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Abstract. Iodine is an essential trace element for all mam-
mals and may also influence climate through new aerosol
formation. Atmospheric bromine cycling is also important
due to its well-known ozone depletion capabilities. Despite
precipitation being the ultimate source of iodine in the ter-
restrial environment, the processes effecting its distribution,
speciation and transport are relatively unknown. The aim
of this study was to determine the effect of orographically
induced precipitation on iodine concentrations in snow and
also to quantify the inorganic and organic iodine and bromine
species. Snow samples were collected over an altitude profile
(∼840 m) from the northern Black Forest and were analysed
by ion-chromatography - inductively coupled plasma mass
spectrometry (IC-ICP-MS) for iodine and bromine species
and trace metals (ICP-MS). All elements and species concen-
trations in snow showed significant (r2>0.65) exponential
decrease relationships with altitude despite the short (5 km)
horizontal distance of the transect. In fact, total iodine more
than halved (38 to 13 nmol/l) over the 840 m height change.
The results suggest that orographic lifting and subsequent
precipitation has a major influence on iodine concentrations
in snow. This orographically induced removal effect may
be more important than lateral distance from the ocean in
determining iodine concentrations in terrestrial precipitation.
The microphysical removal process was common to all ele-
ments indicating that the iodine and bromine are internally
mixed within the snow crystals. We also show that organ-
ically bound iodine is the dominant iodine species in snow
(61–75%), followed by iodide. Iodate was only found in
two samples despite a detection limit of 0.3 nmol/l. Two un-
known but most likely anionic organo-I species were also
identified in IC-ICP-MS chromatograms and comprised 2–
10% of the total iodine. The majority of the bromine was
inorganic bromide with a max. of 32% organo-Br.

Correspondence to: B. S. Gilfedder
(benjamin.gilfedder@ugc.uni-heidelberg.de)

