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Abstract. Halogenated dicarboxylic acids, such as bromomalonic (Br-C3), chlorosuccinic (Cl-C4)
and bromosuccinic (Br-C4) acids, have been measured, for the first time, in the arctic aerosols dur-
ing the polar sunrise experiment ALERT2000 (February to May). They were detected in the light
spring, but not in the dark winter. Concentration ranges of halogenated diacids in the spring were
0.11–0.68 ng m−3 for Br-C3 diacid, 0.04–0.10 ng m−3 for Cl-C4 diacid and 0.12–0.20 ng m−3

for Br-C4 diacid. Those of Br-C3 diacid increased from late April to early May, whereas Cl-C4
diacid decreased. In contrast, Br-C4 diacid showed maximum concentrations in the middle of the
experiment. A strong negative correlation (R = −0.98) was obtained between Br-C3 and Cl-C4
diacids. Concentrations of methanesulfonic acid (MSA) also increased from late April to early May
whereas those of Cl− ion decreased. A strong positive correlation was found between Cl-C4 diacid
and Cl− ion (R = 0.99) and between Br-C3 diacid and MSA (R = 0.96). These results suggest that
Br-C3 diacid is primarily derived from marine biogenic source, whereas Cl-C4 diacid is secondarily
formed by heterogeneous reaction involving halogen chemistry on sea salt. Satellite images of sea ice
concentrations and backward air mass trajectories suggest that the aerosols containing halogenated
diacids were transported over the sampling sites from the Arctic Ocean covered with sea ice.
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1. Introduction

Events of low ozone mixing ratios have frequently been observed in the arctic
marine boundary layer during polar sunrise (e.g., Bottenheim et al., 1986; Oltmans
and Komhyr, 1986). The ozone loss has been hypothesized to be caused by the
gas-phase chain reactions involving Br atom (Barrie et al., 1988). Gaseous Br2

and BrCl are produced by the reaction of HOBr with sea salt or ice particles
(e.g., Kirchner et al., 1997) and are then photolyzed to result in halogen atom.
Heterogeneous reactions involved with halogen chemistry on sea salt particle or
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ice are now recognized as an important mechanism for the destruction of ozone in
the arctic marine boundary layer in spring (Finlayson-Pitts and Pitts, Jr., 2000).

Organic compounds in the atmosphere also participate in the surface ozone
depletion together with halogen compounds. Jobson et al. (1994) reported, dur-
ing low ozone periods in the arctic spring, a decrease in the concentrations of
non-methane hydrocarbons and their compositional change. The previous study
on the arctic aerosols showed that short chain (C2-C6) dicarboxylic acids became
5–20 times more abundant in March to April than in the preceding dark winter
months (Kawamura et al., 1995, 1996). These studies imply that low molecular
weight dicarboxylic acids are produced by an enhanced photochemical oxidation of
volatile organic compounds, which were transported and accumulated in the arctic
atmosphere during the dark winter. A strong positive correlation was also found
between the concentrations of small dicarboxylic acids and particulate Br in the
arctic aerosols (Kawamura et al., 1995). These studies suggest that the production
of diacids is linked with halogen chemistry. Recently bromine and chlorine con-
taining succinic acids have been identified for the first time in the marine aerosols
from the North Pacific (Kawamura et al., 2000).

To better understand the linkage between dicarboxylic acids and halogen chem-
istry, we have collected the aerosol samples during dark winter and light spring
seasons as part of polar sunrise experiment ALERT2000. In this study, we detected
bromomalonic acid for the first time in the arctic aerosols collected in the light
spring samples, together with halogenated succinic acids. Here, we describe the
identification of bromomalonic acid and discuss the source and possible reaction
pathways of these halogenated dicarboxylic acids in the arctic marine boundary
layer.

2. Methodology

2.1. SAMPLE COLLECTION

The collection of aerosol samples was conducted during the dark winter (14 to
22 February 2000) and light spring (17 April to 6 May 2000) at Alert, Nunavut,
Canada (82◦27′ N, 62◦32′ W) as part of the ALERT2000 field study. Aerosol sam-
ples were collected near the Special Study Trailer (SST) (175 m a.s.l.), which was
located approximately 6 km south-southwest of the base at CFS Alert. Aerosol
samples were collected every two days on the pre-combusted (450 ◦C, 3 hours)
quartz fiber filters (Pallflex, 2500QAT) using a high-volume air sampler. Totally
4 and 5 aerosol samples were collected during the winter and spring sampling
periods, respectively. The aerosol filter was put in a glass jar with a Teflon lined
cap, transported to our laboratory in Sapporo under freezing condition and stored
in darkness at –20 ◦C until analysis.



