
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Evaluating the impact of atmospheric deposition on dissolved trace-metals in the
Gulf of Aqaba, Red Sea

Zanna Chase a,⁎, Adina Paytan b, Aaron Beck c,1, Dondra Biller b, Kenneth Bruland b,
Chris Measures d, Sergio Sañudo-Wilhelmy c,2

a College of Oceanic and Atmospheric Sciences, Oregon State University, 104 COAS Admin Bldg, Corvallis, OR, 97330, USA
b Institute of Marine Sciences, Earth & Marine Sciences Bld., University of California Santa Cruz, 1156 High St, Santa Cruz, CA, 95064, USA
c Marine Sciences Research Center, Stony Brook University, Stony Brook, New York 11794-5000, USA
d Department of Oceanography, University of Hawai'i at Manoa,1000 Pope Road, Marine Sciences Building, Honolulu, HI 96822, USA

a b s t r a c ta r t i c l e i n f o

Article history:
Received 11 July 2010
Received in revised form 22 June 2011
Accepted 23 June 2011
Available online 30 June 2011

Keywords:
Trace metals
Dry deposition
Cadmium
Oligotrophic
Gulf of Aqaba

Trace metals in the ocean act as both essential micro-nutrients and as toxins. There are relatively few multi-
element studies of dissolved trace metals in the ocean, and none from the Gulf of Aqaba, Red Sea. This semi-
enclosed basin surrounded by desert is a natural laboratory for studying the impact of atmospheric dry
deposition of trace metals on the ocean surface. We have combined measurement of dissolved metals in
seawater with measurements of the flux of metals associated with dry deposition. The total dissolved trace
metal concentrations in Gulf of Aqaba water are generally higher (Fe, Cu, Zn, Co, Mn, Pb) or similar (Ni, Al, Cd,
Mo) to those measured in the open North Atlantic Ocean. The concentrations of elements that are highly
enriched in aerosols relative to Al (e.g. Cd, Pb, Zn and Cu) are not necessarily proportionally enriched in
surface seawater when compared to Al, indicative of the high reactivity of these elements in seawater. Iron
concentrations in the Gulf of Aqaba are high relative to Al, despite the fact that the aerosols are not more
enriched in Fe relative to Al. There may be additional sources of dissolved iron to the Gulf of Aqaba, not
associated with Al. Alternatively, intense photochemically-driven redox cycling may act to enhance Fe
dissolution from aerosols, or may otherwise increase the lifetime of Fe in the water column, relative to Al.
Copper concentrations in the Gulf of Aqaba are close to the value found to be a threshold for Cu toxicity in this
region. A surface maximum in Cd:P is found in the Gulf of Aqaba, in contrast to the more typical surface
minimum in this ratio observed in other locations. The surface maximum appears to be driven by atypically
low uptake of Cd relative to P. A low Cd:P uptake ratio for this region is consistent with known environmental
determinants of low Cd:P uptake, such as high concentrations of dissolved Zn and Fe, and a predominance of
small phytoplankton including cyanobacteria.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Trace metals are important in the marine environment, influencing
global biogeochemical cycles in the oceans; some metals serve as
micro-nutrients (e.g. Fe, Co, Zn) while others can be toxic at high

concentrations (e.g. Cu, Pb, Cd). Trace metals have also been used as
proxies for various environmental and ecological processes (e.g. Al for
dust, Cd for upwelling and as a phosphate proxy) (e.g. Bruland, 1983;
Bruland et al., 2003; Morel et al., 2003; Morel and Price, 2003). The
concentrations and distribution of most trace metals have been
accurately determined in at least some parts of the oceans and have
been found to be consistent with oceanographic processes (Nozaki,
1997). Accordingly, trace metal distributions could be used to learn
about external sources of metals (rivers and dust) as well as processes
removing them such as active biological uptake or passive scavenging
onto either living or nonliving particulate material which is further
recycled within the water column and surficial sediments.

The cycling of some trace metals has been strongly impacted by
human activities, raising metal concentrations in localized coastal
areas (e.g. Buck et al., 2005; Flegal et al., 2005; Steding et al., 2000) as
well as more globally (e.g. Hg, Alleman et al., 1999; Fitzgerald et al.,
2007). The metals known to be highly enriched due to human
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activities are Ag, Cd, Zn, Cu and Pb. Silver is enriched in sewage
(Sanudo-Wilhelmy and Flegal, 1992), Cd comes primarily from
vehicle emissions (Bilos et al., 2001), Zn from smelting and
incinerating operations (Huang et al., 2001), Cu from nonferrous
industrial emissions, and Pb from fossil fuel burning, particularly
leaded gasoline (Venkataraman et al., 2002).

Trace metals in seawater can be grouped based on the processes
that determine their distribution (e.g., Bruland et al., 2003), these
include (1) “particle-reactive” constituents such as Al, Ti, Mn, Pb, Co
and Fe, which are removed rapidly from seawater to the underlying
sediments via chemical “scavenging” onto sinking particles. Since
they are not in the ocean long enough to become thoroughly mixed,
these minor components of seawater have concentrations that vary
considerably with time and space. (2) “biologically-reactive” trace
metals the distribution of which is determined by biological uptake
(active or passive) in the surface water and regeneration at depth;
these elements have nutrient-like profiles (e.g. Cd, Zn, Fe, Ni, Co); and
(3) trace metals that are less reactive and like the major ions have
long residence times and remain nearly constant from place-to-place
in the oceans relative to salinity (e.g. Mo, V). Importantly the dis-
tribution of some trace metals (e.g. Fe) is impacted by multiple
processes (e.g. scavenging and biological uptake) and the water
column distribution of such elements will be determined by the
relative importance of the various processes that add or remove these
metals from solution.