1 Introduction

Iodine is an essential nutritional element for all mammals,
including humans. A lack of dietary iodine intake can lead to
iodine deficiency disorders such as goiter and in more severe
cases, cretinism, which can cause both mental and physical
disabilities (Dobson, 1998; WHO, 2004; Slavin, 2005). Io-
dine transport from the oceans by clouds and aerosols and
subsequent precipitation as rain or snow is one of the pri-
mary factors influencing iodine levels and availability on
the continents (Whitehead, 1984; Fuge and Johnson, 1986;
Krupp and Aumann, 1999; Moran et al., 2002). However,
there is also conflicting evidence regarding the terrestrial pro-
cesses effecting iodine concentrations in rainfall and particu-
larly with the suggestion that iodine levels decrease with dis-
tance from the ocean (Fuge and Johnson, 1986; Krupp and
Aumann, 1999; Schnell and Aumann, 1999; Slavin, 2005).
Most studies concentrate on lateral distances and to the best
of our knowledge there has been only one other study fo-
cusing on the influence of orographically induced precipita-
tion on iodine levels in rainfall (Duce et al., 1965). Iodine in
rainfall is not a simple product of sea spray as observed for
Cl, with large (100–10 000) enrichment factors in both rain
and aerosols compared to ocean water (Duce et al., 1965;
Duce et al., 1967; Winchester and Duce, 1967; Woodcock
et al., 1971; Sturges and Barrie, 1988). Bubble bursting and
ejection of iodine rich material from the ocean surface mi-
crolayer is one possible mechanism for the iodine enrich-
ments (Seto and Duce, 1972), although this can only pro-
duce, at maximum, an enrichment factor of∼50. There-
fore, condensation of gaseous biogenic iodine compounds
onto (or forming) aerosols is required to explain the large
iodine enrichments observed in aerosols and rainfall (Wood-
cock et al., 1971; Moyers and Duce, 1972; Duce and Hoff-
man, 1976; O’Dowd et al., 2002; Baker, 2005). Although
research on iodine in rainfall is still limited, iodine levels
and particularly speciation in snow is almost non-existent.
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Snow is an important factor in the hydrological cycle dur-
ing winter at higher latitudes and as such warrants further
attention. One explanation for the lack of speciation data
is undoubtedly the very low concentrations of individual io-
dine species in rain and snow and therefore methods for re-
liable speciation are often complex or unavailable. However,
with the wide spread use of ICP-MS and the ability to cou-
ple an ion chromatograph to this extraordinarily sensitive in-
strument (Heumann et al., 1998; Gilfedder et al., 2007) it
is possible to measure anionic iodine and bromine species
down to sub nmol concentrations. One of the features of this
method is that many interfering ions, such as Cl, are sep-
arated from the element of interest and therefore the sensi-
tivity of individual species is even greater than observed for
total concentrations. Iodine speciation is also of interest for
atmospheric iodine cycling as there is a discrepancy between
most model calculations, which suggest that iodate should
be the dominant iodine species in the particulate phase (Vogt
et al., 1999; McFiggans et al., 2000), and field observa-
tions which show that organically bound iodine and iodide
are the dominant iodine species (Baker et al., 2001; Baker,
2004, 2005; Gilfedder et al., 2007). Recent modeling work
to reconcile this discrepancy further highlights the poten-
tial importance of organo-I in atmospheric chemistry cycles
(Pechtl et al., 2007). For example, organo-I has implications
for the sea/atmosphere fractionation mechanism that concen-
trates iodine in aerosols and rain and perhaps for iodine’s
effectiveness in destroying tropospheric ozone (Duce and
Hoffman, 1976; Calvert and Lindberg, 2004; Baker, 2005).
Bromine is also of interest in atmospheric research due to (1)
its well-known ozone depletion capabilities, and (2) the in-
teresting observation that activated bromine (Br2) is librated
from larger size aerosols causing bromine depletion relative
to seawater, whereas small aerosols tend to be enriched in
bromine (Sander et al., 2003). In this work we investigate the
changes in iodine and bromine species (including the organi-
cally bound fraction), and metal concentrations in snow with
altitude. The primary aims of this study are to clarify the role
of microphysical landscape features (mountains) and the as-
sociated atmospheric processes (orographically induced pre-
cipitation) on the distribution of iodine and bromine as well
as determine the dominant iodine species in snow.

2 Methods

A transect for snow sampling was selected in the northern
Black Forest between the village of Ottenhöfen (326 m a.s.l.)
and the summit of the highest peak in the area; “Hor-
nisgrinde” (1164 m a.s.l.). This transect was chosen to min-
imize the horizontal distance (5 km) and maximize changes
in elevation. Fresh snow was collected on 11 and 12 Febru-
ary 2006 in new LDPE bottles at selected locations between
Ottenḧofen and Hornisgrinde along the hiking track “Elsa
Weg”. Back trajectories (HYSPLIT model; http://www.arl.

noaa.gov/ready/hysplit4.html) of air masses arriving at the
site were calculated for the previous six days with a new
trajectory starting each day at 0h UTC using an altitude
of 500 m above ground level and the FNL meteorological
database (Fig. 1). The data show that the majority of the
precipitation sampled was derived from the Atlantic Ocean.
Also, the weather system had passed from the low lands to
the west of the sampling site before being orographically
lifted over the Black Forest mountain range. All samples
were collected from open areas and clearings in the forest.
Four samples were also taken on 26 January 2006 at a height
of 1034 m a.s.l. (Mummelsee) and again four additional sam-
ples were taken in mid April (14/04/06) from very old snow
deposits at 796 masl and above on the same transect. This
remnant snow was only present due to the elevation and all
snow from lower altitudes had previously melted. It appeared
to be recrystallised into small ice particles and had probably
undergone partial melting and refreezing. It also contained
small debris from the surrounding forest on the surface which
was discarded by filtering.

