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Abstract

Bulk aerosol samples collected during cruise M91 of FS Meteor off the coast of Peru
in December 2012 were analysed for their soluble trace metal (Fe, Al, Mn, Ti, Zn, V,
Ni, Cu, Co, Cd, Pb, Th) and major ion (including NO−

3 and NH+
4 ) content. These data

are among the first recorded for trace metals in this relatively poorly studied region of5

the global marine atmosphere. To the north of ∼ 13◦ S, the concentrations of several
elements (Fe, Ti, Zn, V, Ni, Pb) appear to be related to distance from the coast. At
the south of the transect (∼ 15–16◦ S), elevated concentrations of Fe, Cu, Co and Ni
were observed. These may be related to the activities of the large smelting facilities
in the south of Peru or northern Chile. Calculated dry deposition fluxes (3370–17 80010

and 16–107 nmolm−2 d−1 for inorganic nitrogen and soluble Fe respectively) indicated
that atmospheric input to the waters of the Peru upwelling system contains an excess
of Fe over N, with respect to phytoplankton requirements. This may be significant as
primary production in these waters has been reported to be limited by Fe availability,
but atmospheric deposition is unlikely to be the dominant source of Fe to the system.15

1 Introduction

Aerosol chemical composition plays a key role in a number of processes that are impor-
tant for climate regulation, including the formation of cloud condensation nuclei (Raes
et al., 2000) and the supply of nutrients such as nitrogen (N), phosphorus (P) and iron
(Fe) and other trace metals to the ocean (Okin et al., 2011).20

Few studies of the atmosphere over the south-eastern Pacific Ocean have been
conducted and, compared to other ocean regions (e.g. the north Atlantic, northwest
Pacific and northern Indian Oceans), rather little is known about its aerosol chemi-
cal composition. The coastal region of Peru and northern Chile contains some strong
sources of aerosols including: the mega-city of Lima with its associated urban/industrial25

combustion emissions (nitrogen and sulphur oxides, trace metals); industrial and infor-
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mal mining (mineral dust), several large metal smelting facilities (trace metals, sulphur
dioxide); arid areas (mineral dust) and active volcanoes (sulphur dioxide, mineral dust).
The region is heavily influenced by the high Andes mountain chain, which forces sur-
face winds into a strong south-easterly flow roughly parallel to the coast (Wood et al.,
2011). This wind system in turn drives coastal upwelling offshore of Peru and Chile,5

supplying nutrients which support intense primary productivity in surface waters. Previ-
ous ship- and satellite-based observations have identified a strong gradient in aerosol
concentrations in the region, with very low concentrations offshore and higher concen-
trations near the coast (Hawkins et al., 2010), and the surface and vertical distributions
of manganese (Mn) in the waters of the Peruvian shelf have been interpreted to sug-10

gest that Mn has a significant atmospheric source here (Vedamati et al., 2015). There
is however, very little data available on the chemical composition of aerosol material in
this region (particularly for trace metals) or the impact that deposition of this material
has on surface water nutrient dynamics.

Here we report concentrations of aerosol soluble trace metals and major ions in sam-15

ples collected off the coast of Peru during December 2012. We examine the possible
sources of this material and its potential impact on the waters into which it is deposited.

2 Methods

Aerosol samples were collected between 4 and 24 December 2012 during cruise M91
of the FS Meteor off the coast of Peru (Fig. 1). A volumetric-flow controlled total sus-20

pended particulate collector was used, operating at a flow rate 1.1 m3 min−1. Operation
of the collector was controlled by an automated wind sector controller, which interrupted
pumping if the relative wind speed was below 2 ms−1 or the relative wind direction was
within an arc 45 ◦ either side of the ship’s stern. Each sample was deployed in the col-
lector for a period of ∼ 48 h, giving maximum air volumes filtered of ∼ 3200 m3. Sam-25

ple collection details are given in Table 1. Samples were collected on 20.3×25.4 cm
Whatman 41 filters that had previously been washed using dilute (0.5 and 0.1 M) HCl
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solutions and ultrapure water to reduce trace metal contamination (Rickli et al., 2010).
Contributions from blanks were assessed by analysis of filters that had been housed in
the sampling cassette for 24 h, but not deployed in the collector, and of filters that had
been deployed in the collector for 48 h without air pumping.

