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We report on metal enrichment along a natural pH gradient owing to increased CO2 degassing at cold, shal-
low seeps of Vulcano Island in the Mediterranean Sea, off Sicily. We assessed composition of unfiltered and
filtered seawater (b100 nm) along acidic zones ranging between ambient and pH 5, and showed that most
seep derived elements are present as nanoclusters which then aggregate into larger colloids while mixing
with ambient seawater along a pH gradient. Size and elemental composition of such naturally occurring
nanoparticles assessed by modern characterisation methods were in good agreement with the results from
conventional analytical methods.
We provide analytical evidence for the presence in the water column of a large fraction of seep derived ele-
ments (e.g. approximately 50% of iron, over 80% of Mn, 100% of Cr, S and Zn) in the form of nano sized par-
ticles (e.g. b100 nm) even at typical open ocean pHs. We launch in situ sampling protocols and sample
preparation procedures for multi-method suitable to obtain accurate measurements on nanoparticles from
environmental samples. Based on our results a first insight to the formation of natural nanoparticles at
cold CO2 seeps is presented and the persistence of such nano-clusters in the surrounding seawater is
stipulated.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Deep sea hydrothermal vents are considered “chemical reactors”
for the formation of both organic and inorganic compounds and
their transformation through abiotic and biotic processes (Luther,
2004), and are a significant source of metals to the ocean. Steep pH
gradients combined with metal enriched fluid emissions typical at
these high temperature deep sea hydrothermal vents (Kadar et al.,
2005) are conditions known to facilitate the formation of Fe-rich
nanoparticles (NPs) (Kennedy et al., 2004; Kim et al., 2008; Yucel et
al., 2011; Wu et al., 2011). Recent research suggests that an unknown
fraction of this flux escapes from precipitation/flocculation reactions
partly due to stabilisation by organic ligands (Sander and Koschinsky,
2011; Toner et al., 2009; Bennett et al., 2008), and due to nanoparticles
reported to be kinetically stable (Yucel et al., 2011).

Contrasting such high temperature dominated system emissions
from the shallow, high temperature vents (cold seeps) have metal
concentration several orders of magnitude lower (Kim et al., 2008).
ct); fax: +44 1752 633101.

rights reserved.
Formation of metallic nanoclusters may therefore be less likely to
occur in cold seeps, but cannot be ruled out and has not been ade-
quately investigated to date. Nanoparticle formation under the reduc-
ing conditions typical at cold seeps is a result of mobilisation of
metals due to CO2 seepage in the sediment owing to dissolution of
particles and release of adsorbed metals on the surface of the solids,
and also due to changes of decomposition rates of biogenic particu-
late material due to decreased pH and pE (Ardelan et al., 2009). The
significance of the contribution of such metallic nanoclusters to the
biogeochemical cycling of Fe at shallow underwater CO2 emissions
is unknown and needs to be addressed.

Whilst sampling challenges in extreme environments (Kadar and
Powell, 2006) and the lack of analytical techniques for detection
and characterisation of natural NPs (Lead et al., 2000) have prevented
in depth study of the actual morphology, mineralogy and chemical
properties of the NPs emitted in deep sea hydrothermal fluids until
recently, shallow seeps may be a more accessible site for such studies.
The contrasting geological settings, distributions, biogeochemistry,
and dynamics of vent and seep ecosystems render distinctive charac-
teristics ranging from the source of reduced compounds available for
microbial transformation into energy through chemical oxidation, to
the nature of the substratum. It is fair to assume therefore that the



25E. Kadar et al. / Marine Chemistry 140–141 (2012) 24–32
environmental fate of NPs within the shallow, cold, sunlit settings of
CO2 seeps will be quite different from deep-sea vents, which warrants
our comparative discussion.