The snow was thawed, filtered (0.45µm) and stored at 4◦C
until analysed (max. 1 month). It has been shown that no sig-
nificant changes in iodine speciation occur in samples stored
for up to two months (Campos, 1997). Samples were allowed
to warm to room temperature and were then analysed for to-
tal iodine and bromine by an inductively coupled plasma–
mass spectrometer (ICP-MS). For iodine we scanned on the
only stable isotope,127I, and for bromine on the79Br iso-
tope.187Re was added to the samples as an internal standard.
Iodine and bromine species (iodide, iodate, bromide, bro-
mate and organically bound I/Br) were analysed by coupling
an ion chromatograph to the ICP-MS (IC-ICP-MS). Organ-
ically bound iodine and bromine was calculated as total io-
dine minus the sum of the inorganic species (i.e. Org-I=total
I–(I−+IO−

3 )). Iodine and bromine species were quantified
using a Dionex AS16 column with an AG16 guard column,
35 mmol NaOH eluent, a flow rate of 0.9 ml/min and a Mein-
hard nebulizer with a cyclone spray chamber on a Perkin
Elmer quadrupole ICP-MS. Samples were injected into the
chromatographic system with a Perkin Elmer series 200 au-
tosampler. This method has a detection limit for aqueous io-
dine species of about 0.3 nmol/l and each sample has a run-
time of only 12 min. Moreover, no sample pretreatment is
required. Unidentified organic iodine species were observed
in all chromatograms; while not strictly correct these species
have been quantified based on the iodide calibration curve.
This should not pose a large problem as all iodine atoms are
converted to I+ in the plasma prior to quantification with the
mass spectrometer. Precision was checked for total iodine
and bromine by running replicates of samples from 326, 400,
560, 597, 614 m a.s.l. and triplicate analysis of the sample
from 478 m a.s.l. The maximum relative standard deviation
(RSD) for iodine was 1.3% which equated to a concentration
standard deviation (SD) of±0.45 nmol/l. For bromine the
highest RSD was 4.8% with an associated SD of±4.9 nmol/l.

Atmos. Chem. Phys., 7, 2661–2669, 2007 www.atmos-chem-phys.net/7/2661/2007/

http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html


B. S. Gilfedder et al.: Iodine and bromine speciation in snow 2663

Ottenhöfen
Seebach

Hornisgrinde

Mummelsee

Hornisgrinde

Mummelsee Seebach

(c) (d)

hornisgrinde

Seebach

(a)

(b)

 

Fig. 1. (a) Europe map with sampling site and 6 day back trajectory for air parcels arriving at Ottenhöfen, (b) The Black Forest mountain
range and sampling site,(c) and (d) Sampling transect and sampling sites (green circles) from Ottenhöfen (326 m a.s.l.) to Hornisgrinde
(1164 m a.s.l.).

As such, a RSD of 1.3% for iodine and 4.7% for bromine was
used for propagation of errors for samples where no repli-
cates were analysed. No replicates were made for specia-
tion, however this method (based on our experience and from
other IC-ICP-MS studies (Heumann et al., 1994)) consis-
tently has a RSD less than 2% for iodine species and between
5–7% for bromide. As such we have adopted a RSD value
of 2% for iodine species and 7% for bromide when propa-
gating errors for calculation of organo-I and organo-Br. The
accuracy of total iodine, total bromine, bromide, and iodide
concentrations were checked using standard reference mate-
rial BCR-611. BCR-611 is a groundwater reference material
with a certified bromide level of 93±4µg/l. It also gives in-
dicative values for total bromine (107±11µg/l), total iodine
(9.3±1.3µg/l), and iodide (9.0±1.1µg/l). More informa-
tion on this reference material can be found at the European
Institute for Reference Materials and Measurements web-
site: http://www.irmm.jrc.be. All of our values were consis-

tently within the error given in the certificate except for total
bromine which was slightly lower (bromide 93.5µg/l, total
bromine 94µg/l, iodide 9.4µg/l, and total iodine 9.65µg/l).
We believe that our value for total bromine is more realis-
tic than the reference material average of 107µg/l, as this
high concentration would imply a relatively large proportion
of organically bound bromine in the groundwater, which is
unlikely. After withdrawal and analysis of the halogens the
remaining snowmelt was acidified to pH<2 with suprapur®

