in the dissolved iron
concentrations that were found at stations more than
50 km from shore. The FeLine station, in the south
Pacific, has the lowest iron concentrations that were
found in the upper 2000 m of the water column. The

1

VERTEX V Station 1, which is 75 km from the
California coast, has the highest dissolved iron con-
centrations. The export flux of carbon, Fy,, at the
FeLine 3°S station was estimated to be 0.5 mol C
m % yr~' (Johnson et al., 1996). It was measured to
be 7 mol C m~? yr~! at VERTEX V Station I
(Martin et al., 1987).

Changing only the value of F,,, in Eq. (6) pro-
vides an excellent fit to the dissolved iron profiles
observed at FeLine 3°S and at VERTEX V Station 1
(Fig. 14b, ¢). It appears that a 14-fold change in the
export flux of carbon can account for all of the range
that we have observed in dissolved iron profiles in
the open ocean. Input of dissolved iron is low at the
FeLine 3°S station because of the small export of
carbon in the South Pacific. As a result, dissolved
iron concentrations never exceeds the apparent solu-
bility limit at this station. Scavenging does not occur
and dissolved iron concentrations increase monotoni-
cally. In contrast, VERTEX V Station 1 lies at the
offshore edge of the coastal upwelling zone. As a
result, the export flux of carbon at VERTEX V
Station 1 is 14 times higher than at the FeLine 3°S
(Martin et al., 1987). The high carbon export leads to
a larger iron remineralization rate. Dissolved iron
concentrations build to levels near 1.4 nmol kg~
before the scavenging removal rate equals the input
rate. The rate of iron remineralization given by Eq.
(4) decreases with depth. The remineralization rate is
sufficiently small below 800 m that the dissolved
iron concentration decreases. Dissolved concentra-
tions remain in excess of the apparent solubility limit
throughout the profile.

The model provides a good representation of dis-
solved iron concentrations throughout the ocean at
other stations where we have measured iron and
where estimates of F,,, are available. Fig. 14d, e
show a comparison of calculated and dissolved iron
concentrations in the North Atlantic and in the
Southern Ocean. The export flux of carbon (F,,)
observed during the JGOFS North Atlantic Bloom
Experiment at 47°N was 14 mmol C m ? d7!
(Martin et al., 1993). The spring bloom carbon flux
at 1000 meters is 3 times greater than the annual
average carbon flux (Honjo and Manganini, 1993) so
the measured F),, has been reduced 3-fold for an
annual flux estimate of 1.7 mol C m~? yr~! (John-
son et al., 1996). The iron profile calculated with an
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annual export flux of 1.7 mol C m~2 yr™!, slightly

overestimates the observed distribution of iron. The
best fit to the North Atlantic profile was obtained
with an Fy, value of 0.9 mol C m™? yr™' (Fig.
144d).

The average flux of organic carbon determined
over an annual cycle in the Ross Sea, at 250 m
depth, was 0.5 mol C m~? yr™! (DeMaster et al.,
1992). Extrapolating this flux to 100 m, using Eq.
(3), gives an export flux of 1 mol C m™? yr~!. This
value of F,, is also the best fit parameter for the
dissolved iron profiles in the Southern Ocean (Fig.
14e).

The greatest discrepancy in the model predicted
dissolved iron concentrations occurs at VERTEX V
Station 2 (Fig. 14f). This station is over 500 km
offshore and it is outside of the zone of high primary
production along the ocean margin. The model fits
the observed dissolved iron distributions with an
Flo value near 5 mol C m~? yr !, The observed
value of F,, at this station is two-fold smaller
(Martin et al., 1987), which leads to substantially
lower predicted iron concentrations than those ob-
served. In particular, the model using the observed
F,y, does not produce a strong mid-depth dissolved
iron maximum. The dissolved iron concentrations are
not anomalous at this station. The iron profile at the
nearby VERTEX VI Station 1 also has a strong
mid-depth maximum (Fig. 7a). The iron concentra-
tions at 1000 m are generally compatible with the
trend of the offshore gradient (Fig. 6). Several expla-
nations may account for the discrepancy. Offshore
transport of iron at depths between 500 and 1000 m
may carry high concentrations of iron to this station.
The residence time of dissolved iron with respect to
scavenging removal is 1/k =200 yr. There would
be sufficient time for offshore transport to produce
the elevated dissolved iron concentrations seen at
VERTEX V Station 2. High concentrations of partic-
ulate iron below the mixed layer at VERTEX V
Station 2 (Fig. 7¢) support the hypothesis of offshore
transport. The coastal region off California is charac-
terized by large meanders in the California Current
with wavelengths of 300 to 500 km and filaments
that extend 100’s of kilometers offshore (Bernstein
et al., 1977). These filaments may transport dis-
solved and particulate iron offshore in subsurface
waters. Alternatively, the elevated dissolved iron
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Fig. 15. Model calculation profiles of dissolved iron with the
apparent solubility set to zero and scavenging rate constants of
0.005 yr~' and 0.001 yr™' and an Fy, of 2 mol C m~? yr !,
The standard model calculation with a solubility of 0.6 nmol Fe
kg™! is shown for comparison.

