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The occurrence of mercury depletion events (MDE) in the
Polar Regions during the spring periods has raised
global concern due to the biomagnifications of the deposited
mercury into the aquatic food chain. However, it now
appears that MDE is not limited to the Polar Regions and
can also occur at mid-latitudes. Diurnal cycles of mercury,
ozone, and BrO behavior based on short-time resolution
measurements are presented for the Dead Sea, Israel,
for Summer 2006. The results show that mercury depletion
events occur almost daily, accompanied always by the
presence of BrO and concurrent ozone destruction. The
intensity of the MDE corresponded to increasing BrO levels.
Mercury depletions of more than 40% were observed
when BrO levels rose above 60-70 ppt. Based on the present
measurements and supported by theoretical considerations,
it appears that BrOx (BrO + Br) is the primary species
responsible for the mercury depletion at the Dead Sea. The
present study also suggests, especially at low ozone
levels, that the Br atom may play a major role in conversion
of the gaseous elemental mercury to the reactive species,
HgBr2. The implications of the present study are that
even at low BrO levels (<10 ppt), mercury depletion may
well occur at other mid-latitude sites and thus needs to be
taken into consideration in the global mercury cycle.

Introduction
In 1995, Canadian researchers (1) first observed significant
depletion of gaseous elemental mercury (GEM) in the Arctic
at Alert, Canada. This phenomenon, now termed mercury
depletion events (MDE), has since been observed in other
Arctic sites in Canada (2), Alaska (3), Norway (4), Greenland
(5), and Antarctica (6, 7). The occurrence of MDE strongly
resembles previously observed depletion events of ozone
(O3) in these areas (8). In fact, MDE strongly correlate to O3

depletions, suggesting that similar mechanisms are respon-
sible for both. It is known that O3 depletion is highly correlated
with elevated concentrations of reactive halogen species
(RHS), specifically atomic bromine (8) and bromide oxide

(9) with the bromine atom causing catalytic destruction of
O3 (10). Bromine atoms originate from photolysis of Br2 that
is recycled by self-reaction of BrO or via reaction of BrO with
hydroperoxide. The autocatalytic formation of Br species
leads to an exponential increase of gas-phase bromine and
is referred to as “Bromine Explosion” (11-13). Lindberg et
al. (14) suggested a similar process, involving a reactive
halogen species (RHS) as the cause for observed MDE. The
scheme proposed (14) was heterogeneous and required a
frozen aerosol or snow surface for the depletion of gaseous
elemental mercury (GEM), Hg0. Both bromine and chlorine
atoms as well as halogen oxide radicals (i.e., BrO and ClO)
produced during O3 destruction may serve as primary
oxidants to produce water-soluble reactive gaseous mercury
(RGM) such as HgBr2 or HgO. The reactive halogens are
produced by oxidation of halides (Cl- and Br-). The depletion
of GEM is accompanied by the formation of RGM and
particulate mercury (Hg-P) (14-16). Thus, unlike O3, which
is destroyed during depletion events, GEM is not destroyed
but is converted to RGM and Hg-P which have high
deposition velocities and are readily deposited to surfaces
after formation. Hence, during and after the occurrence of
MDE, snow mercury levels become significantly enhanced
(4, 14, 15). The deposited mercury can then enter the biogenic
cycle, where the mercury is enriched and thus MDE are a
potential health hazard (14).

It is important to note that the occurrence of RHS,
specifically BrO, is not limited to the high latitudes. Even
higher BrO mixing ratios, >150 ppt or a factor 10-fold higher
than that in the Arctic, have been observed in the Dead Sea
during the summer (17, 18). BrO levels of 6 ppt have also
been reported in the Great Salt Lake (19) and up to 20 ppt
have also been detected in the Salar de Uyuni in Bolivia (20).
Along with high levels of BrO, researchers at the Dead Sea
observedsfor the first time outside high latitudinal regionss
significant O3 destruction (18). O3 destruction was observed
over most of the Dead Sea valley, levels dropping regularly
from noontime values of 50-80 ppb down to 10-30 ppb and
on occasion to below the detection limit of 2 ppb (21). The
O3 depletion correlated with the enhanced BrO levels
(21, 22).

The occurrence of high BrO levels together with O3

depletion events outside of Polar Regions suggests that MDE
might be more abundant than previously supposed. To test
this hypothesis, mercury concentrations were monitored at
the Dead Sea during Summer 2006 to study MDE at mid-
latitudes.

