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Preliminary evidence of a biomass-burning event from a 60
year-old firn core from Antarctica by ion chromatographic
determination of carboxylic acids
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ABSTRACT. An ion chromatographic method for the determination of fluoride and
some organic anions (lactate, acetate, glycolate, propionate, formate, methane sulphonate
and pyruvate) at sub-pgl ! concentration levels is applied to a 22m (63 years) firn core
drilled at Hercules Névé, northern Victoria Land, Antarctica. The first effective distribu-
tion data of acetate, propionate and formate for this region are reported here. Mean
values of 9.9, 7.7 and 2.4 pgl ' were calculated for acetate, formate and propionate, respec-
tively, in the absence of particular events (background values).

The temporal (1928-82) concentration/depth profiles of these components showed a
probable long-term biomass-burning event in the 1930s that can be related back to pro-
cesses in the Southern Hemisphere. Such burning events may be demonstrated from the
simultaneous concentration increase of carboxylic acid, potassium, ammonium and fluor-
ide and from a very high dust content. Similar increasing trends in the same time period
are not shown by other snow components usually considered as source indicators
(methane sulphonic acid: biogenic marker; nssSQ,” : biogenic and voleanic indicator;
Na™ and CI': sea-spray contribution; Ca”": crustal input), so it was possible to exclude

such alternative explanations.

INTRODUCTION

In areas of undisturbed snow accumulation it is possible to
determine, by using the correct chemical and isotopic tra-
cers, individual snow layers accumulated layer by layer over
time. By assuming a close correlation between the atmo-
spheric aerosol composition and the snow composition
(Lambert and others, 1983; Pourchet and others, 1983) and
considering, where possible, the effects of eventual post-de-
positional processes, a detailed history of the annual and
seasonal variation of the atmospheric composition from the
snow chemical analysis can be reconstructed.

In northernVictoria Land, East Antarctica, the relative
closeness of plateau-like or high-altitude névé areas to the
coastline, and to the ItalianTerra Nova Bay base, makes ac-
cess to undisturbed snow-accumulation sites easier. Chemi-
cal and physical analyses of firn and ice cores sampled in
such areas permit the observation of environmental varia-
tions over several decades with detailed analyses of the seas-
onal behaviour of the main and secondary sources of
atmospheric aerosol.

The study of carboxylic acid presence in Antarctic snow
can give useful information about sources and transport
processes of the oxidation products of substances related to
biological cycles (Berresheim, 1987; Keene and Galloway,
1988; Legrand and Saigne, 1988; Andreae and others, 1990;
Watts and others, 1990). Although many sources were postu-
lated for carboxylic acids in polar atmosphere (such as
direct input from biologic activity or secondary emission
by oxidation of marine and continental biogenic hydrocar-
bons), further studies are indispensable for understanding
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their atmospheric cycles and their role in the weak acidity
of snow precipitation (Legrand and de Angelis, 1995, 1996).

Formate and acetate are directly emitted by vegetation
and biomass-burning or from anthropogenic activity (Tal-
bot and others, 1988, 1990). The biomass-burning, usually
underestimated, can represent a significant input of hydro-
carbons in remote areas. In particular, the methane pro-
duced yearly by biomass-burning is about 7% of global
methane emissions (Dignon, 1995). Formic acid production
is related to the oxidation processes of hydrocarbons
emitted by forest areas (mainly isoprene) and to the natural
cycle of formaldehyde (Jacob, 1986; Jacob and Wofsy, 1988,
1990). Measurements of acetic and formic acid in polar snow
are sporadic. The first detailed investigation of carboxylic
acid presence in Greenland can be found in two recent
papers of Legrand and de Angelis (1995, 1996) concerning
GRIP project samples.

The presence of propionate in atmospheric precipitation
was shown by measurements in rainwater (Isidouridou and
Puxbaum, 1987; Murray, 1989), but propionate measure-
ments on snow samples from Antarctica and Greenland
are missing. In superficial snow and ice samples collected
at Terra Nova Bay, East antarctica, the concentration of
propionate was always below the detection limit (Udisti
and others, 1991).

