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� The Hg evasion flux in the Augusta basin marine boundary layer was examined.
� The human activity has influenced in the past the marine Hg cycle in the Augusta Bay.
� The release of Hg from the Augusta Bay is a source of pollution for the Mediterranean.
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a b s t r a c t

The first attempt to systematically investigate the atmospheric mercury (Hg) in the MBL of the Augusta
basin (SE Sicily, Italy) has been undertaken. In the past the basin was the receptor for Hg from an intense
industrial activity which contaminated the bottom sediments of the Bay, making this area a potential
source of pollution for the surrounding Mediterranean. Three oceanographic cruises have been thus per-
formed in the basin during the winter and summer 2011/2012, where we estimated averaged Hgatm con-
centrations of about 1.5 ± 0.4 (range 0.9–3.1) and 2.1 ± 0.98 (range 1.1–3.1) ng m�3 for the two seasons,
respectively. These data are somewhat higher than the background Hgatm value measured over the land
(range 1.1 ± 0.3 ng m�3) at downtown Augusta, while are similar to those detected in other polluted
regions elsewhere. Hg evasion fluxes estimated at the sea/air interface over the Bay range from
3.6 ± 0.3 (unpolluted site) to 72 ± 0.1 (polluted site of the basin) ng m�2 h�1. By extending these measure-
ments to the entire area of the Augusta basin (�23.5 km2), we calculated a total sea–air Hg evasion flux of
about 9.7 ± 0.1 g d�1 (�0.004 t yr�1), accounting for �0.0002% of the global Hg oceanic evasion (2000
t yr�1). The new proposed data set offers a unique and original study on the potential outflow of Hg from
the sea–air interface at the basin, and it represents an important step for a better comprehension of the
processes occurring in the marine biogeochemical cycle of this element.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a chronic pollutant of global concern known to
be transported long distances in the atmosphere into remote eco-
systems (Schroeder and Munthe, 1998). Hg flux into the atmo-
sphere from natural and anthropogenic sources has been
reviewed recently and new estimates for the worldwide distribu-
tion of anthropogenic emissions have been published (Pacyna
and Pacyna, 1998; Kim et al., 2005; Travnikov, 2005; Amos et al.,
2012). Although a part of the Hg emitted naturally comes from
geological and geothermal sources, much of it is recycled Hg previ-
ously emitted from primary or anthropogenic sources, and subse-
quently re-deposited to terrestrial and ocean surfaces (Ericksen
et al., 2005). Hence, as a consequence, a large part of the 2000 t
of yearly emissions from natural sources is actually reemission of
previously deposited mercury, much of which has an anthropo-
genic origin. In some instances, it has been discovered that marine
sediments contaminated by industrial effluents may be secondary
sources of Hg to aquatic ecosystems even though discharge has
been strongly reduced or has even ceased (Bothner et al., 1980).
The exchange of Hg between oceanic surfaces and the atmosphere
represents an important process for the atmospheric cycling and
environmental turnover of this element (Mason et al., 1994; Lam-
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borg et al., 1999). The ability of GEM to reemit from terrestrial and
aquatic surfaces keeps this element circulating in the environment,
with burial into ocean sediments as the only long term sink.
According to the global model of Hg biogeochemistry proposed
by Mason et al. (1994), the ocean releases about 1/3 of the total
global Hg emissions to the atmosphere (about 30% of the total bud-
get of atmospheric mercury on a global scale) and receives about
30–70% of the global atmospheric deposition (Lamborg et al.,
2002). Re-emissions from the ocean of previously deposited Hg
are dominated by gaseous elemental mercury (Hg0 or GEM � 2000
t yr�1; Mason et al., 1994), the most volatile and long-lived form of
this metal. Its low solubility and high Henry’s Law constant induce
high GEM evasion fluxes from fresh water systems, accounting for
about 7–95% of the total estimated atmospheric Hg deposition in
that system. By these considerations, currently there is a clear in-
tent to increase both qualitative and quantitative knowledge con-
cerning the processes occurring during the exchange of Hg
between sediments, the overlying water column and sea-air inter-
face. Within the frame of the IAMC-CNR/ASP program founded by
the Regional Health Department of Syracuse, we performed a
short-term (1 yr) monitoring study on Hg distribution and evasion-
al flux in the atmospheric compartment of the Augusta basin
(Fig. 1), a site of the Mediterranean Sea strongly affected in the past
by the uncontrolled discharge of Hg (since the 1950s) from indus-
trial and petrochemical plants (Sprovieri et al., 2011). This work
represents an important step toward a better comprehension of
the processes occurring once Hg is re-emitted from the contami-
nated bottom sediments (which actually represent the main source
of Hg for the Bay; Sprovieri et al., 2011) in the water column and
finally to the atmosphere. Although the water surface area of the
Augusta basin represents only a small part of the total oceanic sur-
faces on Earth, we aimed this study may improve the global mer-
cury budget and cycle which lack measurements in large parts of
the world’s marine environments. Our purposes are threefold: (1)
to characterize the regional background level of atmospheric
GEM as well as evasional fluxes of Hg in the Bay and compare with
other areas at various latitudes; (2) to evaluate the regional sources
(if any) eventually affecting the GEMatm concentrations; and (3) to
discuss the deposition of atmospheric Hg in the Augusta area. With
these aims, a dynamic flux chamber coupled with a real-time
atomic adsorption spectrometer (Lumex-RA 915+) has been used
to measure Hg evasion flux at the sea/air interface during three
Fig. 1. Maps showing (a) the Augusta basin and the site of the installed weather station
basin, (c) the land trajectories to detect GEM contents in the atmosphere along the co
chamber technique (ST1–7). Map (c) also reports the partition of the entire basin into
detail).
intensive research oceanographic cruises performed in the winter
and summer 2011–2012.
2. Methodology

