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Abstract

A two-year study of the iron distributions in anticyclonic mesoscale Haida eddies of the eastern North Pacific Ocean

has shown that such eddies are a major source of iron to the high nitrate–low chlorophyll (HNLC) waters of the central

Gulf of Alaska basin. These eddies, which are typically about 100 km in diameter, form off the west coast of Canada in

winter and then track roughly westward into the open ocean. Therefore, they carry large quantities of iron-rich coastal

waters into iron-limited waters of the oligotrophic gyre. When the eddies had first formed, their dissolved iron

concentrations were nearly two orders of magnitude higher than is typically observed at Station Papa (501N, 1451W;

3nM versus less than 0.05 nM), and the total iron in the eddies surface waters (10–40m) was more than 13 nM higher than

open ocean waters of the Alaska gyre (14 nM versus 0.5 nM). While the overall iron content of the eddies decreased

rapidly during the first year after they formed, the eddy we were able to track the longest still contained 1.5–2 times

more iron than the surrounding waters 16 months after its formation. Therefore, although iron concentrations in the

surface mixed layers of the eddies drop to levels observed outside very rapidly (within 4 months), upward transport

along isopycnals and upwelling due to eddy decay, as well as vertical advective and diffusive transports typical of North

Pacific waters, probably provide steady fluxes of iron into the euphotic zone from the still iron-rich eddy core waters

throughout the lifetime of the eddy.

Crown Copyright r 2005 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Surface water of the eastern gyre of the north
Pacific Ocean is largely HNLC (high nitrate–low
chlorophyll) water with surface mixed layer iron
levels usually less than 0.1 nM and frequently less
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than 0.05 nM (Nishioka et al., 2001). The role of
iron in controlling primary production in these
HNLC waters has been widely accepted (Martin
and Fitzwater, 1988; Martin et al., 1989; Boyd et
al., 1998, 2004), but the biogeochemical cycling of
iron is still not clearly understood (Bruland and
Rue, 2001). The concentrations of iron in the
subarctic North Pacific, although roughly corre-
lated to those of nitrate (Martin et al., 1989), do
deviate from typical nutrient-like distributions. In
fact, it is not possible to describe the iron
y Elsevier Ltd. All rights reserved.
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distribution simply by modelling surface water
uptake and deep-water remineralization cycling as
can be done for other elements with nutrient-like
profiles, suggesting that the processes controlling
iron distributions are unique (Johnson et al.,
1997). The sparse amount of data and lack of
intercalibration between various methods have
complicated the understanding of these processes.
Continental shelf waters, which typically con-

tain one to two orders of magnitude higher levels
of iron than the open ocean (Sunda, 2001;
Nishioka et al., 2001), are mainly influenced by
iron input from fresh-water sources, as well as
upwelling, and their iron concentrations can vary
seasonally and annually. The source of iron for the
central Alaskan gyre is thought to be mainly dust
events (Duce and Tindale, 1991; Moore et al.,
2002), via wet or dry deposition, most likely from
Asia but possibly from Alaska as well (Boyd et al.,
1998). Mixing processes in both the vertical and
horizontal also are considered to be significant
(Duce, 1986; Martin and Gordon, 1988). One
source of iron that has not been considered before
and may play an important role is that of
mesoscale eddies moving coastal water out to the
open ocean.
In the NE Pacific, eddies have been evident in

hydrographic data for several decades. Tabata
(1982) described the Sitka eddies that form off the
Alaskan panhandle, but the more southerly eddies
forming off the Queen Charlotte Islands have been
described in detail only recently (Crawford and
Whitney, 1999; Crawford, 2002; Whitney and
Robert, 2002; Crawford et al., 2002). The Haida
eddies are typically slow-moving, anticyclonic
eddies, originating in the winter months in the
coastal waters off the southern Queen Charlotte
Islands on the west coast of British Columbia
(Fig. 1). The discovery of these Haida eddies as far
out as Ocean Station Papa (also known as P26,
OSP, or simply Station P, 501N 1451W; Whitney
and Robert, 2002) indicates that they are a
potential source of iron to this HNLC area.
The most detailed oceanographic study of the

Haida eddies began in the year 2000 using the
Canadian Coast Guard Ship John P. Tully. This
project was made possible by the recent avail-
ability of satellite data from TOPEX/POSEIDON
and ERS-1 and ERS-2 that allowed us to identify
and track a number of Haida eddies over long
distances and time periods (Crawford and Whit-
ney, 1999). Near-real-time access to sea-surface
height anomalies (SSHAs) enabled our research
vessels to easily find Haida eddies, and to
investigate systematically nutrient transport via
eddies to the open ocean. We focused our study on
two eddies: Haida-2000, which formed in Febru-
ary 2000 and moved in a northwest direction into
the open ocean; and Haida-2001, which formed in
February 2001 and moved in a more west-south-
west direction (Fig. 1A). These propagation
directions are typical of Haida eddies (Crawford,
2002). The transport of iron by the Haida-2000
and Haida-2001 eddies was studied in detail over
five expeditions (June 2000 to September 2001),
constituting the first in-depth study of a naturally
fertilized iron patch, i.e. without the use of
artificially added iron. We also mention the
Haida-1998 eddy, which was opportunistically
sampled once in open-ocean waters (P16) in late
August of 1998. Haida-1998 is an example of the
larger eddies commonly seen in El Niño years
(Whitney and Robert, 2002; Crawford, 2002) and
has greater potential impact than the smaller
eddies detailed in this study.
2. Methods

Since iron in seawater is difficult to measure due
to its ubiquitous presence as a contaminant during
the sampling and analytical procedures, extreme
care needs to be taken in all phases of shipboard
sampling, handling, and analysis to ensure data
integrity. All equipment was pre-cleaned (Nishio-
ka et al., 2001) and packaged in a shore-based
class 100 HEPA clean laboratory prior to each
expedition.