In this paper an ion chromatographic (IC) method for
the determination of some organic anions and fluoride at
sub-pg | ' concentration levels is applied to a 22 m firn core
from Hercules Névé, Antarctica. The first data on distribu-
tion and temporal profiles (about 60 years) of some short-
chain carboxylic acids (formic, acetic and propionic acid)
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in northern Victoria Land are reported here. Preliminary
concentration/depth results show a probable biomass-burn-

ing event, occurring in the 1930s, evidenced by high levels of

carboxylic acids, fluorides, potassium and, with less evi-
dence, ammonium.

METHODOLOGY

Sampling site

During the 1993-94 Italian Antarctic Campaign, a 22 m
firn core was drilled at Hercules Névé station, northern Vic-
toria Land. Figure | shows the geographic position of the
sampling site. Northern Victoria Land is a region with a
complex orography influenced by strong katabatic winds
(personal communication from B. Stenni, 1997), so an
accurate preliminary study was necessary to isolate rela-
tively undisturbed sampling areas. Satellite photos showed
that Hercules Névé is not influenced by snowdrifts and sas-
trugi, so that this area seems to be unaffected by wind redis-
tribution effects. A previous shallow firn core (8 m; Udisti,
1996) confirmed an undisturbed annual snow deposition.

Hercules Névé is a plateau of approximately 1100 km?,
about 3000 ma.s.l. and about 75 km from the sea (Lady
Newnes Bay). It comprises the largest ice cap of northern
Victoria Land with the adjacent Evans Névé. The site is
located on the ice divide between the glaciers that flow into
the Ross Sea and into the Pacific Ocean.

Mean annual temperature values of about —33°C were
estimated for the sampling station from the temperature
data (-34.5° and —33.1°C at 7.5 and 10m depth, respec-
tively) measured during the firn coring (personal commu-
nication from B. Stenni, 1997).

Sampling and analytical procedures

During the coring, sampling and analysis procedures, all
precautions were taken to minimise contamination, and
the personnel wore clean-room clothing. The firn core was
drilled using a SIPRE rotating ice-corer (electrical 1000 W
engine) with a stainless-steel corer tube (10 cm diameter,
120 cm long) and fibreglass corer rods (120 em long). This
corer was accurately cleaned before use and produced core
segments 80-90 cm long. These were cleaned externally on
site, labelled and placed in double polyethylene scaled bags.
The firn-core sections were kept frozen and brought to the
clean-cold room of the Laboratoire de Glaciologie in Gre-
noble, France (Maggi and Petit, 1998). The firn core was
cleaned by mechanically removing a thin external layer,
and subsamples were obtained by cutting the firn cores
about every 5c¢m. These were stored at —20°C in pre-
cleancd polyethylene containers placed in double polyethy-
lene bags. Due to electrical failure of a cold store, the first
4m were not analyzed.

In the analytical laboratory of the University of Florence
the samples, still in their containers, were melted just before
analysis under a class-100 laminar-flow hood and filtered on
a pre-cleaned 0.45 um Teflon membrane immediately after
melting. Particular care was taken to open the containers
as little as possible, in order to minimise any uptake of am-
monia and carboxylic acid from the laboratory atmosphere
(Udisti and others, 1991, 1994).

https://d0i40é%/f120.31 89/5026030550001778X Published online by Cambridge University Press

PR anu' ..
%\J \A QM;\\%T; Py
T W ,}

? B > \(7“&%&3‘3‘@@/

MARINER G

ROSS SEA

Fig. 1. Geographic position of the sampling station: station 36,
Hercules Nevé (73°06' S, 165°28 E; 2960 ma.s.l), about
90 km_from the coastline.

Experimental

Apparatus

The chemical analysis was performed using a Dionex 4000i
IC equipped with a gradient pump and a conductivity de-
tector (CDM-1). The conductivity suppression was per-
formed by an electrochemical anion membrane suppressor
(Dionex ASRS-1). The anion separation was obtained by a
Dionex AGIl guard column and a Dionex ASII separator
column. Tetraborate 0.9 and 30 mM was used as eluent ac-
cording to a step-eluent separation procedure. The eluent
was degassed and pressurised with helium by an eluent de-
gas module (Dionex EDM-2). The chromatographic data
were collected and elaborated by Dionex PeakNet integra-
tion software. A 1 ml loop was used for all sample analysis.