The shallow fumaroles within the geothermal field in Southern
Italy have recently been in the spotlight (Spencer-Hall et al., 2008)
providing natural laboratory conditions to study physiological adap-
tations to ocean acidification i.e. valuable predictors of future ocean
ecology owing to their elevated CO2 flux. The geothermal field from
the Levante Bay comprises both terrestrial and submarine gas emis-
sions emerging a few metres from the beach at about 1 metre
depth. The resulting gas emissions from the hydrothermal aquifer
are associated with magmatic fluids coming from the crater fuma-
roles and modified by low-temperature subsurface processes
(Chiodini et al., 1995). The gas emissions are characterised by high
CO2 contents>90% volume and a significant variability of H2S ranging
from 0.8 to 2.5% volume (Capaccioni et al., 2001). The large variability
of H2S in the gas discharge can be attributed to the interaction be-
tween metal sulphides and hydrothermally altered volcanic and
weakly acid waters. Thermal water discharges from the Istmo‐Porto
di Levante beach further complicate the water chemistry of the bay
(Aiuppa et al., 2000) by their input of elevated conductivity, high Na
and Cl content, very low pH and Eh and high content of volatile
metals, due to acid gas condensation (Aiuppa et al., 2000). Such un-
derwater volcanic emissions create a natural pH gradient that provide
excellent sites to study the environmental behaviour (i.e. stability,
mobility, and persistence) of metal-rich and organic NPs from various
volcanic fluids and/or gas. Taking advantage of the geochemically dis-
tinct, shallow fumaroles as natural sites of NP emission it is uniquely
possible to study transport and fate of NPs under natural environ-
mental conditions, investigate their tendency to aggregate and inter-
act with other particles under different bio-geo-chemical settings.
Understanding their environmental fate and behaviour may help us
xB
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Fig. 1. The sites of sampling along a natural pH gradient at the sub aquatic volcanic CO2 emis
conspicuous gas emission and pH ~7.6 that is known to cause physiological stress to calcifyi
and pH ~7.9 referred as “mid pH”; site C (control) was chosen circa 150 m from the venting
emission, average pH 5 and a consequent lack of inhabitant macro-organisms.
distinguish such naturally present NPs from engineered NPs, a funda-
mental nanoscience challenge.

In an effort to better understand environmental fate and behaviour
of natural NP we report on the prevalent types of metal-rich natural
NPs along a natural pH gradients created by submarine volcanic gas
emissions at a geochemically distinct geothermal system in Vulcano
Island in South Italy. Our aim is to conduct an integrated study of
these hydrothermal NPs to reveal their composition, size distribu-
tion, surface topology and chemical reactivity. Specific aims were
to characterise these NPs along a pH gradient determined by distinct
CO2 fluxes and investigate the relationships between NP structure
and the geochemical settings at hydrothermal seeps. In addition,
we provide key information on methods suitable for detection of
naturally present NPs.

2. Materials and methods

2.1. Water sampling for multi-element analysis using ICP-MS and ICP-OES

Triplicate seawater samples were collected at four sites (Fig. 1)
along a natural pH gradient at the sub aquatic volcanic emissions in
Levante Bay on the island of Vulcano (Southern Italy 38°25′N; 14°
57′E) including: site A with visible gas emission as small bubbles
and an average pH ~7 (low enough to cause physiological stress to
calcifying organisms); site B at a distance of 40 m away from A
along the shore with no visible gas emissions; and the off-shore
control site C with pH ~8, 150 m away and separated from the
venting source by a geographical barrier. The extreme acidic site D
was also investigated as the place with constant, very intense CO2

emission, a consequent average pH 5 and lack of inhabitant macro-
organisms. Water samples were collected and stored in 500 mL,
acid washed HDPE flasks. Triplicate samples were taken manually by
B C 

D 

sions off the island of Vulcano (Southern Italy 38°25′N; 14°57′E) as follows: site A, with
ng organisms and thus it is referred as “low pH site”; site B with no visible gas emission
sources with ambient sea water pH of 8.1; and site D with constantly very intense CO2
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opening the narrow necked flasks at about 50 cm below the water sur-
face in order to avoid sampling any surface films (Morley et al., 1997)
and to allowCO2 dissolution through thewater column. Simultaneously
snapshot values of physico-chemical parameters were recorded
(Table 1) using a hand held multi-parameter water quality meter
(WTW). Three sub samples of all samples (three replicates from each
site) were filtered in situ on 100 nm pore size polycarbonate mem-
branes (Millipore) and the filtrates were acidified to pH 2 by addition
of 10 μL mL−1 of ultrapure, concentrated HNO3 until analysis for ele-
mental composition using ICP-MS and/or ICP-OES. The macro elements
were analysed using a Varian 725-ES ICP-OES instrument with the fol-
lowing operating conditions: forward power=1.4 kW; coolant gas
flow=15 L min−1; auxiliary gas flow=1.5 L min−1; nebuliser gas
flow=0.68 L min−1; viewing height=8 mm; replicate read time=
4 s; nebuliser type: v-groove; spray chamber type=Sturman–Masters.