2.1. Sampling

Sampling was conducted from the CCGS John

P. Tully over a 15-month period, beginning in June
2000 and ending in September 2001. Haida-2000
was already four months old at the time of first
iron sampling and therefore 19 months old at final
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Fig. 1. (A) Map of study area in Alaska Gyre showing eddy centre stations, as well as other stations along Line P and Line Z,

mentioned in the text; and (B) locations of all eddy stations sampled: c—centre, e—edge, and o—outside (reference) stations followed

by month and year of sampling date.
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sampling. For iron analysis, the seawater samples
were collected at the approximate centre of the
eddy as determined by maximum downward
isotherms (Whitney and Robert, 2002; Yelland
and Crawford, 2005; website: www-sci.pac.dfo-
mpo.gc.ca/dsr2/), as well as at a station approx-
imating the eddy edge. For reference data, a
station nearby but outside the eddy was sampled.
As the expeditions were normally in conjunction
with time series cruises to Station P (Fig. 1A),

http://www-sci.pac.dfo-mpo.gc.ca/dsr2/
http://www-sci.pac.dfo-mpo.gc.ca/dsr2/
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samples of open-ocean water collected along line-P
(stations along a line from the mouth of Juan de
Fuca out to Station P) were also used for
comparison.
Samples were collected from 75m and deeper

using 30-, 12-, or 10-l GO-FLOs bottles (General
Oceanics) on a 1050-m Kevlars line (Bruland et
al., 1979) spliced to the existing 5/32 steel wire
wound on a hydraulic winch. A layer of plastic
separated the Kevlars from the steel line on the
winch. A plastic (UHMW polyethylene) spooler
wheel and rollers were used to feed out the
Kevlars to an electro-polished stainless-steel
wheel (freshly coated with fibreglass resin) and
brass block assembly. Lead weights encased in
epoxy resin were attached to the end of the
Kevlars and separated from the sampler by
20–25m. Solid Teflons messengers were used to
trip the bottles. Shallow samples from 10, 25, and
40m were collected using an air-driven double
bellows Teflons pump (Asti) and Teflons sam-
pling tube (Nishioka et al., 2001) with handling
and filtration performed in an on-deck PVC
ULPA (ultra-low penetration air filter) clean
hood.
The GO-FLOs samplers were pre-cleaned in

the lab by sequential soaking with 5% Extrans

(VWR brand) for about one day, and 0.1% HCl
(Seastar Baselines, double distilled), mixed with a
dilute ascorbic acid (0.1 M), for a few days with
DMQ rinses in between followed by a final
soaking using 0.05% HCl (Seastar Baselines,
double distilled) for one week. At sea, the samplers
were then filled with low-iron seawater (o0.2 nM)
for a one-day soak.
The GO-FLOs samplers were sub-sampled on

deck using boxes with extended sides and roof to
minimize air disturbances. A Teflons tube was
attached to a Teflons valve installed on the GO-
FLOs. The other end had a plastic bell jar that
covered the pre-cleaned sample bottle during sub-
sampling. For filtered samples, a pre-cleaned, 6.75-
in, 0.22-mm cartridge filter (OpticapTM with
Durapores membrane by Millipore) was placed
in-line. Two to six 125- or 250-ml precleaned
LDPE (low-density polyethylene) bottles were
immediately filled with seawater after rinsing three
times with the sample. Normally two were
unfiltered, and two were filtered through the
0.22-mm OpticapTM cartridge.
Pump samples were collected on deck using a

PVC ULPA clean hood mounted at the rail. Pump
samples were collected as for GO-FLOs samplers:
two unfiltered and two through a 0.22-mm
OpticapTM cartridge filter.
Sampling depths were normally 10, 25, 40, 75,

100, 150, 200, 300, 400, and 600m with some also
at 800 and 1000m. Sampling for iron was initiated
in June of 2000 on the four-month old eddy
Haida-2000, with collection of unfiltered samples
to 600m. This eddy was subsequently revisited in
September 2000, February 2001, June 2001, and
September 2001, at which time both filtered and
unfiltered samples were collected to 600m (1000m
in June 2001). The Haida-2001 eddy was sampled
to 600m in February 2001 while very close to the
Queen Charlotte Islands and then again in June
2001 and September 2001 to 1000m.

2.2. Iron analyses

Samples were analysed on board, inside a plastic
tent constructed in the main lab. A class 100
HEPA filter maintained a clean environment and
positive pressure in the tent for processing and
handling reagents, standards, and samples. Labile
(or reactive) and dissolved (0.22-mm filtration) iron
were measured at sea by flow injection analysis
(FIA) using the technique of Obata et al. (1993,
1997) after buffering to pH 3.2 using a formic
acid–ammonium formate buffer solution. These
operationally defined parameters are similar to
those of Gordon et al. (1998). The definitions
of the iron fractions discussed can be found in
Table 1. The method at pH 3.2 measures iron (III),
which is the form predicted by thermodynamics in
oxic seawater (Stumm and Morgan, 1996), and
includes a fraction of the colloidal and particulate
iron that dissolves prior to analysis. The samples
were routinely analysed within 2 h of buffering.
Samples were delivered to the system using

an 8-port valve (Hamilton MVP 8) and a
peristaltic pump. Approximately 4–16ml were
passed through a resin column of 8-hydroxyquino-
line immobilized on silica gel at a flow rate of
4ml/min. The retained iron was removed from the
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Table 1

Analytical iron fraction definitionsa

Fraction Filtration Pretreatment Comments

Dissolved 0.2mm filtered pH 3.2, 1–2 h Soluble+small colloidal

Labile Unfiltered pH 3.2, 1–2 h Labile particulate+dissolved

Total Unfiltered pH 1.5,47 months, microwaved Does not include ‘‘refractory’’ iron

Total dissolved 0.2mm filtered pH 1.5,47 months, microwaved

Labile particulate pH 3.2, 1–2 h Labile—dissolved

Leachable particulate pH 1.5,47 months, microwaved Total—total dissolved

Non-labile Unfiltered Total—labile

Non-labile dissolved 0.2mm filtered Total dissolved—dissolved

aFractions in bold were analysed; others were calculated by difference.
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column using dilute (0.3 M) hydrochloric acid. The
resulting eluent was then mixed with 0.74mM

luminol (CAS 521-31-3, Sigma), 0.6 M aqueous
ammonia (to give a final pH of approximately 9.5),
and 0.7M hydrogen peroxide prior to entering the
cell (Teflons tubing coiled on a mirror). A
Hamamatsu photomultiplier tube measured the
light emitted by the chemiluminescent reaction of
the iron and the luminol as the eluent passed
through the cell, and the resulting signal was
recorded on a personal computer.
Standards were made by diluting commercial