concentrations that are centered in a narrow band at
30°N (Fig. 7b), may result from enhanced primary
production and carbon export at these latitudes. Nu-
trients and particulate organic carbon in surface wa-
ters may be transported offshore in filaments, with
the result that carbon export is enhanced in the
offshore waters.

We could not find an acceptable fit to the ob-
served dissolved iron data unless an apparent iron
solubility was included in the model. Fig. 15 shows
several model calculations to illustrate this point. If
scavenging is allowed to occur throughout the water
column (i.e., apparent solubility = 0) and k = 0.005
yr“, then iron concentrations reach a shallow maxi-
mum and decrease rapidly to values much lower than
seen in any data set. The decrease would be much
greater if the lower boundary condition of 0.6 nmol
kg™' is not maintained. Decreasing the scavenging
rate to 0.001 yr! improves the fit somewhat, but
this implies a deep-sea residence time of 1000 yr,
which is too long. Even lower scavenging rates, with
no solubility term, can produce acceptable fits to
observed profiles of dissolved iron. The results with
no scavenging are equivalent to a solubility term that
maintains iron in solution. We believe that an appar-
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Fig. 16. Change in iron concentrations calculated at 10, 20 and 50
yr aftter a step change in the value of F,, from 2 to 7 mol C m™?
yr~!. The steady state iron profiles for each value of F,,, are
shown as well.

ent iron solubility is the simplest explanation for the
combination of a nutrient-like profile and a lack of
inter-ocean fractionation.

5.1. Temporal response

The increase in iron concentration at depths below
the mixed layer in the coastal zone is driven by an
increase in the export flux of iron, within the context
of the model. The calculations shown so far have
been for steady state cases, with no change in iron
over time. The residence time of water in the shelf
region is limited. We have, therefore, tested the time
response of the model to step increases in iron flux
to assess whether it is possible for increases in
carbon export over short time periods to produce the
dissolved iron distributions seen in coastal regions.

Fig. 16 shows the calculated iron profiles that are
obtained after increasing the value of F|y, from 2 to
7 mol C m~? yr~', beginning with an initial iron
profile at steady state. Iron concentrations below the
mixed layer require a decadal time scale to respond
to the increased export flux of iron. After 50 yr,
dissolved iron concentrations increase to levels near
the steady state concentrations shown in Fig. 14b.
This is rather a long time scale for water to remain in

the coastal zone. The rate of increase in dissolved
iron concentrations is governed quite strongly by the
size of the vertical eddy diffusion coefficient used in
Eq. (6). Our calculations have been based on a single
value for K, of 1 cm* s™!. Measurements of K, in
the thermocline yield values closer to 0.15 cm > s~ .
Smaller values of K, would produce faster re-
sponses since mixing would smear the remineralized
iron at a slower rate. A three-dimensional model
with more realistic physics may yield a faster re-
sponse time, therefore.

6. Discussion

Iron is unusual among elements with strongly
depleted, nutrient-like vertical profiles. It has the
smallest inter-ocean fractionation of any of these
elements. There is, in fact, no systematic difference
between dissolved iron concentrations in the Atlantic
and Pacific Oceans. The greatest horizontal variabil-
ity in dissolved iron concentration occurs not from
ocean to ocean, but within single ocean basins (Fig.
7). Tron concentrations as high as 7.4 nmol kg™!
over the continental shelf have been observed in
samples analyzed by the MLML Trace Metals Labo-
ratory (Martin et al., 1990a,b). These high concentra-
tions over the continental shelf must reflect input
from sediments, dust and rivers. The large signal
from continental sources decays away rapidly at the
surface. The highest concentration that we have seen
in the mixed layer at any of the open ocean stations
more than 50 km from shore is 0.2 nmol kg~ '.