Trace-elements were analysed using a Thermo Scientific X Series 2
ICP-MS instrument. Operating conditionswere: power=1.4 kW; coolant
gas flow=13 L min−1; auxiliary gas flow=0.7 L min−1; nebuliser gas
flow=0.80 L min−1; dwell time=10 ms; sweeps=50; nebuliser
type=concentric glass; spray chamber type=PC3; collision cell
gas=7% hydrogen in helium at a flow rate of 3.5 mL min−1.

The samples were diluted by a factor of 10 (with 2% nitric acid) to
overcome problems with salt clogging the injector of the ICP torch or
the sampler and skimmer cones. Matrix-matched standards were
prepared using a 10-fold dilution of the certified reference material
NASS 5 (National Research Council Canada). Internal standards of
10 μg L−1 In and Ir were also used for the ICP-MS analyses to com-
pensate for any temporal instrumental drift. Detection limits for var-
ious elements were as follows (in nM): Cr≤7; Mn≤17; Co≤8;
Ni≤15; Cu≤7; Zn≤12; Mo≤2; Ag≤3; Cd≤10; Ba≤6; Pb≤0.5 and
Fe≤3.

2.2. NP characterisation

Particle size distribution, shape, micro-morphology and surface
topology were studied by both transmission electron microscopy
(TEM) and atomic force microscopy (AFM). TEM samples were prepared
by depositing the unfiltered seawater samples on Formvar/carbon coated
300 mesh Cu grids (S162-3, AGAR Scientific); the grids were precisely
coveredwith sample. Particleswere allowed to adsorb to the carbon coat-
ing for 30 min (without drying), followed by gently immersing the grids
in ultra pure water to remove un-adsorbed particles, salt and other
components, and air-drying under protective cover. This methodology
prevented aggregation effects due to air-drying and increased salt
formation, but it is recognised that the ultrahigh vacuum TEM condi-
tionsmay have altered fragile organic structures. However, our recent
data (manuscript in prep.) shows that air-drying has little or no effect
on images or sizing compared with imaging of samples in water. At
least ten micrographs were acquired on randomly selected grids taken
from various locations of the grids, ensuring representativity and statis-
tical rigour. Electron micrographs were taken using a TEM at 80 keV
(JEOL 1200EX), and particle size and shape parameters were evaluated
using image analysis computer software (Digital Micrograph, Gatan
Inc.). High-resolution micrographs and major element-composition of
selected particle-types were thereafter acquired on a TEM operating at
200 keV (Philips Tecnai F20) equipped with energy-dispersive X-ray
Table 1
Typical parameters including depth, pH, temperature, conductivity, O saturation and redox
measurements taken using a portable multimeter sensor (WTW) during 2011.

Site Depth
(cm)

pH T
(°C)

D (extreme acidic) 150 5.91±0.60 20.15
A (low pH) 150 7.38±0.55 19.76
B (mid pH) 270 7.76±0.25 19.54
C (control Med. Sea) 250 8.03±0.02 19.47
diffraction (EDX, Oxford Isis). AFM samples were prepared by covering
freshly cleaved mica with the unfiltered seawater samples (10–20 μL),
allowing particles to adsorb to the mica for 5 min, followed by gentle
immersion in ultra pure water and air-drying. AFM images (XE-100,
Park Systems) of 30×30 μm and 2×2 μm were obtained in air by
non-contact mode at 0.5 Hz scan rate using a silicon cantilever with
42 N m−1 force constant and 330 kHz resonance frequency (PPP-NCHR,
Nanosensors). Average particle diameterswere determinedbymeasuring
the heights over themica surface of a large number of particles (>200 for
most of the samples) using analytical computer software (XEI, Park
Systems). Due to the typically skewed nature of particle distributions
we reportmedian particle heights togetherwith upper and lower quartile
values.
2.3. Sampling of hydrothermal gas

