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Abstract

Snow and ice samples collected from a snow pit and underlying ice layers in Sofiyskiy Glacier,
Russian Altai Mountains, were analyzed for n-alkanes by gas chromatography. The total concentra-
tions of n-alkanes (T-HCs) widely ranged from 0.67 to 9.86ng g ' in the samples. Annual deposition
fluxes of n-alkanes showed a seasonal variation with higher levels during spring than autumn. The
values of carbon preference index (CPI) of n-alkanes ranged from 0.95 to 3.35, which were similar to
those reported for snow samples in Himalaya and urban aerosols. The higher values among them were
close to those reported of n-alkanes in loess particles, which were of plant wax origin. Both the 3.00-
757m and the 12.14-16.80m layers had higher concentrations and annual deposition fluxes of
non-WaxC,, suggesting that the relative contribution of anthropogenic zn-alkanes, for example, fossil-
fuel combustion products, to Sofiyskiy Glacier would increase in recent years. The WaxC, represent-
ing a portion of n-alkanes derived from plant waxes in T-HCs widely ranged from 7.3 to 65.5% in these
samples. It is evident that n-alkanes of plant waxes could contribute less than 50% to T-HCs in most
samples at this glacier.

(Delmas, 1992; GRIP members, 1993; Petit et al., 1999).
1. Introduction Some organic compounds can be good indicators

for anthropogenic and/or natural sources. For exam-

It is well known that various organic and inor-
ganic compounds exist in glaciers and ice sheets on
the continents, Greenland and Antarctica. These com-
pounds are emitted from various natural and anthro-
pogenic sources into the atmosphere, transported by
wind and deposited through snowfall and/or dry fall-
out. Some compounds can be generated by atmos-
pheric chemical reactions during the transport
(Finlayson-Pitts and Pitts, 1986; Seinfeld and Pandis, 1998).
Thus, the chemical analysis of ice cores provides in-
formation on the global environmental change includ-
ing concentration on source and transport process of
chemical compounds as well as atmospheric condition

ple, polycyclic aromatic hydrocarbons (PAHs) are emi-
tted together with soot (elemental carbon) chiefly
from fossil fuel combustion and biomass burning, and
some saturated straight-chain hydrocarbons (n-alkanes)
are emitted from anthropogenic (fossil fuel
combustion) and natural (plants and soil) sources
(Seinfeld and Pandis, 1998; Simoneit, 2002). Some organic
acids are known to be tracers of atmospheric reactions
(Seinfeld and Pandis, 1998). However, the results for
organic analysis of the ice core have been reported
much less than those for the inorganic one (Legrand
and Mayewski, 1997, Kawamura, 2002).

In this study, the analysis for n-alkanes was car-
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Fig. 1. Map of Sofiyskiy Glacier and the sampling site
in Russian Altai Mountains.

ried out to ice and snow samples collected from
Sofiskiy Glacier, Russian Altai Mountains, to estimate
main anthoropogenic and natural sources of those.
Here we report our results together with the change in
annual deposition fluxes of n-alkanes.

2. Methods

Sofiyskiy Glacier is located in Altai Mountains of
southern Russian Federation (Fig.1). It runs 6km
from Mt. Brat (3,867 m) down to the altitude of 2,500 m
(Fujii et al., 2000). The glaciological observation and
sampling were conducted on the glacier at a site of
49°47°10"N, 87°43’43"E and 3,450 m a.s.l. during July 6
-17, 2001. The glaciological setting and sampling pro-
cedures were described in detail by Fujii et al. (2000
and 2002). An ice core (25.3 m-depth) was taken from
the accumulation area of the glacier and snow sam-
ples from a pit (4.5 m-depth) was excavated about 50-m
northwest of the drilling site. The accumulation rate
in snow depth was 1.78 m that was measured using a
fixed stake from July 2000 to July 2001 at this glacier
(Nakazawa et al., 2004).