2.1. Site location

The Augusta basin is within a natural Bay which occupies about
30 km of the eastern coast of the Sicily (Fig. 1a). The southernmost
part of the basin hosted one of the most important chlor-alkali
plants of Italy (Syndial Priolo Gargallo), which with 765 kg of Hg
emission made up over 20% of total Italian emissions in 2001 (Le
Donne and Ciafani, 2008). The effects of indiscriminate Hg dis-
charge of the past include high Hg levels in bottom sediments
which act as a source of Hg to the water column in the Augusta
Bay (ICRAM, 2005; Sprovieri et al., 2011). In detail, sediments lying
in the southern part of the Bay show the highest HgT levels (0.1–
527.3 mg kg�1) with a large range of variability (median value
23.8 mg kg�1), while the northern area is characterized by sedi-
ments containing HgT concentrations varying from 0.1 to
12.7 mg kg�1 (median value 1.1 mg kg�1) (Sprovieri et al., 2011).
An averaged outflow of total Hg (HgT) from the Bay to the Augusta
coastal waters has been estimated to be in the order of about
0.162 kmol yr�1 (�0.032 t yr�1; Sprovieri et al., 2011), which corre-
sponds to 1–2% of the amount calculated for the entire Mediterra-
nean area (12.5 kmol yr�1; Rajar et al., 2007). By these
considerations it emerges that the Augusta basin may play an
important role in exporting mercury into the Mediterranean Sea
and represents a point source for that system.
2.2. Atmospheric GEM measurements

Measurements of atmospheric elemental gaseous mercury
(GEM) were performed across the Augusta basin on-board the Ital-
ian CNR research vessel Luigi Sanzo, during three main oceano-
graphic cruises carried out along the same route in the winter
(November 2011) and summer (July 2011–June 2012) (Fig. 1b),
chosen out of practical and logistical criteria. For the sake of sim-
plicity, GEM, Hg and Hg0 are used without distinction in this arti-
cle, unless otherwise specified. The analysis of atmospheric GEM
was performed using an automated real-time atomic adsorption
used in this study, (b) the routes of the oceanographic cruises inside the Augusta
astal area, and (d) the stations for Hg evasion flux measurement by accumulation
seven Voronoi polygons, each relative to one station of measurement (see text for
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spectrometer (Lumex-RA 915+). The Lumex sampled air at about
20 l min�1 directly into the instrument’s sampling inlet (�3 cm
diameter) at ambient temperature to the multi path detection cell
which has an effective path length of 10 m. This multi-path cell has
a volume of 0.7 l and air changes in the cell 3 times every 7–10 s.
The instrument inlet has an external washable dust filter with a
porosity of 5–10 mkm in addition to a coarse dust filter of porosity
100 mkm. The Lumex monitored gaseous elemental mercury
(GEM) concentrations using differential atomic absorption spec-
trometry with correction for background absorption via the Zee-
man Effect (Sholupov et al., 2004). A zero correction resets the
baseline every 5 min during sampling. The detection limit was
�2 ng m�3, and the instrument has an accuracy of 20%. The accu-
racy and precision of the applied instrumentation has also been as-
sessed through comparison with the traditional gold trap/CVAFS
system used at remote sites elsewhere (Aiuppa et al., 2007; Witt
et al., 2008). During the cruises, the air inlet of the analyzer was in-
stalled on the upper deck about 3 m a.s.l. to avoid the contamina-
tion from ship emissions. We sampled air at 1 s intervals by
covering a total marine area of about 60 km at a speed of
�10 km h�1. Lumex has also been employed to measure atmo-
spheric GEM concentration over the land along the shoreline sur-
rounding the Augusta basin (Fig. 1c), in order to assess
background Hg levels in the air masses inland. For this purpose,
the inlet of the instrument unit was connected to a 1 m-long sili-
cone tube and mounted outside of a side window of the vehicle.
GEM concentrations in air were thus continuously quantified at
5 s intervals, by covering about 20 km of the coast by car at a speed
of �20 km h�1. This analyzer has been successfully used in various
types of atmospheric mercury measurement campaign (e.g., Kim
et al., 2006; Špiric and Mashyanov, 2000; Engle et al., 2006; Wang
et al., 2006; Aiuppa et al., 2007; Muresan et al., 2007; Witt et al.,
2008; Ci et al., 2011) where it was successfully used for continuous
measurements of Hg distribution in the atmosphere over large city
areas and various geological contexts both by walking traverse and
from moving vehicles.