Detection of natural NPs in the hydrothermal gas from shallow
CO2 seeps was conducted for the first time using a TSI Nanometer
aerosol sampler (Model 3089NAS) that electro-precipitates NPs directly
onto TEM grids and/or AFM substrates (Willeke and Baron, 1993). This
instrument collects positively charged particles in the range of 2 to
100 nm using the electrostatic precipitation method by an electrode
with a negative potential of up to 10,000 V. The sampler was run on a
fixed flow rate (1.7 Lmin−1) and voltage (−9.6 V) and the electric
field between the grounded chamber and the electrode focuses particles
onto the substrate (TEM grids and/or mica sheets for AFM), which can
then be removed for analysis. The gas was captured using a plastic fun-
nel (50 cm diameter) secured over a gas escape with a strong and con-
stant flow (Fig. 1B and C), which was connected to the Nanometer
aerosol sampler by 30 m long PVC tube (Fig. 1D).
3. Results

3.1. Total and filterable fraction of major and microelements in the water
column

The physicochemical parameters captured by our discrete measure-
ments (Table 1) do not point to distinct pH-zones within our study
sites in the Levante Bay (Fig. 1) possibly owing to mixing determined
by local hydro graphic conditions, morpho-dynamic parameters and
site geometry. Seawater at the sampling sites A, B and C was enriched
in Mn, Fe, Cr, Cu, and Zn (Table 2). In addition, Pb and Ba were only
enriched in the extreme acidic site (D). Comparison between un-filtered
and 0.1 μm filtered seawater concentrations showed that most elements
thatwere enriched relative to control seawaterwerepredominantly pres-
ent as NPs, organic and/or inorganic complexes of free ions in the
b100 nm fraction,with the exception of Fe, Pb, Ag and Cu. For Fe, the per-
centages found in the b100 nm fraction were relatively low at site A
(15%), B (30%) and C (50%) indicating that Fe was mostly associated
with larger (>100 nm) colloids or particles in these waters with pH
7–8 with low or no gas emission. However, the filter-passing fraction of
Fe was much larger (80%) at site D with pH 5 and intense gas emission.
Contrary to Fe, Pb was 100% in the filter passing fraction at sites A and B
but only 35% at site D (Table 2B).
potential at the four sampling sites along the pH gradient. Values are seasonal single

Conductivity
(μS cm−1)

O saturation
(%)

Redox potential

96.63 93 −171
96.03 114 −91
95.75 119 −34
95.43 112 −52



Table 2
A.) Metal concentrations of the four sites along a pH gradient following the acid digestion and analysis using ICP-MS or ICP-OES analysis. Values are averages±SEM, N=3.B.) Nano-sized
fraction of the volcanic elements that enrich seawater represented as % of the total concentrations detected in unfiltered samples.

A) Total conc.
(mM)
macro elements

D
(pH 5.9)

A
(pH 7.4)

B
(pH 7.8)

C
(control, pH 8.1)

Ca 11.14±0.00 11.44±0.01 11.26±0.11 11.26±0.13
K 10.87±0.18 8.15±0.54 9.24±0.11 11.66±0.33
Mg 53.18±0.22 53.68±0.10 53.31±0.27 53.66±0.65
Na 525.82±2.71 555.70±6.98 539.45±7.33 538.01±7.29
Sr 0.09±0.00 0.09±0.00 0.09±0.00 0.09±0.00
B 0.48±0.00 0.48±0.00 0.48±0.00 0.48±0.00
S 31.15±0.33 32.28±0.23 31.82±0.40 31.1 ±0.26

micro elements (nM)
Cra 5.63±0.92 18.85±2.35 34.07±1.28 7.39±1.44
Mna 377.75±18.64 155.13±24.22 94.94±16.86 48.83±2.38
Fea 750.18±75.92 926.22±63.58 479.23±38.18 317.34±20.03
Cua 11.06±6.34 n.d. n.d. n.d.
Zna 1936.37±19.15 2092.38±111.99 2003.65±25.56 2249.92±112.13
Moa 19.43±1.05 39.06±3.71 32.96±0.59 35.05±2.08
Aga n.d. n.d. n.d. n.d.
Baa 27.61 ±4.91 18.87±4.02 15.97±4.96 25.08±5.42
Pba 3.61±1.73 0.81±0.03 1.09±0.03 1.68±0.19