Our samples were collected from an ice core and a
pit as well as snowfall at Sofiyskiy Glacier. The ice
core and snow samples were then thawed with the
same sampling procedure of Fujii et al. (2002). Since
only a small amount of sample (20 mL portion of each
20- or 10-cm section of ice core and snow samples)
could be used for organic analyses of ice core due to a
limited sample amount, the water samples taken from
25 sections were combined without filtration. Thus,
five samples, each of which covered ca. 5m depth in
the ice core, were obtained in series. In a similar
manner, five samples (1 m or 0.5m depth/each sample)
were obtained from a pit. All these samples were
refrigerated in situ to prevent the biodegradation. The
fresh snowfall samples (seven samples) were taken
from the glacier surface after snowfall. After these
procedures in situ, all frozen samples for organic ana-
lyses were sent to Japan and kept in a freezer until
analysis.

After the samples were melted at room tempera-
ture in the laboratory, they were filtered through the
glass fiber filter (Whatman, GF/F, diameter: 25 mm)
which was combusted before use at 450 °C for 4 hours
to remove organic matters. The particle matters on
the filter were extracted three times with 5mL of
organic solvent in an ultrasonic cleaner for 5 min each
time; first time with methanol/dichloromethane (2: 1),
and second and third times with dichloromethane.
The extracts were combined, filtered and concen-
trated. The condensate was fractionated by a column
chromatograph using 1 g of silica gel (Merck, Silica gel
60) which was sufficiently pre-cleaned with hexane to
remove organic contaminants. The zn-alkanes were
eluted with 4mL of hexane. The n-alkanes fraction
was spiked with an internal standard (Merck, CyDs0)
and dried by using a rotary evaporator and nitrogen
stream.

The dried n-alkanes fraction was dissolved in di-
chloromethane (20uL), and then measured by a gas
chromatograph with a flame ionization detector
(GC-FID, Shimadzu, GC-14B) with a fused silica capillary
column (GL Sciences, TC-1: 0.25mm i.d. x 30 m length,
0.25um of film thickness). The GC conditions were as
follows; injector temperature: 300 °C, detector tem-
perature: 300 °C, column temperature program: from
80 to 300 °C at 3 °C min~! and the hold time: 10 min at
300 °C. Anintegrator (Shimadzu, C-R6A) was used as a
recorder of chromatogram. Detection limits for indi-
vidual n-alkanes were ca. several to over ten pg g ! for
several-hundred mL samples. Analytical replicate pre-
cision (n=3) of gas chromatograph for individual
n-alkanes were below ca. 5%. The blank levels of or-
ganic solvents for n-alkanes were less than 10% of the
peak levels of the samples.

The organic solvents (HPLC or pesticide analysis
grade) were purchased from Wako Chemicals. The
water used was prepared by Milli-Q Gradient (Millipore)
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Table 1. Total concentrations (T-HCs), CPI (Carbon Preference Index) and percentages of WaxCn of n-alkanes in (a) ice
core (OM-1-5), (b) snow from a pit (OM-6-10) and Snowfall (OM-11-17) at Sofiyskiy Glacier in 2001.

(a) Ice core (b} Snow
Depth, m 1.91-7.57 7.57-12.14 12.14-16.80 16.80-20.52 20.52-24.29 0-1.00 1.00-2.00 2.00-3.00 3.00-4.00 4.00-4.50
Sample ID OM-1 OM-2 OM-3 OM+4 OM-5 OM-6 OM-7 OM-8 OM-9 OM-10
T-HCs® 3.53 1.61 2.54 1.37 1.08 2.78 1.70 3.18 NM® 3.58
CPI” 1.86 1.80 1.18 1.46 1.30 1.32 1.17 3.07 NM¢ 1.26
Wax Cn, % 39.6 38.7 15.4 30.5 18.1 18.6 15.3 49.6 NM® 18.2

(c) Snowfall

Sampling time 08: 00/Jul./09 16: 00/Jul./11 19: 00/Jul./12 09: 00/Jul./13 09: 30/Jul./14 20: 00/Jul./14 09: 30/Jul./15

Sample ID OM-11 OM-12 OM-13
T-HCs® 2.47 NM¢ 9.86
CPIV 1.83 NM® 1.96
Wax Cn, % 37.8 NM® 44.9

OM-14 OM-15 OM-16 OM-17
0.67 2.83 3.01 2.17
0.95 2.30 1.81 3.35
7.3 51.6 42.5 65.5

Unit: ng g~ ' of T-HCs.

a) Total concentration of n-alkanes from C,, to Ca.
b) CPI=(Cu 20(040))/(Caz - 30evem)-

c¢) NM; n-alkanes could not be measured.

after deionization and distillation (Yamato, Autostill
WG200).

