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In January 2003, a helicopter crashed on the 5 m thick perennial ice cover of Lake Fryxell
(McMurdo Dry Valleys, East Antarctica), spilling ~730 l of aviation diesel fuel (JP5-AN8
mixture). The molecular composition of the initial fuel was analyzed by solid phase
microextraction (SPME) gas chromatography–mass spectrometry (GC–MS), then compared
to the composition of the contaminated ice, water, and sediments collected a year after the
spill. Evaporation is the major agent of diesel weathering in meltpool waters and in the ice.
This process is facilitated by the light non-aqueous phase liquid properties of the aviation
diesel and by the net upward movement of the ice as a result of ablation. In contrast, in
sediment-bearing ice, biodegradation by both alkane- and aromatic-degraders was the
prominent attenuation mechanism. The composition of the diesel contaminant in the ice
was also affected by the differential solubility of its constituents, some ice containing water-
washed diesel and some ice containing exclusively relatively soluble low molecular weight
aromatic hydrocarbons such as alkylbenzene and naphthalene homologues. The extent of
evaporation, water washing and biodegradation between sites and at different depths in the
ice are evaluated on the basis of molecular ratios and the results of JP5-AN8 diesel
evaporation experiment at 4 °C. Immediate spread of the aviation diesel was enhanced
where the presence of aeolian sediments induced formations of meltpools. However, in
absence ofmelt pools, slow spreading of the diesel is possible through the porous ice and the
ice cover aquifer.

© 2008 Elsevier B.V. All rights reserved.

Keywords:
Jet fuel
Naphthalenes
Oil spill
Water washing
Metabolites
SPME–GCMS

1. Introduction

The McMurdo Dry Valleys (MCM), which comprise the largest
ice-free region of Antarctica, is the coldest and driest desert on
our planet and is the site of the MCM long-term ecological
research (LTER) program (http://www.mcmlter.org/). This
polar desert is dominated by microorganisms, the highest
forms of organisms being rotifers and nematodes (Roberts
et al., 2000). Growth of these organisms occurs during the
short summer melt season in the liquid water of the lakes,
soils and glacial streams (McKnight et al., 1999; Treonis et al.,

1999), within glaciers (Christner et al., 2005; Foreman et al.,
2007), as well as in sediment layers trapped in the perennial
ice cover of the lakes (Priscu et al., 1998; Priscu, 1999).
Vertebrates and vascular plants are absent (Virginia and
Wall, 1999). The cold desert climate, nutrient limitations,
and slow-growing biological communities make the MCM
ecosystem extremely sensitive to climatic changes and
human impact (Cowan and Tow, 2004; Lyons et al., 2006).

The MCM, because of their remote location and severe
climate conditions, remained pristine for decades after their
discovery in 1903. In the last few decades, increasing
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exploration, scientific operations, and tourismhave affected the
MCM, mainly at and around research bases (e.g. Vincent, 1996;
Aislabie et al., 2004). Limited tourism started in the valleys in
the early 1990s and the MCM-LTER site was established in 1993
(Wharton and Doran, 1999). Helicopter operations related to
scientific exploration alone increased by 30% from the early
1970s into the 1990s (Vincent, 1996). Fossil fuel combustion by
helicopters in the MCM exceeds that of all other utilities such
as stoves, heaters, generators, and all-terrain vehicles (Lyons
et al., 2000). During the austral summer of 1995–1996, 106 or
20% of the helicopter landings and take-offs in the McMurdo
Sound area occurred at Lake Fryxell in Taylor Valley (Fig. 1A;
Wharton and Doran, 1999). Despite the frequency of landings,
particulate organic carbon or elemental carbon fluxes derived
from helicopters are orders of magnitude lower than the total

active carbon mass in the valleys (Lyons et al., 2000). Most
hydrocarbon contaminations in the McMurdo Sound area
occurs in landfills, helipads, refueling areas, and from leaks in
fuel tanks and fuel lines within McMurdo Station (e.g.
Kennicutt et al., 1992; Gore et al., 1999). Relatively high levels
of hydrocarbon contamination are also found at research
stations in other parts of Antarctica (Saul et al., 2005). A
majority of this contamination occurs primarily in soils
adjacent to the stations where human activities are focused
(Aislabie et al., 2004).