Despite their recognized importance, the distribution of trace
metals in some parts of the ocean remains poorly studied. In particular
relatively few studies compare the dynamics of multiple trace
elements at a given site, and fewer still compare trace element
concentrations in seawater with contemporaneous measurements of
local input sources such as atmospheric deposition. These measure-
ments are needed to verify models that link trace metals to biological
processes and predict how these might change with future climate
and anthropogenic changes and to identify processes not contained in
existing models. This study aims to (1) determine the concentration
and depth distribution of a suite of trace metals in the Gulf of Aqaba,
Red Sea, (2) evaluate the temporal variability in the distribution of
these trace metals, (3) relate the distribution to the external sources
of metals to the Gulf (largely atmospheric deposition), and (4)
investigate the removal processes of metals from the surface waters
by particle scavenging and phytoplankton.

The Gulf of Aqaba is a long, narrowwater body at the northern end
of the Red Sea (Fig. 1). At its northern end, the focus of this study, the
basin is ~15 kmwide with a maximum depth of 600–700 m. The shelf
is very narrow. Evaporation of 350 cm/year is compensated primarily
by inflow in the upper 80 m of nutrient-depleted water from the Red
Sea across the Strait of Tiran, at the southern end of the Gulf of Aqaba
(Murray et al., 1984). The Gulf of Aqaba has regular seasonal cycles of
stratification and mixing similar to other subtropical oligotrophic
seas. Its water column is stratified during summer, and surface water
nutrient levels are near the limits of detection (Levanon-Spanier et al.,
1979; Mackey et al., 2007). Beginning in the fall, cooling of the surface
waters initiates convective mixing, and a deeply mixed (N300 m)
water column is observed by winter. The water column begins to
re-stratify in the spring as surface waters warm, trapping trace metals,
nutrients and phytoplankton in the euphotic zone (Mackey et al., 2007).
Wind-driven upwelling occurs throughout the year along the eastern
shore of theGulf of Aqaba, and results inwater entrainmentandnutrient
supply on the same order as from convection (Labiosa et al., 2003).

The Gulf of Aqaba is surrounded by arid lands (African, Arabian
and local deserts) and receives negligible river discharge and
atmospheric wet deposition (Ganor and Foner, 1996). Therefore,
atmospheric aerosol dry deposition is the major external source of
trace elements to this marine ecosystem. In contrast to more remote
open-ocean regions, a larger fraction of the aerosols delivered to the
Gulf of Aqaba is derived from adjacent land-masses, and not subject to

long-range atmospheric transport (Chen et al., 2008), which could
modify the chemical composition of the particles prior to deposition.
Within the limits of this caveat, this oligotrophic sea may be
representative of other present day, past or future dust-dominated
oligotrophic systems (Kohfeld and Harrison, 2001). As aridity and
potentially dust fluxes are expected to increase in the future (Tegen
et al., 2004; Woodward et al., 2005), such dust-dominated systems
may become more common. Data reported here also provides a
baseline for evaluating possible future impacts from mining, maritime,
urbanization, and other activities in this region.

In this work we focus on a few trace metals that represent the
different distribution types (groups of trace metals) in the ocean;
scavenged elements (Al, Fe, Co, Pb), biologically active (Fe, Cu, Cd, Zn,
Ni, Co, Mn) and conservative (Mo). We examine the processes
determining their distribution and compare their distribution in the
Gulf of Aqaba to other oceanic regions.

2. Methods

Samples were collected throughout the water column at two
stations in the Gulf of Aqaba, Red Sea and at a series of stations where
only surface-water was sampled. Samples were collected in summer
2003, spring and fall 2004 and early fall 2005 (Fig. 1, Table 1).
Sampling procedures are described in detail in Chase et al. (2006) and
Chen et al. (2008). Briefly, samples were collected with acid-cleaned,
Teflon-lined GO-FLO bottles (all samples in August 2003) and by
peristaltic pump (surface samples in all subsequent years). They were
filtered in-line through acid washed and thoroughly-flushed 0.2 μm
polypropylene cartridge filters (Calyx). Samples for cadmium (Cd),

Fig. 1.Map of study area in the Gulf of Aqaba showing location of profile stations (A and
B) and surface sampling, indicated by surface copper concentrations from August 2003.
Symbol size and shading are proportional to Cu concentration [nM].

Table 1
Summary of samples from the Gulf of Aqaba discussed in this paper. Station locations
are shown in Fig. 1.

Month,
year

Metals Surface
samples

Profile samples

August
2003

Cu, Fe, Pb, Zn, Ni, Mo 12 Stn A (6)

March
2004

Cu, Fe, Pb, Zn, Ni, Mo 8 Stn A (11), Stn B (9)

November
2004

Al, Cd, Co, Cu, Fe, Pb,
Zn, Ni, Mn

9 (Al only) Stn A (7)

September
2005

Al, Cd, Co, Cu, Fe, Pb,
Zn, Ni, Mn

7 Stn A (11), Stn B (2; Al only)
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cobalt (Co), copper (Cu), iron (Fe), lead (Pb), molybdenum (Mo) and
manganese (Mn) were stored in acid-cleaned low density polyeth-
ylene bottles and acidified with 4 mL/L ultra-pure 6 M HCl. Samples
for aluminum (Al) analysis were stored in acid-cleaned 125 mL
polymethylpentene (PMA) bottles.