2.3. Mercury flux assessment at the sea–air interface

For the first time in this area, we used a plexiglass open-
bottom dynamic flux chamber (emerged part: 50 � 50 � 50 cm;
Fig. 2. Positioning (a-b), testing (c) and in real-time measurements (d) of se
submerged part: 50 � 50 � 30 cm) technique coupled with a real-
time atomic adsorption spectrometer (Lumex-RA 915+) to esti-
mate the sea–air Hg evasion flux in the MBL (Fig. 2). The accumu-
lation chamber was built by the technical staff working in the
laboratories of electronic at IAMC-CNR (Capo Granitola), according
to the different schemes proposed in literature (Kim and Lindberg,
1995; Carpi and Lindberg, 1998; Covelli et al., 1999; Wang et al.,
2006). The Plexiglas was selected since it transmits all visible
and UV wavelengths in solar radiation (89% and the 64% of UV-A
and UV-B, respectively; Wang et al., 2006), which are responsible
for the formation of photo-induced gaseous mercury in water.
The floating chamber system was placed on the sea water surface
with the edges of the chamber immersed 30 cm into the water to
ensure a tight seal with the water, preventing entry of outside
air. To homogenize the air inside the chamber two fans have been
installed, suspended at about 5 cm from the top of the chamber.
After positioning the chamber on the surface and achieving good
contact, we were able to reach a steady-state of internal mercury
concentration within approximately 10 min. This allowed us to re-
duce the flux chamber’s influence on the environmental parame-
ters of the sea water surface we were investigating, mainly wind
speed and waves, because the chamber remains on the water for
only a short period of time. Of course, this technique is suitable
during relatively calm conditions of the sea, when the influence
of these factors is negligible; anyway, the large size of the chamber
reduces noise caused by the waves. Mercury flux from the water
surface exposed in the chamber (0.25 m2) was then calculated
according to the Eq. (1) (Lindberg and Price, 1999; Zhang et al.,
2001):

UGEM ¼ QðCo � CiÞ=A ð1Þ

where UGEM is the GEM total emission rate per area and unit time
(ng m�2 s�1); (Co � Ci) is the difference in GEM concentrations in
air exiting (Co) and entering (Ci) the chamber (DC) (in ng m�3); A
is the basal area of the chamber in m2; and Q is the flow rate of
air flowing through the chamber in m3 s�1. Of course, the concen-
tration differential used in the flux calculation must be greater than
the system blank, which we determined based on the DC difference
measured in the sunlight by sealing the chamber bottom to a large
clean surface (a clear polycarbonate plate in our case). The QA/QC
protocol of the experiment has been achieved in the field using
a–air GEM evasion flux by using the accumulation chamber technique.
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blanks. Before and after each oceanographic cruise, the chamber
was extensively cleaned with diluted laboratory detergent and sev-
eral-fold rinsed with Milli-Q water. We find negligible blank value
(GEM blank � 0.15 ng m�3) which agrees well with the blank tests
reported in literature (�0.2 ng GEM m�3; Carpi and Lindberg,
1998; Gustin et al., 1999). The theoretical Hg concentration (from
the manual calibration) has been compared to the measured con-
centration by direct injection into the analytical device and the
recovery rate from direct injection into the flux chamber. The over-
all QA/QC protocol showed that up to 99% of the accuracy has been
achieved by the technical protocol, as also confirmed by the low rel-
ative standard deviation exhibited by our data.

2.4. Bulk deposition collection

Bulk deposition was collected using a glass-made open collector
(wet + dry deposition) according to Iverfeldt (1991) and Jensen and
Iverfeldt (1994), which was located on the roof of the port author-
ities office close to downtown Augusta close to the weather station
(Fig. 1a). Rainwater samples were collected at irregular intervals in
function of the rainy events which affected the examined area.
Samples were analyzed for total mercury concentrations (OSPAR,
1997) by a direct analyzer (Milestone DMA-80), which uses the
principle of thermal decomposition, amalgamation and atomic
absorption, in operation at IAMC-CNR (Capo Granitola). Before
the analysis, each rainwater sample was weighed into a quartz
boat, and transferred from the analytical balance to the DMA-80.
Sample boats, loaded onto the instrument auto-sampler, are first
dried and then thermally decomposed in a oxygen-rich furnace.
Mercury and other combustion products are released from the
sample and they are carried to the catalyst section of the furnace,
where nitrogen and sulfur oxides, as well as halogens and other
interfering compounds, are eliminated. Mercury is selectively
trapped, in a separate furnace, through gold amalgamation. Com-
bustion by-products are flushed off. The amalgamation furnace is
heated and mercury is rapidly released. Mercury is flown via the
carrier gas into a unique block with a tri-cell arrangement, posi-
tioned along the optical path of the spectrophotometer, where it
is quantitatively measured by atomic absorption at 253.65 nm.
3. Results and discussions