On January 17, 2003, a Bell 212 helicopter crashed on the
thick perennial ice cover of Lake Fryxell (Fig. 1). Approximately
730 l of aviation fuel (JP5-AN8) as well as small amounts of
hydraulic fluid (MIL 5606), synthetic transmission fluid (Aero-
shell 555), and synthetic engine lubricant (Aeroshell 500) were
spilled. This accident resulted in the largest documented spill
in the MCM. Within four days, an emergency cleanup team
fromMcMurdo Station was dispatched to the crash site. When
the approaching winter season forced suspension of the
clean-up efforts, it was estimated that no more than 45% of
the spilled fluids had been recovered (Alexander and Stockton,
2003). In a review of the potential impacts of research activities
in the MCM, Wharton and Doran (1999) concluded that a
hazardous spill on the lake ice will have the least impact if
cleanup response is immediate. Such action, however, is
possible only early in the field season, from September to early
November, while the ice is solidly frozen. Spills late in the
summer that penetrate the ice cover would be difficult to
remove or contain (Jepsen et al., 2006). The crash occurred
during a warm period when the lake ice was isothermal near
the melting point, and the ice was partly covered by large
meltpools, the worst possible scenario for a successful clean-
up effort.

Few studies on the impact of accidental hydrocarbon
releases in the MCM have been conducted, focusing only on
the effects on soil biogeochemistry asmost incidents occurred
on land (e.g. Lyons et al., 2000; Aislabie et al., 2004).
Collectively, these soil-based studies led to the conclusion
that hydrocarbon contaminants in this cold desert environ-
ment can persist for many years and have profound effects on
microbial diversity and geochemistry. However, results of
those studies cannot be directly extrapolated to the ice cover,
which has significantly different physical, chemical and
biological characteristics than soils.

In this report, we compare the initial chemical composition
of the fuel spilled on Lake Fryxell ice with that of fuel residue
collected a year later in the ice cover. Specifically, we evaluate
and compare the effects of biodegradation, evaporation, and
water washing on the abundance and composition of the
residual aviation diesel fuel. We also discuss the potential for
spilled fuel to cross the 5m ice cover and reach the lake water.

2. Materials and methods

2.1. Study area and ice cover conditions

The helicopter crash site (77°36'41.098” S, 163°06'47.228" E) is
located 602 m from the Fryxell Camp benchmark Fry 1 along
azimuth 200°50'39" (Fig. 1B; Alexander and Stockton, 2003). At

Fig. 1 – (A and B) Helicopter crash site on Lake Fryxell ice
cover, Taylor Valley, Antarctica. Locations of meltpool
waters, sediments and ice cores collected a year after the
crash (C). W=westernmost and E=easternmost samples.
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this site, the ice cover was 5.3 m thick. The average annual ice
cover thickness is a balance between 15 to 60 cmy−1 of ablation
loss at the surface via sublimation, and ~30 cm y−1 of freezing
of lake water at the bottom, generating a net upward move-
ment of the ice cover. Precipitation in the Lake Fryxell basin is
minor (b10 cm y−1 water equivalent) and almost exclusively as
snow (Bromley, 1985). The lake basin typically has 30melt days
(Henderson et al., 1965). Patches of aeolian sand, embedded or
covering the ice has a lower heat capacity than the surround-
ing ice (Adams et al., 1998), and induce the formation of
meltpools up to 1.5 m wide on the surface during the austral
summer. In the subsurface, the sedimentsmelt into the ice and
leave a trail of liquid water in their path (Adams et al., 1998).
Some of the sediments collect in pockets and in the summer
accumulate at the bottom of cavities in the porous ice. Fritsen
and Priscu (1998) identified a layer of sediment at ~0.5mdepth
in Lake Fryxell and referred to this sediment layer an “aquifer”
in the ice as this contains liquid water from November to
February. Liquidwater volume in the ice cover canbe ashighas
40% at the peak of summer (Adams et al., 1998).

Coincidentally, prior to the accident, a thermal array was
deployed to monitor the temperature of the ice cover near the
crash site. During the ten days prior to the crash, maximum
daytime temperaturewas 2–3 °C, considerablywarmer than the
average summer temperature of −3 °C (Margesin and Schinner,
1999). Above-freezing temperatures resulted in the formation of
large meltpools, which exposed subsurface chambers generally
0.2 to 0.5mbeneath the surfacewith amaximumdepthof 1.2m.
These meltpools are mainly located south of the crash site
where more sediment had accumulated on the ice (Alexander
and Stockton, 2003). The sampling grid (Fig. 1C) separates the
northern and southern sectors (Alexander and Stockton, 2003).

Some of the spilled fuel-oil mixturewas visible onmeltpool
surfaces and in subsurface chambers, some of which were
accessed with chisels and ice-axes during clean-up opera-
tions. On the 18th day after the crash, the contamination was
visible to 19 m radius from the crash site (Alexander and
Stockton, 2003). Daytime temperatures above freezing lasted
until January 23rd, six days after the crash. No temperature
data are available from January 23rd until February 6th, when
a data logger was installed at the crash site (Alexander and
Stockton, 2003). Surface temperatures fluctuated around 0 °C.
Temperatures dropped below 0 °C only on the 14th and 16th of
February at a depth of 0.25 and 0.50 m, respectively.