nitric acid and stored at 4◦C. The samples were analysed
for total metals (Li, V, Mn, Co, Rb, Zn, As, Mo, Pb, Ba,
Sb, and U) 3 months after acidification with the ICP-MS.
RSDs for metals using this method was lower than 8%, usu-
ally around 2%. Standard reference material TM-23.2 from
Environment Canada’s national water research institute was
used to check the accuracy of the metal analysis after di-
lution by a factor of 10 to ensure that the concentrations
were similar to that in the snow. This lake water reference
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Table 1. Selected correlation coefficients (r) between iodine,
bromine, and metals.

Elements r Element r

I-Br 0.97 Br-Na 0.86
I-Li 0.92 Br-Li 0.96
I-V 0.98 Br-V 0.98

I-Mn 0.88 Br-Mn 0.95
I-Co 0.82 Br-Rb 0.90
I-Pb 0.897 Br-As 0.95
I-Ba 0.90 Br-Pb 0.96
I-Sb 0.90 Br-Ba 0.93
I-U 0.92 Br-Sb 0.96

material is certified for Pb, Sb, Mo, As, Ba, Co, Mn, U, and
V. All analysed values were well within the error given in
the certificate and deviated from the average certificate value
by less than 10%. More information on this reference ma-
terial can be found on the Environment Canada webpage:
http://www.nwri.ca/nlet/crm-e.html. Sodium was analysed
by a Perkin Elmer flame AAS after the acidification. Stan-
dard deviations were calculated from five consecutive injec-
tions.

3 Results

Total iodine concentrations in snow samples were slightly
higher than or similar to other existing studies (Duce et al.,
1965; Jickells et al., 1991; Moran et al., 1999; Gilfedder et
al., 2007), but decreased exponentially with increasing eleva-
tion (r2=0.85; Fig. 2a). Over the 838 m height change from
Ottenḧofen (326 m a.s.l.) to Hornisgrinde (1164 m a.s.l.) to-
tal iodine levels decreased from a maximum of 38 nmol/l to
13 nmol/l, respectively.

IC-ICP-MS iodine speciation analysis showed similar re-
sults to total iodine. Iodide concentrations decreased ex-
ponentially with increasing altitude from 11.4 nmol/l at Ot-
tenḧofen to 3.9 nmol/l at Hornisgrinde (r2=0.92; Fig. 2a). No
iodate was observed in any of these snow samples. Organi-
cally bound iodine also decreased with altitude, with max-
imum concentrations at Seebach (400 m a.s.l.; 28.8 nmol/l)
and then steadily decreased to 9.1 nmol/l at Hornisgrinde
(Fig. 2a). Organically bound iodine was the most abundant
iodine species in all samples (61–75% of total iodine), with
no clear change in percentages with altitude (Supplementary
Fig. 1). Interestingly, two unidentified organo-I species were
consistently found in IC-ICP-MS chromatograms in all snow
samples between the iodide and iodate peaks (Fig. 3). It
is thought that these peaks are anionic organic iodine com-
pounds due to their consistent separation by the anion ex-
change column and stable behavior. The larger of the two
peaks had a retention time of 6.8 min and the smaller peak

eluted at a slightly shorter time of 5.4 min. These peaks gen-
erally accounted for 5–10% of the total iodine concentrations
and also displayed an inverse relationship with altitude (sup-
plementary material Table 1 – http://www.atmos-chem-phys.
net/7/2661/2007/acp-7-2661-2007-supplement.zip).