Samples from August 2003 and March 2004 were analyzed at
Stony Brook University by inductively coupled mass spectrometry
(ICP-MS; Thermofinigan Element 2) following preconcentration
with ammonium 1-pyrrolidinedithiocarbamate/diethylammonium
diethyldithiocarbamate (APDC/DDDC) in an organic extraction
(Bruland et al., 1985). Samples from November 2004 and September
2005 were analyzed at UC Santa Cruz by an offline concentration
method using an EDTA-type resin with subsequent analysis by ICP-MS
(Biller and Bruland, submitted for publication) based upon the method
of Sohrin et al., (2008). Each 40mL sample was UV-oxidized for 3 h,
amended with H2O2 (final concentration of 10 μM), and adjusted to pH
6.5 with an ammonium acetate buffer prior to concentration. Elution
with ~3 ml of 1 N nitric acid allowed for a concentration factor of ~13.
The MoO interference with Cd was determined by spiking low-Cd
seawater with Mo and calibrating the increase in Cd signal with the
increase in 95Mo. Each sample was individually corrected for the Mo
interference. Analytical figures of merit are provided in Table 2.
Accuracy was assessed relative to CASS-4 and the SAFe standards.
Both the solvent extraction and resin extraction analyses produced good
agreement with certified values. Dissolved aluminumwasmeasured by
flow injection analysis with lumogallion (Resing and Measures, 1994).

3. Results

Samples for this studywere collectedover a two-yearperiod (August
2003 to September 2005) and therefore do not strictly represent the
seasonal cycle of a single year. However, to the extent that the
hydrography of the Gulf of Aqaba is very consistent from year to year
(Fig. 2 and Wolf-Vecht et al., 1992) and dry deposition does not vary
between this two year period nor show a clear seasonal pattern (Chen
et al., 2008), the data can be considered analogous to a seasonal cycle.

The water column was stratified in August 2003, September 2005
and November 2004, and mixed to 300 m in March 2004. This can be
seen in the profiles of density and soluble reactive phosphorus (SRP;
with the exception of September 2005, these data are reported in
Mackey et al., 2007) (Fig. 2). In September 2005, concentrations of SRP
below 500 m are lower than in previous years and may be a result of
deeper mixing in Spring 2005 (Lindell and Post, 1995). Because
concentrations above 500 m are similar to previous years, and
because data from station A and B data agree well, we do not believe
this is an analytical error. Indeed, the slightly lower density of the
deep water in September 2005 (Fig. 2) suggests an intrusion of a
slightly different water mass than observed in previous years.

The trends in the trace metal concentration data are summarized
in Figs. 3–12. Note that Chen et al., 2008 present 0–50 m depth
averages of trace metal concentrations reported here for August 2003
and March 2004 (all except Al) and November 2004 and September
2005 (Al). Subsequent to that publication interference problems
associated with the ICP-MS analysis of Cd and Co were uncovered. For
that reason we report here only Cd and Co data from November 2004
and September 2005 as these are the only data where appropriate
corrections were applied. Iron concentrations reported in Chase et al.
(2006) for August 2003 and March 2004 were determined from
different sample bottles collected at the same time as the samples
reported here, and using FIA chemiluminescence and not ICP-MS. Iron
concentrations reported here are therefore not exactly the same as
those in Chase et al., 2006 although the two datasets are comparable,
with no systematic differences.

Some samples were suspected to have been contaminated, on the
basis of anomalously high (relative to surrounding samples above and
below) concentrations of Pb, Fe and/or Zn. Contamination likely
occurred during sample collection in March 2004 and September
2005 and the suspect samples were associated with one GO-FLO
bottle. Samples suspected of contamination are plotted in white for all
elements, and are flagged as contaminated in the accompanying
online dataset.

Iron shows a surface maximum in August, September and
November, but not in March when the water column is mixed
(Fig. 3). Deep-water concentrations are about 2 nM, and the surface
concentration reaches 6 nM in August, when the surface maximum is
most pronounced. Manganese shows a clear surface enrichment in
both September and November (Fig. 4), with surface concentrations
of about 4 nM, and deep concentrations of about 0.5 nM. Zinc shows a
slight surface enrichment in August and surface depletion in March,
September and November (Fig. 5). Contamination may have been a
factor in the deep-water concentrations in September. Aluminum
concentrations are very constant (39±2 nM) within the upper 200 m;
below this depth they increase and become more variable, both in
September and November (Fig. 6). Lead concentrations are highly
variable both spatially and temporally (Fig. 7). Surface concentrations
vary over almost 2 orders of magnitude, from 30 to 1500 pM (Fig. 7). At
all depths, Pb concentrations are lower at station B (further from shore)
than at station A. The station A profiles from March, August and
September showevidenceof a subsurfacemaximuminPb, but this is not
seen inNovember. Cobalt concentrations vary by only a factor of 2, from
about 60–120 pM, with a slight decrease in concentration with depth
throughout the water column (Fig. 8) and decoupled from its
geochemical analog, Mn. Cadmium concentrations increase with
depth, from about 10 pM at the surface, to 25 pM at 500 m (Fig. 9).
Copper, Ni and Mo concentrations in the Gulf of Aqaba vary little with
depth, season or location (Figs. 10, 11 and 12). Copper shows a slight
surface enrichment in August and September (Fig. 10).

Table 2
Analytical figures of merit. Units are nM unless otherwise noted.