Experimental Techniques and Site Conditions
Measurements were performed at Ein Bokek (latitude 31.37°
N, longitude 31.20° E), a holiday resort area, situated midway
along the Dead Sea. The Dead Sea’s geographical position
is between 31°50′ N and 31° N, 35°30′ E; its dimensions are
about 75 km long and 15 km wide and situated on the eastern
border of Israel at approximately 400 m below sea level (for
further details see Matveev et al. (18)). The region, except for
the Dead Sea Salt Works situated some 25 km south of the
measuring site, is essentially a recreation region. The Dead
Sea Works has its own power plant (110 MW) that operates
on heavy fuel oil. This power plant is the main source of
anthropogenic pollution in the region apart from limited
pollution emitted by vehicles traveling (1-2 thousand per
day) on the road bordering the Dead Sea. The Dead Sea is
one of the most saline lakes in the world containing more
than 8 g/L bromide and 300 g/L chloride (18) in contrast to
0.065 g/L bromide and 19 g/L chloride in standard ocean
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water. This high bromide content in the waters is probably
the main reason why high levels of BrO are repeatedly
observed in the region (18).

The instrumentation for the present study was situated
at a resort hotel on the top floor, some 20 m above the water
and about 25 m inland from the Dead Sea. Measurements
were performed for total gaseous mercury (TGM) using a
mercury vapor analyzer (Tekran model 2537A). Quality
assurance for mercury is essential at such low levels and has
been described in detail in a previous paper (Valente et al.
(23)). The instrument was operated with a 5 min integrated
sampling frequency at a flow rate of 1 L/min and automati-
cally calibrated daily against an internal certified permeation
tube. In addition, the instrument has an alternate filter and
flow path, which allows for daily zero of the monitor. The
span and zero values obtained during the daily automatic
calibrations remained constant throughout the entire mea-
suring campaign. The instrument was calibrated, before
beginning the campaign, by injection of a mercury standard
using the Tekran model 2505 saturated mercury calibration
unit. No loss in the gold trap efficiencies were observed
throughout the study as evident by the stable readings of the
area values obtained during the calibration spans. Acid-
cleaned new Teflon tubing was used for sampling the inlet
air with a 0.45 µm PTFE particulate filter in front of the
monitor.

A study performed by Temme et al. (7) has shown that
the Tekran model 2537A detects not only the gaseous
elemental mercury but that reactive gaseous mercury (RGM)
can pass through a heated Teflon sampling line and a PTFE
particulate filter to be amalgamated on the gold cartridge
and subsequently detected as Hg0. The result of the above
study (7) showed that, at least for Antarctic conditions, the
Tekran 2537A measures a “sum parameter” of both gaseous
inorganic mercury species (GEM + RGM), even at periods
with relatively high RGM concentrations. While under
“normal” conditions, the contribution of RGM to the TGM
was less than 10%, under MDE this was much higher. The
TGM results reported in the present study represent therefore
the upper limits of GEM that under non-MDE conditions
will be close to TGM levels.

Ozone was measured by the UV absorption method using
a Thermo Electron Corporation model 48C monitor. The
ozone monitor was calibrated daily against certified standards
as well as for zero stability. BrO was measured using the
differential optical absorption spectroscopy (DOAS) tech-
nique (Hoffmann model HMT-DOAS Measuring System).
The DOAS instrument used a 10 km light path traveling west
to east over the Dead Sea. Using the above setup, it is possible
to detect BrO down to less than 10 ppt. The DOAS setup and
general evaluation procedure for the optical spectra have
been described previously (18).

The measurements at the Dead Sea were performed from
June 26 to July 3, 2006. Additional TGM measurements, for
comparison with Dead Sea data, were performed at an urban
Jerusalem site (The Hebrew University) from June 8 to June
18, 2006. The Jerusalem site is situated some 60 km NE of
the Dead Sea site and at an elevation of 800 m ASL.

Results
The diurnal results for total gaseous mercury (TGM) at
Jerusalem and the Dead Sea, grouped into hourly bins with
standard deviations and average symbols, are shown in Figure
1. The Jerusalem TGM data ranged between 1.5 and 8 ng m-3

(average 2.29 ( 0.87 ng m-3, n ) 2915), in comparison to the
Dead Sea where levels ranged between 0.8 and 4 ng m-3

(average 1.97 ( 0.39 ng m-3, n ) 2250). For Jerusalem, the
TGM levels increased at noon, averaging ∼3 ng m-3, while
at the Dead Sea, an opposite trend was observed with
decreasing noon time TGM levels, averaging ∼1.5 ng m-3.

For comparison, a consensus from the literature for various
rural and remote sites in the northern hemisphere indicates
that GEM averaged near 1.7 ( 0.3 ng m-3 as compared to 5.2
( 0.35 ng m-3 for urban sources (23). The Dead Sea site
cannot be considered a remote site, but is influenced by
regional mercury transported into the area and maybe also
by local sources emitted from the Dead Sea Salt Works.