atomic absorption standards down to 100 ppb or
10 ppb using 0.05M Seastar double-distilled HCl.
These working standards were then added to low-
iron open ocean seawater prepared just prior to
each analysis (i.e. 114 ml of a 100 ppb standard in
250ml seawater gives a 0.8 nM iron standard). A
set of standards was run at the beginning and end
of a set of samples. The curve was non-linear, and
therefore a quadratic equation was used to
describe the curve and calculate sample concentra-
tions. The data were blank-corrected using sea-
water that had been run through the 8-
hydroxyquinoline column twice prior to analysis
to remove all iron. The value for this blank was
0.013 nM with a standard deviation of 0.003 nM.
The detection limit was determined to be 0.01 nM,
calculated as three times the standard deviation of
low iron seawater.
Duplicate filtered and unfiltered samples from

each depth were stored for analysis of total iron at
the shore laboratory. These samples, stored at a
pH of 1.5 and at room temperature for 7 to 27
months after collection (to allow slow digestion),
were also microwaved for eight min. Prior to
analysis the samples were neutralized with
NH4OH and buffered to pH 3.2. Analyses of
these samples provided operationally defined
values of total dissolved and total iron (Table 1).

2.3. Operationally defined iron

We analyzed up to four phases of iron:
dissolved, total dissolved, labile, and total (Table
1). The exceptions were that on the first expedi-
tion, in June 2000, no samples were filtered, and in
February 2001 no acidified samples were collected
at the coastal water station (Station ME2, Fig. 1A)
only. From these four operationally defined
phases, we also were able to calculate the labile
particulate, leachable particulate, non-labile, and
non-labile dissolved iron. Bruland and Rue (2001)
have given a comprehensive description of these
operationally defined measurements versus tradi-
tional filtration and atomic absorption techniques.
In Fig. 2, we have compared our flow injection

analyses (FIA) with those of Nishioka et al. (2001)
and with AA analyses by Martin et al. (1989) for
Ocean Station Papa. As the Institute of Ocean
Sciences (IOS) and Nishioka (CRIEPI) methods
are almost identical, it is not surprising that they
are routinely within 0.05 nM of each other,
although the IOS results are consistently lower
(average difference: �0.03 nM). When compared
with the Moss Landing Marine Laboratory
(MLML) AA analysis (Fig. 2A), the FIA dissolved
data are remarkably similar, considering they were
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(A) (B)

(C)

Fig. 2. Iron profiles at station P (501N, 1451W): (A) dissolved, comparison between Moss Landing Marine Laboratories (1987, 0.4 mm
filtered), the Central Research Institute of Electrical Power Industry (1998, 0.2mm filtered), and the Institute of Ocean Sciences (1998,

0.45mm filtered dissolved and 2001, 0.2 mm filtered total dissolved); (B) particulate, comparison between Moss Landing Marine

Laboratories (1987) and the Institute of Ocean Sciences (2001); and (C) total, comparison between Moss Landing Marine Laboratories

(1987) and the Institute of Ocean Sciences. Error bars are 1 standard deviation for duplicate or replicate analysis from the same sample

bottle.

W. Keith Johnson et al. / Deep-Sea Research II 52 (2005) 933–953938
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collected 11–14 years apart. The IOS dissolved
iron data are lower, indicating that the extraction
process used for AA analysis of dissolved iron may
be more rigorous than our buffering at pH 3.2, but
when the IOS total dissolved iron of February
2001 is compared to the Moss Landing AA data
(Fig. 2A), there is very good agreement in the
upper 400m. This may be the more appropriate
comparison, as Moss Landing routinely acidifies
samples to pH 1.7 immediately after collection
(Bruland and Rue, 2001), and the FIA total
dissolved iron is stored at pH 1.5 prior to
microwaving.
There is more ambiguity in the other fractions.

What we define as leachable particulate iron (total
minus total dissolved) does not compare well with
MLML’s ‘‘weakly leachable particulate iron’’
(which uses a 25% acetic acid leach; Martin et
al., 1989) but rather is virtually identical to their
‘‘particulate’’ iron values, although 11 years
separate the samples collected (see Fig. 2A). If
we further compare our total with MLML’s total
iron (dissolved+particulate) we see that although
they track very well (Fig. 2C), our total is only
80–90% of MLML’s total iron. This is to be
expected, as our total analysis is not a strong
enough digestion to include refractory iron. So
although not all definitions are congruous, many
are comparable for open-ocean waters.
The scientific community is still not clear on

which analyses most closely represent the biologi-
cally available iron. Although there has been little
evidence in the literature, some FIA analysts have
suggested that the labile or reactive iron might
approximate biologically available iron (see dis-
cussion by Bruland and Rue, 2001; Wells et al.,
1991). When looking at iron transported off the
coastal shelf, all forms should be considered, as the
processes determining biological use and the
evolution of particulate and dissolved iron are
still not clear. Wells et al. concluded that avail-
ability of iron to phytoplankton would be affected
by the dissolution kinetics of solid iron forms and
that colloid dissolution regulates iron uptake, or
availability. We therefore will include iron data
from all four fractions we analysed but concen-
trate the discussion more on the labile fraction,
which was our most common analysis.
3. Results and discussion

3.1. Background

We have studied iron in the NE Pacific since
1997, primarily along the Line-P time series
transect (Figs. 1A, 3A) but also north to Alaska
(along Line Z, Figs. 1A, 3B) and east to the Queen
Charlotte Islands. Much of this work has been
done in collaboration with Japanese scientists
from the Central Research Institute of the
Electrical Power Industry (CRIEPI) (Nishioka et
al., 2001, 2003). We have found that mixed-layer
levels of labile iron are usually less than 0.1 nM and
frequently less than 0.05 nM in much of the
Alaskan Gyre. Contour plots of east–west and
north–south transects in the North Pacific (Fig. 3)
show how widespread the low labile-iron values
are in the surface waters of the northeast Pacific. It
is evident that little coastal iron reaches the
offshore surface waters via normal surface cur-
rents, and what does is quickly utilized. The Haida
eddies, throughout their off-shore journey, provide
a unique opportunity to understand what happens
to coastal iron as it is transported into the open
ocean.