B) % 0.1μ-filtered
fraction

D
(pH 5.9)

A
(pH 7.4)

B
(pH 7.8)

C
(control, pH 8.1)

Cr 100 55.8 100 100
K 100 98 95 93
S 100 98 100 100
Mn 100 100 93 85
Fe 80 14 29 50
Zn 100 99 100 100
Pb 52 20 80 100
Cu 38 62 64 44

a Elements whose concentrations are significantly different from those detected in the control seawater samples.
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3.2. Typical (nano) particle clusters along the natural pH gradient

The TEMmicrographs of the unfiltered seawater showed the pres-
ence of particles ranging in size from a few nm to several hundred nm
(Fig. 2 and Supplementary information Fig. S1). The EDX-spectra can
typically give semi-quantitative information about element composition
when the element makes more than about 0.1–1.0% of the total mass
of specific particles on the selected area of the TEM micrographs
(Utsunomiya and Ewing, 2003); Cu, C and O however, are always
present in high concentrations due to background from the carbon
coated Cu-grids. Micrographs from site A (Fig. 2Aa–d and Supplementa-
ry information Fig. S1 Aa–j) showed a type of large (600±1000/

500 nm,
median circular diameter±upper quartile/

lower quartile) electron-dense col-
loids with porous and entangled structure, often surrounded by smaller
(a few nm) spherical particles (Fig. 2A). Similar colloids were observed
on micrographs from site B (Fig. 2Ba–b and Supplementary information
Fig. S1 Ba–e), although smaller in size (200±260/

50 nm). For a majority
of the large colloids, at both sites A and B, EDX-spectra from the
electron-dense centres of the colloids showed high signals of Fe, while
S, Cl and Ca were also present albeit showing lower signals (Fig. 2Aa–b
with related EDX spectra). This result strongly indicates that the colloids
were largely composed of Fe-rich material, although the presence of or-
ganicmatter cannot be ruled out due to the limitations in the preparation
method and backgroundpresence of carbon. Someof the colloids imaged
by TEM contained fibrillar and less electron-dense structures (Fig. 2Ad),
suggesting that they indeed contained organic biopolymer fibrils (Perret
et al., 2000; Wilkinson et al., 1997). The small, spherical and, less
electron-dense particles surrounding the large colloids (Fig. 2Ab) only
showed low levels of S and Ca above the background. It is possible that
these particles represented organic macromolecules such as humic sub-
stances (Wilkinson et al., 1999). Interestingly, high levels of Cr were
ubiquitously detected in all Fe rich colloids from site B (Fig. 2Ba,b), but
not at the other sites, which was in good agreement with the ICP-MS re-
sults showing Cr concentrations in site B more than 4 times higher than
in control seawater at site C (Table 2). Other types of large colloids
were also present at sites A and B (Supplementary information,
Fig. S1) having a more compact structure and being dominated by
Ca, indicating that they may represent Ca-carbonate particles. The
TEM micrographs and EDX-spectra from the control site C also
showed large (600± 1080/

480 nm) electron-dense Fe-rich colloids
(Fig. 2Ca–c and Supplementary information Fig. S1 Ca–e), but
with a different structure, e.g. composed of elongated particles or
crystals. It is possible that this structural difference represented a
more advanced state of Fe oxyhydroxide crystallisation, or an
input of different types of organic matter from phytoplankton. In
addition, different types of colloids were observed at the control
site C containing high levels of sulphur, but un-detectable levels of
Fe (Fig. 2Cb and Supplementary information Fig. S1 Cd, e). At site D,
most of the colloids appear to be composed of smaller NPs rich in S
(Fig. 2Da). In addition, a different type of particulate material was
found, with high concentrations of Fe, P and Mg, and lower levels of
Cr, S, Cl and Ca (Fig. 2Da–b).