2.2. Samples

From December 2003 to January 2004, during the austral
summer, approximately a year after the accident, twelve
7.6 cm diameter and 2–4 m long ice cores were collected using
aSipre corer fittedwitha two-cyclemotorhead. In thenorthwest
quadrant of the sampling grid, cores 1 to 5were collected at sites
believed to be uncontaminated, though fuel sheen covered the
surfacesofwater filling the coreholes (Fig. 1C). Cores 6, 11and12
wererecovered ina summermeltareanear the impact site.Allof
the coreswerewrapped in aluminum foil thathad been baked at
500 °C for 12 h. The cores were kept frozen at −22 °C until
processed at the University of Illinois at Chicago. Seven samples
ofmeltwaterswerecollected frommeltpoolsat theaccidentsite.
Separate sediment sampleswerealsocollectedatsites20and38.

The sediments and water samples were kept at 4 °C until
analyzed. Raytheon Polar Services provided a sample of the JP5-
AN8 aviation fuel used in McMurdo.

2.3. Core sampling

The upper 70 cm of the cores were logged for brittleness,
transparency, presence of bubbles, laminations, and fluores-
cence under 365 nm ultraviolet (UV) light. Under UV light, JP5-
AN8 diesel fuel has a yellow fluorescence, whereas transpar-
ent and opaque ice is pink to purple. Subsamples were
collected where ice character and UV light fluorescence
changes as well as where sediments were present. Subsam-
ples were cut into 1 cm-thick ice chunks by a methanol-
cleaned band saw in a −22 °C walk-in freezer. Half of each
subsample was archived; the other half thawed at 4 °C in a
closed glass jar. All glassware used was baked overnight at
500 °C, and all caps were lined with solvent-cleaned
polytetrafluoroethylene.

Fluid in an ice bubble was sampled by manually drilling
into the bubble airspace, then collecting with a syringe.
Approximately 15 μl of fluid was recovered.

2.4. Extraction of volatiles

To minimize loss of low molecular weight volatiles, the vapor
phases of the meltpool waters and thawed ice water were
sampled using solid phasemicro-extraction (SPME; Pawliszyn,
1999). A 2000 μl aliquot of each thawed subsample was
pipetted into headspace sampling vials. While the samples
were continuously stirred, SPME headspace sampling was
performed using a 100 µm polydimethylsiloxane phase fiber
for 10 min at 40±1 °C. For samples overloaded with fuel, a
lesser volume of aliquot (10 μl) was used and diluted with
ultrapure water to total 2000 μl. For the bubble fluid, 0.1 μl was
diluted in 2000 μl ultra pure water.

2.5. Gas chromatograph–mass spectrometry

A HP-6890 gas chromatogram (GC) coupled to a HP-5973 Mass
Selective Detector was used in electron ionization mode at
70 eV with helium as carrier gas. The column was a 30 m long
HP-5MS with 0.25 mm I.D. and 0.25 μm thick film. Mass scan
range was 40 to 650 at a rate of three scans per second.
Analytes were desorbed from the SPME fiber for 30 s into the
injector, which was operated in splitless mode at 220 °C.

Quantification of compounds i-C13 and n-C13 was achieved
by integrating peak areas from total ion chromatograms, from
which the total abundance of alkanes was also calculated.
Total naphthalenes was quantified by calculating the sum of
integrated peak areas frommass chromatogramsm/z 128, 142,
156 for naphthalene, dimethyl- and ethylnaphthalenes, and
trimethylnaphthalenes, respectively.

2.6. Fuel evaporation experiment

Fuel-water mixtures were left uncapped to evaporate in a 4 °C
walk-in refrigerator. Six 4000 μl headspace sampling vials
were filled with 1900 μl ultra pure water and 100 μl of JP5-AN8
fuel. The vials were sealed after 2, 4, 6, 8, 16 and 21 days.
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Composition of the remaining fuel in each vial was analyzed
using SPME–GC–MS following themethod described above, but
with the front inlet operating in 99:1 split mode. Vials were
weighed before and after the experiment.

3. Results

3.1. JP5-AN8 fuel mix

The exact ratio of JP-5 to AN8 fuel is most likely in the range
60–70% JP-5 and 40–30% AN8. Specifications of JP-5 are found
in MIL-PRF-5624S (1996). This fuel has a high flash point (60 °C)
and a freezing point of −46 °C (Edwards, 2007). Specifications
for the JP-8 grade aviation kerosene AN8 are contained in MIL-
DTL-83133E (1999). This fuel has a flash point of at least 38 °C
and a freezing point of −58 °C or lower (DESC, 2005).