3.2. Iron evolution

In February 2001, we sampled two stations off
the southern Queen Charlotte Islands in waters
thought to be either an actively forming eddy or a
very young eddy, based on the altimetry data
available (Stations ME1 and ME2, Fig. 1A).
Although the identity of either station as the
nascent Haida-2001 is ambiguous, both stations
are probably representative of the source waters
for Haida eddies. Both had one to two orders of
magnitude more iron in their surface mixed layer
than found in oceanic waters or aged eddies. The
total iron for ME1 was almost 15 nM in the surface
mixed layer (SML) and peaked at 22 nM at 150m
(all data are available at www-sci.pac.dfo-mpo.gc.
ca/dsr2/). The unfiltered labile iron ranged from
2.4 to 2.9 nM in the SML and the 0.22 mm filtered
seawater contained 1.2 nM dissolved iron (Fig. 4).
These values are typical of iron levels in coastal
waters (Wu and Luther, 1996; Martin and

http://www-sci.pac.dfo-mpo.gc.ca/dsr2/
http://www-sci.pac.dfo-mpo.gc.ca/dsr2/
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(A)

(B)

Fig. 3. Labile iron (nM) sections along (A) Line P—line of

oceanographic stations starting just outside the mouth of Juan

de Fuca out to Ocean Station P (September 1998) and (B) Line

Z—line of oceanographic station north from Ocean Station P

(September 1998). Note: Iron levels at coastal Station Z19

(59.51N) were too high to contour smoothly with other stations,

so values for iron are listed at appropriate depth and not

included in the plot. See Fig. 1A for locations of most

important stations.

Fig. 4. Station ME1 (52152.22 N, 132148.10 W) iron profiles,

February 19, 2001. Initial iron concentrations in a forming

eddy.

Fig. 5. Station ME1 (52152.22 N, 132148.10 W), February 19,

2001. Dissolved, labile particulate, and non-labile iron at depths

down to 600m: percentages of total iron.
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Gordon, 1988). The levels below 200m, however,
are significantly lower than those found at other
northeastern Pacific coastal stations (Fig. 3,
Nishioka et al., 2001). The rapid decrease in both
total and labile iron between 200 and 300m may
indicate the initial depth of the eddy or the
shallower depth of coastal waters that had been
transported out of Hecate Strait. The ratio of the
dissolved iron to total iron also increases signifi-
cantly below 200m due to much lower total values
(Fig. 5).
The data from the June cruises in 2000 and
2001, following the formation of each eddy,
showed the surface labile iron was already very
low in the eddies after four months (Fig. 6A). Both
dissolved and labile iron had decreased to less than
0.1 nM in the surface 40m of Haida-2001. In
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(A) (B)

(C) (D)

Fig. 6. (A) Labile-iron profiles for forming eddies, (ME1, 52152.22 N, 132148.10 W, February 19, 2001 and ME2, 51148.08 N,

130159.96 W, February 20, 2001) and 4-month old Haida-2000 (June 2000) and 4-month Haida-2001 (June 2001); (B) total iron profiles

for forming eddy (February 2001) and 4-month old Haida-2000 (June 2000) and 4-month Haida-2001 (June 2001); (C) labile iron

profiles for forming eddy (February 2001) and 7-month old Haida-2000 (September 2000), 7-month Haida-2001 (September 2001) and

12-month old Haida-2000 (February 2001); and (D) dissolved iron profiles for forming eddy (February 2001) and 7-month old Haida-

2000 (September 2000), 7-month Haida-2001 (September 2001), and 12-month old Haida-2000 (February 2001). See Fig. 1a for station

locations.

W. Keith Johnson et al. / Deep-Sea Research II 52 (2005) 933–953 941
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(A)

(B)

Fig. 7. Labile-iron profiles for Haida-2000: (A) February 2001

(12 months old) and three reference or oceanic stations; (B)

June 2001 (16 months old) centre and outside and station P (in

February 2001). See Fig. 1A,B for station locations.
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contrast, the waters from 300 to 400m showed a
significant increase in both labile and total iron
(Fig. 6A, B), with the labile iron almost twice that
found in February Haida-2001 ME1. Such a
subsurface enrichment, coupled with a surface
depletion, could be due to remineralization of
sinking particles, as well as downward vertical
mixing within the eddies. The two 4-month (June)
profiles (Fig. 6A, B) from the centre of the two
eddies were almost identical and increased to
about 2 nM labile iron in the waters immediately
below the permanent pycnocline (approximately
100m). The iron remained in this range from 150
to 400m before decreasing to less than 1.5 nM in
waters below 600m, the nominal deep limit of the
eddy core waters (Whitney and Robert, 2002).
As the eddies aged, the iron below the surface

mixed layer continued to decrease, although little
if any labile or dissolved iron was lost between 7
and 12 months (September and February; Fig. 6C,
D). After one year, the Haida-2000 eddy still
contained more than double the iron (labile and
total) of nearby oceanic stations (Fig. 7A). By the
following June, Haida-2000, at that point 16
months old, still contained significantly more iron
than the background waters below 50m (Fig. 7B).
Under some conditions, ‘‘background’’ iron

levels in the open ocean can approach those seen
in the 16-months old Haida-2000 (Fig. 8). For
example, in 1999 iron levels at Station P were the
highest ever observed. This was a La Niña year,
which resulted in colder, more saline surface
waters in the Alaska gyre, as well as increased
nitrate (Whitney et al., 1998; Whitney and Welch,
2002), most likely caused by a relaxation of the
warm southern nutrient-poor water influx and the
subsequent upwelling and spreading of the nu-
trient-rich Alaska gyre waters. The subsurface
waters of the Alaskan gyre north of Station P
contain more iron than found at Station P (Fig.
3B; Martin et al., 1989). Therefore, if these waters
are being mixed or transported south, we would
expect an increase in the iron levels at station P,
such as was seen in 1999. This also could be a
mechanism of transport for iron in the Alaskan
Gyre on its own or coupled with eddies entrained
in the gyre. Alternatively the higher levels of iron
in 1999 could be a result of anomalous gyre
circulation resulting in transportation of coastal
iron from the Alaskan coast out to Station P.
Whitney et al. (2005) shows that periodically,
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Fig. 8. Labile-iron profiles for Haida-2000 centre June 2001 (16

months old) and two from station P26 (February 2001 and June

1999) showing extremes for P26. See Fig. 1A for station

locations.