The main sources of n-alkanes were estimated
based on their CPI (Carbon Preference Index) values,
homologue distributions and the contribution ratios
of biogenic (WaxC,) or anthropogenic (non-WaxC,)
sources. The values of carbon preference index (CPI)
were calculated for deducing the sources of n-alkanes.
The CPI values, the preference of n-alkanes with odd
carbon numbers over those with even carbon number,
were used such as Simoneit et al. (1977) and Simoneit
and Mazurek (1982). In this study, the CPI values were
calculated according to the following equation (1).

CPI=(Cs +Cos+Cos 1+ Cor+Cao)
/ (Caz+Coyt+Cos+Cagt+ Cap). (1)

The contribution of biogenic and anthropogenic
sources to n-alkanes in the Sofiyskiy Glacier samples
was also evaluated more quantitatively by the met-
hod of Simoneit ef al.(1991). They presumed that each
n-alkane in the sample was derived from two sources,
i.e., vascular plant wax and fossil-fuel combustion
products (mainly petroleum), and that the CPI value of
petroleum-derived n-alkanes was ~1.0. The wax-
derived portion in the n-alkanes with carbon numbers
of n (WaxC,) was estimated by subtracting an average
concentration of next higher (C,+;) and lower (C,-;)
homologues from the concentration of C, (equation 2).
Negative values of WaxC, were taken as zero
(Simoneit et al., 1991).

Waxcn: [Cn] - [(Cn'l) + (Cnfl):]/z (2)

3. Results and discussion

3.1.  Concentration and deposition flux of n-alkanes

The n-alkanes in the ice core, snow pit and snow-
fall samples from Sofiyskiy Glacier consisted of the
homologues with carbon numbers from 21 (Cy) to 32
(Cs2). The total concentrations of n-alkanes (T-HCs) are
listed with the CPI values and WaxC, percentages in
Table 1. The T-HCs values in the ice core and snow
samples were in the range of 1.08-3.53 and 1.70-3.58 ng
g7 !, respectively. In the snow samples collected during
snowfall, the T-HCs widely ranged from 0.67 to 9.86 ng
g . The T-HCs values were at the same order as the
total concentrations of n-alkanes (C;5-Cs3) in snow sam-
ples (0.86-1.57 ng g~ ') of Dasuopu Glacier in the central
Himalayas (Xie et al, 2000) and a rain sample (1.2ng
g ") collected in Nagoya, Japan (Miyake, unpublished
data). However, they were one order as high as those
of n-alkanes (0.240-0.510ng g ') in ice core samples
from Site-J, Greenland (Kawamura and Suzuki, 1991).
This suggests that the Asian continental glaciers
suffer high loading of chemical materials from natural
and anthropogenic sources through the atmospheric
transport in comparison with Greenland and Antarctica
as anthropogenic and biological activities are high in
the Asian continent.

The annual deposition fluxes of n-alkanes to Sofi-
yskiy Glacier were estimated from the T-HCs, ice den-
sity and annual layer depth determined by pollen
analysis (Nakazawa et al., 2004). We calculated the
annual deposition fluxes of n-alkanes from surface (0
m) to 16.80 m-depth in the snow (0-3.00 m, # =3) and ice
core (3.00-16.80 m, n=23) samples at Sofiyskiy Glacier,
because pollen analyses were made from surface to
18.60 m-depth. Kameda et al. (2003) reported that ice
layers at relatively regular intervals of about 2 m were
observed in the ice core taken in Sofiyskiy Glacier in
2000. Furthermore, according to the stratigraphy of
Kameda et al. (2004) and Nakazawa et al. (2004), thin
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Fig. 2. (a) Total concentrations (T-HCs), {(b) annual deposition fluxes of n-alkanes (stacked bars with scale axis in top), (c)

average water accumulation rates (white and black dashed lines with scale axis in bottom) and (d) time scale of
summer layer determined by pollen analysis (Nakazawa et al., 2004) in ice core and snow samples at Sofiyskiy Glacier.
T-HCs and fluxes of n-alkanes and water accumulation rates are obtained from snow (0-3.00m in depth) and ice core