Metal Detection limita CASS-4 analysis Aug, Mar SAFe S1 analysis Sep, Nov

Aug, Mar Sep, Nov Measuredb Certified Measuredc Consensus

Cd nd 0.002 nd 1.07±0.04 pM 1 pM
Co nd 0.003 nd 3.8±0.2 pM 4.2±1.9 pM
Cu 0.02 0.04 9.24, 9.30 9.32±0.87 0.53±0.01 0.55±0.04
Fe 0.28 0.04 12.89, 12.68 12.77±1.04 0.09±0.002 0.094±0.0008
Ni 0.06 0.13 5.18, 5.20 5.35±0.51 2.4±0.024 2.39±0.09
Pb 0.04 0.004 0.04, 0.04 0.05±0.02 50.05±0.72 47.0±3.4
Zn 0.23 0.02 5.40, 5.55 5.83±0.87 0.063±0.006 0.068±0.014
Mo 0.4 nd 91.82, 91.54 91.52±8.96 nd
Mn nd 0.03 nd 0.85±0.03 0.825±0.079

a Determined from 3×standard deviation of the blank.
b Results from replicate extractions are shown.
c Mean±standard deviation of 6 replicate pre-concentrations.
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4. Discussion

The Gulf of Aqaba is an arid, semi-enclosed sea. Runoff and
precipitation are extremely small, so the dominant external source of
metals to this region is expected to be dry atmospheric deposition.

Trace metal fluxes from aerosols are high in this region, with soluble
Fe fluxes from dry deposition up to two orders of magnitude greater
than in the central north Pacific (see for example Chen et al. (2007)).
In the Gulf of Aqaba, Fe, Al, Mn and Co in dry deposition are
predominantly crustal in origin, whereas Cd, Pb, Zn and Cu have a

Fig. 2. Soluble reactive phosphorus (SRP) at stations A and B (left panel) and density anomaly from station A (right panel) in the Gulf of Aqaba. Note that data from Station A, except
September 2005, have been published previously (Mackey et al., 2007).

Fig. 3. Dissolved Fe in the Gulf of Aqaba. Circles are from station A (bottom depth ~700 m) and squares are from station B (bottom depth ~850 m). White symbols indicate samples
suspected of contamination. Triangles at 0 m depth represent the median, maximum andminimum of surface samples collected within two days of the profile samples at a subset of
the locations indicated in Fig. 1.
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large anthropogenic component (Chen et al., 2008). The degree of
anthropogenic influence on aerosol trace metal concentrations can be
quantified by normalizing the trace element abundance to Al
concentration, which is defined as the aerosol enrichment factor
(EFaerosol) (e.g. Bilos et al., 2001; Chester et al., 1993; Huang et al.,
2001).

Aerosol enrichment factors (EFaerosol) for the metals discussed
here, calculated in Chen et al. (2008), are reproduced in Table 3. Since
here we are interested in the impact of aerosol deposition on trace

metal concentrations in seawater, we have also calculated solubility-
weighted enrichment factors (EFaerosol_sol) for elements (El) in the
aerosols:

EFaerosol sol = EFaerosol ×
SFEl
SFAl

where SFEl is the soluble fraction of the element and SFAl is the soluble
fraction of Al.

Fig. 4. Same as Fig. 3, for Mn.

Fig. 5. Same as Fig. 3, for Zn.
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The calculated solubility-weighted enrichment factors account for
the fact that different metals are released from aerosols to different
degrees when aerosols contact seawater, and provide an indication of
the relative release of anthropogenically-enriched elements to
seawater.

Fractional solubility can vary substantially between different
elements, and as a function of aerosol source, atmospheric processing
time and the method used to estimate fractional solubility. We have
estimated solubility-weighted enrichment factors in two ways

(Table 3). The first uses a constant fractional solubility for each
metal based on representative average values for seawater leaches of
aerosols from the Gulf of Aqaba (Cu, Fe, Al, Ni, Zn; Chen et al., 2006)
and the Mediterranean (Cd, Co, Pb and Mn; Chester et al., 1993). The
second approach calculates the solubility-weighted enrichment factor
on a sample-by-sample basis using 76–136 (depending on the metal)
pure-water leaches of aerosols from the Gulf of Aqaba collected
during our study time (data from Chen et al., 2006 and Y. Chen and A.
Paytan, unpublished). This calculation takes into account potential

Fig. 6. Same as Fig. 3, for Al.

Fig. 7. Same as Fig. 3, for Pb.
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interactions between soluble fraction and aerosol metal ratios and
seasonal differences in solubility, if they exist. The two approaches
yield very similar estimates of the soluble enrichment factor for
aerosols reaching the Gulf of Aqaba (Table 3). Only Mn shows more
than a factor of 2 difference between the two methods for calculating
enrichment factors, suggesting that for the metals measured in this
study, the average values for solubility used are appropriate.

Given the high rate of dry deposition in this region, and the large
enrichment factors for some of the metals (e.g. almost 100 for Cd, or
close to 3000 when solubility is factored in) we evaluate how dissolved
trace metal concentrations in the Gulf of Aqaba water compare with
concentrations found in ocean regions less impacted by crustal and
anthropogenic inputs. We also compare the trace metal concentrations
in the Gulf of Aqaba water to the aerosol deposition fluxes.

Tracemetal concentrations in the Gulf of Aqaba are comparedwith
those in other oceans in Table 3. For this comparison we have used a
single profile from each region, as reported in the literature, and have
thus not accounted for spatial or temporal variability, which can be
significant, particularly in the Mediterranean (Guerzoni et al., 1999).
Dissolved Ni and Mo concentrations are about the same in the Gulf of
Aqaba as they are in the open Pacific and Atlantic. Cobalt, Cu, Cd and
Mn are slightly higher in the Gulf of Aqaba, and Pb, Zn and particularly
Fe are significantly higher in the Gulf of Aqaba than in the open Pacific
and Atlantic. Aluminum concentrations in the Gulf of Aqaba are
comparable to those in the open Atlantic, and 8-fold higher than in the
open Pacific. Trace metal concentrations in the Gulf of Aqaba are

generally similar to those in the Mediterranean, though Cd and Zn are
lower in the Gulf of Aqaba than in the Mediterranean, and Pb and Fe
concentrations are significantly higher in the Gulf of Aqaba.