After collection, aerosol filters were sealed in zip-lock plastic bags and returned5

frozen to the University of East Anglia (UEA). All handling of filters at UEA was done
within a laminar flow hood in a trace metal clean laboratory. Filters were quartered us-
ing ceramic-bladed scissors and one quarter each was used for analysis of major ions
(MI: Na+, NH+

4 , Mg2+, K+, Ca2+, Cl−, NO−
3 , SO2−

4 , C2O2−
4 , Br−) and soluble trace metals

(TM: Fe, Al, Mn, Ti, Zn, V, Cu, Ni, Co, Cd, Pb, Th). Major ions were extracted into 20 mL10

of ultrapure water using 60 min of ultrasonication, filtered (0.2 µm Sartorius) and anal-
ysed by ion chromatography (Baker et al., 2007). Soluble TMs were extracted using
a batch method into 20 mL pH 4.7 ammonium acetate buffer prepared from TraceS-
ELECT Ultra ammonium hydroxide and acetic acid solutions (Sigma-Aldrich). Extrac-
tions were terminated by filtration (0.2 µm Sartorius) and TM concentrations were deter-15

mined by ICP-OES (Fe, Al, Mn, Ti, Zn, V) and ICP-MS (Mn, V, Cu, Ni, Co, Cd, Pb, Th).
Instruments were calibrated using matrix-matched standard solutions prepared from
single element SPEX CertiPrep 1000 mgL−1 standard solutions. The Certified Ref-
erence Materials TMRAIN-04, TM-27.3 and TMDA-64.2 (Environment Canada) were
analysed together with TM samples. Recoveries for these CRMs were within the fol-20

lowing limits of their certified values: TMRAIN-04±10 % (Mn, Cu), ±15 % (Ni, Co, Fe),
±20 % (Ti, Zn); TM-27.3±5 % (Cu, Ni, Co, Pb, Ti), ±10 % (Mn, V), ±20 % (Cd, Fe, Al,
Zn); TMDA-64.2±5 % (Mn, Cu, Co, Ti), ±10 % (V, Ni, Pb, Fe, Zn), ±20 % (Cd, Al).

Quantities of analytes on each filter (Qx) were calculated from measured concentra-
tions in extracts (Ce

x), extraction volumes (V e) and the fraction of filter extracted (f ) (see25

Eq. 1), corrected for blank contributions (Qb
x) and converted into atmospheric concen-
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trations (Cat
x ) using the air volume for each sample (V air), Eq (2).

Qx = Ce
xV

e/f (1)

Cat
x = (Qx −Qb

x)/V air (2)

For K+, Ca2+ and SO2−
4 we calculated the contribution to measured concentrations

arising from sea spray using the measured aerosol Na+ concentrations and the ratio of5

each ion to Na+ in seawater (Csw). We then subtracted this sea spray contribution from
the measured concentration to obtain the non-sea spray (nss) concentration for each
ion, Eq. (3).

nss-Cat
x = Cat

x − (Cat
NaC

sw
x /Csw

Na) (3)

Dry deposition fluxes (F d) were estimated from atmospheric concentrations using dry10

deposition velocities (vd), Eq. (4). Dry deposition velocities are highly variable with
particle size and wind speed and rather poorly known. Duce et al. (1991) estimated the
uncertainty in dry deposition velocities to be approximately a factor of 2–3.