Figure 2 shows the mercury, BrO, and ozone levels as
measured at the Dead Sea for the entire measuring campaign.
The results for the entire measuring period show that drops
in TGM and O3 were more pronounced when BrO concen-
trations were higher. The data indicate a daily occurrence of
MDE in the Dead Sea Basin, very similar in pattern to that
observed in the Arctic and Antarctic and show that MDE can
also occur in mid-latitudinal areas. Careful examination of
the entire data set showed that the decreases in mercury
levels (and the decrease in O3) were not necessarily completely
synchronized with increases in BrO, but that BrO increases
can sometimes occur after the decreases in O3 and GEM.
Regression analysis gave a square of the correlation coefficient
(R2) between Hg and BrO as 0.24 while between Hg and O3

a value of 0.35 was obtained. A typical 1 day (July 3, 2006)
detailed example of a mercury depletion event as observed
at the Dead Sea (Ein Bokek) together with concurrent O3 and
BrO values is shown in Figure 3. As observed, the BrO levels
start to increase significantly around 9 a.m. with values
increasing to almost 50 ppt. As BrO concentrations increased
above 20 ppt, a significant drop of TGM and of O3 were
observed. The TGM values dropped to below 1.5 ng m-3 for
about 1 h, with a concurrent decrease in O3 values to ∼20
ppb.

Drops in TGM concentrations at the Dead Sea were
observed in general to be shorter in duration (several hours)
and less pronounced, maximum 60% depletion, compared
to sites in the high latitudes where GEM concentrations
frequently fell below 1 ng m-3 and at times below the
measurement limits (<0.1 ng m-3) of the mercury analyzer
(4). Mercury concentrations at the Dead Sea also showed a
very “spiky” pattern with high variability of TGM. Similar
variability of TGM during and after depletion an event has
been observed by others in high latitudes (4, 5, 14) and was
attributed to re-emissions of GEM from surfaces (24). The
less pronounced depletion and high variability of TGM in
the Dead Sea Basin could well be due to the high variability
in BrO production as shown both by experiment (22) and by
model simulations (25). Additionally, a very dynamic pattern
of oxidation and reduction processes, more pronounced due
to warmer temperatures, higher solar loads, and the presence
of anthropogenic atmospheric pollutants as compared with
that in the remote locations in the high latitudes might also
affect the mercury depletion pattern.

Discussion
The chemical mechanisms responsible for mercury de-
pletion at the Polar Regions and in the upper free tropo-
sphere are still the subject of speculation and controversy.
A summary of the state of the knowledge on the above
topic resulting from a recent international expert panel
convened to discuss the progress and uncertainties in
attributing the sources of mercury in deposition has been
presented in a recent paper (26). Model simulations have
assumed that hydroxyl radicals (OH) and gaseous ozone
were the main global oxidants of GEM (27, 28). However, it
has recently been shown (29) that the oxidation of Hg0

by OH is much slower than previously reported and therefore
the OH radical mechanism is now believed to be insignifi-
cant under atmospheric conditions. Further recent model
simulations have shown (27) that the determined re-
action rate of Hg0 with O3 appears to be too slow to be the
main oxidant of Hg0. Nor can it alone explain the GEM
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temporal and spatial variations or the observed diurnal cycle
of gaseous Hg(II) (30).

A homogeneous mechanism for Hg-Br chemistry in the
troposphere (31) based on theoretical kinetic calculations
has shown that gas-phase oxidation of Hg0 by Br atoms might
be able to explain the MDE in the Arctic springtime boundary
layer. Several mechanisms have been proposed to explain
the oxidation of GEM (14, 32) to form HgO and/or HgBr2:

Calculations (33) have shown that all the possible reactions
of BrO with gaseous Hg0 are endoergic, particularly the one
producing gaseous HgO. On the other hand, the reactions
of GEM with either one or two Br radicals are exoergic. The
compound suggested (33) as being most probably formed in
reactive gaseous mercury is HgBr2. This compound is also
stable photolytically in sunlight, while species such as HgO

and HgBr will decompose rapidly in visible light. It has been
demonstrated (31) that the recombination of Hg with Br is
surprisingly fast for an atom-atom recombination, in
agreement with other studies (31). The addition of a second
bromine to HgBr was also predicted to be a very fast reaction
(32). It was further shown (31) that the crucial factor that
determines the lifetime to convert Hg0 to HgII is the rate at
which HgBr thermally decomposes back to Hg and Br
(reaction (3) is reversible). It was therefore concluded (31,
34) that a mechanism based on oxidation of Hg0 by atomic
bromine, followed by addition of a second atom in competi-
tion with thermal dissociation, must seriously be considered
as a possible mechanism capable of accounting for the
observed rate of Hg0 removal, both in Artic depletion events
and on a global scale in the free troposphere. However, as
summarized by the expert panel recently convened (26), other
possible mechanisms involving O3 and OH cannot be
neglected.