Lead concentrations are highly variable in the Gulf of Aqaba. The
average Pb concentration in surface waters, based on 32 samples, is 11
times greater than in the open Pacific (Table 3). While it is possible
that this indicates sample contamination, at station B, and at station A
in September 2005, surface Pb concentrations are essentially the same
as concentrations measured in the North Pacific near Hawaii (Boyle
et al., 2005) suggesting that contamination was not an issue since
samples were treated similarly during the various campaigns. Thus,
despite being enriched above crustal levels in the aerosols, the Pb
concentration in seawater of the Gulf of Aqaba, particularly offshore, is
at times relatively low. The lower concentrations indicate that either
removal processes are very efficient in the Gulf of Aqaba (via mixing
or scavenging) or low solubility of Pb from Gulf of Aqaba aerosols
(compared to other locations) limits the impact of aerosol deposition
on seawater Pb concentrations. The large spatial and temporal
variability in surface water Pb concentrations, and the very low
concentrations at the more remote station B, suggests highly localized
sources such as smelting operations, shipping and port activity and
fuel burning (leaded gasoline was still in use in Egypt and Jordan at
the time of this study).

The higher concentrations for some trace metals in the Gulf of
Aqaba compared to the open Pacific and Atlantic can in part be
attributed to greater mineral dust deposition in this desert-

Fig. 8. Same as Fig. 3, for Co.

Fig. 9. Same as Fig. 3, for Cd.
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surrounded area. We have attempted to account for mineral dust flux
by normalizing seawater trace metal concentrations to those of
dissolved Al, in a manner analogous to the calculation of aerosol
enrichment factors. We thus define a Pacific seawater enrichment
factor (EFPacific) for the Gulf of Aqaba as:

EFPacific =
El=Alð ÞAqaba
El=Alð ÞPacific

where (El/Al)Aqaba is the concentration ratio of element El to Al in
surface water of the Gulf of Aqaba (Station A average) and (El/Al)Pacific
is the concentration ratio of the element to Al in surface water of the
open Pacific (concentrations and references provided in Table 3). The
Pacific seawater enrichment factor represents the enrichment of
elements in the Gulf of Aqaba compared to those in the Pacific, relative
to Al (e.g. assuming that Al solubility and removal are similar
throughout the ocean). Becausemetal concentrations in the Pacific are
potentially influenced by anthropogenic inputs from Asia, we have
also calculated seawater enrichment factors relative to the North
Atlantic (e.g. (El/Al)Atlantic). Here, although absolute concentrations of
trace metals are higher than in the Pacific, Saharan dust likely
dominates aerosol metal inputs with a lesser relative contribution of
anthropogenic input. These calculations are done only using data from
September 2005 and November 2004, since it is only for these two
sampling dates that there are concurrent data for Al and the other
trace metals (Table 3).

With the exception of Fe and Zn, all of the Pacific seawater
enrichment factors are less than 1 (e.g. input relative to removal is
lower in the Gulf of Aqaba). Enrichment factors relative to the Atlantic

are greater than 1 (e.g. input relative to removal is higher in the Gulf
of Aqaba), with the exception of Cd and Ni. However, even relative to
the Atlantic, only Fe and Zn have enrichment factors greater than 10,
the threshold for anthropogenic enrichment in aerosols (e.g. Chester
et al., 1993). This suggests that with the exception of Fe and Zn, and
possibly Pb (EFAtlantic=7), the elevated concentration of the metals in
the Gulf of Aqaba, relative to open-ocean sites, is consistent with the
enrichment expected based on Al concentration. That is, for themetals
evaluated other than Fe, Zn and Pb, anthropogenic enrichment of
metals on aerosols has not resulted in significantly elevated
concentrations of metals in surface seawater relative to Al.

In general the aerosol enrichment factors aremuch higher than the
seawater enrichment factors (Table 3). Nickel and Cd are enriched in
the aerosols by more than a factor of 170, yet have seawater
enrichment factors of less than 1. Lead is slightly enriched in seawater
(factor of 7), yet has a soluble aerosol enrichment factor of over 200.
This reflects the importance of processes such as mixing, scavenging,
uptake and remineralization in determining concentrations of trace
metals in the ocean; these processes will tend to dampen the
anthropogenic signature in seawater. In the case of Zn, where aerosol
enrichment is ~200 and seawater enrichment is ~2 (relative to
Pacific) and 48 (relative to Atlantic), biological demand may be
particularly high in this region because the low SRP concentrations
favor the use of the Zn-containing enzyme, alkaline phosphatase for
organic phosphorus acquisition. Overall we find no statistical
correlation between the aerosol enrichment factors and the seawater
enrichment factors; elements enriched relative to Al in the aerosols
reaching the Gulf of Aqaba are not necessarily enriched in the
seawater of the Gulf of Aqaba, relative to Al.