The JP5-AN8 aviation diesel consists mainly of compounds
with lowmolecular weights (LMW; 0.864 g/ml at 4 °C; 0.778 g/ml
at 25 °C). Short-chain n-alkanes (C7–C16) dominate (~32% of the
fuel), whereas n-C16 to n-C18 are present in trace amounts
(Fig. 2A). The most abundant n-alkane is n-C11. Monomethylalk-
anes (M) as well as isoprenoids and alkylbenzenes from C8–C16

are also abundant (Fig. 2B and C). Polycyclic aromatic hydro-
carbons (PAHs) including mono-, di- and, ethylmethylated
naphthalenes comprise ~4% of the total diesel mix (Fig. 2D).
Trimethylnaphthalenes, phenantrene, anthracene and methy-
lanthracene are present in trace amounts.

3.2. Ice cores from “uncontaminated” sites

Cores 1 to 5 were collected northwest of the crash site, in an area
designated “uncontaminated” (Fig. 1C). After collection of ice
cores 1 to 4, fuel sheen was observed on the water that filled the
core holes. The cores generally consisted of opaque granular ice
and donot contain any significant layers or patches of sediments
(seeSupplementalmaterial inAppendixA). Icecores2, 4and5did
not emit yellow fluorescence under UV light, suggesting absence
of diesel contamination. Blank SPME–GC–MS total ion chromato-
grams fromcore 2at 0–2 cm (surface) and10–11 cm, fromcore 4at
depths 0–2, 13–14, 39–40, 55–56, and 80–81 cm, core 5 fromdepths
3–4 and 11–12 cm confirmed the absence of contaminants (see
Supplemental material in Appendix A). However, SPME–GC–MS
of 67–68 cm from core 4 showed traces of JP5-AN8 hydrocarbons,
though it did not fluoresce under UV, indicating that some of the
spilled diesel penetrated the uncontaminated area. Bubbles with
yellowish fluid at 78 cm in ice core 1 and13and21 cm in ice core 3
emitted fluorescence, again indicating that spilled diesel is
present in the “uncontaminated” area.

It can be hypothesized that the fuel sheen on the water
filling the core holes may derive from rupture of fuel-filled
bubbles during coring butmay derive also from contamination
of the ice cover aquifer. Lateral transport of contaminants
with water within the ice cover, especially within granular ice
layers, from more contaminated areas is possible.

3.3. Ice cores in contaminated sites

Ice cores 6 and 12, collected in the contaminated area, were
analyzed in detail. For the sake of brevity, only results from

core 12 are described, as this core demonstrate well the
various processes involved in fuel compositional changes over
time. Description and SPME–GCMS data for ice core 6 are
available in the Supplemental material (Appendix A).

The upper 15 cm of ice core 12 comprise two couplets of
opaque and transparent ice (Fig. 3). Opaque and granular
layers form from rapid freezing or compacted snowfall,
whereas transparent ice is formed from slow freezing of
pockets of melt waters (Adams et al., 1998). Sparse sediments
are present between 5 and 6 cm as well as between 8 and 9 cm.
Just above these sediment patches, fluid-filled spherical and
inverted teardrop-shaped bubbles emit intense yellow fluor-
escence under UV light, suggesting abundance of diesel
contaminant. The ice between 15 and 30 cm gradually changes
from semi-transparent to transparent downward, indicating
decreasing rate of freezing from the top to the bottom of the
layer. This suggests that the ice between 15 and 30 cm
corresponds to the progressive downward freezing of a single
meltpool. Between 30 and 48 cm, the core consists of granule
to pebble-sized ice chunks with interspersed sediments. Ice
chunks with sediments between 45 and 48 cm emit intense
yellow fluorescence under UV light, suggesting abundance of
diesel contaminant. A prominent sediment layer, between 48
and 53 cm, consisted mainly of angular, fine to granular, buff,
white or transparent quartz, and fine to medium black
hornblende, other amphibole minerals, and red iron oxide
coated angular granules of rock fragments that are all aeolian
in origin. The ice from 53–80 cm is transparent and laminated
with patches of sediments between 66 and 72 cm. These
sediments are similar in composition to those observed
between 48 and 53 cm.

SPME–GC–MS results indicate that the surface sample (0–
1.5 cm) contained diesel-derived compounds with a mode at
n-C13 (Fig. 4B, Table 1). A shift in n-alkanes distribution mode
of the contaminants relative to that of the original fuel (mode
at n-C11; Fig. 4A) suggests evaporation of lowmolecular weight
compounds. The fluid recovered from an inverted teardrop-
shaped bubble at 4 cm has minor compositional differences
relative to the JP5-AN8 diesel mixture, suggesting minimal
weathering of the diesel as a result of evaporation (Fig. 4C).
Aromatic ketones are also present although in low abundance.

The ice between 12 and 13 cm is also contaminated with
diesel-derived compounds dominated by n-C12 (Fig. 4D),
indicating lesser evaporative weathering than for the surface
sample. The sample collected between 25 and 26 cm also
contains compounds derived from diesel, but dominated by n-
C13 and with high amounts of naphthalenes relative to n-
alkanes (Fig. 4E). In this sample, preferential loss of n-alkanes
compared to branched-alkanes, isoprenoids, and aromatics
suggests that biodegradation is the main agent of contami-
nant weathering as normal alkanes are preferentially
degraded relative to branched alkanes, isoprenoids, and cyclic
compounds, which in turn are more easily biodegraded than
aromatics (e.g. Leahy and Colwell, 1990).

