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h i g h l i g h t s
� A new measurement method for biomass-burning tracers in snow was developed.
� The method was successfully applied to the snow samples from Zhadang Glacier.
� BC and DOC in those glacial snow samples are mainly derived from biomass burning.
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a b s t r a c t

Organic acids such as p-hydroxybenzoic, vanillic, and dehydroabietic acids are unique biomass-burning
tracers for black carbon (BC) and dissolved organic carbon (DOC) in the snow of mountain glaciers, Arctic
and Antarctic ice sheets. In this study, we developed a method by solid-phase extraction (SPE) coupled
with gas chromatography/ion trap mass spectrometry for the determination of those organic acids in
snow. The limit of detection (LOD) is 0.002, 0.001, 0.004 ng mL�1 for p-hydroxybenzoic, vanillic, and
dehydroabietic acids, respectively. For p-hydroxybenzoic and vanillic acids, all the four SPE cartridges
used produce good recoveries (>75%). However, for dehydroabietic acid, HLB cartridge has much better
performance than DPA, FEP-2 and PAX cartridges. The method was applied to the snow samples collected
from Zhadang Glacier in the Tibetan Plateau (TP), and demonstrated its feasibility in pretreating and
detecting of these target compounds. We found that BC and DOC accumulated in the snow during winter
and spring over the TP glaciers are mainly derived from biomass burning. This result demonstrates the
capability of our analytical method for a deep understanding on the source of carbonaceous materials in
snow.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their climate effects, carbonaceous constituents
(including black carbon and organic carbon) in snow and ice have
recently become the subject of extensive research (Doherty et al.,
2014; Kawamura et al., 2012b; Wang et al., 2015). Black carbon is
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the major component of light-absorbing impurities on the surface
of glaciers and seasonal snow cover (Qu et al., 2014). It can strongly
absorb the solar radiation, and alter the energy balance of snow,
thereby resulting in substantial snowmelting (Bond et al., 2013; Xu
et al., 2009). Most recently, it was further proposed that such
mechanismwas also responsible for the amplified warming rate in
the high-elevation regions (Mountain Research Initiative, 2015).

The importance of carbonaceous constituents in glaciers and ice
sheets in the global carbon cycle was also highlighted (Stubbins
et al., 2012). For example, based on the evaluation of the global
storage/release of organic carbon in ice, Hood et al. (2015) pointed
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out that glaciers act as a key link between terrestrial and aquatic
carbon fluxes. They proposed that mountain glaciers release most
of dissolved organic carbon (DOC) in the cold regions, compared to
those in the Antarctic and Greenland ice sheets.

However, the sources (terrestrial or anthropogenic), transport,
and deposition process of carbonaceous constituents (black carbon
and DOC) are very complicated (Calvo et al., 2013; Ding et al., 2007).
Various methods have been developed to reveal those processes
(Pokhrel et al., 2015; You et al., 2014). In particular, organic acids
such as p-hydroxybenzoic, vanillic, and dehydroabietic acids have
been exploited as unique biomass-burning tracers to differentiate
the relative importance of fossil fuel combustion and biomass
burning (Simoneit, 2002). The reason lies in that, vanillic and
hydroxybenzoic acids are produced during the combustion of
lignin, whereas dehydroabietic acid is emitted from the combustion
of conifer resins (Simoneit, 2002).

McConnell et al. (2007) reported the black carbon, vanillic acid
and non-sea-salt sulfur in ice cores from Greenland. Taking the
benefit of the source-indicating property of vanillic acid, they
successfully reconstructed the history of boreal forest fires from
A.D. 1788 to 2002. And then they proposed that before 1850 conifer
combustion was the major source of BC in Greenland ice core,
however the increase of black carbon in 20th century is closely
related to non-sea-salt sulfate, i.e., originated from the industrial
activities. By determination of p-hydroxybenzoic, vanillic, and
dehydroabietic acids in the ice core samples from the Kamchatka
Peninsula, Kawamura et al. (2012a) found that the boreal conifer
forest fires happened more frequently in Far East during the last
century.