Fig. 10. Same as Fig. 3, for Cu.
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Interestingly, the higher Fe concentrations in the Gulf of Aqaba,
relative to Al, are not associated with elevated aerosol Fe when
normalized to Al (Table 3). That is, the total and soluble aerosol
enrichment factor for Fe is 1 (e.g. not enriched relative to Al and
indicative of mineral dust dominance), yet its seawater enrichment
factor is 10. Whereas Fe shows a distinct surface enrichment in all
seasons except March (Fig. 3), Al does not show a surface enrichment
in either September 2005 or November 2004. We note that the high
seawater enrichment factor for Fe is not an artifact of normalization to

Al; normalizing to Mn, another element strongly associated with
mineral dust, gives the same result. There may be additional sources of
Fe to Gulf of Aqaba surface waters, not associated with Al or Mn, for
example groundwater (Shellenbarger et al., 2006). Another possibility is
slower rates of Fe removal in the Gulf of Aqaba relative to Al. This would
be unusual, as Al is generally thought to behave more conservatively
than Fe (e.g. Measures and Brown, 1996). However, this distinctionmay
not be important in regions suchas theGulf of Aqabawith very low rates
of biological productivity. Finally, intense photochemical redox cycling

Fig. 12. Same as Fig. 3, for Mo.

Fig. 11. Same as Fig. 3, for Ni.
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of Fe in theGulf of Aqaba (Shaked, 2008)maycontribute to the reductive
dissolution of colloidal iron, thereby decreasing removal rates of Fe,
relative to the non photo-active Al. Using the observed surface
accumulation of Fe between the mixed and the stratified season, and
the observed aerosol Fe flux, we estimated that about 2% of aerosol Fe
must be soluble (Chase et al., 2006), which is greater than the 0.7%
fractional solubility estimated from leaching aerosol samples with
seawater (Chen et al., 2006). This calculation assumed Fe input to the
Gulf of Aqaba is only from aerosol deposition. If there are significant
non-aerosol sources of dissolved Fe to the Gulf of Aqaba, then this
estimate of the soluble fraction is a maximum estimate. Alternatively, it
is possible that the 0.7%valuewhich is based on an operationally defined
leaching procedure (sonication for 30 min in 100 mL water; Chen et al.,
2006) is not representative of processesoccurring in the surfaceoceanor
that the surface water based calculations integrate and average over
longer time scales than the 2 day aerosol accumulation data.

The impact of aerosol inputs on trace metal concentrations in the
Gulf of Aqaba can be estimated by comparing the inventory of trace
metals in the water column (the upper 500 m) with the soluble
fraction of the mean annual flux from aerosols. Here we use the mean
of the inventory from September and November because we have a
complete dataset for these months. The annual flux of soluble metal
from aerosols represents 0.2% (Ni) to 10% (Fe) of the inventory from
0–500 m (Table 3). Of all the metals, Mn shows the largest surface
enrichment, and this is consistent with the large input of Mn from dry
deposition, relative to water column Mn concentrations. Surface

enrichment is a common feature of Mn profiles in the ocean (Bender
et al., 1977). In addition to dry deposition to the surface, another
factor contributing to the surface maximum in Mn is the effect of
sunlight. Solar irradiance is high in the Gulf, with annually averaged
Photosynthetically Active Radiation slightly higher than in the
Sargasso Sea (http://oceancolor.gsfc.nasa.gov/cgi/l3). High irradiance
acts to increase surface dissolved Mn by both decreasing rates of Mn
oxide production, through inhibition of Mn oxidizing bacteria, and by
increasing rates of Mn oxide dissolution, through photoreduction
(Sunda and Huntsman, 1988; Sunda et al., 1983).

The biologically-utilized elements (Fe, Cu, Co and Cd) are all
present relative to phosphate in concentrations well in excess of those
typically found in phytoplankton cells (Ho et al., 2003; Table 3). Iron
concentrations are therefore probably sufficient to support full
consumption of available macro-nutrients, and could potentially
support fast rates of nitrogen fixation. Concentrations of the potentially
toxic elements, Cd, Pb and Cu, are all well below the US EPA saltwater
aquatic life criteria. However, there may be toxic effects at lower
concentrations, and surface concentration may be temporarily higher
during large dust storms. For example, aerosols from the Sahara Desert
added at locally relevant concentrations inhibited algal growth in grow-
out experiments conducted with Gulf of Aqaba surface water (Paytan
et al., 2009). Growth inhibitionwas suspected to stem from elevated Cu
concentrations. Copper concentrations in the Gulf of Aqaba at Station A
are about 2 nM in surface waters, 4 times greater than in the open
Pacific. In Cu inhibition bio-assay experiments, growth inhibition of

Table 3
Mean concentrations and marine biogeochemical characteristics of the trace-metals discussed in this paper. Mo is not included because insufficient data were available from this
study or from the literature.