The AFM-images showed large numbers of NPs in the 0.5–20 nm
size range and a few larger aggregates that appeared to be composed
of similar small NPs (Fig. 3 and Supplementary information Fig. S2).
The diameter (height) distributions determined from AFM micro-
graphs were not normally distributed, but followed a power law,
which is typical for particles from natural waters (Mavrocordatos et
al., 2007) and was 4±6.6/

2.4 nm (n=226) at site A, 3±6.1/
1.9 nm

(n=201) at site B, 6±9.1/
4.2 nm (n=231) at site C and 4±5.5/

2.5 nm
(n=209) at site D (median values±upper quartile/

lower quartile). Statistical
comparison (two-tailed Mann–Whitney U-test with 0.05 signifi-
cance level) showed that the particle diameters were significantly
different between all the samples, except for between sites A and
D. It should be noted that AFM images do not reveal the composition
of the particles, and that they could include organic macromole-
cules, which are typically prevalent in the 0.5–20 nm size range
(Stolpe and Hassellöv, 2010). Although small NPs were much more



Fig. 2. Selected TEM microcraphs and related EDX spectra acquired at specific locations on the typical particles encountered in the seawater samples at the 4 sites along the pH
gradients of the volcanic CO2vents of Vulcano Island off Sicily: A (a–d) the low pH site; B (a–b) the mid pH site; C (a–b) the control site 150 m from the low pH site and D (a–
b) the extremely low pH site with intense CO2 degassing.
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numerous than larger aggregates, the aggregates may represent a
higher portion of the total particle mass, and may thus contain a
larger proportion of Fe in the samples. If all particles are assumed
to be spherical, the median particle volumes were 50± 150/

7 nm3

at site A, 20±120/
3 nm3 at site B, 110±400/

40 nm3 at site C and
20±90/

9 nm3 at site D (median values and interquartile ranges). This
result follows the same trend as the percentages of Fe as measured by
ICPMS in the retentates of 100 nm filtration, which decreased in the
order site A>site B>control>site D (Table 2B).

A range of size and shape parameters were evaluated on the
Fe-rich colloids shown on the TEM and AFM-micrographs (Supple-
mentary information, Table S1amd S3). The sphericity and solidity of
the colloids (see Supplementary information for definitions) deter-
mined from TEM-micrographs were similar at the three sites, implying
that no significant difference in colloid shape or porosity between the
sites could be shown. In addition, the fractal dimensions of the colloids
determined using a simplified approach described by Lee and Kramer
(2004) (Supplementary information, Table S1), were in the range
1.77–1.86 at all four sites, indicating that they had been formed by
diffusion-limited aggregation, e.g., without any strong repulsion
between the smaller components forming the colloids (Lin et al.,
1998). No significant difference could be shown between TEM and
AFM fractal dimensions at sites B and C, but there was a small but
significant difference at site A, and a highly significant difference at
site D (Mann–Whitney U-test with P=0.05 significance level). The
differences could be interpreted as a change in aggregate structures
in the TEM-samples as a result of drying in the ultra high vacuum in-
side the TEM.
3.3. Typical (nano) particles in hydrothermal gas

The use of TSI Nanometer Aerosol Sampler to capture hydrother-
mal gas was a pioneering success in delivering a representative gas
sample from a subaquatic degassing, with sufficient mass and/or par-
ticle number, directly onto TEM and SEM/AFM grids that allowed de-
termination of the shape morphology and chemical composition of
typical positively charged particles. TEM micrographs and related
EDX spectra of the hydrothermal gas showed particles in a size
range from few nm to several hundred nm that were rich in S, Ca, K,
Mg, P and Si with traces of Fe and Co (Fig. 4A and B). The AFM images
from the same samples however, showed a low number of spherical



Fig. 3. Selected AFM images from the seawater samples from A) the low pH site B) the mid pH site C) the control site; D) the extremely low-pH site with intense CO2 degassing.
Histograms are showing the particle diameter distribution based on height measurements of minimum 200 particles on at least 4 different AFM images.

29E. Kadar et al. / Marine Chemistry 140–141 (2012) 24–32
NPs (Fig. 4C) with a narrow size distribution of 7±8.1/
6.5 nm (n=34)

(Fig. 4D).