The horizontal scale lengths for iron transport
away from the coast in the surface mixed layer (16
km) and at 1000 m (5000 km) differ by more than a
factor of 300. The difference in the rates of iron
removal at the surface and 1000 m is probably
substantially greater than 300 times. Higher advec-
tion or diffusion rates in the surface layer mean that
iron will be transported over a fixed distance in a
lower time at the surface. The high rate of iron
removal in the mixed layer is probably driven by
biological uptake of iron. Our observations near the
coast occur primarily in eastern boundary systems
that are characterized by strong upwelling and large
surface concentrations of nitrate, phosphate and sili-
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cate. Primary production rates are high and iron is
rapidly depleted in these systems. Dissolved iron
concentrations drop to less than 1 nmol kg~! within
one scale length and they drop below 0.1 nmol kg !
within three to four scale lengths, or 50 to 60 km. At
that point, dissolved iron concentrations would be
limiting to open ocean phytoplankton (Coale et al.,
1996a; Fitzwater et al., 1996). Coastal phytoplank-
ton, which have even greater iron requirements
(Brand et al., 1983; Sunda and Huntsman, 1995),
would be even more stressed. Nitrate concentrations
are still present at concentrations >4 wmol kg™ ' at
a distance of 75 km (VERTEX V Station 1), or 5
scale lengths offshore (Fig. 5). There is strong evi-
dence that much of the particulate iron has been
solubilized at this station. The highest chlorophyll
concentrations at the VERTEX V Station 1 are 0.8
wug 171 (MLML, unpublished data), which is on the
low side of the chlorophyll concentrations observed
off California at nitrate concentrations near 4 uM
(Chavez et al., 1991). When considered in sum, all
of this data suggests that the phytoplankton at the
VERTEX V Station 1, only 75 km offshore, were
iron limited.

Similar conclusions were reached during the
Coastal Transition Zone program off the Central
California coast. This study focused on the role of
cross-stream jets in transporting nutrients and phyto-
plankton offshore. During this study, Chavez et al.
(1991) found that the concentration of nitrate was
often not well correlated with phytoplankton abun-
dance. In one case, the phytoplankton population
dropped dramatically after a coastal jet turned from a
cross-shore to a longshore direction, although nutri-
ent concentrations remained constant or increased.
One possible explanation for this observation is that
the concentration of iron dropped in this system as
the offshore transport mechanism, and transport
times, changed. This coastal system has all the char-
acteristics of a high nitrate, low chlorophyll water
mass in which primary production is regulated by
iron limitation.

Oligotrophic systems have been described as hav-
ing stratified euphotic zones, based on studies of
thorium scavenging (Coale and Bruland, 1987). Pri-
mary production in the upper layer is almost com-
pletely based on recycled nutrients and there is little
carbon export or metal removal. Iron may have a

longer residence time at the surface in these systems,
where it does not limit primary production, than in
coastal systems. The major portion of the new pro-
duction, carbon export and metal scavenging in olig-
otrophic systems is limited to a lower layer of the
euphotic zone near the nitracline (Coale and Bruland,
1987). Although nitrate is increasing to high concen-
trations in the lower layer, dissolved iron concentra-
tions are at a minimum in this layer (Bruland et al.,
1994) due to biological uptake and scavenging. The
iron concentrations in the lower region of the strati-
fied euphotic zone are low enough (< 0.05 nmol
kg™!) to limit primary production (Coale et al.,
1996a; Fitzwater et al., 1996). Thus, iron may regu-
late export production even in oligotrophic regions
of the ocean.

The model that we have developed here suggests
a mechanism that could account for nearly all of the
variability in the open ocean iron profiles that we
have observed. The model cannot account for the
high dissolved iron concentrations seen near the
ocean margin. Those high iron concentrations require
additional sources, which are not incorporated in the
model. Within the open ocean, the variability in the
predicted dissolved iron concentrations could be
driven solely by changes in the export of carbon.
Measurements of carbon flux in the open ocean are
fairly uniform, with a mean value near 1.5 mol C
m~? yr ! (Martin et al., 1987). The relative con-
stancy of this parameter and a high scavenging rate
for dissolved iron concentrations above the ligand
concentration could account for the lack of inter-oc-
ean iron fractionation. Most of the horizontal vari-
ability in dissolved iron concentrations within the
deep-sea appears to be accounted for by increases in
the export of carbon as continental margins are
approached. Thus, the high concentrations of dis-
solved iron found between 500 and 1000 m near the
continental margin would not result directly from a
flux from margin sediments, but from enhanced pri-
mary production and export of biogenic particles
enriched in iron at the ocean margin (Martin et al.,
1987). Similar conclusions were reached for dis-
solved manganese (Johnson et al., 1996).