3.1. Meterological pattern of the area

A meteorological data set, including wind direction, air temper-
ature, and precipitation amount, was developed using data from
the continuous acquisition by a weather station (DAVIS – Vantage
Pro 2 Wi-Fi) installed on the roof of the Augusta port authorities of-
fice (Fig. 1a). Wind rose diagrams, median wind direction and dis-
persion parameters were computed by means of ‘‘openair’’ R
statistical package. The overall (whole observation period) wind
rose diagram (Fig. 3a) showed that the most frequent wind direc-
tions were related to NW and NE sectors. Winds from NW sector
represents about the 50% of total observations, and were character-
ized by prevalent N-W direction (25%), while the prevalent one for
NE sector (accounting for 35% of the total) was E-NE. We did not
identify any relevant relation between the measured Hg concentra-
tions in the MBL and meteorological parameters recorded during
the survey.

3.2. GEM distribution in the MBL

The GEM measurements in the MBL over the Augusta basin
have been performed along the same route in winter (November
2011) and summer (July 2011–June 2012) (Fig. 1b). During the sur-
vey, the wind speed ranged from 4.5 to 9.8 m s�1 and Tair from
about 12–25 �C. During the cruises we measured averaged atmo-
spheric GEM concentrations of �1.5 ± 0.4 (range 0.9–3.1) and
�2.1 ± 0.98 (range 1.1–3.1) ng m�3 in the winter and summer,
respectively (Table 1). The time-weighted average GEM concentra-
tions show to some extent seasonal variations, as previously re-
ported in literature for other geographic areas (Sprovieri et al.,
2003; Sprovieri and Pirrone, 2008; Wangberg et al., 2008). Variabil-
ity in our collected Hg data may be ascribed to the different inten-
sity of the natural sunlight between winter and summer which
represents a key parameter in controlling rates of % Hg0 produced
and then escaped from seawater surface (Costa and Liss, 1999);
anyway the intensity of solar radiation has not been determined
in this study. Time series evidence that collected data result some-
what higher than the atmospheric background Hg level measured
over the land at the downtown urban site of Augusta (averaged
1.1 ± 0.3 ng m�3; Table 1 and Fig. 4a), while are similar to those de-
tected along the shore close to the dense industrial area surround-
ing the basin (range 1.5 ± 1.4–2 ± 1.6 ng m�3), where we
sporadically measured Hg peaks of about 8–10 ng m�3 (Fig. 4a).
Estimated GEM at background levels suggests no significant acute
toxicity since generally the lowest adverse effect observed has
been fixed at 15–30 lg m�3 (�15–30 � 103 ng m�3; Kazantzis,
2002). Anyway, GEMatm level over the Augusta basin results are
to some extent higher than the background atmospheric mercury
values reported for the North Hemisphere (range: 1.5–1.7 ng m�3;
Lindberg et al., 2007; evidenced by the dashed red lines in Fig. 4b),
while are similar to those reported for a few polluted marine areas,
like Tokyo Bay, the South China Sea and the Yellow Sea (1.9 ± 0.6,
2.8 ± 1.5 and 2.3 ± 0.7 ng m�3, respectively; Narukawa et al.,
2006; Fu et al., 2010; Ci et al., 2011; Table 1). Our data are also
in the range proposed for many other oceans and seas, such as
the Mediterranean (1.5 ± 0.3–2 ± 0.6 ng m�3, Sprovieri et al.,
2010) and the Adriatic Sea (1.6 ± 0.4 ng m�3, Sprovieri and Pirrone,
2008), the Atlantic Ocean (1.3 ± 0.1–2 ± 0.1 ng m�3, Temme et al.,
2003) and the North Pacific Ocean (2.5 ± 0.5 ng m�3, Laurier
et al., 2003), while are higher than those measured over the equa-
torial Pacific Ocean (1.0 ± 0.1 ng m�3, Kim and Fitzgerald, 1986)
(Table 1). Finally, our data fit with results from the 2010 MED-
OCEANOR cruise campaign recently performed by Fantozzi et al.
(2013) in the Eastern Mediterranean (range: 1.3–1.8 ng GEM
m�3, averaged: 1.6 ± 0.1 ng m�3; Table 1). By displaying data as a
function of latitude (Fig. 5) and for comparison with the atmo-
spheric total gaseous mercury (TGM = GEM + RGM) contents from
other marine/oceanic environments (Kim and Fitzgerald, 1986;
Slemr and Langer, 1992; Fitzgerald, 1995; Mason et al., 1998; Lam-
borg et al., 1999; Narukawa et al., 2006; Fu et al., 2010; Ci et al.,
2011; Fantozzi et al., 2013) we found a small but discernible in-
ter-hemispheric gradient in GEM resulting from greater emissions
of Hg to the atmosphere in the more industrialized Northern Hemi-
sphere. In compiling this diagram we considered that under the
normal atmospheric condition, GEM is generally taken more than
95–98% among all the atmospheric Hg species (i.e. RGM and Hgp;
Ci et al., 2011). Since RGM is easily adsorbed by the seawater sur-
face, most of the literature reported TGM measurements should be
considered as GEM.