MEASUREMENT OF HALOGENATED DICARBOXYLIC ACIDS 325

2.2. CHEMICAL ANALYSIS

The analytical procedure of halogenated diacids was modified from Kawamura and
Ikushima (1993). One eighth of the aerosol filter was cut in pieces and extracted
with Milli Q water under ultrasonication for water-soluble organic compounds (5
minutes). The extracts were passed through a glass column (Pasteur pipet) packed
with quartz wool to remove particles such as filter debris. Less water-soluble or-
ganic compounds that include long chain organic acids were extracted with ethyl
acetate from the residue of the filter samples. Both extracts were combined and con-
centrated to almost dryness by a rotary evaporator under a vacuum, to which 14%
borontrifluoride in n-butanol (ca. 0.2 mL, Alltech Associates, Inc.) was added. The
extracts and reagent were mixed under ultrasonication and then heated at 100 ◦C
for 1 hour to derive carboxylic acid n-butyl esters. The esters were extracted with
10 mL n-hexane after adding 10 mL Milli Q water and 0.2 mL acetonitrile, the
latter makes the excess n-butanol transfer into the aqueous phase more effectively.
The n-hexane layer was washed with pure water (10 mL × 4). The esters were
dried using a rotary evaporator and nitrogen blow-down system and then dissolved
in 200 µL of n-hexane.

Halogenated diacids were determined as dibutyl esters with a GC/MS (Ther-
moQuest, Trace GC2000 and Trace MS) equipped with an on-column injector and
fused-silica capillary column (DB-5MS, 60 m × 0.32 mm i.d. × 0.25 µm film
thickness). Authentic standards (Aldrich Chem. Co. and Wako Pure Chem. Co.)
were used for structural identification and calculation of the concentration using
a characteristic fragment ion such as m/z 183. GC/MS analyses were performed
on an electron impact (EI) ionization mode with electron energy of 70 eV. Mass
spectra were obtained every half second in a mass range of m/z 40–580.

Recoveries of the authentic halogenated diacids spiked to the precombusted
quartz fiber filter were more than 90%. Procedural blanks showed no peaks of
halogenated diacids in the mass chromatograms of characteristic fragment ions
(e.g., m/z 183). The relative standard deviation of the diacid concentrations based
on the duplicate analyses of the aerosol samples were generally less than 10%.

For anion and cation analysis, one eighth of the filter samples was cut in pieces
and ultrasonically extracted with Milli Q water. The extracts were filtrated with
preparation filter (GL Sciences, Chromatodisk 13AI). Major anions (Cl−, Br−,
NO−

3 , SO2−
4 and MSA) and cations (Na+, K+, Mg2+ and Ca2+) were determined

by ion chromatograph (Dionex, DX-500). For anion analysis, Dionex-AS12A
columns, 4.05 mM Na2CO3/0.45 mM NaHCO3 eluent and auto-suppressor ASRS-
1 were used. For cation analysis, Dionex-CS12A columns, 20.5 mM methane-
sulfonic acid eluent and auto-suppressor CSRS-ULTRA were used. The injection
loop volume was 500 µl. Procedural blanks showed small peaks of Cl−, SO2−

4 and
Ca2+ in the IC chromatograms. However, they were less than 5% of those for the
aerosol samples. The concentrations of the ions reported here are corrected for the
procedural blanks.
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Figure 1. GC/MS traces for a dibutylated extract of the aerosol sample collected at Alert in
spring (5/2–5/4/2000). (a) TIC, (b) mass (m/z 183) and (c) mass (m/z 185) chromatograms.

3. Results and Discussion

3.1. IDENTIFICATION OF HALOGENATED DICARBOXYLIC ACIDS

Bromine has two stable isotopes, 79Br (51%) and 81Br (49%). Because their nat-
ural abundances are nearly equal, the molecules that contain bromine atom show
a characteristic mass spectrum having twin peaks with a difference of two mass
units. Figure 1 shows the total ion current (TIC) and mass chromatograms (at m/z
183 and 185) obtained for the n-butyl ester fraction separated from the spring arctic
aerosol sample, suggesting that the compound A at retention time of 14.41 minute
has two bromine isomers. EI spectrum of the peak labeled with A (Figure 1) in
the spring arctic aerosols shows several combinations of the unique twin peaks
(Figure 2). The spectrum of the sample was confirmed to be the same with that of
authentic standard of bromomalonic acid di-n-butyl ester. The retention time of the
peak labeled with A was also confirmed to be the same with that of authentic bro-
momalonic acid dibutyl ester. Hence, the peak A was identified as bromomalonic
acid dibutyl ester. Hereafter, we use the abbreviation of Br-C3 for bromomalonic
acid.