Nevertheless, the application of such organic acids as biomass-
burning tracers in snow and ice is still scarce. The major reason is
due to the limitation of the sample pretreatment and instrument
analysis. For example, themethod by Kawamura et al. (2012a) is not
practical in the field pretreatment and need complicated handling
steps in laboratory. Recently, Grieman et al. (2015) established a
method for analysis of vanillic acid in Greenland ice core by HPLC-
ESI-MS/MS. However, the requirement of the instrument is very
expensive and is not available in most of the laboratories.

Solid-phase extraction (SPE) is an effective procedure for the
separation and pre-concentration of analytical samples (Simjouw
et al., 2005). The isolation mechanism of SPE is based on the in-
teractions between organic compounds in solution and specific
sorbent bonded onto the surface of silica gel. In this work, based on
the SPE isolation, we developed a new method for the quantifica-
tion of p-hydroxybenzoic, vanillic, and dehydroabietic acids in
snow, with the purpose to simplify the relevant analysis with good
analytical quality. At the same time, we aim to reduce the sample
volume needed to transport from the field to laboratory, especially
considering the harsh and challenging environment in high
mountain regions.

2. Experimental

2.1. Chemicals and SPE column

p-Hydroxybenzoic (CAS: 99-96-7), vanillic (CAS: 121-34-6), and
dehydroabietic acids (CAS: 1740-19-8) were provided by Accus-
tandard Inc. N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA)
containing 1% trimethylchlorosilane (TMCS) was obtained from
Fluka. Pyridine, methanol and hexane (HPLC-grade) were pur-
chased from J. T. Baker. Ammonia (HPLC-grade) and hydrochloric
acid (Electronic-grade) were obtained from CNW and Duksan,
respectively. The >18.2 MUwater used here were obtained directly
from a Millipore ultrapure system (Milli-Q Integral 3).

Four different commercial SPE columns were used as follows:
(1) Oasis® HLB (60 mg, 3 mL, Waters), made from a specific ratio of
two monomers (hydrophilic N-vinylpyrrolidone and lipophilic
divinylbenzene), which is specially designed for polar analytes; (2)
Discovery® DPA-6S (250 mg, 3 mL, Supelco), based on polyamide
resin, has enhanced ability to absorb polar compounds containing
multi eOH and eCOOH groups; (3) Cleanert FEP-2 (200 mg, 6 mL,
Agela), made of polydivinylbenzene, on which the surface is func-
tionalized with vinyl pyrrolidone and urea, can retain most of
acidic, basic and neutral polar compounds; (4) Cleanert PAX
(150 mg, 6 mL, Agela), is a RP/strong anion exchange mixed-mode
polystyrene/divinylbenzene sorbent.
2.2. Isolation procedure (SPE)

The isolation conditions, including pH values and activating/
eluting reagents for all SPE columns, were optimized to obtain
better extraction efficiency. Cartridges were connected to an SPE
manifold (Visiprep DL, Supelco), which was connected to a vacuum
pump. For HLB, DPA or PEP-2, the column was firstly conditioned
with 5 mL of methanol and 5 mL of Milli-Q water. 50 mL sample
was adjusted to pH ¼ 2 with 1 M HCl before adding to the columns
and then washed with 5 mL water. All these operations should be
continuous to avoid the columns from completely draining with a
flow rate around 1 mL/min. The column was dried by the vacuum
pump for about 5 min and then blownwith a gentle stream of pure
nitrogen for at least 30min until completely water free. Elutionwas
done with 5 mL methanol containing 2% ammonia to a 10 mL glass
bottle. In the case of PAX cartridge, the samples were kept neutral
and the eluting reagent was 5 mL methanol containing 2% formic
acid.
2.3. Derivatization