F d
x = Cat

x vd (4)

Given the lack of aerosol size distribution data available for this region of the global15

ocean, we used fixed values of vd for species predominantly associated with seaspray
or mineral dust aerosol (0.6 cms−1: NO−

3 , Fe, Al, Mn, Ti, Co, Th) or for species pre-

dominantly associated with fine mode aerosols (0.1 cms−1: NH+
4 , Zn, V, Cu, Ni, Cd,

Pb).
Where we investigated correlations between parameters we reported these as sig-20

nificant using Spearman’s Rank Correlation at the 99 % confidence level. We obtained
5-day air mass back trajectories at heights of 10, 500 and 1000 m above the ship’s po-
sition and ground-level 2-day forward trajectories from the sites of the Chimbote and Ilo
smelters from the NOAA Air Resources Laboratory, HYSPLIT model using the GDAS
dataset.25
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3 Results and discussion

Air mass back trajectories for all the M91 aerosol samples indicated that surface flow
was approximately south-south-easterly, consistent with both the average wind direc-
tions recorded aboard ship for each sample (144–168◦) and the climatological average
flow for the region (Wood et al., 2011). Example trajectories for the mid-point of samples5

TM02 (on-shore), TM03 (off-shore) and TM09 are shown in Fig. 2. A notable feature
of these trajectories (which were run at intervals of 24 h, i.e. twice per sample period)
was that very few (for any start height) appeared to pass over South America.

Concentrations of soluble TMs and MIs determined for the aerosol samples collected
during M91 are shown in Tables 2 and 3 respectively. We are aware of few previous10

studies of aerosol chemical composition in this region of the South Pacific. Hawkins
et al. (2010) reported SO2−

4 concentrations in < 1 µm diameter aerosol particles of

15±10 nmolm−3 in continentally-influenced samples between ∼ 4 and ∼ 20◦ S (al-
though further offshore than M91) during the VOCALS-REx field campaign in October–
November 2008. Allen et al. (2011) reported NH+

4 and SO2−
4 concentrations, also in15

< 1 µm diameter particles and during VOCALS-REx, of 16–39 and 2–9.4 nmolm−3 re-
spectively in samples collected between ∼ 85 and ∼ 75◦ W at 20◦ S. Although we report
concentrations for bulk aerosol, rather than the sub-micron size fraction determined
in these studies, their results are similar to those for M91 (Table 3), presumably be-
cause substantial fractions of both NH+

4 and SO2−
4 are present in < 1 µm diameter20

particles. Water soluble concentrations of Fe, Al, Mn, Zn and Cu were determined
in < 1 µm diameter aerosol particles near potential sources of mineral dust and an-
thropogenic emissions at Paposo, northern Chile (25.007◦ S 70.450◦ W) in October–
November 2008 (Chand et al., 2010). Mean concentrations were reported to be 410,
410, 25, 75 and 88 pmolm−3 respectively for Fe, Al, Mn, Zn and Cu. Note that the25

data of Chand et al. (2010) are not directly comparable with our results from M91 be-
cause they were acquired using a different extraction protocol, and a different sampling
method. The trace metal fractions extracted in ammonium acetate and water may well
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be different (Morton et al., 2013) and the exclusion of larger aerosol particles in the
Paposo samples would be expected to remove significant fractions of those elements
strongly associated with mineral dust (Fe, Al and Mn). Concentrations of soluble TMs
measured during M91 were generally higher (by factors of 4 to 16 for V, Ni, Co, Cd and
Pb) than reported over the remote southeast Atlantic using nearly identical sampling5

and analysis methods to M91 (Chance et al., 2015). In the case of Cu, M91 concen-
trations were more than 50-fold higher than the concentrations measured by Chance
et al. (2015).