4. Discussion

Total Fe concentrations in both unfiltered and filtered water sam-
ples (b100 nm) from the cold CO2 seeps in Vulcano (Southern Italy)
were about an order of magnitude higher than reported for other
near-shore oligotrophic Mediterranean waters (Özturk et al., 2003;
Sarthou and Jeandel, 2001; Morley et al., 1997), strongly indicating
that this type of cold, shallow CO2 seeps can supply significant iron
input to the sea. At such high concentrations (e.g. in the order of
μM), Fe in seawater is usually found predominantly associated with
large particles that are retained by 0.45 μm filters (Benoit et al.,
1994; Stolpe and Hassellöv, 2010). Therefore, the fact that as much
as 80% of Fe at site D passed through a 100 nm filter indicates that



Fig. 4. Particle micromorphology, composition and size distribution in the hydrothermal gas captured using the aerosol nanoparticle sampler (low flow settings: 1.7 Lmin−1 for
30 min and−9.6 V); A and B: selected TEMmicrographs and related EDX spectra acquired at specific locations on the micrographs and C: selected AFM image and histogram show-
ing the particle diameter distribution based on height measurements of 34 particles at 4 different AFM images. Note that regardless of their distinct morphometry typical particles
captured have very similar elemental composition.
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the physicochemical fractionation of Fe near these fumaroles was
highly different from other near-shore marine waters. Binding of Fe
to small organic complexes can explain a higher solubility than
expected for inorganic suspension alone (Sander and Koschinsky,
2011; Toner et al., 2009; Bennett et al., 2008; Kuma et al., 1996),
where b100 nm fractions of iron were lower (Table 2B). However, al-
though no DOC data are available for our sample sites, the concentra-
tions of organic matter at site D, where the b100 nm fraction of iron
was the highest, is not expected to be higher than at site B and the
control site, where b100 nm fractions of iron were lower (Table 2B).
Therefore, the formation of iron-rich NPs around the CO2 seeps, e.g., in
the form of Fe (III) hydroxide or oxy-hydroxide and iron sulphides,
may be a more likely explanation to the large percentage of b100 nm
Fe found at site D. The results from TEM and AFM confirmed that NPs
were prevalent in the seawater samples, but also showed that they ag-
gregated to become larger colloids. However, the fact that Fe was com-
paratively high in concentration even at the control site 150 m from the
seeps, and that as much as 50% of Fe there was in the b100 nm
filter-passing fraction may imply similar trends to findings on Fe-rich
NPs from deep sea hydrothermal vents transported to considerable
distances in seawater (Yucel et al., 2011; Wu et al., 2011). Another
cold seep/deep sea fumarole similarity may be the rapid aggregation
and settling of some of the Fe-rich NP particles within the immediate
vicinity of the fumaroles (Kuma et al., 1996; Wilkinson et al., 1997),
which could explain our results on the lower b100 nm Fe fraction at site
A, and the increase of this fraction from site A to the sites B and C
(Table 2b). In addition, site A, which has both the highest Fe-
concentration with the lowest percentage of b100 nm iron, and the
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largest fraction of NPs in the >10 nm size range as shown by AFM, may
receive iron from an additional source, e.g., benthic re-suspension. Simi-
lar sediment suspension may happen in the other sites to a lesser de-
gree depending on seepage intensity and related biogeochemical
processes.