Fig. 9. Labile-iron profiles in June and September 2001: Haida-

2001 centre (4 and 7 months old) and Haida-2000 centre (16

and 19 months old). See Fig. 1A for station locations.
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recirculation from the Alaskan coast can reach the
vicinity of OSP within a few months.
The final eddy sampling, in September 2001, was

expected to result in a further reduction in iron
levels. This was the case for the Haida-2001 eddy,
but the 2000 eddy actually increased in iron
content (Fig. 9). Apparently, a second, smaller
eddy, Haida-2001b, had merged with the Haida-
2000 eddy, bringing fresh coastal iron into the
older eddy (Crawford et al., 2005; Peterson et al.,
2005).

3.3. Iron removal

By calculating the iron content of the water
column (using the eddy centre stations) we can
deduce the decrease, or removal, of iron from the
eddy over time (Fig. 10A). As the iron values for 4-
and 7-month old Haida-2000 and -2001 were
almost identical (Fig. 6A, B, C), we have used
the same source values from 2001 for the Haida-
2000 eddy. We see a dramatic decline over the first
four months in the water column down to 200m
for all forms of iron. The surface 10–40m lost
96–98% of its iron (all forms). The most sig-
nificant losses in the top 200m were seen in the
total iron (Fig. 6B) which declined 85%, compared
with only 60% for the dissolved iron (Fig. 10B).
Some of the iron may have been removed by wind-
driven surface displacement (Mackas et al., 2005),
but the majority was transported into the inter-
mediate water (200–1000m) and below. Because
only the surface mixed layer (down to 75m) was
severely depleted of iron (Fig. 6A, B), we propose
that biological consumption was the major re-
moval mechanism for iron in the surface waters.
This is supported by the fact that Chierici et al.
(2005), reported the largest losses of total dissolved
inorganic carbon were found in the first four
months of the Hadia-2000 eddy. The bloom itself
occurred in April, with satellite-measured chlor-
ophyll levels exceeding 3 mg/L (Crawford et al.,
2005; Peterson et al., 2005), but we did not sample
the eddy until two months after the bloom.
Therefore, we did not see the increase in surface
particulate iron, but in June we did find increases
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Fig. 10. Water column iron content integrated over three depth ranges for both Haida-2000 and Haida-2001 from 0 to 19 months: (A)

total and (B) dissolved iron and (C) comparison of various forms of iron integrated over the 300–600m depth range.

W. Keith Johnson et al. / Deep-Sea Research II 52 (2005) 933–953944
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in both dissolved and particulate iron at 300m and
below (Fig. 10C). The fact that these waters below
200m actually increased in dissolved iron over this
4-month time period (Fig. 10B) indicates that the
iron associated with sinking particulates was being
remineralized. Overall, this flux of iron into the
deeper waters would be a result of a combination
of biological uptake processes and chemical and
physical aggregation of existing particles.
Although there was no net loss in the upper
600m during this period for the dissolved fraction
(Fig. 10B), half the total iron (Fig. 10A) was lost,
and 65% of the particulate was removed or
converted to other forms of iron.
The summer period from June (four months) to

September (seven months) resulted in the loss of
iron at all depths for all fractions. The deeper
waters (below 200m) saw the largest loss, while the
least change was in the surface waters, which were
already very low. During this same period, the
surface waters were depleted in nitrate down to
20m (Peterson et al., 2005), indicating that iron,
although low, was not the limiting nutrient and
that there must have been a supply of iron to
support the macronutrient drawdown. One ex-
planation could be that iron from deeper depths
was being entrained into the surface waters; labile
iron at 100m (Haida-2000) decreased 48%
(0.71–0.37 nM) between June and September.
From September (seven months) to February

(12 months), there was very little change in iron
values for all but the particulate phase, despite
winter storms and the fact that the eddy moved
170 km during those five months. One explanation
is that this season of lower productivity in the fall
and winter months would result in less iron
utilization, as well as less organic particle produc-
tion, which would in turn lead to less scavenging
and iron removal via sinking particles, as is evident
in the seasonal detritus fluxes measured in
sediment traps (Wong et al., 1999). The following
spring (16-month old eddy) saw further losses of
iron in all phases throughout the water column.
The losses were most pronounced below 100m, as
the surface waters were already approaching open-
ocean values for this area. Nonetheless, the overall
water column within the eddy still contained
substantially more iron than reference stations,
even after 16 months, due to higher values below
the surface mixed layer (Fig. 7B).
The two Station P profiles in Fig. 8 show the

extremes for iron collected between 1997 and 2001.
As discussed earlier, June 1999 was in a La Niña
year with colder water and a stronger gyre
circulation than normal, and those conditions
may have brought more coastal iron in from the
north or higher iron concentrations from below
the surface mixed layer via upwelling. Even when
compared to the 1999 elevated oceanic profile, the
16-month old Haida eddy had 27% more labile
iron (180 versus 140 mmol/m2) in the 100–400m
range but only 13% more over the entire 10–600m
range. However, the eddy contained 88% more
labile iron than the February 2001 Station P
profile to a depth of 600m. The same comparison
for the other iron phases gave additional iron in
the eddy ranging from lows of 37–57% for
dissolved iron to highs of 94–102% for total.
Thus, the majority of the additional iron found in
the 16-month-old Haida-2000 eddy is associated
with the particulate phase.

3.4. The beginning: ME1 vs. ME2

When determining the loss of iron from the
eddies, the time-zero values used were from station
ME1, which was identified in February 2001 from
altimetry data as a forming eddy (Fig. 1A). This
station was sampled in detail to 600m for all four
iron phases. A second station, ME2, was also
sampled but in much less detail. Station ME2 also
may have been a new eddy but was less distinct in
the altimetry data available at that time. Regard-
less, the location of ME2 off Cape Saint James can
be considered an area of source waters for forming
eddies (Crawford et al., 2002; Di Lorenzo et al.,
2005). It is difficult to distinguish from TOPEX/
ERS-2 sea-surface height images which of the two
stations actually represents the beginning of
Haida-2001, and it could even be a combination
of both (Crawford et al., 2005). The major
difference between the two was below 200m where
ME1 iron values dropped to half its surface water
values for all forms of iron. Iron levels at ME2 also
decreased dramatically, but the drop started from
75m (Fig. 6A). Due to limited sampling, ME2 is
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Fig. 11. Distributions of dissolved, labile particulate, and non-

labile iron as percentages of total iron at depths down to 600m.