In Fig. 3 we show aerosol nitrate concentrations as a function of sample number for
the M91 cruise. This shows that NO−

3 concentrations were approximately 2-fold higher10

in the on-shore samples (TM02, TM04 and TM06) north of ∼ 13◦ S than in the off-shore
samples at those latitudes or in any of the samples south of 13◦ S. Similar patterns were
exhibited by many other analytes (see Tables 2 and 3) and this is in good qualitative
agreement with the distribution of aerosol optical depth (AOD) in this region reported by
Hawkins et al. (2010). These patterns gave rise to a number of significant correlations15

between analytes (e.g. between NH+
4 and NO−

3 ) that are most likely caused by the co-
location of emission sources, rather than by similar production/emission mechanisms
for the analytes in question.

We observed significant correlations for several elements associated with mineral
dust (Fe, Al, Mn, Ti, Co, Th: Fig. 4, Table 4). However for Co (Fig. 4a) and Fe, soluble20

concentrations appear to be enriched in sample TM09 relative to other dust-associated
elements. Aerosol soluble V and Ni concentrations have previously been shown to
be very highly correlated due to their emission during combustion of heavy fuel oils
(Becagli et al., 2012). We find a similar close relationship between s-V and s-Ni, again
with the exception of sample TM09, which appears to be enriched in Ni (Fig. 5a).25

Although s-Cu does not appear to be related to s-V in our dataset (Fig. 5b), it is no-
table that the highest s-Cu concentrations were found in samples TM08 and TM09, in
which most aerosol concentrations were relatively low. We consider that the most likely
source of the elevated concentrations of Cu, Fe, Co and Ni we observed in sample
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TM09 was emissions from the metal smelting facility at Ilo in southern Peru (Fig. 1),
or perhaps from smelters located in central and northern Chile (Gidhagen et al., 2002;
Paytan et al., 2009). Forward air mass trajectories run from Ilo (Fig. 6b) indicate that
some of the emissions from the facility may have been advected over the ocean during
the collection period of sample TM09. Satellite detections using the Ozone Monitor-5

ing Instrument (NASA EOS/Aura) in 2004–2005 were used to estimate SO2 emissions
from the Ilo facility to be ∼ 0.3 Tgyr−1, equivalent to ∼ 25 % of the combined SO2 emis-
sions from the volcanoes in Ecuador and southern Colombia over the same period
(Carn et al., 2007). However, improvements in sulphur capture efficiency at the smelter
(Boon et al., 2001) were completed in 2007 and there is no elevation in nss-SO2−

410

concentration in sample TM09, compared to the other samples collected during the
cruise (cruise range 9.5–26.3 nmolm−3, TM09 15.0 nmolm−3). The copper smelter at
La Oroya ceased operations in 2009 and was not active at the time of the M91 cruise.
In any case, the elevation of the La Oroya site (∼ 3750 ma.s.l.) and its surrounding
mountains makes it unlikely to influence M91 aerosol concentrations. Emissions from15

the iron foundry at Chimbote may have contributed to the TM concentrations observed
in sample TM02 (Fig. 6a).

In Table 5 we show calculated dry deposition fluxes of NH+
4 , NO−

3 , s-Fe, s-Co, s-Zn,
s-Cu, s-Ni, Cd, s-Pb and the ratio of total inorganic N (NH+

4 +NO−
3 ) to s-Fe in dry de-

position for the cruise. Dry deposition fluxes of NH+
4 and NO−

3 for the off-shore and20

southerly samples were similar to average values calculated for the remote South At-
lantic (NH+

4 : 600–800 nmolm−2 d−1, NO−
3 : 2300–3400 nmolm−2 d−1; Baker et al., 2010),

while fluxes for the northern in-shore samples were higher and similar to corresponding
values for on-shore winds on the west coast of Ireland (NH+