The distribution of trace elements between un-filtered and 100 nm
filtered samples at the different sampling stations can be explained by
their inorganic speciation, organic complexation and binding to Fe-rich
NPs and colloids. The large percentages of Mn and Zn in the 100 nm fil-
trates are in accord with their inorganic speciation being dominated by
free divalent ions or chloride complexes, forming only weak complexes
with organic ligands and Fe-oxyhydroxide surfaces (Long and Angino,
1977; Byrne, 2002). Cu on the other hand forms strong organic com-
plexes (Croot, 2003) and is most likely influenced by the distribution
of organic matter between un-filtered and 100 nm filtered fractions.
The inorganic speciation of Pb changes from Pb-chloride complexes
being dominant at lower pH, to Pb-carbonates dominating at neutral
and higher pH (Long and Angino, 1977). If Pb-chloride is more readily
available to adsorb to Fe-oxyhydroxide surfaces, it could explain why
77% of the Pb was associated with >100 nm particles at site D with
pH 5, while ‘truly dissolved’ Pb-carbonate complexes could account for
the large (79–100%)b100 nm Pb-fractions at the other sites with
pH>7.5 (Table 2B). Ag forms strong sulphide complexes (Dyrssen,
1988) and association with the S-rich NPs at site D, and aggregation of
these NPs into larger colloids at site A, could explain the Ag partitioning
between filter fractions at these sites with hydrothermal activity. Mo
tends to be depleted in reduced Fe–S-rich waters. The similar metal
enrichment pattern of our study sites with those detected in the ter-
restrial thermal ground waters from near Levante Bay (in the Isthmo
de Levante beach, which is characterised in detail by Aiuppa et al.,
2000) indicates that these elements may have a common origin
with those in the thermal aquifer. However, in depth volcanology
discussions on the origin of the CO2 seeps are beyond the scope of
this work.

Generally, concentrations of inorganic aqueous species reported
here are in good agreement with data from previous published data
on the fumaroles in Vulcano (Amend et al., 2003). The ICP-OES analysis
even failed to detect any significant difference in total dissolved sulphur
concentration among study sites (possibly owing to the masking effect
of the high SO4

2+concentrations naturally present in seawater) despite
our clear evidence that S is a chief component of the CO2 degassing cap-
tured by the electrostatic-precipitator on the TEM grids (EDX spectra of
all nano-clusters from the hydrothermal gas shown in Fig. 2). It is likely
that the acid volatile fraction of sulphur accounted for most of the site
specific differences, and this form is not captured by TDS using
ICP-OES on acid digested seawater samples. However, S peaks were
ubiquitous in EDX-spectra of all colloids in suspension at all four study
sites, including control samples (Fig. 2A–D). Usually S co-occurred
with Fe except for the extreme acidic site D, where two distinctive col-
loids were observed: the more abundant and homogenous aggregates
of NPs (b10 nm) with high S content (Figs. 2Da and 3D) and the larger
micron-size particleswith heterogeneous compositionwith high Fe and
P peaks that co-occur with other metallic elements with hydrothermal
origin (Amend et al., 2003) such as Cr, Mg, Si, Al, Zn and Mn (Fig. 2).
This may indicate that complexation of dissolved free S is fast and the
resulting metal-sulphide nano-clusters appear to be consistent feature
of these CO2-degassing sites providing continuous, kinetically stable
metal input to the sea, same as previously reported at deep sea hydro-
thermal vents (Yucel et al., 2011). However, further, in depth sulphide
speciation measurements are needed for a complete understanding of
metal sulphide formation at cold seeps.

Our study demonstrates the great advantages of complementing
analytical chemistry with high resolution analytical TEM and AFM.
This is best illustrated with the example of Cr for which chemical
analysis showed distinctively high concentration in the mid pH site
as compared to the other 3 sites, and which is supported by the
ubiquitous Cr peaks in most X-ray spectra obtained on nano-particle
clusters here.While TEM alonewould have suggested the exclusive pres-
ence of macro-sized Cr-rich particles in suspension, the concentrations
of Cr measured in the filtered fractions and also the AFM profiles indi-
cate that Cr-bearing particles from site B are mostly nano-sized. It is
possible that agglomeration of NPs into the large clusters shown in
Fig. 2B, is due to the high vacuum during TEM analysis, while AFM,
which operates under atmospheric pressure, detected a larger pro-
portion of discrete NPs. Best size distribution and characterization
of NPs, in particular those from natural environmental samples, are
therefore achieved using complementary data from multiple analyt-
ical methods.

To sum up, (i) we provide a first insight to the formation of natural
NPs at cold CO2 seeps (ii) showing an enrichment in trace metals
(e.g. Fe>Mn, Cr>Pb>Cu>Ba) as compared to control samples
with pH 8; (iii) most of these elements are in the b100 nm fraction
as indicated by both high resolution microscopy and analytical
chemistry methods and (iv) the persistence of such nano-clusters
in the surrounding seawater is stipulated.
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