The extracts were concentrated under nitrogen stream and
transferred to 1.5 mL glass vials and continuously purged to ensure
the complete removal of water. Then 50 ml 1:1 MSTFA with 1%
TMCS/pyridine was added to the vial and react by heating at 70 �C
for 2 h in an oven.
2.4. GC-MS

The derivatized fraction was further dissolved to 200 mL with n-
hexane and analyzed by a gas chromatography-mass spectrometry
(GC-MS, Trace GC coupled to PolarisQ MSD) using a DB-5MS
capillary column (30 m � 0.25 mm I.D. � 0.25 mm film thick-
ness, Agilent). The mass spectrometer was operated on electron
impact ionization (EI) mode at 70 eV with the ion source tem-
perature at 200 �C and transfer line temperature 280 �C. The
damping gas was set to 2.0 mL/min to get better sensitivity.
Splitless mode was used for the PTV injector at an initial tem-
perature 100 �C and was heated up to 250 �C at 10 �C s�1. Helium
was used as carrier gas with constant flow rate (1.0 mL min�1).
The GC oven temperature program was set as follows: initial
temperature 50 �C for 2 min, increase to 180 �C at 20 �C min�1,
and then to 300 �C at 6 �C min�1 and held for 5 min. The total
analysis time was 32 min. Full scan mode was used for data
acquisition by the mass detector with the m/z ranging from 50 to
400. Different characteristic ions were selected for these three
acids for quantification as follows: m/z 225, 267, 282 for p-
hydroxybenzoic acid, m/z 267, 297, 312 for vanillic acid, and m/z
239 for dehydroabietic acid (Fig. 1).



Fig. 1. Typical GC/MS total ion current (TIC) trace for a snow sample (a), and mass spectrum of p-hydroxybenzoic (b), vanillic (c) and dehydroabietic acid (d) after derivatization.
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3. Validation

3.1. Linearity and limit of detection

Seven standard samples (5, 10, 20, 50, 100, 200 and
500 ng mL�1) were measured to establish the standard curve.
Considering the very low concentration of the target chemicals in
snow samples, the intercept was set to zero. All of the calibration
curves for the three acids show good linearity (R2 > 0.995). The
limit of detection (LOD) in this method was defined as three times
the standard deviation of Milli-Qwater procedure blank. The LOD is
0.002, 0.001, 0.004 ng mL�1 in snow water for p-hydroxybenzoic,
vanillic, and dehydroabietic acids, respectively, which is compara-
blewith themethod used by Kawamura et al. (2012a) but about one
magnitude lower than that by Grieman et al. (2015). The LOD could
be even lower if larger volume of snow water filtered during the
SPE isolation. When compared with the previously reported con-
centration data for these three organic acids in ice cores from
different location (Grieman et al., 2015; Kawamura et al., 2012a;
McConnell et al., 2007), it is clear that the LOD value of our
method can guarantee the quantitative determination.
Fig. 2. Recoveries of p-hydroxybenzoic, vanillic, and dehydroabietic acids in snow
samples using four types of SPE cartridges for their isolations and determination.
3.2. Recovery and precision

As shown in Fig. 2, all of the four SPE columns for p-hydrox-
ybenzoic and vanillic acids have good performance, with recoveries
higher than 75%. However for dehydroabietic acid, HLB column is
much better than other three columns (i.e. DPA, PEP-2 and PAX).
This is possibly related to the higher pKa value of the dehydroabietic
acid. The recoveries of the three acids for HLB (n ¼ 6) were also
repeatedly tested using 1 ng mL�1 and 10 ng mL�1 standard solu-
tions, respectively (Table 1). No obvious difference was found be-
tween the recovery results for these two concentrations. The RSD
were all lower than 15% except for the dehydroabietic acid in
10 ng mL�1.

To evaluate the possible matrix effect, the response of an addi-
tion of standard in snow sample was compared with that in pure
water sample. The recoveries obtained from these two matrixes
were almost identical. This meant that the matrix effect in snow



Table 1
Procedure blank, recovery and reproducibility of p-hydroxybenzoic, vanillic, dehydroabietic acids using HLB column.