Horizontal transport also plays some role regulat-
ing dissolved iron distributions, although it does not
appear in the model. The carbon export measured at
the VERTEX V Station 2 is insufficient to support



K.S. Johnson et al. / Marine Chemistry 57 (1997) 137-161 157

the observed high dissolved iron concentrations in
the depth range from 500 to 1500 m. Either primary
production in these regions is higher by a factor of
two than believed (Martin et al., 1987), particulate
organic carbon is exported offshore from coastal
upwelling regions, or horizontal transport of iron in
the deep-sea cannot be ignored. The presence of high
particulate iron at VERTEX V Station 2 suggests
that offshore transport of deep waters from the coastal
margins carried the iron offshore.

The lack of inter-ocean fractionation in dissolved
iron concentrations is an extremely significant indi-
cator of the processes that control iron distributions.
We believe that it is possible to simulate this behav-
ior only by including an apparent iron solubility in
the numerical model. Otherwise, iron concentrations
should change significantly as the age of water in the
deep-sea increases as it passes from the Atlantic to
the Pacific. The mean concentration of dissolved iron
that we have observed below 500 m (0.76 nmol
kg™') is primarily set by the apparent solubility of
iron. The apparent solubility may be controlled by
the biological production of an iron binding ligand.
If so, then this raises the possibility that biological
processes regulate the mean dissolved iron concen-
tration in the ocean. The mean concentration of iron
is set at a point where upwelling and aeolian deposi-
tion supply just enough iron to allow phytoplankton
to deplete nitrate in the bulk of the oceans mixed
layer. This apparent solubility probably precludes
processes such as changes in submarine hydrother-
mal flux from influencing the concentration of iron
in the deep-sea.

Our results suggest that the aeolian deposition of
iron also appears to influence the standing stock of
iron in the water column. The numerical model that
we have developed explicitly includes only the ex-
port flux of carbon as a geographically variable
parameter. The effects of increased aeolian deposi-
tion of iron are incorporated only indirectly. The
aeolian iron flux supplies iron, which can regulate
primary production (Martin et al., 1994) and carbon
export (Martin, 1990). This linkage is supported by
the observations of Coale et al. (1996a) that primary
production correlates with the integrated stock of
iron within the equatorial zone of HNLC waters. The
model implies, therefore, that little of an enhanced
iron flux will appear as dissolved iron in the water

column in regions where production is limited by
another nutrient, such as nitrate.

The regions where iron regulates export produc-
tion may be more widespread than previously be-
lieved. As discussed above, most of the carbon ex-
port in oligotrophic systems is limited to the lower
zone of the water column (Coale and Bruland, 1987),
where nitrate concentrations are increasing and iron
is at a minimum (Bruland et al., 1994). Iron has a
clear potential to regulate export production in these
oligotrophic regions. In the coastal region offshore of
California, the waters become depleted in iron before
nitrate (Fig. 5), and they may represent the HNLC
condition. In all of these regions, an increase in
aeolian dust deposition could increase primary pro-
duction and, thus, biogenic carbon and iron export.
Hence, it is not surprising to see the link between
integrated iron concentrations and aeolian iron input
(Fig. 10).

Previous laboratory studies with single species of
diatoms have suggested that particulate iron was not
directly bioavailable. Photoreduction of colloidal iron
can enhance iron uptake (Finden et al., 1984; Rich
and Morel, 1990). The data presented here suggests
that particulate iron in coastal ecosystems is mobi-
lized and, presumably, rendered bioavailable in sur-
face waters. The depletion in particulate iron, rela-
tive to particulate aluminum, is clearly present only
at the VERTEX V Station 1. The near coastal pro-
files in the Gulf of Alaska (VERTEX VII, Stations 8
and 9; Martin et al., 1989) do not show similar
depletions. In the Ross Sea data, there is a large
depletion of iron, relative to aluminum, in the mixed
layer at Station 40. There is, unfortunately, only one
sample in the mixed layer at Station 40 and this
observation is not repeated at other Ross Sea sta-
tions. It may be that a large input of short wave-
length solar energy must occur for photoreduction of
the particulate iron. This may not always occur at
high latitudes with large amounts of cloud cover.
Our conclusions regarding the bioavailability of par-
ticulate iron must remain somewhat tentative until
these observations are repeated.