The mass spectrum (Figure 2) shows twin peaks at m/z 239 and 241 [M–C4H7],
which indicate twin molecular ions of 294 and 296. The base peak at m/z 57 in
this spectrum corresponds to the [C4H9]+ ion which is typical for dibutyl esters.
Dibutyl esters are also known to show α-cleavage that gives characteristic [M–
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Figure 2. Mass spectrum of dibutyl ester (MW 295) of bromomalonic acid separated from the
spring arctic aerosol sample (5/2–5/4/2000).

73]+ ions (m/z 221, 223). The fragmentation pathways are given in Scheme 1.
The fragment ions of m/z 239 and 241 are formed by two hydrogen rearrangement
and elimination of [C4H7]. The m/z 183 and 185 ions are formed by a hydrogen
rearrangement and elimination of [C4H8]. The m/z 165 and 167 ions are formed
by elimination of [C4H9OH] from m/z 239 and 241 ions or elimination of [H2O]
from m/z 183 and 185 ions. These processes have been studied in detail by McLaf-
ferty and co-workers for carboxylic acid esters (McLafferty and Turecek, 1993). A
plausible pathway resulting in the m/z 138 and 140 ions is corresponding to a loss
of the CO2H moiety from the m/z 183 and 185 ions. The m/z 138 and 140 ions can
further be decomposed to the m/z 120 and 122 ions by a loss of H2O.

Chlorine has two stable isotopes (35Cl and 37Cl). Their relative natural abun-
dance is approximately 3:1. Chlorosuccinic (Cl-C4) acid dibutyl ester was also
detected, where mass spectrum shows twin peaks with 3:1 ratio at m/z (209, 211),
(191, 193), (153, 155), (135, 137) and (108, 110) (Kawamura et al., 2000). Bro-
mosuccinic (Br-C4) acid dibutyl ester was also detected with the mass spectrum
similar to Br-C3 diacid dibutyl ester. Cl-C4 and Br-C4 diacids had been identified
in the marine aerosols from the northern North Pacific (Kawamura et al., 2000).
Some other peaks characteristic to bromine were also found in the chromatogram
of the spring arctic aerosols, but their structures have not been identified yet.

3.2. CONCENTRATIONS OF HALOGENATED DICARBOXYLIC ACIDS IN THE

SPRING ARCTIC AEROSOLS

Table I gives concentrations of halogenated dicarboxylic acids, including bromo-
malonic (Br-C3), chlorosuccinic (Cl-C4) and bromosuccinic (Br-C4) acids that are
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Scheme 1. Diagnostic electron impact fragmentation pathways for dibutyl ester of bromoma-
lonic acid. rH means rearrangement involving hydrogen transfer.

detected in the spring arctic aerosols collected in this study. Other dicarboxylic
acids detected in the arctic aerosols include C2-C11 species, whose concentrations
have been reported elsewhere (Narukawa et al., 2002). Halogenated diacids were
detected in the light spring aerosols, but not in the dark winter aerosols. Br-C3

diacid (average 0.42 ngm−3) was the most abundant halogenated diacid followed
by Br-C4 diacid (average 0.16 ngm−3) and Cl-C4 diacid (average 0.06 ngm−3).
Concentrations of halogenated diacids are lower than those of the correspond-
ing normal C3 and C4 diacids (average 9.2 ngm−3 and 12 ngm−3, respectively,
Narukawa et al., 2002). Concentrations of Br-C4 and Cl-C4 diacids are also lower
than those detected in the marine aerosols from the northern North Pacific, whose
concentration ranges were 0.1–2.1 ngm−3 and 0.3–2.0 ngm−3, respectively (Kawa-
mura et al., 2000). The lower concentrations in the arctic aerosols are probably
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Table I. Concentrations (ng m−3) a of halogenated dicarboxylic acids in the aerosol samples
collected in the Arctic, 2000

Dicarboxylic acids (abbr.) Chemical formula Winter (2/14–2/22) Spring (4/26–5/6)

Range Median Range Median

Bromomalonic acid (Br-C3) HOOC-CHBr-COOH bdl b – 0.11–0.68 0.41

Chlorosuccinic acid (Cl-C4) HOOC-CH2-CHCl-COOH bdl b – 0.04–0.10 0.06

Bromosuccinic acid (Br-C4) HOOC-CH2-CHBr-COOH bdl b – 0.12–0.20 0.16

a Concentrations of diacids in the aerosol samples are reported at 0 ◦C and 1013 hPa.
b bdl means below the detection limit (about 0.01 ng m−3).

associated with sea ice coverage of the Arctic Ocean in the spring, which restricts
the direct sea-to-air emissions of marine organic matter.