3.3. Air–sea GEM flux

Mercury leaves the ocean by evasion of dissolved Hg0 when it is
present at supersaturated concentration in the surface waters with
respect to the atmosphere (Kim and Fitzgerald, 1986). Sea–air Hg
evasion flux has been measured at seven monitoring stations se-
lected along the Augusta basin (ST1-7; Fig. 1c and Table 2). During
the oceanographic cruises, weather conditions were optimal,
therefore the effect of wind, waves and presence of clouds were



Fig. 3. Wind rose diagram built for the whole observation period showing the most frequent wind directions. Winds from NW sector represents about the 50% (c) of total
observations, and were characterized by prevalent N-W direction (25%) (b), while the prevalent one for NE sector (accounting for 35% of the total) was E-NE (a).

Table 1
Gaseous elemental mercury (GEM) concentrations measured in the MBL over the Augusta basin compared to literature data for other acquatic environments. For a more detailed
description on averages and methods the reader is referred to the original article.

Measurement sites Period GEM (ng m�3) S.D. (n) Methods References

Range Mean

Augusta Basin MBL
Winter period averaged 2011/11/29–30 (0.9–3.1) 1.5 0.4 (8137) Lumex RA-915 + analyzer Present study
Summer period averaged 2011/07/11–12–2012/06/23–24 (1.1–3.1) 2.1 0.98 (159) Lumex RA-915 + analyzer Present study
Augusta downtown 11/11/2011 (0.8–1.4) 1.1 0.3 (129) Lumex RA-915 + analyzer Present study

Other sites
Sweden coastal areas October 1979–September 1980 (2.7–4) 3.4 0.4 (12) Gold-traps Brosset (1992)
North Atlantic ocean October 1977–January 2000 (1.7–2) 2 0.1 (8) Tekran 2537A analyzer Temme et al. (2003)
South Atlantic ocean October 1977–February 2001 (1–1.5) 1.3 0.1 (10) Tekran 2537A analyzer Temme et al. (2003)
South Atlantic 1996/05/20–1996/06/17 (1.2–1.9) 1.6 0.2 (14) Gold-traps Lamborg et al. (1999)
North pacific ocean 2002 (1.6–4.7) 2.5 0.5 (n.a.) Tekran 2537A analyzer Laurier et al. (2003)
Equatorial pacific ocean 1984/07/03–1984/06/08 (0.8–1.1) 1.0 0.008 (23) Gold-traps Kim and Fitzgerald (1986)
Indian ocean 2007 (1–1.5) 1.2 0.06 (n.a.) Tekran 2537A analyzer Witt et al. (2010)
Eastern Mediterranean sea August 2003–September 2006 (1.3–2) 1.5 0.3 (5) Tekran 2537A analyzer Sprovieri et al. (2010)
Western Mediterranean August 2003–July 2007 (1.2–2.7) 2 0.6 (3) Tekran 2537A analyzer Sprovieri et al. (2010)
East Mediterranean 2010/08/26–2010/09/13 (1.3–1.8) 1.6 0.1 (15) Tekran 2537A analyzer Fantozzi et al. (2013)
Baltic sea 1997/07/02–15 (1.4–2) 1.7 0.2 (11) Tekran 2537A analyzer Wängberg et al. (2001)
Baltic sea 1998/03/02–15 (1.2–1.6) 1.4 0.1 (9) Tekran 2537A analyzer Wängberg et al. (2001)
Adriatic sea 2004/10/26–2004/11/12 (0.8–3-3) 1.6 0.4 (n.a.) Tekran 2537A analyzer Sprovieri and Pirrone (2008)
Tokyo Bay 2003/12, 2004/10, 2005/01 (1.1–2.8) 1.9 0.6 (22) Automated Hg analyzer Narukawa et al. (2006)
South China sea 2008/05/09–2009/05/18 (1.5–4.5) 2.8 1.5 (n.a.) Tekran 2537A analyzer Fu et al. (2010)
Yellow sea July 2007–May 2009 (1.12–7) 2.3 0.7 (1206) Lumex RA-915 + analyzer Ci et al. (2011)