Cd Co Cu Fe Pb Al Ni Zn Mn

Average station A surfacea nmoIL−1 0.0100 0.12 2.0 3.9 0.3 37 1.9 1.4 3.77
Average surfaceb nmoIL−1 0.11 0.10 2.68 4.04 0.41 38.3 1.91 2.25 4.17
Stn A inventory (0–500 m) Sep nmol m−2 9809 50269 713913 814850 107088 31483800 1077109 2372550 627116
Stn A inventory (0-500 m) Nov nmol m−2 8412 47198 683980 726600 48491 31722200 1010080 470540 683520
Average dry depositionc nmol m−2y−1 0.85 0.20 0.49 0.02 0.3 0.03 0.48 0.44 0.30
Aerosol fractional solubility fraction 0.85 0.20 0.49 0.02 0.3 0.03 0.48 0.44 0.30
Referenced A A B B A B B B A
Dry deposition soluble fluxe nmol m−2y−1 91 339 2930 77354 1158 380260 2535 11304 28832
Annual soluble flux/ave inventory % 1.0 0.7 0.4 10.0 1.5 1.2 0.2 0.8 4.4
Soluble aerosol enrichment factorf 2748 16 172 1 280 1 179 245 20
Soluble aerosol enrichment factorg 2871h 20 142 1 201 1 178 192 131
Open ocean [] surface Pacific nmoIL−1 0.002 0.028 0.54 0.05 0.03 4.84 2.49 0.08 1
Referencei F G F G H I F F J
Aqaba/Pacific [] 5 4 4 78 11 8 1 18 6
Open ocean [] surface Atlantic nmoIL−1 0.014 0.03 1.15 0.08 0.05 33 2.05 0.04 0.76
Referencej K K L K M N L L O
Aqaba/Atlantic [] 1 4 2 49 7 1 1 36 5
Surface, Mediterranean nmoIL−1 0.05 NA 2 0.50 0.12 50 2.5 3.00 2.5
Referencek P P Q R S T U P
Aqaba/Mediterranean [] 0.2 1.0 7.8 2.7 0.7 0.8 0.5 1.5
Seawater enrichment factorl 0.6 0.5 0.4 9.4 0.6 1.0 0.1 1.6 0.8
Seawater enrichment factorm 0.7 0.4 0.6 10.2 1.7 1.0 0.1 3.6 0.8
Seawater enrichment factorn 0.7 2.7 2.0 43.5 7.0 1.0 0.8 48.4 4.7
Metal:P phytoplanktono mmol:mol 0.21 0.19 0.38 7.5 4.8 0.35
Metal:P dissolved mmol:mol 0.4 4.3 72.6 139.8 11.7 1339.1 68.3 51.3 134.6

a Time-average of upper-most sample (0–10 m depth).
b Average of all surface (0–20 m) samples from the Gulf of Aqaba.
c Dry deposition to Gulf of Aqaba, Chen et al. (2008) Table 6.
d A. Chester et al., 1993, Mediterranean aerosols; B. Chen et al., 2006, aerosols from Gulf of Aqaba 2003–2005.
e Product of average dry deposition and aerosol fractional solubility.
f Calculated using the aerosol enrichment factor (crust) reported in Chen et al., 2008 Table 4 and average seawater fractional solubility from this table.
g Calculated on a sample-by-sample basis using pure-water extractions; data from Y. Chen and A. Paytan, unpublished and Chen et al., 2006.
h A constant soluble fraction of 0.82 was applied for Cd, since data from the Gulf of Aqaba are not available for this metal.
i F. Bruland, 1980; G. Martin et al., 1989; H. Boyle et al., 2005; I. Orians and Bruland, 1986; J. Landing and Bruland, 1987; K. Martin et al., 1993.
j L. Bruland and Franks, 1983; M. Wu and Boyle, 1997; N. Hydes, 1983; O. Statham et al., 1998.
k P. Morley et al., 1997; Q. Sarthou and Jeandel, 2001; R. Migon and Nicolas, 1998; S. Guerzoni et al., 1999; T. Achterberg and Van Den Berg, 1997; U. Ruiz-Pino et al., 1991.
l Sep 2005 and Nov 2004 surface Stn A; relative to Pacific.
m Sep 2005 and Nov 2004 all surface; relative to Pacific.
n Sep 2005 and Nov 2004 surface Stn A; relative to Atlantic.
o Ho et al. (2003) and Martin et al. (1976) for Mn.
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Synechococcus cultures occurred at Cu:Chl ratios between 0.2 and 2 mg
Cu/mg Chl a, consistent with results from community grow-out
experiments, which suggested a toxicity threshold at 0.4 mg Cu/mg
Chl a (Paytan et al., 2009). With an average non-bloom chlorophyll a
concentration in the northern Gulf of Aqaba of ~0.3 mg Chl a m−3

(Labiosa et al., 2003), a Cu concentration of 2 nmol L−1 corresponds to a
Cu:Chl ratio of 0.42 mg/mg, which is just at the threshold for toxicity.
This suggests that some phytoplankton taxa in the Gulf of Aqaba are
poised to experience Cu toxicity. Any increase in Cu loading to this
system could result in a decrease in productivity or shifts in
phytoplankton community composition. Effects may already be felt
locally, as Cu concentrations up to 8 nM were measured in surface
waters at thenorthernendof the study area, near thepopulation centers
of Eilat and Aqaba (Figs. 2 and 10).

Cadmium concentrations in the Gulf of Aqaba increase with depth,
a common feature in oceanic profiles. The overall low Cd concentra-
tions (0.01 nM in surface waters) are consistent with the very low
phosphate concentrations and the positive relationship between Cd
and PO4 in the global ocean (Boyle et al., 1976). An interesting feature
of the Cd and PO4 concentrations in the Gulf of Aqaba is the increase in
dissolved Cd:P towards the surface, particularly in November
(Fig. 13), where surface Cd:P reaches 0.5. Such high surface ratios of
Cd:P are seen only at high polar latitudes (Elderfield and Rickaby,
2000). Indeed, Cd:P profiles typically have a surface minimum
(Elderfield and Rickaby, 2000), which has been attributed to
preferential uptake of Cd over P by the biological community.