Components Procedure blank 10 ng mL�1 (n ¼ 6) 1 ng mL�1 (n ¼ 6)

(n ¼ 6) (ng mL�1) Recovery (%) RSD (%) Recovery (%) RSD (%)

p-Hydroxybenzoic acid 0.019 96 5 85 8
Vanillic acid 0.009 87 10 93 12
Dehydroabietic acid 0.056 70 20 78 14

All the recovery values were corrected with procedure blank of Milli-Q water.

Table 2
Concentrations of p-hydroxybenzoic, vanillic, dehydroabietic acids as well as DOC, BC and Kþ in snow samples from Zhadang Glacier in the Tibetan Plateau.

Depth (cm) Concentrations (ng mL�1)

p-Hydroxybenzoic acid Vanillic acid Dehydroabietic acid DOC BC Kþ

0e10 0.123 0.089 0.236 409 8.79 18.8
10e20 0.434 0.195 0.028 700 15.0 49.1
20e30 0.435 0.243 0.079 544 10.6 35.8
30e40 0.487 0.361 0.248 724 11.8 39.4
40e50 0.568 0.318 BDL 618 7.03 36.3
50e60 0.312 0.174 BDL 297 2.84 13.4
60e70 0.386 0.241 0.082 411 5.35 21.5
70e80 0.182 0.150 0.097 473 5.99 19.4
80e90 0.125 0.066 BDL 360 2.24 15.9
90e100 0.052 0.024 0.006 188 0.991 9.69
100e110 0.033 0.015 BDL 202 0.793 7.78
110e117 0.542 0.212 0.490 616 10.8 57.2

Fig. 3. Correlations between various chemical components: (a) vanillic acid and DOC, (b) vanillic acid and p-hydroxybenzoic acid, (c) p-hydroxybenzoic acid and DOC, (d) vanillic
acid and Kþ, (e) Kþ and DOC, (f) Kþ and p-hydroxybenzoic acid.
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Fig. 4. Correlations of BC with (a) DOC, (b) Kþ, (c) vanillic acid, and (d) p-hydroxybenzoic acid in snow samples.
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samples was negligible. Similar phenomenonwas also reported in a
previous research for ice core samples (Grieman et al., 2015).
4. Application to real snow samples

Zhadang Glacier (30�28.570 N, 90�38.710 E), whose area is
2.0 km2, locates on the northern slope of Nyainqentanglha Moun-
tains in the Central Tibetan Plateau. It faces north-northwest and
flows from 6090 to 5515 m (above sea level) with a total length of
2.2 km. In recent years, as a typical representative of mountain
glaciers over the Tibetan Plateau, Zhadang Glacier has been inten-
sively investigated from various perspectives, including the mass
balance (Molg et al., 2014; Zhang et al., 2013), runoff (Zhou et al.,
2010), surface albedo (Qu et al., 2014), environmental records
(Huang et al., 2013) and atmospheric aerosols (Wan et al., 2015).
More description on the meteorological, climate, and geographic
characteristics of Zhangdang Glacier can be found in those previous
works.

In May of 2011, a 1.2 m deep snowpit was dug on Zhadang
Glacier (5800 m above sea level), which covers the snowfall accu-
mulated during the past winter and spring season (about half a
year). Finally, 12 snow samples were collected at a vertical resolu-
tion of 10 cm, then stored in Whirl-Pak® bags and kept in frozen
until analysis in the lab. Special care was taken during every step to
avoid contamination. In the laboratory, snow samples were melted
at room temperature in a clean bench and analyzed using the
method described above. Besides p-hydroxybenzoic, vanillic, and
dehydroabietic acids, the black carbon, DOC and Kþ were deter-
mined using Single Particle Soot Photometer (SP2) (DMT, USA), TOC
analyzer (VCPH, Shimadzu, Japan) and ion chromatography
(ICS2000, Dionex, USA), respectively. All of the data for those var-
iables are given in Table 2.