4 : 5100–9500 nmolm−2 d−1,
NO−

3 : 4200–7500 nmolm−2 d−1; Spokes et al., 2000). The range of NO−
3 dry deposition25

fluxes calculated for M91 is in reasonable agreement with the results of a global mod-
elling study for the region (Dentener et al., 2006), which indicated that the deposition
of total NOy (including gas-phase and wet deposition of oxidised N species) to the re-

gion was approximately 15 000–20 000 nmolm−2 d−1. In contrast to N, dry deposition
17226
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of s-Fe during M91 was one to two (for sample TM09) orders of magnitude higher than
reported for the remote South Atlantic (2–7 nmolm−2 d−1; Baker et al., 2013). Our av-
erage estimate of F d

s-Fe during M91 (45 nmolm−2 d−1, equivalent to ∼ 0.9 mgm−2 yr−1)

appears to be somewhat higher that the total deposition flux of s-Fe (0.3 mgm−2 yr−1)
estimated for the region by Krishnamurthy et al. (2009) (as reported by Messie and5

Chavez, 2015). The range of TIN: s-Fe ratios in the M91 samples compares well to val-
ues of the total N: s-Fe ratio reported for the tropical Atlantic Ocean (170–1300; Baker
et al., 2007) and implies that atmospheric deposition to the margins of the tropical
eastern Pacific, as elsewhere in the global ocean, supplies Fe in excess (with respect
to N supply) of the stoichiometric requirements of the phytoplankton community (Okin10

et al., 2011). This excess Fe supply from the atmosphere may be significant as primary
production off the coast of Peru has been suggested to be limited by Fe availability (Bru-
land et al., 2005; Hutchins et al., 2002; Messie and Chavez, 2015). However, recent
analysis indicates that dissolved Fe in the surface waters of the Peru upwelling sys-
tem is isotopically lighter than Fe in known atmospheric sources, so that atmospheric15

deposition is unlikely to be the dominant source of Fe in these waters (Chever et al.,
2015).

Dissolved Co in the Peru upwelling system exhibits micronutrient-like behaviour and
Co speciation is linked to changes in phytoplankton assemblages there (Saito et al.,
2004). Saito et al. (2004) suggested that Co input to the upwelling system was dom-20

inated by a sedimentary source of ∼ 19.9×106 molyr−1. Assuming an areal extent of
the upwelling of 120–220×103 km2 (Nixon and Thomas, 2001), this equates to a flux
of ∼ 250–450 nmolm−2 d−1, approximately three orders of magnitude greater than our
estimates of the dry atmospheric flux (Table 5).

Paytan et al. (2009) estimated Cu dry deposition to the global ocean using an at-25

mospheric chemistry transport model in an investigation of the potential toxicity of at-
mospheric Cu inputs towards marine primary producers. Their estimates of Cu flux to
the tropical eastern Pacific margin appear to be in the range 0.02–0.06 mgCum−2 yr−1

(0.8–2.4 nmolm−2 d−1), roughly an order of magnitude lower than the values calculated
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for M91. Emissions from copper smelters on the Nasca coast, which were not included
in the model of Paytan et al. (2009), may account for the differences between the two
deposition estimates.

4 Conclusions

We have reported what we believe to be the first study of aerosol soluble TM concen-5

trations over the Peru upwelling system. Most TMs (and MIs) analysed show higher
concentrations close to the coast north of 13◦ S than further offshore or to the south, in
good agreement with the observed spatial distribution of AOD in the region (Hawkins
et al., 2010).

Elevated concentrations of Cu, Fe, Co and Ni at the south of the transect are most10

likely related to emissions from the metal smelter at Ilo or similar facillties in northern
Chile. However, neither air mass back trajectory analysis nor examination of nss-SO2−

4
concentrations (as an indicator of smelter SO2 emissions) can confirm this.

Our calculated dry deposition fluxes for s-Fe and s-Cu appear to be somewhat higher
than recent modelled estimates of their deposition (Krishnamurthy et al., 2009; Paytan15

et al., 2009). However, it should be noted that this comparison is necessarily based on
only a few observations from a single month, whereas both modelling studies reported
annual average values. The ratio of N to s-Fe in dry deposition during M91 indicates
that aerosol inputs constitute a source of excess Fe (relative to phytoplankton stoichio-
metric requirements) to the Peru upwelling system. This may be significant as primary20

production in these waters has been shown to be limited by Fe availability (Bruland
et al., 2005; Hutchins et al., 2002), although it appears unlikely that atmospheric depo-
sition is the dominant source of Fe to surface waters here (Chever et al., 2015). Our
work does not allow us to assess whether the deposition flux of s-Cu we estimate might
lead to potential problems of toxicity in the tropical south east Pacific.25
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Table 1. Details of aerosol samples collected during the M91 cruise.