As shown earlier, mercury depletion at the Dead Sea is
paralleled with ozone destruction and both decrease as BrO
levels increase. Thus, it appears that BrO may play a central
role in MDE. Figure 4 shows the variation in percentage of
mercury depletion (based on the TGM values) as related to

FIGURE 1. Total gaseous mercury (TGM) at Jerusalem and the Dead Seasin hourly bins with standard deviations and average symbols.

Br + O3 f BrO + O2 (1)

BrO + Hg f HgO + Br (2)

Br + Hg T HgBr (3)

HgBr + Br f HgBr2 (4)
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increasing BrO and ozone levels (grouped in concentration
bins with standard deviations and average symbols). The
percentage depletion was calculated with respect to the
average TGM level for the time period when BrO formation
is not active. At BrO levels below ∼30 ppt, MDE are minimal,
averaging only several percent. Obviously, an accurate value
depends on the Hg0 value taken as the Dead Sea background
level. Increased mercury depletion begins at BrO levels above
30 ppt, reaching average maximum depletion of around 40%
as BrO levels rise above 70 ppt. The MDE increase strongly
as ozone levels drop below 50 ppb, with maximum depletion
at ozone levels below 10 ppb. It should also be pointed out,
as explained previously, that the measured TGM represents

in fact the sum of GEM and RGM and therefore the true GEM
values should be even lower, indicating even higher depletion
values.

Since direct measurements of the free Br radical were not
possible in the present study, theoretical calculations were
performed in an attempt to evaluate the Br levels present
during BrO formation, under summer conditions, at the Dead
Sea. Measurement-based modeling studies using a One-
Dimensional Chemical Transport Model, as described in
detail by Tas et al. (25), have shown that the Br/BrO ratio at
the Dead Sea increases exponentially from less than 0.01 at
ozone levels above 20 ppb to ratios of 0.1 at 10 ppb and to
0.5 and higher at ozone levels below 5 ppb. Thus, as the

FIGURE 2. Mercury, BrO, and O3 levels at the Dead Sea. June 26-July 3, 2006.

FIGURE 3. Mercury depletion event observed at Ein Bokek at the Dead Sea, July 3, 2006.
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ozone levels decrease to below 20 ppb, the Br atom might
well play an increasing part in the mercury depletion
mechanism.

Midday mercury depletion events accompanied by in-
creasing BrO levels and ozone depletion have been dem-
onstrated to occur at the Dead Sea in Israel, during the
summer period. The extent of mercury depletion is related
to the BrO level, or maybe more correctly to the BrOx (Br +
BrO) level. While the conditions (both climatic and physical)
at the Dead Sea are far different than those in the Polar Region,
it appears that the phenomenon of mercury depletion may
be similar for both regions. This, in spite of the fact that the
dissociation rate of HgBr, formed in reaction (3), is extremely
temperature-sensitive, doubling every 6 K (at 273 K), (31),

and thus reducing the HgBr2 formation via reaction (4). The
heterogeneous mechanism suggested for mercury depletion
at the Polar Regions (14) may not be as effective at the Dead
Sea since frozen aerosols or snow surfaces are obviously not
present in this area, although the presence of aerosols (such
as sulfates (22)) might also provide the surfaces required for
heterogeneous reactions.

Our results suggest that limited mercury depletion (several
percent) may occur even at low BrO levels (<10 ppt). Since
low levels of RHS have been observed to occur in large areas
of the mid-latitude marine boundary layer, with BrO con-
centrations ranging from <1 to 3.6 ppt (35), reactive bromine
chemistry could potentially impact atmospheric mercury
processes in most of the marine boundary layer. This is
supported by studies performed both in the Mediterranean
Sea (36) and the North Pacific Ocean (37) that showed the
presence of RGM, resulting from GEM depletion, in these
regions averaged 7.9 and 9.5 pg m-3, with maximum values
of 30.1 and 92.4 pg m-3, respectively. The above studies agree
with the proposition that, at least in mid-latitude areas, it is
the reactive halogen species that cause RGM production and
hence GEM depletion.

The implications of MDE occurring in mid-latitudes due
to oxidation by atmospheric bromine may be important for

understanding global cycling of mercury and mercury
deposition loads to terrestrial and aquatic ecosystems, as
also recently proposed by Holmes et al. (34), based on their
model calculations.
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