The concentrations of p-hydroxybenzoic, vanillic, and dehy-
droabietic acids in Zhadang Glacier snow range from 0.033 to
0.568 ng mL�1, 0.015e0.361 ng mL�1 and <BDL to 0.490 ng mL�1,
with the mean value of 0.307, 0.174 and 0.107 ng mL�1, respectively.
The concentrations of p-hydroxybenzoic and dehydroabietic acids
in this study are comparable to those reported for the Ushkovsky
ice core on the Kamchatka Peninsula by Kawamura et al. (2012a),
with the overall mean of 0.24 and 0.054 ng mL�1. For vanillic acid,
its concentration level here is about one magnitude higher than
that in Ushkovsky ice core (0.015 ng mL�1). Moreover, Grieman
et al. (2015) reported vanillic acid concentrations in the Alka-
demii Nauk ice core ranging from below the detection limit
(0.077 ng mL�1) to 0.698 ng mL�1, with the mean of 0.226 ng mL�1,
which is similar to the vanillic acid abundance of this study.

In order to further reveal the sources of the carbonaceous ma-
terials on the glaciers, we draw the scatterplots of biomass burning
tracers with DOC and among themselves in Fig. 3. Due to the low
concentration level of dehydroabietic acid in Zhadang Glacier snow
samples (close to or even lower than LOD, Table 2), it was not
considered in this discussion. Significant positive correlations were
observed for p-hydroxybenzoic and vanillic acids with DOC, sug-
gesting that DOC in our snow samples predominantly originated
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from biomass burning (Fig. 3a, c). A strong correlation (R2 ¼ 0.826,
Fig. 3b) between p-hydroxybenzoic and vanillic acids confirmed
their common emission sources.

No-sea-salt Kþ was traditionally regarded as a tracer of biomass
burning, and black carbon (soot) was widely used as combustion
tracer (biomass and/or fossil fuel burning). In this study, Kþ also
displayed good relations with DOC and p-hydroxybenzoic and
vanillic acids (Fig. 3def), providing more evidence to support that
biomass burning dominantly contributed to the DOC in TP glaciers
rather than fossil fuel combustion or biological process (e.g.
microbe). Similar good correlations were also observed between
black carbon and biomass-burning tracers (Fig. 4). Therefore, these
results clearly demonstrate that both DOC and BC in the snow of
Zhadang Glacier originated from biomass burning. This finding is in
agreement with the atmospheric aerosol observations over the TP.
Our recent works have demonstrated that in the pre-monsoon
season, emissions from agricultural and forest fires in South Asia
could penetrate through the Himalayas and reach the TP (Cong
et al., 2015a, 2015b). The time period of intensive air-pollution
dispersion from South Asia to the TP (pre-monsoon) generally
corresponds to the snow accumulation period covered by our snow
pit samples (winter and spring).

5. Conclusion

Based on the solid-phase extraction technique, a method has
been developed for the quantitative determination of biomass-
burning tracers in snow samples from the Tibetan Plateau gla-
ciers, including p-hydroxybenzoic, vanillic, and dehydroabietic
acids. Acceptable reproducibility and precision for their determi-
nation were achieved. For p-hydroxybenzoic and vanillic acids, all
four SPE cartridges used produce good recoveries (>75%). However,
for dehydroabietic acid, HLB cartridge has a much better perfor-
mance than DPA, FEP-2 and PAX cartridges. Our method has a
remarkable advantage for the field pretreatment of snow sample,
which allows reducing the sample volume needed for the transport
from the glacier site to laboratory. The method has been success-
fully applied to the snow pit samples from a representative glacier
(Zhadang Glacier) in the Tibetan Plateau. Throughout the analysis,
it was clearly revealed that a significant portion of carbonaceous
materials on the surface of the TP glaciers originated from biomass
burning.
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