Reagents

Stock standard solutions (1g1 ') were purchased from Merck
when available, or obtained from “reagent grade” Merck or
Fluka reagents dissolved in ultra-pure water (resistivity
> 18 MQ). Standard solutions with lower concentration
were prepared daily in pre-cleaned polyethylene bottles.

RESULTS AND DISCUSSION

Analytical method

The organic anions (lactate, acetate, propionate, glycolate,
formate, methane sulphonate and pyruvate, plus fluoride)
are present in snow from AnLarcura at very low concentra-
tions, ranging from sub- ugl to ,ugi
these anions are weakly retained into the IC separator col-
umns used for the inorganic anion determination (cluent:

levels. Moreover,
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Fig. 2. (a) Chromatographic separation of fluoride and some
organic anions (standard solution ). The components deter-
mined and their concentrations are reported at the top of each
peak. Operative conditions and step-eluent programme:
Separation and guard columns: Dionex ASI+AGII; loop:
I'ml; eluent flow: 2 mlmin

Eluents: ELI = H0 Milli-Q; EL2 = 30 mM NasB,0;,
EL5=3mM Na,B,0;.

Time %ELl %EL2  %EL3 Comment
0.0 70 0 30 Start of analysis
5 0 100 0 Start of cleaning
12,5 70 0 30 Stabilisation

(b, ¢) Chromatogram of a real sample from Hercules Névé
station ( b ), compared with operational blank (¢ ); same con-
ditions as above. The components determined and their con-
centrations are reported at the top of each peak ( ppb = ugl ’).

carbonate/hydrogencarbonate buffer) so that their separa-
tion is difficult. An IC method for a complete separation of
the considered components and able to determine sub-pg1 ™'
concentration levels is required.

Various methods for the simultaneous determination of
organic and inorganic anions are reported in the literature
(Rocklin and others, 1987; Cheam, 1989, 1992; L.egrand and
others, 1993). They are usually based on a gradient elution
with NaOH solutions. Under the reported conditions, how-
ever, the separation between some components with similar
retention times (in particular, acetate/glycolate/propionate
and methane sulphonic acid (MSA)/pyruvate) is insuffi-
cient for their simultaneous determination. Moreover, the
baseline drift, due to the NaOH concentration gradient,
prevents the determination of low concentrations. The
detection limits reported for the baseline subtraction tech-
nique (Cheam, 1989) (10-80 ug1 loop = 50 ul) are too high
to analyze Antarctic samples with ugl Yor sub-ugl ' concen-
trations, After a comparison of three IC methods (1on exclu-
sion and anionic exchange in isocratic and gradient mode),
Cheam (1992) concluded that the isocratic method produces
more reproducible results and lower detection limits.

Udisti and others (1994) proposed two alternative meth-
ods based on isocratic or gradient separation using a Dionex
AS5A-5 um separator column and tetraborate as eluent.
The gradient methods gave better separation (in particular
between acetate and propionate) but lower reproducibility
by baseline drift. The isocratic method, on the other hand,
did not fully separate some components. In this paper, the
isocratic method was improved using a Dionex ASII sep-
arator column and 0.9 mM tetraborate as eluent. In effect,
after the separation of the organic acids, a more concen-
trated Na,B,;O; solution (30mM) is pumped into the
system to elute the inorganic anions trapped in the column.
Therefore, the above “isocratic” method should be called a
“step-eluent” method. During the cleaning step, the inor-
ganic anions are quickly eluted without effective separation.

NayB4O; was preferred to NaOH because of its lower
capacity to absorb atmospheric CO,. The carbonate so
formed increases the eluent strength to the detriment of the
measurement reproducibility. The use of degassed (helium)
Na,B,0; solutions kept retention times stable for more than
aweek (Udisti and others, 1991).

The chromatogram of a standard solution containing
2.5-25 ug1 'ofall the analyzed components is shown in Fig-
ure 2, which also shows the experimental conditions.