Samples collectedbetween45and 46 cmandbetween57and
59 cm contain well resolved PAHs dominated by methylated
naphthalenes (Fig. 4F and G). The presence of low molecular
weight (LMW) aromatic compounds (120 amu) in sample 45–
46 cm precludes evaporation as the only cause of alkane loss.
Comparison of the distribution of aromatics in this samplewith
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that observed in the diesel mix (Fig. 5) shows an increase in
abundance of LMW relative to high molecular weight (HMW)
naphthalenes in the ice sample. Such a change is incompatible
with evaporation and biodegradation, which should have
affected LMW before HMW compounds (Wang et al., 1998).
The well resolved peaks and the absence of an unresolved
complex mixture (UCM), typical of biodegraded diesel fuel,
excludes biodegradation as a dominant weathering process.
Preferential dissolution of LMW PAHs relative to other diesel-
derived compounds can account for the exclusive presence of
PAHs and their distribution. Zürcher and Thüer (1978) and
Bradley and Chapelle (1995) showed that LMW aromatics in
petroleum preferentially dissolve in water, resulting in the
increased concentration of aromatics in water. Arey et al. (2007)
showed that aromatics partition into liquid rather than into air
from mass transfer models using vapor pressure and aqueous
solubilities. The solubility of PAHs in water generally decreases
with increasing molecular weight and varies as a function of
alkyl position. This explainswhy 1-methylnaphthalene (peak c;
solubility, 28mg/Lat25 °C;MacKayetal., 1992) ismoreabundant
than 2-methylnaphthalene (peak b; solubility 24.6mg/L at 25 °C)

in samples 45–46 and 57–59 cm, but is less abundant than 2-
methylnaphthalene in the original fuel (Fig. 5). The increased
abundance of naphthalene (peak a; solubility 31 mg/L at 25 °C)
relative to both methylnaphthalenes in the ice samples (Fig. 5)
can also be explained by preferential dissolution. The same
observation can be made for the low abundance of dimethyl-
naphthalenes (peaks labeled e; least soluble) relative to
methylnaphthalenes (more soluble). Therefore, the ice at
depths 45–46 cm and 57–59 cm formed from water that was in
contact with diesel fuel and in which LMW PAHs were
preferentially dissolved and was transported to a subsurface
cavity at site 12where it frozeandwas sampled. Thepresence of
low molecular weight aromatics in sample 45–46 cm indicates
some, but limited, evaporative loss and suggests limited contact
between contaminated water and the atmosphere.

The sediment layer between 48 and 50 cm mostly contain
aromatics, such asnaphthalenes,methyl-, dimethyl- and ethyl-
naphthalenes (Fig. 4G) but aromatic ketones (such as naptha-
lenones, indanones, methyl-, dimethyl-, and ethyl-indanones)
are also prominent. These aromatic ketones are metabolites
formed frombiodegradation of aromatic compounds (Langbehn

Fig. 3 –Log of ice core 12. Black rectangles indicate samples used for SPME–GCMS analyses.

Fig. 2 –SPME–GCMS of JP-5 and AN8 diesel fuel mixture. (A) Total ion current, (B) n-alkanes, monomethylalkanes, and
isoprenoids, (C) alkylbenzenes, and (D) naphthalenes.
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and Steinhart, 1995) but have also been considered products of
photooxidation (Prince et al., 2003). The contribution of photo-
oxidation to the formation of these ketones cannot be dis-
counted directly, however, we have observed these compounds
only in samples associatedwith sediment layers,wherewe also
observed other effects of biodegradation.

In summary, fuel contained in the surface ice, such as
sample 0–1.5 cm is likely to be more frequently exposed to the

atmosphere, enhancing the loss of volatiles and resulting in
the strong evaporation signal. More frequent and short-term
freeze–thaw cycles produced the alternating layers of sedi-
ment in transparent and opaque ice between 4 and 9 cm.
Gases exsolved during freezing created bubbles where the fuel
was also encapsulated. The fuel trapped into the bubbles is not
significantly weathered, though the presence of minor
amounts of aromatic ketones suggests biodegradation. It can

Fig. 4 –SPME–GCMS total ion current of (A) JP5-AN8dieselmixture, (B–H) ice core 12samples. Structuresofnaphthalenehomologues
a, b, c anddare inFig. 5A. Core sediments (G) containbiodegradationproducts of aromatic compounds:K1. 2,3-dihydroindan-1-one,
K2. 2-methyl-5-(1-methylethenyl)-2-cyclohen-1-one, K3. 2,3-dihydro[2H]-naphthalen-1-one, K4. 5,7-dimethylindan-1-one, K5.
4,7-dimethylindan-1-one, K6. 6,7-dimethylindan-1-one. Internal standard (IS) used is trichloroethylene.
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be speculated that this fuel-water inclusion remained fluid for
a prolonged period of time andmay have formed as an oasis of
life in the ice.