(A) Haida-2000 after one year (February 2001) (no dissolved

data for 50 and 100m—i.e. white portions, which are labile

iron), and (B) Station P26 (February 2001). See Fig. 1a for

station locations.
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more difficult to assess. When comparing the 4-
month loss of iron from the top 75m, the values
are almost identical whether ME1 or ME2 is used
(dissolved 93% versus 94%; labile 96% versus
97%). However, when comparing the overall
water column (10–400m; ME2 was only sampled
to 400m), loss of iron is much greater with respect
to ME2 initial values (dissolved 16% versus 46%;
labile 42% versus 55%). As the eddies age, and the
iron decreases, this distinction also decreases.
After 16 months, the loss of iron over 10–400m
based on using either ME1 or ME2 as the starting
point is similar (dissolved 74% versus 83%; labile
86% versus 89%).

3.5. Iron phase conversions

The progression of the iron phases, or form, as
the eddy ages can be seen by comparing the iron
fractionation of the new Haida-2001 eddy with the
year-old Haida-2000 in February 2001 (Figs. 5,
11A; Table 2). Fig. 11B also shows the fractiona-
tion at Station P, for comparison. First, it should
be noted that dissolved iron constitutes a much
smaller proportion of the total iron in the surface
waters (0–50m) than in the mid-depth waters of
300–600m. This is most likely the result of
biological uptake of dissolved iron in the surface
waters converting the iron into the particulate
form. At 300–600m, the sinking particulate iron
would undergo some remineralization, resulting in
a higher percentage of dissolved iron. The general
trend in the eddy appears to be that the surface
dissolved fraction decreases as it ages, but after
one year is still higher than at Station P. One
would expect that as iron in the surface water
decreases and the ecosystem becomes more iron-
Table 2

Molar ratio of dissolved (D) to labile (L) or total (T) iron in the

young Haida-2001 versus the 12-month old Haida-2000 eddies

and at station P during February 2001

Depth Ratio 0 mo 12 mo Stn P Trend

10–75m D/T 9 5–8 2 Decreasing

D/L 45 21–38 22–26 Decreasing

300–600m D/T 33 55 55–70 Increasing

D/L 77 80 92–99 Increasing
stressed, the fractionation would tend towards
what we observe in open-ocean waters, as appears
to be happening. After one year, the eddy mid-
depth waters of 300–600m were already similar to
those of Station P, with the dissolved fraction
accounting for just over 50%, indicating that the
physical processes of remineralization reach steady
state much sooner than the uptake processes of the
surface waters.

3.6. Iron transport budget

In attempting to determine the amount of iron
transported offshore, both iron concentrations
and eddy volumes must be calculated. Iron was
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analysed near the centre of the eddies and often
also at a quasi-edge station that was determined
from hydrographic data. The edge station was
chosen so that it would still be in the eddy and at a
location where the horizontal temperature and
salinity gradients were relatively steep. The edge
stations contained roughly 80% of the total and
labile iron seen in the centre stations, although this
varied from a low of 67% to a high of 118%,
depending on the depth and form of iron
considered. Fig. 12A shows a comparison of the
total iron profiles for edge and centre stations of 4-
month old Haida-2000 (June 2000). In this case,
the edge station, integrated over 600m, had 93%
as much total iron as the centre station. These
stations were 56 km apart. The largest discrepancy
was in the labile fraction, where the edge station
had only 69% of the integrated labile iron
compared to the centre station in June 2000 (Fig.
12B). The following September (2000), the edge
and centre stations were the same distance apart as
in June 2000, and labile and total iron concentra-
tions down to 600m at the edge stations were
nearly 90% of what was seen at the eddy centre.
Therefore, we extrapolated the integrated iron
values at the centre station over the calculated
total area of the eddies. The positive bias in our
calculations due to the decreasing iron concentra-
tions near the edges would be at least partly
compensated for by the fact that we use a core
volume with a diameter that is significantly smaller
than that of the actual eddy signal at the surface.
The lower edge values are most likely due to
mixing with surrounding waters but could be
caused partially by higher productivity. Peterson
et al. (2005) found the lowest silicate concentra-
tions, accompanied by higher chlorophyll a, to be
in the mixed layer of the edge stations for
September 2000 (7-month old eddy).
In our estimates of iron budgets, we have

assumed that the eddies are cylindrical, and have
chosen eddy radii based on information from both
centre-to-edge station distances and Gaussian
curves fitted to temperature and salinity profiles
collected during the same cruise (Crawford, 2005).
We take the Gaussian curve eddy radius to
represent the cylindrical eddy radius in the
following discussion. One Gaussian radius prob-
ably represents about half the physical radius of an
eddy (W.R. Crawford, personal communication),
but at that distance from the centre, our iron
values differed little from values at the centre (the
Gaussian radii generally approximated the centre-
to-edge station distances in our study), and thus
the centre station alone can be used for calculating
iron content in this part of the eddy.
To determine the depth of the eddies, we again

use the iron distributions. The February data for
Station ME1 (Fig. 1A) show a sharp decline in
labile and total iron between 200 and 300m
and virtually no change between 400 and 600m
(Fig. 4). The majority of waters in Hecate Strait
are less than 300m but can be deeper than 400m
near Cape St. James where the eddies usually
form (near station ME2, Fig. 1A). Therefore, we
use a depth of 400m for the forming eddy. For
aged eddies, the baroclinic structure extends
down to at least 1000m (Di Lorenzo et al., 2005;
Yelland and Crawford, 2005; Whitney and
Robert, 2002; Crawford, 2002). We collected no
iron samples deeper than 1000m, and the analyses
indicated that by four months, iron levels
were elevated all the way down to that depth.
Unfortunately, we were not always able to sample
this deep, so most of our volume calculations
for aged eddies are based on 600m rather than
1000m.
No samples for iron were collected in February

2000 for the emerging Haida-2000, which had a
Gaussian radius of approximately 50 km. Haida-
2001 was sampled for iron in February 2001 but
appeared to be a smaller eddy with an estimated
Gaussian radius of 40 km. Using a radius of 50 km
and a depth of 400m, a typical young Haida eddy
would have had a volume of 3100 km3. This
volume agrees well with the estimate of 3000 km3

of coastal-derived seawater determined by Whit-
ney and Robert (2002) for the 4-month-old Haida-
2000 eddy. From measured iron values at ME2 in
February 2001 (1300mol Fe/km2 integrated down
to 400m), Haida-2001 contained 9.9� 106mol or
560 tonnes of labile iron. The total iron in Haida-
2001 using a 50 km radius was 4.8� 107mol,
almost 5 times the labile iron, implying that more
than 2500 tonnes of coastal-derived iron is
transported offshore on a more or less annual
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Fig. 12. Iron profiles for 4-month old eddies, comparing centre with edge stations and one out station: (A) total iron profiles for

Haida-2000 (June 2000); (B) labile-iron profiles for Haida-2000 (June 2000); (C) total iron profiles for Haida-2001 (June 2001). See Fig.