n.a. = Not available.
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not taken in consideration in discussing results. Our data range
from 3.6 ± 0.3 (unpolluted site) to 72 ± 0.1 ng Hg m�2 h�1 (most
polluted site) (Table 2), indicating that the sea–air evasion flux of
Hg from the basin is not uniformly distributed but varies spatially
(see Fig. 1c and Appendix I), while any particular trend across the
two seasons (November 2011–June 2012) has been observed. Each
flux value is devoid of the blank effect, since we subtracted the
chamber blank value. The higher Hg evasion fluxes were estimated
in the southern part of the basin (sampling stations ST1 and ST3,
accounting for about 36 ± 0.3 and 72 ± 0.1 ng Hg m�2 h�1, respec-
tively; Fig. 1c), the most contaminated area of the basin in terms
of Hg contained in the bottom sediments (0.1–527.3 mg Hg kg�1,
median value 23.8 mg Hg kg�1; Sprovieri et al., 2011). On the other
hand, the lowest Hg flux has been measured close to the northern
sector of the basin (ST4, 3.6 ± 0.3 ng Hg m�2 h�1; Table 2 and
Fig. 1c), where the bottom sediments exhibited quite low Hg con-
tents (range: 0.1–12.7 mg kg�1; median value 1.1 mg kg�1; Sprov-
ieri et al., 2011). These results suggest that the marine sediments
are key contributors of Hg to the marine ecosystem and hence
may represent a potential source of Hg to the atmosphere. By
comparing our data with literature cases for many marine
environments (Table 2), GEMatm flux over the Augusta basin re-
sulted to be one order of magnitude higher than the averaged val-
ues reported for the Pacific Ocean (3 ± 2 ng m�2 h�1; Kim and
Fitzgerald, 1986), the Mediterranean Sea (2.2 ± 1.5 ng m�2 h�1,
Fantozzi et al., 2013; 2.5 ± 1.2 ng m�2 h�1, Gardfeldt et al., 2003;
2.4 ± 1.5 ng m�2 h�1, Ferrara et al., 2000), the Tyrrenian Sea
(4.2 ± 3.2 ng m�2 h�1, Gardfeldt et al., 2003; 1.6 ± 1.3 ng m�2 h�1,
Andersson et al., 2007), the Artic Ocean (2.4 ng m�2 h�1, Andersson
et al., 2008), the South China Sea (4.5 ± 3.4 ng m�2 h�1, Fu et al.,
2010), and the Tokyo Bay (5.8 ± 5 ng m�2 h�1; Narukawa et al.,
2006). In detail, our results are comparable both to the Hg flux



Fig. 4. Time series atmospheric GEM concentration measured (a) in the atmosphere
over remote, industrial and urban areas close to the Augusta basin, and (b) at the
MBL above the basin. (a) The atmospheric background Hg level measured over the
land at the downtown urban site of Augusta is quite low (averaged
0.9 ± 0.5 ng m�3), while we measured GEM concentrations peaks of about 8–
10 ng m�3 along the coastline close to the dense industrial area surrounding the
basin. (b) The yellow and grey areas indicate the concentration range of GEM
measured over the Tokyo Bay (range: 1.3–2.5 ng m�3) and the South China Sea
(range: 2.1–3.1 ng m�3), respectively, compiled by literature data (Narukawa et al.,
2006; Fu et al., 2010). Blue dashed line indicates the averaged GEM value reported
for the atmosphere over the polluted area of the Yellow Sea (Ci et al., 2011). Finally,
our data result somewhat from similar to slightly higher than the range found at the
North Hemisphere (red dashed lines; range: 1.5–1.7 ng m�3; Lindberg et al., 2007).
The simple moving average of our data (SMA) is also reported (white line) in both
the graphs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Values for GEM found as a function of latitude over the Augusta basin. Also
shown are compiled values for several marine/oceanic environmental systems (see
text for the references).
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value estimated over the Yellow Sea (3.2–44 ng m�2 h�1; Ci et al.,
2011) and the Atlantic Ocean (20–80 ng m�2 h�1; Mason et al.,
1998), this last containing extremely high dissolved gaseous mer-
cury levels in waters. From Table 2it emerges that most of the
listed worldwide Hg sea/air evasion fluxes have been calculated
indirectly by using the gas-exchange model (GEM; Liss and Slater,
1974); while only two data (plus the present study) refer to Hg flux
values estimated by the dynamic flux chamber technique (DFC).
The use of the dynamic flux chamber technique coupled with a
real-time atomic adsorption spectrometer (Lumex-RA 915+) thus
represents an important step aimed to refine the estimation meth-
od to assess Hg fluxes from environmental surfaces (Wang et al.,
2006). This technique also aims to reduce the uncertainty in the
goodness of processing data often given by the calculation model,
strongly dependent from the choice of gas transfer parameteriza-
tions (Wanninkhof, 1992) and diffusion coefficient of mercury (Liss
and Slater, 1974). To evaluate the impact of Hg emissions from dif-
ferent sources we must have a clear understanding of the factors
controlling emissions, develop a data base of emissions from sub-
strates with a wide range of Hg concentrations, and develop a
framework for scaling point source measurements to broad areas.
As listed in Table 2, our data, and more in general Hg evasion rates
from acquatic environments, result to be higher than Hg flux from
background uncontaminated soils (�0.9 ng Hg m�2 h�1), while are
comparable to those reported from volcanic/geothermal areas and
substrates associated with hydrothermal systems (�14 and 83 ng
Hg m�2 h�1, respectively; Table 2). The highest Hg fluxes measured
in areas of thermal activity are most likely due to a combination of
diffuse Hg-bearing hydrothermal gas flow through soil and ele-
vated Hg concentrations in thermal area substrates (Varekamp
and Buseck, 1984). Finally, Hg flux measured at the sea/air inter-
face in the Augusta Bay results to be several orders of magnitude
lower than Hg released from areas associated with important ore
deposits and metal mining, which are typically enriched in Hg rel-
ative to natural background concentrations (Table 2), and have
averaged fluxes ranging from background rates (2 ng Hg m�2 h�1)
to tens of thousands of ng m�2 h�1 (3730–118000 ng Hg m�2 h�1;
Table 2). In order to calculate the total sea–air Hg evasion flux over
the entire surface area of the Augusta basin (about 23.5 km2), we
used the model of territorial distribution proposed by Aurenham-
mer (1991) (the ‘Voronoi Polygons’ method). This method allowed
us to split the basin in seven different areas (ST1-7, in km2) each
accounting for a different % of the total Hg evasion flux. Thus, we
estimated a cumulative Hg evasion flux for the whole basin of
about 0.004 t yr�1 (�9.7 ± 0.1 g d�1), which accounts for
�0.0002% of the global mercury oceanic evasion of 2000 t yr�1 pro-
posed by Mason et al. (1994). Anyway, this value (9.7 ± 0.1 g d�1)
results to be lower than the total Hg flux emitted from the polluted
Tokyo Bay (range 19–249 g d�1; Sakata et al., 2006; Narukawa
et al., 2006), but it is significant if we consider that the extent of
the water surface area of the Augusta basin represents only a trivial
% of the total oceanic surfaces on Earth (3.6 � 108 km2; Eakins and
Sharman, 2010) and 1/5 of the Tokyo Bay surface area (1000 km2).