Table 1 shows the analytical performance of the method
(linearity range, sensitivity, reproducibility and detection
limits) for acetate, propionate and formate. The reproduci-

Table 1. Linearily range, reproducibility and detection limit for acetate, propionate and formate. Same conditions as Figure 2

Component Lin. range Sensitivity Reproducibility Detection limit
Cone. Mean Std. dev. Cone. Mean Std. dev. Det. lim.
ppb nS/ppb ppb mS % ppb mS %o ppt
Acetate 0-150 10.6 50.0 648.8 1.6 0.5 127 87 87
Propionate 0~150 5.8 50.0 380.0 1.4 1.0 6.7 75 149
Formate 0-380 13.9 50.0 749.5 1.5 0.5 9.7 9.0 89

Notes: T'he linearity range was obtained with at least 12 calibration points. Mean and standard deviation values were calculated using ten consecutive meas-
urements of the same standard. The detection limit was calculated as twice the standard deviation obtained [rom ten replicate measurements of standard
solutions with concentration of 0.5 ppb (acetate and formate) and L0 ppb (propionate). pph =71 ppt = ngl .
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Table 2. Statistical paramelers for acetate, propionate and formate in all the firn core, 4—14.3 m section ( background level) and

14.3-22 m section (biomass-burning events)

Acetate Propionate Formate

All firn-core 4—14.3m 4.3-22m All firn-core 4-14.5m H.3-22m All firn-core 4-14.3m H4.3-22m

samples samples samples samples samples samples samples samples samples
N 350 205 145 347 203 144 351 206 145
Min. gl ! 1.06 1.06 490 0.16 0.16 0.50 1.25 1.25 2.82
Max. gl J 95.26 30.63 95.26 13.06 5,14 13.06 9463 38.59 94.63
Mean ugl'! 17.39 993 2793 381 237 5.83 16.89 772 29.91
Std.dev.  pgl’! 1297 479 13.56 954 10O 2,68 1588 499 16.93
Median ugl' 12.16 9.05 27.05 306 247 6.07 9.86 6.80 30.22
25% ugl ' 7.82 6.74 17.74 1.99 1.46 3.90 587 446 1549
75% ugl L 2529 12.14 36.99 491 312 775 27.04 9.82 40.15

bility values (better than 20% at 50 ugl Y and the detec-
tion limits (lower than 0.150 ug1 ') permit the effective de-
termination of these components at very low concentration
levels in Antarctic snow. The low detection limits are due to
the very stable baseline value, to high peak reproducibility
and to low blank values. Figure 2b shows the ion chromato-
gram obtained for a real sample containing fluoride, acetate,
propionate, formate and MSA at ugl "or sub-ug 1™ concen-
tration levels, with respect to a blank (polyethylene contain-
er) plotted on the same scale. Legrand and others (1993)
advised against the use of plastics, to avoid possible contam-
ination. In our experience, accurately cleaned plastic con-
tainers (either polyethylene or polypropylene containers,
disposable and cheaper than glass bottles) showed low
blank values: below the detection limits for propionate and
in the range 0.1-1.0 ug 1™ for acetate and formate.

Firn-core data discussion

Among the components analyzed in the firn core, in this
paper we pay attention to acetate, formate and propionate.
A reliable dating is necessary to obtain the temporal set-
ting of the samples. The firn-core dating was performed by a
combination of seasonal and absolute markers. For seasonal
snow-layer identification (relative dating), we used a visual
comparison between 8O depth profile (1-22m) and a
chemical profile (4-22 m) obtained by a linear combination
of the normalised concentration/depth profiles of three
summer markers (MSA, nssSO,* and H,0,) (Udisti, 1996;
personal communication from B. Stenni, 1997). Absolute dat-
ing levels were determined by the tritium concentration/
depth profile. This dating has been discussed by Stenni (per-
sonal communication, 1997). The dating results showed 64
summer peaks along the firn core (1-22 m below the snow
surface) corresponding to 63 years from 1990 to 1928. Chemi-
cal data have been measured on a 4-22 m section (1982—-28).
Table 2 shows the basic statistical data concerning the
distribution of the three carboxylic acids in the firn core.
The statistical values can be considered reliable because
the three components have been determined on all 351 sub-
samples (only four values for propionate and one value for
acetate are missing). These compounds are present in the
Antarctic snow at very low concentrations. The mean values
of 1694159, 174 +13 33 and 3.8+25ugl ! found respec-
tively for formate, acetate and propionate, are very close to
those reported by Legrand and others (1993) for Greenland
precipitations (only formate and acetate; mean values re-
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spectively 12 and 13 ug I'"). Legrand and de Angelis (1995
and 1996) reported mean background Holocene values of
93414 and 107+17pugl ' for acetate and formate at
Summit, Greenland.