Sample Start Date Start Position End Date End Position Air Volume (m3)

TM01 4 Dec 2012 6.37◦ S 81.43◦ W 6 Dec 2012 8.11◦ S 80.07◦ W 2858.5
TM02 6 Dec 2012 8.10◦ S 80.06◦ W 8 Dec 2012 9.57◦ S 79.32◦ W 2339.0
TM03 8 Dec 2012 9.57◦ S 79.32◦ W 10 Dec 2012 10.84◦ S 78.38◦ W 3089.5
TM04 10 Dec 2012 10.84◦ S 78.38◦ W 12 Dec 2012 12.04◦ S 79.00◦ W 2563.4
TM05 12 Dec 2012 12.04◦ S 79.00◦ W 14 Dec 2012 12.42◦ S 77.81◦ W 3002.3
TM06 14 Dec 2012 12.42◦ S 77.81◦ W 16 Dec 2012 13.43◦ S 76.37◦ W 2267.1
TM07 16 Dec 2012 13.43◦ S 76.37◦ W 18 Dec 2012 14.56◦ S 77.66◦ W 3099.4
TM08 18 Dec 2012 14.57◦ S 77.67◦ W 20 Dec 2012 16.16◦ S 76.83◦ W 2795.1
TM09 20 Dec 2012 16.16◦ S 76.82◦ W 22 Dec 2012 15.54◦ S 75.62◦ W 3121.8
TM10 22 Dec 2012 15.54◦ S 75.62◦ W 24 Dec 2012 14.37◦ S 76.25◦ W 2015.0
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Table 2. Concentrations of aerosol soluble trace metals during the M91 cruise.

Sample Fe Al Mn Ti Zn V Cu Ni Co Cd Pb Th
pmolm−3 pmolm−3 pmolm−3 pmolm−3 pmolm−3 pmolm−3 pmolm−3 pmolm−3 pmolm−3 pmolm−3 pmolm−3 fmol m−3

TM01 41.3±0.8 202.2±3.2 12.4±0.7 0.09±0.02 8.3±2.1 9.9±2.5 113.6±0.3 3.04±0.03 0.187±0.003 < 0.22 1.27±0.01 9.7±0.5
TM02 128.3±0.9 502.2±3.9 20.4±0.5 0.24±0.08 54.1±2.5 37.9±0.2 68.1±0.2 11.17±0.05 0.403±0.003 0.924±0.004 7.34±0.02 18.5±0.7
TM03 59.4±1.4 289.3±4.1 20.2±2.0 0.10±0.02 8.8±1.7 10.9±0.2 116.6±0.5 3.67±0.03 0.395±0.007 0.335±0.003 2.00±0.01 21.1±0.9
TM04 78.4±0.8 289.1±3.6 17.7±0.7 0.20±0.05 46.4±2.3 51.2±0.2 80.0±0.2 13.64±0.05 0.406±0.002 0.432±0.002 3.97±0.01 11.3±0.7
TM05 58.2±0.7 205.1±3.0 18.2±1.2 0.14±0.02 18.7±2.0 11.0±2.4 97.1±0.2 2.94±0.02 0.337±0.002 0.178±0.002 1.77±0.01 8.4±0.6
TM06 154.6±0.9 573.5±4.0 30.8±0.8 0.31±0.06 51.9±2.6 45.0±0.2 233.1±0.6 13.19±0.06 0.554±0.003 1.056±0.004 6.20±0.02 25.9±0.7
TM07 41.5±0.7 146.5±5.1 10.6±0.8 < 0.04 14.1±1.7 11.4±0.1 59.0±0.3 3.62±0.03 0.220±0.009 < 0.20 1.01±0.01 5.8±1.1
TM08 31.5±2.0 124.1±5.9 12.0±0.9 < 0.05 9.7±1.9 6.7±0.1 311.3±1.0 2.45±0.03 0.215±0.007 < 0.22 1.07±0.01 6.1±0.8
TM09 206.2±0.7 141±45 16.7±1.3 0.11±0.02 < 6.0 8.2±2.2 349.2±0.7 59.6±0.2 0.690±0.002 < 0.20 0.86±0.01 7.0±0.6
TM10 67.5±1.0 320±50 11.8±1.4 0.14±0.04 14.9±2.9 17.9±0.3 71.3±0.1 5.13±0.04 0.192±0.003 < 0.31 2.22±0.01 6.9±0.9
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Table 3. Concentrations of aerosol soluble major ions during the M91 cruise.