3.4. Bulk depositional flux assessment

Long-range transport of atmospheric gaseous Hg, followed by
wet and dry deposition, is an important process by which Hg is
supplied to terrestrial and aquatic ecosystems far from its source.
Our preliminary data collected during a very short-term survey
(from August 2011 to April 2012) (range: 21–32 ng L�1; Appendix
II) are comparable to those reported for rainwaters collected at the
North Pacific Ocean (10–50 ng L�1; Nishimura, 1979) and the
North Sea (30 ng L�1; Cambray et al., 1979). We also found a good
correlation with Hg levels found in precipitations collected close to
a chlorine caustic electrolysis plant (industrial area; 17 ng L�1) and



Table 2
Mercury evasion flux from some acquatic environments reported in literature including this study. For a more detailed description on averages and methods the reader is referred
to the original article.

Measurement sites Date Hg(0) evasion flux (ng m�2 h�1) Methods References

(year-month-day) Range Mean (SD; n)

Augusta basin
ST1 29/11/2011 (35.6–36.3) 36 (0.3; 2963) DFC Present study
ST2 29/11/2011 (14.2–14.5) 14.4 (0.1; 2965) DFC Present study
ST3 30/11/2011 (71.8–72.1) 72 (0.1; 2958) DFC Present study
ST4 29/11/2011 (3.2–3.9) 3.6 (0.3; 2963) DFC Present study
ST5 24/06/2012 (10.4–11.1) 10.8 (0.3; 2752) DFC Present study
ST6 23/06/2012 (7.1–7.3) 7.2 (0.1; 3244) DFC Present study
ST7 25/06/2012 (17.8–18.2) 18 (0.2; 4293) DFC Present study