Figure 3 shows acetate, formate and propionate distribu-
tion graphs (box plots). Each box contains 50% of the data,
with the median value displayed as a line. The sample dis-
persions are quite high, as shown by the relatively large in-
terval between the 25th and 75th percentile values (box
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Fig. 3. Box plots of propionate, formate and acetate for all
samples (a), 4.0-14.3m samples (b) and 14.3-22m sample
(¢). Each box contains 50% of the data, with the median
value displayed as a line. The top and bottom of the box mark
the limits of + 25% of the variable population (25th and 75th
percentile ). The lines extending from the top and bottom of each
box mark the minimum and maximum values that fall within
an acceptable range (1.5 times the box width ). Any value out-
side of this range (outlier ) is displayed as an individual point.
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Fig. 4. Concentration/depih profiles of formate ( a ), acetate (b ), propionate (¢ ), potassium ( d ), ammonium (e ) and fluoride ( f)

al Hercules Nevé station.

height) and by the standard deviation value, of the same
order of magnitude as the mean value. Moreover, these data
dispersions are not symmetrically distributed, as shown by
the median values (line in the box) shifted towards the
bottom of the box (above all, for formate and acetate) and
lower than the mean values. Formate and acetate median
values are 58% and 70%, respectively, of the mean values.
A few samples, in fact, have concentration values higher
than the mean (up to 5.5 times for formate and acetate and
3.5 for propionate). Such high values are not regularly dis-
tributed on all the firn core. Figure 4a—c show the concen-
tration/depth profiles for the three components. In the first
15m the concentrations for all three compounds are lower
than for the total firn-core mean value (4—143 m depth
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mean values o 9.9+ 4.8, 7.7 5.0 and 24 +1.0 ug I"! for acet-
ate, formate and propionate, respectively). This part of the
firn core shows no particular concentration/depth trend,
and only a slight concentration increase with depth can be
observed for all the components. At 146 and 157 m depth
(about 1947 and 1943, respectively; personal communica-
tion from B. Stenni, 1997), two sharp spikes with relatively
high concentrations (up to nearly 100 ug1™") are found for
acetate and formate. Lower maximum values (about
10 ugl ]'I, but 3.5 times higher than the mean, are found at
the same depths for propionate. For depths lower than
16.0m, the concentration profiles show a common sharp
increase, with values consistently higher than the back-
ground. The 14.3-22 m depth (corresponding to the 1948
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Fig. 5. Correlations of acetate, propionate and ammonium vs formate concentration for 4.0-14.3m (a—c) and 14.5-22m (d—f)

samples.

28 period) mean values of 2794136, 2994169 and
58+27 pgl ! found for acetate, formate and propionate,
respectively, are 2.8,3.9 and 2.4 times higher than the corres-
ponding 4-143m depth mean values. This behaviour 1s
shown also by the box plots in Figure 3b—c, where an
increase of median values and of data dispersion for the dee-
pest firn-core section is clearly evident. Biomass-burning in-
puts are a possible explanation. In particular, a long-term
event seems to be indicated in the 1930s by the steadily high
concentrations from 18 to 22 m (1936-28).

Figure 5 shows the relationships of acetate, propionate
and NH," with formate (considered as the best biomass-
burning marker; Legrand and de Angelis, 1995, 1996) in the
4-14.3 m (Fig. 5a—c) and 14.3-22 m (Fig. 5d-f) firn-core sec-
tion. We can observe that a linear correlation is missing in
the upper firn-core part, but it is clearly evident for the or-
ganic acids in the bottom (correlation coefficient R = 0.88,
0.89 and 0.39 for acetate/formate, propionate/formate and
ammonium/formate, respectively). The correlation between
ammonium and formate is lower than that found by Le-
grand and de Angelis (1995, 1996) for biomass-burning
events at Summit, Greenland. The linear regression slopes
indicate a mean ratio of 064 and 0.14 for acetate/formate
and propionate/formate, respectively.