Sample Na+ NH+
4 Mg2+ K+ Ca2+ Cl− NO−

3 SO2−
4 C2O2−

4 Br−

nmolm−3 nmolm−3 nmolm−3 nmolm−3 nmolm−3 nmolm−3 nmolm−3 nmolm−3 nmolm−3 nmolm−3

TM01 41.2±0.7 13.6±0.3 4.3±0.1 1.1±0.1 1.6±0.1 31.3±0.5 9.2±0.1 13.4±0.1 0.18±0.01 0.017±0.006
TM02 81.9±3.9 49.0±0.9 6.9±0.7 2.7±0.2 3.8±0.7 65.2±0.6 26.2±0.4 31.3±0.3 0.17±0.01 < 0.016
TM03 130.4±2.6 11.7±0.2 14.3±0.2 2.6±0.1 4.7±0.2 123.5±2.8 7.0±0.2 22.5±0.5 0.21±0.02 < 0.035
TM04 76.3±1.3 34.0±0.5 8.1±0.2 2.1±0.1 2.8±0.2 75.4±0.5 16.0±0.1 19.1±0.1 0.22±0.01 < 0.034
TM05 66.3±1.6 14.3±0.2 6.7±0.3 1.7±0.1 2.4±0.3 66.0±0.7 5.8±0.3 14.1±0.2 0.15±0.02 < 0.032
TM06 49.3±2.4 38.8±0.9 4.2±0.5 1.6±0.1 2.5±0.5 47.6±0.6 21.5±0.3 20.8±0.2 0.20±0.01 < 0.017
TM07 127.7±2.7 20.1±0.3 12.8±0.6 3.1±0.2 3.9±0.6 120.0±1.2 8.0±0.6 25.5±0.3 0.25±0.03 < 0.055
TM08 70.7±2.2 8.1±0.3 7.7±0.3 1.2±0.2 2.6±0.2 65.8±2.4 5.2±0.3 13.7±0.5 0.16±0.03 < 0.039
TM09 215.4±7.5 5.2±0.9 22.7±1.4 5.2±0.3 6.2±1.5 228.2±1.6 6.7±0.7 28.0±0.4 0.19±0.04 < 0.055
TM10 108.0±2.4 8.2±0.3 10.9±0.5 2.5±0.2 3.5±0.5 110.2±1.1 5.4±0.5 20.1±0.3 0.10±0.04 < 0.047
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Table 4. Spearman’s rank correlation matrix for selected parameters measured during M91.
Upper right quadrant (bold) shows significant correlation coefficients (p < 0.01) obtained from
the entire dataset, lower left quadrant (italics) show significant correlation coefficients (p < 0.01)
obtained after removing sample TM09.