In contrast, ice layer between 9 and 30 cm formed from
water that froze gradually from the top. The opaque ice layer
from 9 to 12 cm froze and quickly insulated the water below
and allowed the rate of freezing to decrease as seen from the
gradual change in ice character from semi-transparent to
transparent between 15 and 30 cm. In samples 12–13 cm and
25–26 cm, the presence of trace amounts of n-C9 (128 amu), a

hydrophobic, insoluble, LMW compound indicates moderate
evaporative influence (Fig. 4 D and E). Specifically for sample
12–13 cm, where the mode is at n-C12, evaporation was,
therefore quickly quenched. With waters from 25–26 cm
freezingmuch slower than the rest of the unit, biodegradation
may have persisted longer, resulting in the significant alkane
depletion observed (Fig. 4E).

The distribution and abundance of diesel contaminants
between 25 and 26 cm aswell as between 12 and 13 cm suggest
loss of LMW contaminants via biodegradation and evapora-
tion, without any suggestion of selective dissolution of diesel
compounds. Thus, the ice samples 25–26 cm and 12–13 cm are
derived from a pool of water different from the ice samples 45–
46 cm and 57–59 cm, which contain selectively dissolved
compounds.

3.4. Meltpool water and sediment

Samples of meltpool water collected from the easternmost and
westernmost areas of the crash site (E and W, respectively in
Fig. 1BandC)havenodetectable fuel contaminationwithSPME–
GC–MS (Fig. 6B andC). In contrast,meltpoolwater and sediment
samples collected closer to the crash site (locations 20 and 38)
contained abundant JP5-AN8 residues (Table 1, Fig. 6D–G).

The large amount of diesel fuel contaminant in the water
sample from site 20 imposed dilution of 10 μl of water sample
in 1990 μl of ultra pure water for SPME–GC–MS analysis.
Volatiles in meltpool water of site 20 contain n-alkanes, with a
mode at n-C13, indicating significant loss of low molecular
weight components by evaporation (Fig. 6D). Branched
alkanes and isoprenoids are also abundant, whereas naphtha-
lenes are present in trace amounts.

Sediments in the meltpool at site 20 also contain JP5-AN8
hydrocarbons, with n-C13 as the mode (Fig. 6E). As observed in
the original fuel mixture, naphthalenes are in low abundance.
Branched alkanes and isoprenoids are also present, although
less prominent than in the water sample (Fig. 6D). The high
isoprenoid to alkane ratio in the water sample relative to the
sediment sample suggests a stronger effect of evaporative
attenuation in the water sample.

At site 38, themeltpool water is dominated by alkanes with
n-C13 and n-C14 similarly abundant (Fig. 6F). Branched alkanes
and isoprenoids are also prominent. This hydrocarbon dis-
tribution suggests evaporative loss similar to that observed for
the surface sample of nearby core 6 (see Appendix A).

Table 1 – Percentage of fuel components and processes affecting the composition of the fuel residue

AN8 Site 20 Site 38 Core 12 (depths in cm)

Water Sed Water Sed 0–1.5 5⁎ 12–13 25–26 45–46

Total alkanes 29 26 33 36 16 35 34 27 20 0
Total naphthalenes 4 11 13 4 15 7 2 7 12 31
Mode n-C11 n-C13 n-C13 n-C13 DM-naph n-C13 n-C11 n-C12 n-C13 Me-Naph

n-C14

UCM Y Y
Evaporation Y Y Y Y Y Y
Biodegradation Y Y Y
Dissolution Y Y

Values are % of total fuel. ⁎Fluid in ice bubble; DM—dimethylnaphthalene; Me—methylnaphthalene; Y—present.

Fig. 5 –Summedmass chromatogramm/z 128+142+156
showing the relative abundance of naphthalenes in (A) JP5-AN8
diesel mixture and (B) in ice core 12, 45–46 cm. a. naphthalene.
b. 2-methylnaphthalene, c. 1-methylnaphthalene, d1 and d2.
ethylnaphthalenes, e. dimethylnaphthalenes.
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Thesediment sample fromsite38 (Fig. 6G)hasmuch less total
fuel hydrocarbons than in the water at site 38. Total n-alkanes
and total naphthalenes have equal abundances (Table 1),
suggesting biodegradation of the diesel. Overall, dimethyl-
naphthalenes are the most abundant compounds, followed by
n-C14. Evaporative loss seems equivalent in both water and
sediment samples.