Total bromine concentrations showed much the same
pattern as iodine, decreasing exponentially with altitude
from 129 nmol/l at Seebach to 38.8 nmol/l at Hornisgrinde
(Fig. 2b). Bromide was also inversely correlated with altitude
with anr2 value of 0.92. Organically bound bromine was not
so well correlated with altitude (r2=0.66), however the trend
is still clear, as with all other species: exponentially decreas-
ing concentrations with increasing altitude. Percent organi-
cally bound bromine displayed no relationship with altitude
(r2=0.02; data not shown). In contrast to iodine, the ma-
jority of bromine in snow was inorganic bromide (68–81%).
Bromate was not observed in any of the samples, whereas or-
ganically bound bromine accounted for 18–32% of the total
bromine.

Metal concentrations also decreased exponentially
with altitude (Fig. 4 and supplementary material
Fig. 2 – http://www.atmos-chem-phys.net/7/2661/2007/
acp-7-2661-2007-supplement.zip). In fact, many of the
metals even showed a stronger inverse relationship with
altitude than iodine and bromine. Also, significant positive
(p<0.001) correlations between all elements, including
iodine and bromine, were observed (Table 1 and supplemen-
tary material Table 1 – http://www.atmos-chem-phys.net/7/
2661/2007/acp-7-2661-2007-supplement.zip).

Total iodine concentrations in the four snow samples
taken in January from the surface of a small frozen lake at
1036 m a.s.l. (Mummelsee) were similar (although slightly
lower) to those taken in February. Organo-I accounted for
53–62% of the total iodine in these samples and again no
iodate was observed. The only notable observation for
bromine from these samples is that the percent organically
bound bromine is nearly identical to all other samples and
is therefore relatively invariant with time (ca. 30%). The
snow sampled in April contained significantly lower iodine
(av. 3.9 nmol/l) and bromine (av. 33.4 nmol/l) concentrations
than the previous sampling tours and showed no significant
relationship with altitude. These anomalously low results are
undoubtedly due to partial melting and refreezing and other
post depositional changes. It is thought that, due its large
ionic radii, iodine is excluded from the recrystallizing ice and
hence is preferentially leached from the snow during partial
melting. Organo-I composed approximately 50% of the to-
tal iodine with iodide being the next most abundant species.
Iodate was also observed in two chromatograms, although it
was only responsible for at maximum 16% of the total iodine.
Interestingly, we also observed the same unidentified iodine
peak (retention time 6.8 min) between the iodate and iodide
peaks as noted above. This suggests that this species is stable
and can remain in the snow during melting-refreezing events.
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Altitude (masl)

(a) (b)

Fig. 2. (a) Total iodine, iodide, and organically bound iodine in snow vs. altitude.(b) Total bromine, bromide, and organically bound Br in
snow vs. altitude. All data points are from the 11 and 12 February 2006 and fitted with exponential decay functions. Error bars represent
analytical precision and were calculated as 1σ of replicate analysis.

Molar iodine and bromine enrichment factors (EF) rela-
tive to seawater may be able to trace the origin of these ele-
ments (Winchester and Duce, 1967; Woodcock et al., 1971;
Gilfedder et al., 2007). EFs are calculated by dividing the
halogen to sodium ratios in snow by halogen to sodium ra-
tios in seawater (e.g. I/Na in snow divided by I/Na seawa-
ter). When these enrichment factors are calculated, it is im-
mediately apparent that iodine is highly enriched in snow
(average EF 204, max. 281). EFs appear to increase lin-
early with elevation until 796 m a.s.l. (r2=0.95), whereafter
the relationship is less clear (Fig. 5). If the sample from
934 m a.s.l. is excluded and a 2nd order polynomial is fit-
ted to the data it appears that the iodine EFs decrease af-
ter ∼800 m a.s.l. (r2=0.87). However, this is only based on
the last two sample points and further studies are needed to
confirm or refute this decrease in EF at higher altitudes. In
contrast to iodine, bromine enrichment factors range from
slightly depleted (0.7) at Ottenhöfen to no enrichment or
only slightly enriched over the remainder of the transect
(max. 1.4). Bromine enrichment factors also increases lin-
early with altitude (r2=0.84) up to 796 m a.s.l., whereafter
the relationship again appears to decrease if the point from
934 m a.s.l. is removed (r2=0.8; Fig. 5). In part the anoma-
lous trend in these last three points is due to Na following
a decrease curve with a significantly different “decay” con-
stant than iodine and bromine. We can also calculate iodine
enrichment factors relative to bromine (I/Br in snow divided
by I/Br in seawater). These EFs (av. 602, max. 665) show that
iodine is more enriched relative to bromine than to sodium,
however there is no relationship with altitude (r2=0.3; data
not shown). Enrichment factors for iodine relative to bromine
from the January samples were lower than those taken in
February, averaging 402.