(below 3.00m in depth), respectively.

infiltration ice layers and thick firn layers except at 7
-8m and 15-16 m in depth with thick ice layers were
alternately observed until 18 m depth in the ice core.
Thus, the seasonal fluctuation patterns seemed to be
observed obviously in zn-alkanes more than in ionic
compositions and isotopes of water in the ice core as
most n-alkanes, especially homologues of those more
than Css, exist as particulate phase in the atmosphere
(Kadowaki, 1994), although perhaps the ice layers are
formed at the previous spring-summer surface by per-
colation of melt water in the next summer (Kameda et
al., 2003). Furthermore, n-alkanes may be relatively
stable in ice layer since these in the atmosphere are
more stable than other organic compounds (alkenes
and aromatics) (Finlayson-Pitts and Pitts, 1986) in
spite of no sufficient data on preservation in ice layer.
Therefore, it seems that the annual deposition fluxes
of n-alkanes are relatively reasonable because sample

intervals (ca. 5 m) are more than annual accumulation
in snow depth (1.78 m; Nakazawa et al., 2004), although
vertical transport and preservation of z-alkanes in
snow and ice layers are not solved until future studies.

Figure 2 shows the profiles of T-HCs from 0 to
24.29 m in depth, annual deposition flux of n-alkanes
and average water accumulation rates from 0 to 16.80
m with time scale of summer layer determined by
pollen analysis (Nakazawa et al, 2004), in the snow
and ice core samples. The concentration and deposi-
tion flux values of n-alkanes in the 3.00-7.57m layer
are calculated from OM-1 (1.91-7.57 m layer) in Table 1.
These two profiles were similar to each other, al-
though the water accumulation rates estimated from
the ice density and annual layer depth largely fluct-
uated from year to year. We speculate that the deposi-
tion fluxes of n-alkanes in Sofiyskiy Glacier would
mainly depend on atmospheric n-alkanes concentra-
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Fig. 3. The homologue distributions of n-alkanes in ice core ((a)-(e)), snow ((f)-(i)) and snowfall ((j)-(o))
samples at Sofiyskiy Glacier, and rain sample collected in Nagoya, Japan in December 2001 (p).
Envelopes upper or under the dashed line indicate the estimated concentrations of n-alkanes
from plant waxes (WaxC,) and petroleum (non-WaxC,) sources, respectively.

tion, although the fluxes of n-alkanes are calculated
from n-alkanes concentrations and average water ac-
cumulation rates. Actually, vertical variation of T-HCs
of n-alkanes is more than that of average water
accumulation rate in Fig. 2. However, more meteoro-
logical data in situ are necessary to solve in the prob-
lem. The snow samples were better in time resolution
than underlying ice-core samples. The top (0-1.00 m)
and third (2.00-3.00 m) layers in the pit were shown by
the pollen analysis to deposit during spring seasons in

2001 and 2000, respectively, and the second one (1.00-
2.00m) was during autumn season in 2000. Greater
deposition fluxes of n-alkanes in the top and third
layers than the second one (Fig. 2) showed that n-
alkanes were at higher levels in atmospheric concen-
tration during spring than autumn.