nss-K+ nss-
Ca2+

nss-
SO2−

4

s-Fe s-Al s-Mn s-Ti s-Zn s-V s-Cu s-Ni s-Co s-Cd s-Pb s-Th

nss-K+ x 0.78 0.78

nss-Ca2+ x

nss-SO2−
4 0.80 x

s-Fe x 0.88 0.93 0.84

s-Al 0.93 x 0.77 0.88 0.92

s-Mn x 0.92

s-Ti 0.94 0.89 x 0.77

s-Zn 0.82 0.82 0.84 x 0.84 0.78 0.83

s-V 0.80 0.88 0.81 0.83 x 0.79

s-Cu x

s-Ni 0.90 0.92 x 0.78

s-Co x

s-Cd 0.92 0.88 0.82 0.92 0.82 x 0.96 0.79

s-Pb 0.93 0.92 0.95 0.82 0.95 x

s-Th 0.92 0.83 x
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Table 5. Dry deposition fluxes (nmolm−2 d−1) of aerosol soluble components and the ratio of
total inorganic nitrogen to soluble Fe deposition (TIN: Fe) during the M91 cruise. Deposition
velocities used to calculate fluxes are described in the text.

Sample NH+
4 NO−

3 Fe Zn Cu Ni Co Cd Pb TIN: Fe

TM01 1180 4750 21 0.7 9.8 0.3 0.10 < 0.01 0.11 280
TM02 4240 13600 67 4.7 5.9 1.0 0.21 0.08 0.63 270
TM03 1010 3650 31 0.8 10.1 0.3 0.20 0.03 0.17 150
TM04 2940 8300 41 4.0 6.9 1.2 0.21 0.04 0.34 280
TM05 1230 2300 30 1.6 8.4 0.3 0.17 0.02 0.15 140
TM06 3350 11100 80 4.5 20.1 1.1 0.29 0.09 0.54 180
TM07 1730 4160 21 1.2 5.1 0.3 0.11 < 0.01 0.09 270
TM08 700 2670 16 0.8 26.9 0.2 0.11 < 0.01 0.09 210
TM09 450 3460 107 < 0.3 30.2 5.1 0.36 < 0.01 0.07 37
TM10 710 2830 35 1.3 6.2 0.4 0.10 < 0.02 0.19 100
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Figure 1. Track of cruise M91, showing locations of aerosol samples TM01–TM10 as alter-
nating colours along the track. Also shown are the locations of the mega-city of Lima and the
smelters at Chimbote, La Oroya and Ilo.
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TM03

TM02

TM09

Figure 2. Example 5-day air mass back trajectories for the mid-points of samples TM02, TM03
and TM09.
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Figure 3. Aerosol nitrate concentrations (nmolm−3) during M91.
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Figure 4. Plots of (a) soluble cobalt (s-Co) and (b) soluble thorium (s-Th) against soluble man-
ganese (s-Mn) concentrations in M91 aerosol samples. Sample TM09 is indicated by an arrow
in both panels.
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Figure 5. Plots of (a) soluble nickel (s-Ni) and (b) soluble copper (s-Cu) against soluble vana-
dium (s-V) concentrations in M91 aerosol samples. Sample TM09 is indicated by an arrow in
both panels. Note the change in y axis scale in (a).

17242

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/17219/2015/bgd-12-17219-2015-print.pdf
http://www.biogeosciences-discuss.net/12/17219/2015/bgd-12-17219-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 17219–17243, 2015

Soluble trace metals
in aerosols over the
tropical south east
Pacific offshore of

Peru

A. R. Baker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

a)

b)

Figure 6. Forward air mass trajectories for the locations of the (a) Chimbote and (b) Ilo metal
smelting facilities. Trajectories were run for periods of 48 h every 4 h over the collection periods
of samples (a) TM02 and (b) TM09.

17243

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/17219/2015/bgd-12-17219-2015-print.pdf
http://www.biogeosciences-discuss.net/12/17219/2015/bgd-12-17219-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Introduction
	Methods
	Results and discussion
	Conclusions