Organo-I

 

IO3

- 

I-

Fig. 3. IC-ICP-MS chromatogram of iodine species in snow. Iodate
less than 0.3 nmol/l. Largest iodide peak 11.4 nmol/l.

4 Discussion

4.1 Microphysical processes

There is growing evidence that suggests iodine concentra-
tions in rainfall are not simply related to distance from the
ocean (Krupp and Aumann, 1999; Moran et al., 1999; Michel
et al., 2002). While back trajectories are not given in any of
these studies and the authors assume that the closest ocean
is the source of rainfall, the data still appears to be rela-
tively robust. The data presented here indicates that, com-
pared to lateral distance, removal by orographically induced
precipitation has a large effect on the total iodine concen-
trations as well as the individual iodine species in snow. In
fact, iodine concentrations more than halve over a horizon-
tal distance of only 5 km and a vertical change of∼800 m.
Duce et al. (1965) found a relatively linear inverse relation-
ship between height (and thus a decrease in vapor pressures

www.atmos-chem-phys.net/7/2661/2007/ Atmos. Chem. Phys., 7, 2661–2669, 2007
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Fig. 4. Sodium, Co, Ba and Rb concentrations in snow vs. altitude in the northern Black Forest, Germany. Fitted with exponential decay
functions. Error bars represent analytical precision and were calculated as 1σ of replicate analysis.

and assumingly an increase in the precipitation rate) and io-
dine concentrations in Hawaii, however the scatter in their
data points was much greater than observed in this study.
Interestingly, Reithmeier et al. (2006) have also suggested
recently that, based on differences in129I concentrations be-
tween Z̈urich and the Fiescherhorn (∼4000 m a.s.l.) glacier
Switzerland, radiogenic iodine is removed with increasing
altitude. Moreover, the systematic exponential decrease in
concentration is not confined solely to iodine and bromine
as the 12 metals also analysed displayed a similar pattern.
Our data suggest that depletion of elements due to orographic
lifting and removal by precipitation is a general atmospheric
microphysical processes rather than element specific. This
is supported by the significant correlations between all of
the elements, which also indicate that iodine, bromine and
metals are internally mixed within the snow crystals. Such
an altitude dependence for iodine is perhaps not unexpected
considering that some of the areas most effected by iodine
deficiency disorders are (or in some cases, were, before in-
troduction of iodinated salt) located in mountainous regions

such as the Alps or the Himalayas (Stewart, 1990; Slavin,
2005). Perhaps the altitude that a weather system must pass
over, and thus the degree of orographically induced precipita-
tion exerted on this system, will have the largest influence on
iodine concentrations in snow rather than the lateral distance
traveled.

All elements appear to follow an exponential decrease
curve. It is especially difficult to model this complex sys-
tem without significantly more data such as updraft veloc-
ity, droplet size distributions, riming potential, temperature at
the time of precipitation, atmospheric pressure, and aerosol
chemistry and distributions etc. It is even possible that two
effects are occurring in unison to lower the iodine, bromine
and metal levels with increasing altitude; the rainout and de-
pletion effect suggested above, and also dilution due to con-
densation of water vapor (obviously iodine free) onto the
snow crystals as the cloud parcel rises and cools. The rain-
out effect continually removes a portion of the “total” iodine
available to precipitate, whereas the rate of the second, dilu-
tion effect, would increase with altitude due to the decreasing