The Cd:P of surface waters (0.5 nmol:μmol in Nov 2004) reflects
the balance of input and removal processes for Cd and P. The flux of
soluble Cd and P to the Gulf of Aqaba from aerosols delivers these
elements in a ratio of 1.25 nmol:μmol. Deep water, the other major
source of nutrients to surface waters, has a Cd:P of 0.1. Strong
atmospheric deposition of Cd appears to be a logical source of the
surface maximum in Cd:P in the Gulf of Aqaba. However, our
calculations below indicate this is not the case. We propose instead
that the elevated Cd:P ratios in surface waters of the Gulf of Aqaba are
driven by biological fractionation that favors P uptake over Cd uptake.
Fractionation of Cd relative to P in seawater (SW) during particle
(particulate organic matter; POM) formation can be defined by a
fractionation factor,αCd/P where [Cd/P]POM/[Cd/P]SW=αCd/P. In fitting
a global dataset of seawater Cd and PO4 concentrations, Elderfield and
Rickaby (2000) estimate αCd/P to be about 2, meaning Cd is prefer-
entially removed relative to P. This agrees with some field-based
estimates (Bruland et al., 1978) of αCd/P. Other laboratory and field
studies have found αCd/Pb1, and as low as 0.3 (Abe and Matsunaga,
1988).

We estimate that αCd/P≅0.3 in the Gulf of Aqaba, as follows. If we
assume that surface waters at the beginning of the stratified season
have Cd and P concentrations equal to deep-water (N300 m) values,
then from the late summer surface water concentrations we infer a
removal of 0.02 nmol Cd and 280 nmol P over the ~7 month stratified
period, or a Cd:P removal ratio of 0.071. Accounting for soluble aerosol
input at the annual average rate (Table 3), the net removal ratio
required to match late-summer surface concentrations increases
slightly to 0.079 nmol:μmol Cd:P. This removal ratio is comparable to
the Cd:P of particulate matter collected from the California upwelling
system (0.068; Martin and Knauer 1973). If we take 0.079 as the [Cd/
P]POM and 0.3, the average of surface (0.5) and deep water (0.1) Cd/P
values, as the [Cd/P]SW, then the fractionation factor αCd/P is
0.079/0.3=0.26. The required fractionation factor depends on the
aerosol flux, with greater Cd input from aerosol requiring a greater
relative removal of Cd (and therefore higher αCd/P) to explain our
observations. However, the soluble Cd flux would need to be 40 times
higher than estimated based on observations to be consistent with a
fractionation factor greater than 1.

The relatively high concentrations of Mn, Zn and Fe, low
concentration of SRP, as well as the phytoplankton composition of
the Gulf of Aqaba, all favor low uptake of Cd relative to P. Cadmium
uptake is known to be suppressed under high Zn and Mn
concentrations (Cullen and Sherrell, 2005; Price and Morel, 1990;
Sunda and Huntsman, 2000), as these metals are able to substitute for
Cd in enzymes. In the Gulf of Aqaba, Zn is likely the more relevant
metal, since Mn concentrations are not high enough to produce
inhibition of Cd uptake (Cullen and Sherrell, 2005). Iron limitation
produces elevated Cd:P uptake ratios, most likely by decreasing bio-
dilution of Cd which occurs at faster growth rates not limited by Fe
(Cullen, 2006; Cullen et al., 2003; Lane et al., 2009). The high Fe
concentrations and lack of Fe limitation in Gulf of Aqaba waters may
contribute to low Cd:P uptake ratios. Moreover, dissolved organic P
can be used as a source of phosphorous thus using SRP for calculating
the ratio may not be relevant in low P areas. Finally, there is
considerable variability in phytoplankton Cd:P ratios, independent of
environmental variables, with those groups common in Gulf of Aqaba
waters having very low ratios. Phytoplankton in the Gulf of Aqaba are
dominated by ultraphytoplankton (b0.8 μm) including Synechococcus
and Prochlorococcus (Lindell and Post, 1995) and small cells tend to
have lower Cd:P than large cells (Cullen and Sherrell, 2005; Cullen and
Sherrell, 1999). Culture work has found that Cyanobacteria, and
diazotrophs in particular, have very low Cd:P ratios: 0.007 for
cyanobacteria on average, 0.005 for Trichodesmium sp. and 0.016 for
Synechococcus (Finkel et al., 2007), values consistentwith our field data.

Fig. 13. Ratio of dissolved Cd to soluble reactive phosphorus (SRP) in the Gulf of Aqaba, Station A.
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5. Summary

The most significant findings of this work are as follows:

1. Anthropogenic enrichment of metals associated with aerosols has
not resulted in significantly elevated concentrations in surface
seawater relative to Al. This suggests that although the aerosols
reaching the Gulf of Aqaba are enriched in some trace metals,
particularly Cd, Zn and Pb, the input of aerosol-associated metal is
small relative to its removal rate.

2. Iron concentrations in the Gulf of Aqaba are high relative to Al,
despite the fact that the aerosols are not enriched in Fe relative to
Al. There may be additional sources of iron to the Gulf of Aqaba, not
associated with Al. Alternatively, photochemically driven redox
cycling may act to enhance Fe dissolution from aerosols, or may
otherwise increase the lifetime of Fe in the water column, relative
to Al.

3. Copper concentrations in the Gulf of Aqaba, expressed as Cu:Chl
ratio, are at or close to the value found to be a threshold for Cu
toxicity in this region. Any increase in Cu inputs to this system
could lead to a decrease in phytoplankton productivity and/or a
shift in dominance of phytoplankton species.

4. A surface maximum in Cd:PO4 is found in the Gulf of Aqaba, in
contrast to the more typical surface minimum in this ratio. The
surface maximum is not caused by aerosol deposition, and appears
instead to be driven by atypically low uptake of Cd relative to PO4.
A low Cd:P uptake ratio for this region is consistent with the high
concentrations of Zn and Fe, and with the predominance of small
phytoplankton (e.g. Cyanobacteria).
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