Satellite imagery has demonstrated large plumes
of riverine particulate matter that are transported at
least 100 km offshore of California (Griggs and
Hein, 1980). These plumes may represent an impor-
tant source of iron to the coastal phytoplankton
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community. Up to 2 nmol kg™’ of particulate iron

appear to have been solubilized and probably con-
sumed in the euphotic zone at the VERTEX V
Station 1 (Fig. 12a). We have argued above that the
outer regions of the coastal ocean may be iron
limited. Processes that change the particulate iron
flux to the ocean may have an impact on coastal
productivity, therefore. For example, reductions in
river flow and sediment load due to construction of
dams can greatly reduce the flux of particulate iron
to the coastal zone. In a study of rivers in the
southeastern US, about 95% of the sediment eroded
in upland regions is trapped due to extensive im-
poundments (Trimble, 1975). Regional sediment
yields are 10 times smaller along the central and
southern California coast than in northern California
(Griggs and Hein, 1980). This reduction is due in
part to the large number of dams and water-diversion
projects in central and southern California. Large
reductions in secondary production off the California
coast have been identified over the past 20 to 40 yr
(Roemmich and McGowan, 1995). It is possible that
this may be linked to a reduced flux of bioavailable
particulate iron due to the contemporaneous con-
struction of dams and other impoundments in this
region. If so, then this impact could be quite
widespread, as humans now consume about 17% of
the global runoff (Postel et al., 1996).

7. Major questions

What are the major questions regarding iron
chemistry in the deep-sea that remain to be an-
swered? We have a very limited picture of iron
chemistry that is obscured by the difficulties in
comparing measurements between laboratories. As
we have shown here, there appears to be substantial
agreement among the measurements of five laborato-
ries. All of these laboratories have produced iron
profiles with a nutrient-like shape that converge on
concentrations near 0.6 nmol kg ™! in the deep-sea.
The numerical model that we present here suggests
that these dissolved iron profiles should be typical of
most of the ocean. We believe that the work of these
laboratories provides substantial evidence that the
major features of this model are correct. Our confi-
dence in future measurements of dissolved iron will
be greatly enhanced if the standards for dissolved

iron at <1 nmol kg~' were available. In addition,

laboratories involved in these studies should make an
attempt to measure profiles of dissolved iron in the
open ocean in regions where interlaboratory agree-
ment has been demonstrated. Such interlaboratory
agreement is necessary before much confidence can
be placed in anomalously high dissolved iron con-
centrations measured in the marine environment.

Despite the agreement of five laboratories on the
general features of the iron profile, there are no
measurements in many areas of the ocean, there are
few time series measurements (Wu and Luther, 1994)
and few detailed transects of iron across coastal
boundaries (Martin and Gordon, 1988). Efforts to
measure detailed dissolved iron profiles in areas of
very high aeolian iron flux should be made. Mea-
surements of dissolved iron profiles in areas of high
carbon export, in conjunction with estimates of the
export flux, also need to be made. All of these
measurements would be of great importance to help
test the assumptions inherent in the model that we
have developed.

The data summarized here suggest that iron plays
a more extensive role in regulating carbon export
from the ocean than previously believed. This regula-
tion appears to occur in at least one coastal location
and within the nutricline at the base of the euphotic
zone in oligotrophic waters. All of our observations
to date (Coale et al., 1996a; Coale et al., 1996b;
Fitzwater et al., 1996) suggest that iron regulation of
productivity in the open ocean occurs at concentra-
tions < 0.2 nmol kg ~'. Very small changes in iron
concentration or iron flux (with no actual concentra-
tion change) may be responsible for biological patch-
iness under these conditions (Young et al., 1991).
These ideas can be tested by a combination of
careful measurements of dissolved iron and concur-
rent incubations of seawater in paired control and
iron-spiked treatments. These experiments should fo-
cus on the impacts of iron concentration changes at
levels near the ambient. The role of particulate iron
as a source of bioavailable iron needs to be carefully
studied with a mixture of both field observations and
incubation experiments. These experiments should
focus carefully on processes such as photoreduction
of iron and production of iron binding ligands.

The solubilizing effect of organic complexation
appears to play a critical role in setting the mean
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concentration of dissolved iron in the deep sea. The
deep sea concentration in turn must control the up-
ward flux of iron to the euphotic zone as well. It is
essential that we learn more about the role of organic
complexation in regulating the physical chemistry of
dissolved iron at sub-nanomolar concentrations and
subsequent effect on iron retention in the deep-sea.
Very careful titrations of deep samples, where the
concentrations of dissolved iron may exceed the
strong ligand concentration need to be performed to
assess the presence of strong iron binding ligands.

The role of iron in regulating coastal productivity
needs to be carefully examined. We cannot currently
answer such simple questions as whether or not iron
is elevated in upwelling zones. The potential for
particulate iron to be rendered bioavailable in coastal
zones should also be examined more closely. The
role of iron photochemistry in making particulate
iron bioavailable needs to be considered in conjunc-
tion with this question.
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