1A, B for station locations.
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basis in each Haida Eddy. As there are normally
two eddies each year, the total amount of iron
exported from the coast is estimated to be 5000
tonnes.
At four months, the eddies contained similar
levels of both labile and total iron down to 600m
at their centre stations (Fig. 6A, B). Their edge
stations also had similar concentrations of total
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Fig. 13. Percentage of iron remaining in the core (top 600m) of

Haida-2000 over a 16-month period. Based on initial iron at

station ME2, February 2001.
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and labile iron. However, the total iron content of
Haida-2001 was only half that of Haida-2000 due
to its smaller core radius (39 versus 56 km). The 4-
month old Haida-2000 contained 8.7� 106 mol of
labile iron, which is only 12% less than that
calculated for the February 2001 emerging eddy.
In contrast, the total iron (2.1� 107 mol) was less
than 50% of that estimated for the same newly
formed eddy (ME2, February 2001), despite the
deeper integration depth. This is mainly due to the
smaller radius but also partially due to solubiliza-
tion of the particulate iron and partially due to a
net sinking loss of particlulates. In Haida-2001
(June 2001), which was sampled to 1000m, there
appeared to be excess iron down to at least 1000m
(Fig. 12C). As an aside it should be noted that the
high iron found at 400 and 600m at the outside
station was thought to be a tongue of California
Undercurrent water due to its higher salinity and
lower oxygen content (Mackas et al., 1987) when
compared with other eddy transect stations
profiled that month. For both the labile and the
total, only 62% of the excess (above background)
iron found in the upper 1000m is above 600m
leaving 38%, a very significant amount, between
600 and 1000m. If this pattern is extrapolated to
Haida-2000, we would expect the total inventory
to 1000m to be 1.5� 107 and 3.7� 107 mol for
labile and total iron, respectively, after four
months, based on a radius of 56 km. This would
indicate a vertical transport of iron from the eddy
into waters deeper than 600m over this 4-month
period.
The decline of the eddy iron in the upper 600m

of Haida-2000 over the following year can be seen
in Fig. 13. Since we were not able to collect water
to 1000m routinely, the data are based on the
upper 600m. We saw a large reduction in the eddy
iron content over the first summer and much less
loss during the fall and winter. We were unable to
ascertain how much of this is due to varying
biological effects or to the fact that the eddy iron
concentrations are approaching natural open
ocean levels. Nitrate data suggest that even after
20 months, the eddies continue to be more
productive than surrounding waters (Peterson et
al., 2005). This would require some level of iron
replenishment to the surface mixed layer. When we
calculated the excess iron in the eddy by subtract-
ing what is normally in the mid-eastern Pacific
gyre, we found only 7% of the excess iron
remaining (above background) after 16 months.
Although this is not a large percentage, the total
iron concentration is still double background
levels and therefore significant, as evidenced by
nitrate consumption in the surface mixed layer of
the eddies (Peterson et al., 2005). Also by this time,
another eddy would have been spawned and on its
way out into the open ocean carrying more coastal
iron.

3.7. Vertical mixing into the euphotic zone

Although sporadic turbulent mixing and upwel-
ling are difficult to assess, the total vertical
advective and diffusive flux, F, can be calculated
based on the simple formula used by Duce (1986)
and then by Martin and Gordon (1988), Martin
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et al. (1989), and de Baar et al. (1995) for
determining one-dimensional iron fluxes in the
North Pacific gyre,

F ¼ wR þ KzðdX=dzÞ, (1)

where the first term on the right represents the
advective flux and the second term the diffusive
flux (w is the vertical velocity, R is the labile iron
concentration at 150m, Kz is the vertical eddy
diffusion coefficient, and dX=dz is the vertical
iron concentration gradient). We used the same
physical mixing parameters (w ¼ 0:012m=day;
Kz ¼ 5m2=d) as the earlier studies (Duce, 1986;
Martin and Gordon, 1988; Martin et al., 1989) to
allow a direct comparison with their results. At
station P20 on Line P, at 491340N, 1381400W (Fig.
1A), in September 2000, we found a total vertical
flux of 0:010mmol=ðm2 dÞ; which is almost identical
to the 0:011mmol=ðm2 dÞ found by Martin et al.
(1989). It should be noted that de Baar et al. (1995)
recalculated the advective and diffuse fluxes at
station P using Martin et al.’s Vertex data but with
more recent estimates for Kz (0:6m2=d) and w

(0:043m=d). They also used a deep (�1000m) Fe
value for R, which is 3 times higher than the 150m
value used by Martin et al. (1989). These different
parameters result in a higher total upward or
vertical flux of 0.025 mmol/(m2 d), but if the 150m
R value is used the de Baar et al. value would be
0.009, which is close to what we found for P20 and
what Martin et al. found for Station P. Matear
and Wong (1997) also calculated vertical mixing
and upwelling velocity at station P using a one-
dimensional advection–diffusion model based on
chlorofluorocarbon data at station P. Their
average Kz and w were estimated to be 0:4 cm2=s
and 1:2m=yr; respectively, or 3:5m2=day and
0:0034m=day for the depth range 0–900m below
the base of the mixed layer. Applying these values
to the formulae used by Martin et al. (1989), we
calculated total vertical iron fluxes that yielded
results of approximately 63% of those using Kz

and w from Martin et al. (i.e. 0.0067 mmol/(m2 d)
for P20).
However, for the Haida-2000 eddy, the vertical

fluxes were expected to be greater than at Station
P, as both R and the vertical gradient (dX=dz)
were 10 times higher. Using the physical mixing
parameters of Martin et al., we calculated a total
vertical flux of 0:103mmol=ðm2 dÞ for the 4-month
old eddy. Similarly, the total vertical flux for the
large Haida-1998 eddy at seven months was
0:125mmol=ðm2 dÞ: These fluxes are still less than
what de Baar et al. (1995) found for the Antarctic
circumpolar current (0:146mmol=ðm2 d)) but of the
same order of magnitude.
As well as a higher R value, the vertical velocity,

w, is also much higher for eddies as the depressed
isopycnals rebound. The decaying Haida eddies
upwell at about 100m=year in their first year,
which is about 0:27m=day in the centre for these
calculations, and an average of about 0:1m=day
over the cylindrical eddy (W.R. Crawford, perso-
nal communication). Using the 0:1m=day we
calculate the total upward vertical flux to be
0:23mmol=ðm2 dÞ for the 4-month old Haida eddies
and 0:25mmol=ðm2 dÞ for the larger Haida-1998
eddy (7 months old).
Using the C:Fe ratio from Martin et al. of