Atmos. Chem. Phys., 7, 2661–2669, 2007 www.atmos-chem-phys.net/7/2661/2007/
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vapor pressure associated with lifting and cooling of the
cloud mass. If we conceptually parameterize the rainout pro-
cesses with arbitrary values (i.e. a set amount of iodine in the
cloud is available to precipitate and the removal rate is con-
stant with altitude) then iodine levels in the snow should de-
crease following an exponential decrease relationship similar
to that observed here. This model is, however, undoubtedly
too simplistic and should be further refined when more re-
sults are available. The second “dilution” possibility is more
complicated to model, as modeling droplet (or snowflake)
growth requires considerably more variables than measured
here and is unfortunately out of the scope of this work. How-
ever, we suggest that future projects monitor such variables
as vapor pressure, updraft speed, and supersaturation so that
the possibility of a dilution effect due to growth from the va-
por phase can be assessed.

4.2 Speciation

Iodine is of particular interest in atmospheric chemistry due
to its possible role in new aerosol formation (O’Dowd et
al., 2002), tropospheric ozone depletion (von Glasow and
Crutzen, 2003; Calvert and Lindberg, 2004), atmosphere-
ocean interactions (Duce and Hoffman, 1976) and more gen-
erally as an important constituent of tropospheric chemical
cycles. While there has been a large research effort to quan-
tify the gaseous iodine flux species from the ocean and their
role in new particle formation in recent years, most of these
studies have concentrated on inorganic speciation in the par-
ticulate and aqueous phase. Indeed, the majority of atmo-
spheric models indicate that iodate should be the only stable
long-term iodine species in particles and the aqueous phase,
although more recent attempts have began to tackle this prob-
lem by incorporating an organic fraction (Vogt et al., 1999;
McFiggans et al., 2000; Saiz-Lopez et al., 2006; Pechtl et
al., 2007). However, it is becoming apparent that organi-
cally bound iodine is a major, if not the most important io-
dine species in sub-micron aerosol particles, rain, and snow
(Baker et al., 2000; Baker, 2005; Gilfedder et al., 2007). It is
obvious from the data presented here that organically bound
iodine is the dominant species in snow from the northern
Black Forest, accounting for between 60–75% of total iodine.
To date, there appears to be three plausible mechanisms for
the formation of organically bound iodine in the atmosphere;
1) ejaculation of iodo-organic rich material from the ocean
surface micro-layer into the atmosphere during bubble burst-
ing, whereafter the small droplets evaporate leaving a small
aerosol which may subsequently deliquesce and become a
cloud droplet (Seto and Duce, 1972; Cavalli et al., 2004); 2)
biogenic iodine gases emitted from the ocean (e.g. CH3I, I2
or CH2I2) are photolysed to I◦ which, after a series of reac-
tions, ends up as IO, I2 or HOI (von Glasow and Crutzen,
2003). These species may easily bind to atmospheric or-
ganic material, either gaseous (e.g. terpenes and/or isoprene
(Greenberg et al., 2005)) or particulate matter; 3) Biogenic

Fig. 5. Iodine bromine enrichment factors relative to seawater Na
concentrations. Linear fit is excluding the last 3 samples whereas
the polynomial is excluding the sample from 934 m a.s.l.

terrestrial organo-I emissions (Dimmer et al., 2000); these
can probably be neglected in this study due to very little
terrestrial biological productively during the European win-
ter. The second mechanism may reduce the impact of io-
dine on ozone depletion in the troposphere by reactions be-
tween highly reactive iodine species and organic material.
Mechanisms 1 and 2 could also be occurring simultaneously,
which may lead to two organically bound fractions, those
associated with secondary iodo-organics, and those associ-
ated with higher molecular weight material from the ocean
surface. An interesting finding is the two unknown, most
likely organic, peaks observed in the snow IC-ICP-MS chro-
matograms. These same species have also been observed in
rain from Lake Constance, Germany, Patagonia, Chile and
in a glacier core from the Fiescherhorn glacier (Gilfedder et
al., 2007). This supports our earlier suggestion that these are
important iodine species in the atmosphere, and may even
be globally ubiquitous. Unfortunately, it has not been pos-
sible to identify these peaks with the standards available to
date. These species may be formed by photolysis of iodo-
organics derived from primary aerosols or by secondary gas
phase-particle phase reactions.