Sturges et al. (1993) reported that total bromine was more abundant than bro-
mide ion in the spring (March–April) aerosols at Barrow, indicating that some
of the bromine in the particles did not form bromide ions when placed in water;
obvious candidates are organic bromine compounds such as water-soluble halo-
genated organic compounds. In this study, averaged organic bromine (Br-C3 and
Br-C4 diacids) concentrations (0.06 ngm−3) are equivalent to 0.27% of average
Br− ion concentrations (22 ngm−3). Although the concentrations are relatively
small, we also found unidentified organic compounds that have bromine atom in
the aerosol samples studied. Hence we consider that organic bromine compounds
do exist more abundantly in the spring arctic aerosols.

3.3. SOURCES OF HALOGENATED DICARBOXYLIC ACIDS

Concentrations of Br-C3 and Br-C4 diacids increased during the sampling period
although the latter decreased in May (Figure 3). In contrast, those of Cl-C4 diacid
decreased throughout the experiment. A strong negative correlation (R = −0.98)

was obtained between Br-C3 and Cl-C4 concentrations. Figure 4 shows daily mean
ozone concentration and solar irradiance. During this spring period, a significant
ozone depletion occurred in the arctic marine boundary layer. Concentrations of
methanesulfonic acid (MSA CH3SO2OH) increased during the period whereas
those of Cl− ion decreased. Figure 5 shows good correlations between the Cl-
C4 and Cl− concentrations (R = 0.99) and the Br-C3 and MSA concentrations
(R = 0.96). Chloride, which correlates with Cl-C4 diacid (Figure 5(a)), could be
derived from sea salt and would exist in coarse particles (Narukawa, unpublished
data). Chloride could be removed by dry deposition, because in the spring arctic
there is little snowfall. The Cl-C4 diacid would be scavenged with chloride ion
during a long range transport. On the other hand, MSA is an oxidation product of
dimethyl sulfide (CH3SCH3) derived from marine biogenic sources and is rapidly
scavenged into fine particles (e.g., Clegg and Brimblecombe, 1985). A strong cor-
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Figure 3. Changes in the concentrations of bromomalonic (Br-C3), chlorosuccinic (Cl-C4)
and bromosuccinic (Br-C4) acids in the aerosols collected at ground level using high-volume
air sampler in Alert, April–May 2000.

relation between Br-C3 and MSA concentrations (Figure 5(b)) suggests that Br-C3

diacid is derived from marine sources.
Plausible sources of halogenated diacids would be (1) the primary marine emis-

sion from the Arctic Ocean, and (2) the secondary formation in the atmosphere.
The latter may include halogenation of malonic acid and succinic acid. However
this pathway is not likely, because the production of α-halocarboxylic acids is
limited to the halogenation of carboxylic acids only in the presence of phospho-
rus (Hell-Volhard-Zelinskii reaction) (Morrison and Boyd, 1992). Organobromine
compounds or brominated carboxylic acids that have been reported in marine
plants (Gribble, 1999) are likely source for the secondary production of the Br-
C3 diacid. Halogenated diacids could be emitted to the atmosphere by bubble
bursting process, and entrained in marine aerosols. The sea-surface microlayer
is known to enrich many organic compounds and elements (Duce and Hoffman,
1976). Volatile organobromine compounds are produced by macroalgae and ice
microalgae in the Arctic (Laturnus, 1996; Cota and Sturges et al., 1997) and nu-
merous organobromine compounds have been isolated from marine algae (Gribble,
1999). Although brominated dicarboxylic acids have not been reported in marine
algae, halogenated diacids or their halogenated precursors could be produced in the
Arctic Ocean in spring and later be converted to Br-C3 diacid in the atmosphere.
The positive correlation between Br-C3 and MSA (Figure 5(b)) also suggest Br-C3

diacid or their halogenated precursors were directly emitted from marine biogenic
source.