33,000:1, the vertical fluxes determined above, and
an atmospheric deposition of 0.16 mmol/(m2 d)
(range of 0.08–0.16 using a 10% solubility for
atmospheric iron dust; Duce, 1986), we calculated
the potential daily production of carbon from iron
to be 5:6mmolC=ðm2 dÞ for the reference station
P20 (Sept. 2000). However, this production
estimate is significantly less than that reported by
Wong et al. (1995) of 39mmolC/(m2 d) for
summer and 30mmolC/(m2 d) for fall, with an
overall range of 18–85mmolC/(m2 d) for station P
during the study period (1984–1990). If we use the
more recent value of 400,000 C:Fe determined by
Maldonado and Price (1999), based on their 1996
and 1997 data, we find a production of 68mmolC/
(m2 d), which, although higher than the average
seasonal values found by Wong et al. (1995), is
within the overall range they found, indicating that
the iron fluxes we have calculated for open-ocean
waters could support the organic carbon produced
in this area. Based on the higher vertical fluxes in
the 4- and 7-month old eddies (22–24 times higher
than P20 and P26), they would potentially be able
to produce 130% (Haida-2001, four months old)
to 140% (Haida-1998, seven months old) more
organic carbon than we calculated for ocean
stations P20 and P26 (i.e. 158–164mmolC=ðm2 dÞ
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Fig. 14. Labile-iron profiles comparing P16 when Haida-1998

(7 months old) passed through (September 1998) to the

previous June profile at P16. Also compared is the 7-month

old Haida-2001 (September 2001). See Fig. 1A for station

locations.
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versus 68mmolC=ðm2dÞ). Peterson et al. calcu-
lated a loss of 15mol/m2 (or 125mmol C=ðm2 dÞ
based on 120 days) of particulate carbon over the
first four months of Haida-2000, which although
lower by 20% agrees well with our 4-month eddy
value of 158mmolC=ðm2 dÞ: Compared with the
values of Wong et al. (1995) the potential primary
production within the eddy therefore is as much as
4 times higher (i.e. 158mmolC=ðm2 dÞ versus
39mmolC=ðm2 dÞ) than is typical of the open-
ocean waters of the Alaskan gyre.

3.8. Potential impact

The area potentially influenced by the Haida
eddies is roughly from the west coast of the Queen
Charlotte Islands (1331W), where the eddies form,
out at least as far as Station P (1451W) and from
461N to just north of the Queen Charlottes at
approximately 551N (Whitney and Robert, 2002).
A good example of a strong eddy that had
persistent influence far beyond its origins is
Haida-1998, which was sampled at P16 (491170N,
1341400W) in September 1998 (Fig. 14; Whitney
and Robert, 2002). This Line P station had also
been sampled three months earlier, and the
presence of the eddy increased the iron concentra-
tion in the upper 200m by almost an order of
magnitude. Note that by using the higher iron
concentrations in the larger (diameter of
120–200 km) Haida-1998 eddy (Crawford, 2002;
Crawford and Whitney, 1999), its core waters
would contain almost double the iron of the much
smaller Haida-2001 at the same age. Therefore, we
expect that Haida-1998 had an even larger impact
on the ecosystem than was observed for Haida-
2000 and -2001 (Peterson et al., 2005; Mackas and
Galbraith, 2002; Mackas et al., 2005; Tsurumi et
al., 2005).
Duce (1986) estimated that atmospheric deposi-

tion adds 0:0820:16mmol=ðm2=dÞ of seawater-
soluble iron to the NE Pacific Ocean. Applying
this input rate to the area discussed above (a grid
of 121 longitude, 1331W to 1451W, by 91 latitude,
461N to 551N) as representative of the ocean
waters potentially influenced by the Haida eddies
in general, gives an annual atmospheric flux of
2:525:0� 107 mol of soluble iron. This is the same
order of magnitude as the total iron we estimated
that the eddy Haida-2000 added to the area. There
has been much discussion over which form of iron
in seawater is biologically available (Bruland and
Rue, 2001), as well as how much of the atmo-
spheric iron is soluble in seawater (Jickells and
Spokes, 2001; Duce and Tindale, 1991; Duce,
1986). Duce estimated that 10% of atmospheric
iron was soluble, whereas Jickells and Spokes
deduced the overall solubility of atmospherically
transported iron in seawater at natural pH to be
only 0.8–2.1%. Therefore, although they both
have the same estimate for the total input of
atmospheric dust to the world oceans,
40021000� 1010 mol=yr; Jickells and Spokes esti-
mated that the actual dissolved iron input is an
order of magnitude less than that estimated by
Duce and Tindale. Most estimates of dust deposi-
tion are based on stations in the centre of the
North Pacific, and the flux into the Alaskan gyre is
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largely unknown, so our flux comparisons could
be off by an order of magnitude.
On the other hand, the Haida-2001 eddy

contained only 4:8� 106 mol dissolved iron in
June 2001, when integrated over the upper 1000m.
Although an order of magnitude less than both
Haida-2000 and the soluble Fe atmospheric input
estimated by Duce (1986), the iron inventory of
Haida-2001 was similar to the dissolved atmo-
spheric input determined from the solubility of
Jickells and Spokes (2001). From this, we can
estimate that 5–50% of the dissolved iron in the
upper 1000m that is introduced annually into the
southeastern portion of the Gulf of Alaska may
have been a result of Haida eddies moving into the
area. Based on our large estimates of vertical iron
transport from the eddy core waters into the
photic zone, the Haida eddies clearly contribute a
significant portion of the total iron available for
biological utilization in this region.
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