The majority of the total bromine is bromide, of which
the majority is most likely from ocean water as suggested
by relatively little depletion or enrichment compared to this
source. The organically bound bromine in snow (max. 32%)
may be derived from the ocean surface layer as discussed
above for iodine or between reactive bromine species such as
BrCl and organic material.

4.3 Origin of the iodine and bromine

Finally we consider the enrichment factors and the possible
origin of iodine in snow. Iodine in snow is highly enriched
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relative to both iodine/bromine and iodine/sodium ratios in
seawater. Similar enrichments are well documented in ma-
rine aerosols and rain samples and is thought to be a func-
tion of both fractionation at the ocean surface during bubble
breaking and emissions of biogenic iodine gasses (Duce et
al., 1965; Duce et al., 1967; Woodcock et al., 1971; Sturges
and Barrie, 1988; Baker, 2004, 2005). The observation that
the snow sampled here display almost identical enrichment
factors as marine aerosols (Duce et al., 1965; Baker, 2005)
tend to suggest that iodine and bromine in snow originate
from deliquescence and growth of these aerosols. As such,
we hypothesize that iodine is transported to the continents
from the ocean primarily by aerosols and aerosol derived
droplets. It is interesting to note that iodine enrichment fac-
tors in precipitation are also large in the winter, when bio-
logical productivity in the ocean is generally low at mid to
high latitudes (O’Dowd et al., 2004). This suggests that at
least a part of the enrichment is due to physical mechanisms
such as bubble bursting rather than purely biological. As
mentioned above, it is likely that the enrichment of iodine
in aerosol, rain, and snow is related to both biological and
physical mechanisms.

5 Conclusions

Iodine is an essential element for all mammals and may also
be involved in new aerosol formation. We have presented
here iodine and bromine speciation and total metal concen-
trations in snow over an altitude profile ranging from 326 to
1164 m a.s.l. in the northern Black Forest. Iodine species
(total I, I− and organo-I), bromine species (total Br, Br−,
and organo-Br) and metals decreased exponentially over the
height change within only 5 km horizontal distance. In fact
iodine concentrations more than halve over this distance.
Therefore, it is suggested that orographic lifting of cloud
masses and subsequent removal by precipitation is the major
influencing factor on iodine and bromine concentrations in
precipitation. This may reconcile previous data, which has
been ambiguous as to the relationship between iodine con-
centrations in rainfall and distance from the coast. It is pro-
posed that orographic cloud lifting and the intense precipita-
tion this often produces by rapid cooling of the air mass may
be the dominant influence on terrestrial iodine rather than
horizontal distance.

Iodine:sodium ratios in snow from the northern Black For-
est indicate that iodine is highly enriched compared to io-
dine:sodium ratios in ocean water, whereas bromine ranges
from slightly depleted to slightly enriched relative to seawa-
ter. Based on these enrichment factors and their resemblance
to marine aerosol it is proposed that iodine and bromine in
snow are derived from deliquescence of marine aerosol and
subsequent growth into snow crystals.

In contrast to most atmospheric models, which predict io-
date as the only stable iodine species in particulate and aque-

ous phases, organically bound iodine was the most abun-
dant iodine species in snow, followed by iodide. No iodate
was found in the snow samples from January or February al-
though a small amount was observed in two samples of very
old snow in April. The organic iodine probably originates
from a combination of 1) ejaculation of iodine-rich material
from the oceanic microlayer into the atmosphere as well as
2) addition of gaseous or (gas phased derived) reactive iodine
species to preexisting organic molecules. Active species such
as HOI, I2 and IO are likely candidates for such reactions. It
is clear from this and previous studies that organic iodine is
an important part of the atmospheric iodine cycle and as such
warrants further attention.
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