Other acquatic sites
Equatorial Pacific ocean 1984/07/03–1984/06/08 (0.5–8) 3 (2; 22) GEM Kim and Fitzgerald (1986)
Western Mediterranean 2003/08/20–23 (4.1–6.2) 5.1 (1; 275) GEM Andersson et al. (2007)
Western Mediterranean 2000/07/14–2000/08/09 (0.5–4.5) 2.5 (1.2; 6) GEM Gardfeldt et al. (2003)
Eastern Mediterranean 2000/07/17–23 (1.6–15.2) 7.9 (4.2; 10) GEM Gardfeldt et al. (2003)
Eastern Mediterranean 2010/08/26–2010/09/13 (0.2–4.9) 2.2 (1.5; 17) GEM Fantozzi et al. (2013)
Mediterranean Sea 1998/02/06–1998/09/22 (1.2–5.7) 2.4 (1.5; 6) DFC Ferrara et al. (2000)
Tyrrenian sea 2003/08/27–2004/10/29 (0.4–4.1) 1.6 (1.3; 675) GEM Andersson et al. (2007)
Tyrrenian sea 2000/07/29–2000/08/08 (0.1–9.9) 4.2 (3.2; 7) GEM Gardfeldt et al. (2003)
Ionian sea 2003/08/08–2004/11/11 (0.8–6.6) 2.7 (1.8; 888) GEM Andersson et al. (2007)
Adriatic sea 2004/11/02–10 (2–9.7) 5.4 (2.5; 401) GEM Andersson et al. (2007)
North Adriatic sea 2004/11/05–06 (23.7–33.2) 28.4 (4.7; 104) GEM Andersson et al. (2007)
Strait of Sicily 2003/08/06–2004/03/26 (0.7–3.5) 2.1 (1.4; 329) GEM Andersson et al. (2007)
Mediterranean coastal water 2000/07/31–2000/08/07 (2.7–4.5) 3.7 (0.8; 63) DFC Gardfeldt et al. (2003)
North Atlantic Ocean 2005/07/07–11 (�0.6 to 2.5) 0.4 (0.3; 559) GEM Andersson et al. (2011)
Baltic sea 1997/07/02–15 (6–89) 31 (25; 11) GEM Wängberg et al. (2001)
Artic ocean 2005/07/13–2005/09/25 (n.a.) 2.4 (n.a.) GEM Andersson et al. (2008)
North sea 1992/09/n.a. (2.4–46) 20 (13; 11) GEM Baeyens and Leermakers (1998)
South China Sea 2007/08/11–27 (0.2–15.3) 4.5 (3.4; 40) GEM Fu et al. (2010)
Tokyo Bay 2003/12/10–2005/01/12 (0.1–22) 5.8 (5; 22) GEM Narukawa et al. (2006)
Yellow sea 2010/07/10–17 (3.2–44) 18.3 (11.8; 40) GEM Ci et al. (2011)

Land evasion
Background unpolluted soils (US) n.a. (0.3–0.8) 0.9 (0.2; 1326) DFC Ericksen et al. (2006)
Volcanic/geothermal areas (LVC) 2000/04/14–15 (5.2–19.8) 13.7 (8; 12) DFC Engle and Gustin (2002)
Mineralized area (Peavine peak, Nevada) 2000/04/14–15 (2–15) 10 (n.a.; 16) DFC Engle and Gustin (2002)
Mine-waste enriched soils (Mt. Amiata) 2008/08/27–28 (250–8000) 3730 (n.a.; 56) DFC Fantozzi et al. (2013), in press
Gold Mines (Venezuela) 2004/05/16–31 (650–420100) 118000 (n.a.; 12) DFC Garcıa-Sanchez et al. (2006)
Hydrothermal systems (Lassen Park) 2004/08/20–21 (-110 to 103) 12 (n.a.; 13) DFC Engle et al. (2006)
Hydrothermal systems (Yellowstone) 2003/09/12–2004/09/01 (-27 to 541) 83 (n.a.; 106) DFC Engle et al. (2006)
Sulfur Bank geothermal area n.a. (436–510) n.a (n.a.) DFC Gustin (2003)

DFC = dynamic flux chamber; GEM = gas-exchange model; n.a. = not available.
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to the mineralized area of Mt. Amiata (Cinnabar deposits) near va-
por-dominated geothermal springs (14.4 ng L�1) (Ferrara et al.,
1986). By attempting to calculate a first Hg bulk depositional flux
(wet + dry) for the Augusta basin, we used the following relation:

UHg ¼ ðCHg � PÞT�1 ð2Þ

where CHg is the concentration of Hg in rain (in ng L�1), P is the
amount of precipitation (in mm), and T is the exposition time of
the collector (in days). We estimated a preliminary Hg bulk depo-
sitional flux ranging from 0.05 to 0.23 lg m�2 d�1 (weighted aver-
age of 0.10 lg m�2 d�1; Appendix II). Although our estimated
average Hg bulk deposition flux (35.8 lg m�2 yr�1) at the Augusta
basin is higher than the values calculated by Mason et al. (1994)
to ocean (from 0.13 to 9.5 lg m�2 yr�1) and land (0.1–
19.8 lg m�2 yr�1) at various latitudes (Downs et al., 1998), it re-
sults to be one order of magnitude lower than the annually atmo-
spheric Hg flux released in the MBL (maximum emission
�315 lg m�2 yr�1; this work).

4. Conclusions

Mercury has an extremely complex cycle in the Earth’s ecosys-
tems and the environmental bodies are both active sink and source
for Hg. The exchange of mercury between natural surfaces and the
atmosphere is an important process for the atmospheric cycling
and environmental turnover of this element. The new data set pro-
posed in this study offers a unique and original opportunity to
study the potential outflow of Hg from the sea–air interface at
the Augusta basin, and will serve as a basis for future estimates
on Hg mass balance in this area.
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