In contrast, concentrations of Cl-C4 diacid decreased throughout the sampling
period, being similar to Cl−. This difference between Br-C3 and Cl-C4 diacids may
be attributed to the transformation of Br-C4 to Cl-C4 diacid. Such a conversion can
occur by the substitution of bromine by chlorine (Scheme 2). Since the carboxyl
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Figure 4. Time series profile of spring ozone concentration during the polar sunrise experi-
ment Alert2000.

Figure 5. Relationships between the concentrations of (a) Cl-C4 diacid and Na+ ion, and
(b) Br-C3 diacid and methanesulfonic acid (MSA) measured in the spring arctic aerosol
samples during the polar sunrise experiment Alert2000.
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Scheme 2. Possible pathways for the conversion of bromomalonic acid to chlorosuccinic acid
in the arctic aerosols in spring.

group acts as an electron accepter, dissociation of bromine by SN1 reaction does not
form a carbocation. Then chlorination of Br-C4 diacid would proceed by SN2 reac-
tion, that is, nucleophilic substitution. In the ozone-depleted air, brominated diacids
in aerosols would react with chloride heterogeneously under solar radiation and re-
sult in chlorinated diacids and Br atom. Also, halogen-containing radical chemistry
may relate with chlorination chemistry. Alternatively, the Cl-substitution may be
first occurred in organobromine compounds and then the resulted organochlorine
compounds may be oxidized to produce chlorinated diacids.

3.4. RELATIONSHIPS WITH AIR MASS TRAJECTORIES AND SEA ICE

CONCENTRATIONS

The aerosol samples collected during ozone depletion could be strongly affected by
sea salts. Satellite images of monthly average sea ice concentrations in the Arctic
during April 2000 (taken from National Snow and Ice Data Center) show that
the Arctic Ocean surrounded by Greenland and Canada, Beaufort Sea and East
Siberian Sea were covered with sea ice. However, Barents Sea was free from sea
ice. It is possible that halogenated diacids were originated from the open sea surface
in the Arctic Ocean.

In order to identify the source region of the halogenated diacids, we conducted
backward trajectory analysis (Yamazaki et al., 1989). The meteorological data
were obtained from the European Center for Medium-Range Weather Forecasts
(ECMWF); the resolution of the horizontal grid was 2.5◦ × 2.5◦, and the verti-
cal resolutions were 15 layers. The initial locations where air parcels were traced
backward were set within a 2◦ × 2◦ grid over the sampling site at 0.2 degree steps
and three vertical layers (850, 925 and 1000 hPa). Thus, the number of the total
initial positions were 11 × 11 × 3 = 363. Each air parcel was traced backward
for 5 days. The backward trajectory analysis was conducted every 12 hours (at
0000GMT and 1200GMT), then the position of each air parcel was calculated and
recorded every 2 hours for 5 days. This calculation was repeated during each sam-
pling period (2 days). Summation of the trajectory results gave a 3D-distribution.
Figure 6 shows an example of these trajectory analyses.

Most of the backward trajectories showed that the air mass with depleted ozone
were derived from the north or northeast of Alert. Both the satellite images of sea
ice concentrations and backward trajectories suggest that the aerosols collected at
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Figure 6. Summation of 5-days backward trajectories (4/28–4/30/2000) starting at Alert
(82◦27′ N, 62◦32′ W).
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Alert in this study were transported from the Arctic Ocean with the sea ice or leads.
Halogenated diacids of biological origin could be emitted from the leads or coastal
regions in the high latitudinal ocean.

4. Summary and Conclusions

(1) During the ozone depletion event that occurred in the Arctic, bromomalonic
(Br-C3) acid was detected in the spring aerosols. However, it was not detected in
the dark winter. Bromosuccinic (Br-C4) and chlorosuccinic (Cl-C4) acids were also
quantified in the spring aerosols.

(2) Although concentrations of halogenated diacids are lower than those of the
corresponding parent diacids, they provide useful information to better understand
the halogen chemistry, which is important in the arctic marine boundary layer at
polar sunrise.

(3) A positive correlation between Br-C3 diacid and MSA in the aerosols sug-
gests that Br-C3 diacid or its precursor is originated from marine biogenic source.
Br-C4 diacid also would have similar source. Cl-C4 diacid might be formed by the
nucleophilic substitution of Br-C4 diacid during ozone depletion.

(4) The satellite images of sea ice concentrations and backward air mass trajec-
tories suggested that halogenated diacids and/or their precursors in the aerosols
were transported from the Arctic Ocean with the sea ice and the leads. Their
transformation may be occurred on sea salt under solar radiation.
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