3.2. Sources of n-alkanes
The CPI values of n-alkanes derived from plant
waxes range 59-9.2 with strong odd-carbon-number
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predominance, whereas n-alkanes originating from
petroleum and its combustion products show the CPI
values near 1 (Gagosian et al, 1981; Simoneit and
Mazurek, 1982; Kawamura and Kaplan, 1986). Thus, the
CPI has been used to evaluate the relative contribu-
tion of biogenic to anthropogenic sources. Among 15
samples of Sofiyskiy Glacier samples, 13 samples gave
the CPI values ranging 0.95-2.30 (Table 1), which were
similar to the values (1.05-1.88) of snow samples from
Dasuopu glacier, central Himalaya (Xie et al., 2000). All
these values are close to those of urban aerosols (1.8-
2.8; Simoneit and Mazurek, 1982) and urban rain in
Nagovya (0.97; Miyake, unpublished data), but are far
from those (3.87-13.0) of rain and snow in semi-rural to
rural areas receiving biogenic contributions (Kawamura
and Kaplan, 1986). This suggests that the gla-
ciers in the Asian Continent are under the consider-
able influence of anthropogenic sources in spite of
their long distances from urbanized areas. Two sam-
ples of the Sofiyskiy Glacier gave the CPI values of
3.07 (OM-8) and 3.35 (OM-17). These values are close to
the CPI of about 3 reported for m-alkanes in loess
(Simoneit et al., 1991), which were derived from plant
waxes. But, more studies are necessary to estimate the
contribution of loess from the arid and semi-arid areas
in China to n-alkanes in Sofiskiy Glacier.

Figure 2 also shows the vertical distributions of
WaxC, and non-WaxC, (total — WaxC,; petroleum-
derived m-alkane concentrations) portions of T-HCs
and annual deposition fluxes of n-alkanes in snow and
ice layer with the estimated annual fluxes of corre-
sponding to waters. In the ice core, the portions of
both WaxC, and non-WaxC, of n-alkanes have re-
cently increased on both the T-HCs and annual fluxes.
Especially, a peak appeared in the 3.00-7.57m layer
which both WaxC, and non-WaxC, portions of T-HCs
and annual fluxes of zn-alkanes in this layer were
largest in the ice core, suggesting that the intensity of
natural and anthtopogenic sources of n-alkanes was
larger than the previous period. Thus, it seems reason-
able that the relative contribution of anthropogenic
n-alkanes, for example, fossil-fuel (mainly petroleum)
combustion products transported from remote urban
areas, to Sofiyskiy Glacier would increase in recent
year.

Figure 3 shows the homologue distributions of
n-alkanes in ice core, snow and snowfall samples at
Sofiyskiy Glacier with rain sample collected at
Nagoya, Japan in December 2001. The homologue distri-
bution pattern, which had Cy and C; as the most
dominant n-alkanes in the glacier samples, indicated
that n-alkanes were of plant wax origin (Simoneit and
Mazurek, 1982), although the distribution pattern sho-
uld be considerably modified through the biodegrada-
tion in soil and/or loess particles. Table 1 also shows
the percentages of WaxC, of n-alkanes in Sofiyskiy
Glacier. The percentages of them widely range from

154 to 39.6% in ice core samples, from 15.3 to 49.6% in
snow samples and from 7.3 to 65.5% in snowfall sam-
ples, respectively. It is evident that n-alkanes of plant
waxes could contribute less than 50% to T-HCs in
most samples at this glacier.

4. Conclusions

The present study showed that total n-alkane
concentrations (T-HCs) widely range from 0.67 to 9.86
ng g ! in ice core, snow and snowfall samples at
Sofiyskiy Glacier. The compositional features of
n-alkanes including CPI values, homologue distribution
patterns and WaxC, and non- WaxC, indicated that
n-alkanes in Sofiyskiy Glacier are derived from two
major sources; soil (loess) particle constituents origi-
nating from plant waxes and fossil-fuel combustion
products. Both the 3.00-7.57m and the 12.14 -16.80 m
layers had higher non-WaxC, concentrations and an-
nual deposition fluxes of zn-alkanes. Thus, it seems
reasonable that the relative contribution of anthropo-
genic n-alkanes, for example, fossil-fuel (mainly petro-
leum) combustion products, to Sofiyskiy Glacier
would increase in recent years. Although the WaxC,
representing a portion of n-alkanes derived from plant
waxes in T-HCs widely ranged from 7.3 to 655% in
these samples at the glacier, it is evident that those of
plant waxes could contribute less than 50% to T-HCs
in most samples.
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