An acetate/formate ratio of around 10 was found by 'Tal-
bot and others (1988) from atmospheric measurements
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during biomass-burning events. During the transport, for-
mic acid production occurs in the plume, so that the acet-
ate/formate ratio reaches values lower than 1 (Legrand and
de Angelis, 1995). The acetate/formate ratio found in the firn
core (0.64 wjw) agrees with this result.

High concentration values for carboxylic acids, NH, i
K" and F are reported as indicating biomass-burning
events (Cachier, 1995; Legrand and de Angelis 1995, 1996;
Legrand and others, 1993). In order to confirm analogous
behaviour, the concentrations of K™, NHy " and F in the
firn core were plotted vs depth. Figure 4d-{ show the rela-
tive concentration/depth profiles: a concentration increase
is evident starting from 14.3 m depth for these compounds.
This increase is in-phase with carboxylic acid, although a
correlation with formate, acetate and propionate spikes at
14.6 and 15.7m depth is not visible for K" NH, and I .

The mean concentrations in the bottom of the firn core
are 42+64 , 43429 and 0674095 ugl ' for K*, NH,"
and F, 1.3, 14 and 26 times higher, respectively, than the
relative mean values in the 4-14.3 m firn-core part. For K7,
the concentration increase is more evident considering the
median value (the K™ background mean is affected by some
samples with high sea-spray content). An increase of 2.5
times is measured in the firn-core bottom section with re-
spect to the background. This means that a larger number
of samples with higher concentration occurs. Similarly, the
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concentration/depth profiles of Na™ (sea-spray marker),
nssSO,” (biogenic and volcanic indicator) and Ca”" (crus-
tal input) were observed, excluding any alternative explana-
tion of the experimental data. Mean and median values of
these compounds did not show any increase trend in the
143-22m firn-core section with respect to background.
Therefore, a biomass-burning event seems to be the more
probable explanation for carboxylic acid, K, NH, " and F

contemporaneous increases.

High dust levels found in the same firn core at 14.3-22 m
depth (Maggi and Petit, 1998) could reinforce the hypoth-
esis of the biomass-burning effects. Preliminary data show
that this particulate has a predominant organic composi-
tion (about 50%; personal communication from V. Maggi,
1997) and could be constituted by ash or other carbonic ma-
terial. A structural analysis of the particulate will be per-
formed to confirm the presence of ash. The presence of
light particles (such as ash) could explain the very long re-
sidence times of the above-mentioned chemical markers and
dust in the atmosphere.

CONCLUSIONS

The eluent-step 1C method used for the determination of
acetate, formate and propionate in Antarctic snow samples
gives a sensitivity sufficient to obtain the first data concern-
ing the distribution of carboxylic acid in northern Victoria
Land. The isocratic separation step permits high peak reso-
lution with better baseline stability and lower detection lim-
its with respect to gradient methods.

The application of this method to a 22m firn core
drilled at Hercules Névé gave background levels of about
10 and 8 ugl ' for acetate and formate (with a ratio close to
1.0) and of about Q,LLgl_] for propionate in the first 4.3 m
firn-core depth. Preliminary data on relatively high in-
phase concentration values for carboxylic acids, fluoride,
ammonium, potassium and dust evidenced a long-term bio-
mass-burning event. Further analyses on the particulate are
needed to confirm the latter source, because of its persis-
tence in atmospheric aerosol for a relatively long period.
On the other hand, biomass-burning events in Antarctica
can only come from long-range transport. Therefore, their
fingerprints should be different with respect to the obser-
vations of Legrand and de Angelis (1995, 1996) and Legrand
and others (1995) at Summit, Greenland, where high, sharp
concentration spikes were found. The long-range transport
smoothing effects could give slight concentration increases
for long time periods.
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