3.5. Fuel evaporation experiment

As the aviation diesel evaporated, combined weights of the
water and fuel for each sampling day decreased. By the sixth
day, theweight losswas about 80mg, or ~10% of the initial fuel

weight. The rate of loss was highest during the first day at
0.7 mg h−1, then decreased to 0.3 mg h−1 on the eighth day.
After the eighth day, weight losses were so small that they
could not be monitored accurately.

The total ion chromatogram shows a change in the mode
from n-C11 in the original fuel to n-C11 and n-C12 by the fourth
day, to n-C12 by the sixth day, and to n-C13 by the sixteenth
day. Both n-C13 and i-C13 increase in percentage of the total
fuel residue with time, as LMW volatile compounds are
evaporated first. However, the ratio of i-C13 over n-C13 in
the evaporating fuel progressively decreases as i-C13 is more
volatile than n-C13. The i-C13/n-C13 ratio varied linearly with
time during the evaporation experiment (r2=0.99; n=6;

Fig. 6 –SPME–GCMS total ion current of (A) JP5-AN8 diesel mixture and for (B–D) meltpool waters and sediments. Internal
Standard (IS) used is trichloroethylene.
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see Supplementary material). The abundance of total
naphthalene (sum of naphthalene, methyl-naphthalenes
and dimethyl-naphthalenes), and total alkane was also
monitored. Both groups of compounds increase in percentage
of the total fuel residue but the total naphthalene over total
alkane ratio also increases with progressive evaporation
(r2=0.89; n=6; see Supplementary material).

4. Discussion

4.1. Evaporation

Evaporation is a major process in the weathering of the
aviation diesel spilled on the ice cover of Lake Fryxell as all
samples, including the fluid trapped in ice bubble, show
evaporative losses. Evaporation may have occurred as soon as
the fuel came in contact with the atmosphere during the
accident. Further evaporation of the diesel mixture continued
whenever the contaminants were exposed to the atmosphere.
In ice cores, evaporation of diesel contaminants is more
intense in surface than in deeper layers, as the former is more
often subjected to freeze–thaw cycles than the latter (Fig. 4).
The light non-aqueous phase liquid (LNAPL) behavior, the
dominance of LMW compounds, and the high volatility of
spilled aviation diesel favor evaporation.

4.2. Biodegradation

Biodegradation is anothermajor attenuation process in the ice
cover, but the effects of this process were exclusively observed
in ice containing sediments (Figs. 4G and 6G). In the ice cover,
an ecologically and physiologically complex microbial con-
sortium develops from the relatively nutrient- and carbon-
enriched mixture of sediment and water (Priscu et al., 1998).
Such microbial assemblages were not observed in sediment-
free ice layers. The sediments are transported to the ice
through aeolian processes from soil and stream habitats and
provide the inoculums for in-ice habitat (Fritsen and Priscu,
1998). Viable microbial assemblages are capable of photo-
synthesis, nitrogen fixation, and decomposition. Filamentous
cyanobacterial genus Phormidium, nitrogen-fixing genus Nos-
toc, and diatom algae were identified (Priscu et al., 1998). The
microbial assemblage must have shifted to organisms more
capable of degrading diesel as observed in contaminated
Antarctic soils (Saul et al., 2005).

4.3. Evaporation vs. biodegradation

Estimating the relative effect of evaporation and biodegrada-
tion on natural attenuation using field samples can be
difficult. Snape et al. (2005) developed fuel evaporationmodels
to quantitatively differentiate the effects of evaporation from
those of biodegradation of diesel in cold environments (4 °C).
Their experiments were based on a diesel fuel, Special
Antarctic Blend, which is most often used and spilled at
Casey Station (Australian Antarctic base). This diesel, with a n-
alkane mode at n-C12, is enriched in HMW compounds
compared with the JP5-AN8 mixture studied in this report.
Most of the ratios of Snape et al. (2005) include i-C16

concentration. This compound is either unresolved or absent
from our SPME–GCMS chromatograms, as JP5-AN8 is a lighter
diesel than the Special Antarctic Blend. Thus, for this study,
we use the ratio i-C13/n-C13 of the sample (S) divided by the
same ratio in the original diesel (D) mixture as an indicator of
evaporation (i-C13/n-C13)S/(i-C13/n-C13)D.

n-C11 or n-C12 could not be used as these compounds are
often in low abundance in the chromatographic traces of field
samples. As i-C13 evaporates more easily than n-C13, a ratio
value of less than 1 indicates evaporation.

Concordant with qualitative observations, quantitative
estimate of evaporations using the (i-C13/n-C13)S/(i-C13/n-C13)D
show that contaminants in all samples are primarily affected
by evaporation (Fig. 7). Consistent with qualitative observa-
tions based on n-alkane mode, the contaminants in the
surface sample of core 12 (0–1.5 cm) were affected by
evaporation more than contaminants located deeper in the
core. Diesel contaminants in meltpool waters are more
affected by evaporation than their corresponding sediments
as the sediments are shielded from the atmosphere by
overlaying waters (see samples for sites 20 and 38 in Fig. 7).
It is noteworthy that the contaminants in the bubble fluid at
ice core 12 4 cm is the least evaporated of all samples, as
observed qualitatively.

As a proxy for the extent of biodegradation we calculated a
ratio of the concentrations of total naphthalene (Tnaph) over
the concentration of total alkanes (Talk). As biodegradation
intensifies, the ratio increases because alkanes aremore easily
biodegraded than naphthalenes. However, evaporation affects
abundances of both naphthalenes and alkanes and the ratio
Tnaph/Talk as a result of their differential response to evapora-
tion and their difference in initial abundance. To circumvent
that caveat, an evaporation curve based on an evaporation
experiment at 4 °C was plotted on a (i-C13/n-C13)S/(i-C13/n-C13)D
versus Tnapht/Talk diagram (Fig. 7). Field samples falling to the
right of the evaporation curve were affected by biodegrada-
tion. For example, fuel residues in the sediments of meltpool
site 38 are more intensely biodegraded than the meltpool
diesel in the ice of Core 12 between 25 and 26 cm.

Fig. 7 –Tnapht/Talk versus (i-C13/n-C13)S/(i-C13/n-C13)D showing
the relative strengths of evaporation versus biodegradation
in sediments, meltpool waters and ice core subsamples. The
evaporation curve is a linear regression.
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4.4. Water washing

Samples located to the left of the evaporation curve have lost
naphthalenes preferentially to alkanes. The only process we
have identified able to explain these data is loss of naphtha-
lenes by preferential dissolution of these compounds in water
(water washing). Indeed, we have analyzed ice core samples
containing only aromatic compounds that were preferentially
dissolved (washed-out) from the diesel contaminants (core 12
45–46 cm and 57–59 cm; Fig. 4F and G) and could not be plotted
in Fig. 7 as they do not contain any n-alkanes. At site 20, slight
variation in Tnaph/Talk indicates higher water washing in the
meltpool sediments than in the water. It is noteworthy that
the diesel trapped in the bubble of core 12 at 4 cm is partly
water-washed, a process that we could not detect qualitatively
from the chromatographic trace.

It is important to note that water washing is not a natural
attenuation process, as the dissolved compounds are not
eliminated from the environment. On the contrary, the prefer-
ential transfer of aromatics inwater, away fromsedimentswhere
biodegradationpreferentially takesplace,will probablypreventor
at least slow down the natural attenuation of these compounds.

4.5. Lateral and vertical transport of contaminants

Wharton and Doran (1999) noted that the initial conditions of
the ice cover are of paramount importance when considering
clean-up efforts, as hard ice of the early summer is easier to
clean than theporousandwet iceof themelt season. Early in the
season, the solidly frozen ice coverwill bemostly impermeable,
preventing penetration of contaminants into the ice cover. The

contaminants will more likely spread on the ice surface,
enhancing attenuation via evaporation, and most probably
sorb on windblown surface sediments. As the summer melt
season advances, the porosity, permeability, and water content
of the ice cover increases with formation of meltpools, subsur-
face chambers and channels (Adams et al., 1998; Fritsen and
Priscu, 1998), as observed in the southern quadrant of the crash
area. Spilled fluids are then able to penetrate the ice cover, and
transport of contaminants is more widespread both laterally
andvertically.However, thepresenceof sediments isnotmerely
detrimental as biodegradationwas observedonly in ice contain-
ing sediments. Porous ice north of the crash site, however,
allowed the transport of contaminants to previously “unconta-
minated” sites within a year after the crash, as indicated by oil
films at the surface of water filling the core hole (e.g. ice core 4,
36 m from the crash site).

Transportedwaters into uncontaminated sitesmay also have
enhanced LMW PAH content as a result of water washing (Fig. 4F
and H). Higher molecular weight PAHs such as dimethyl-, ethyl-,
and trimethyl naphthalenes were observed unaffected by biode-
gradation after 1 year. Their solubility will allow future remobi-
lization if in contactwithwater.Asa result, these compoundswill
likely affect a wider area with time. These compounds, particu-
larly dimethyl- and ethyl-naphthalene may be used as tracers to
monitor the spread of residual fuel contamination as they are not
occurring naturally in the ice cover.

Ice coverablationat thesurfaceand theaccretionof iceat the
bottom yield a net upward movement of the ice cover without
reducing its thickness (Fig. 8A). This upward flux of ice will help
prevent the contaminants from reaching the lake water if the
contaminants donotmovedownward faster than60 cmy−1, the

Fig. 8 –Dynamics in the Lake Fryxell ice cover that affect the natural attenuation of contaminating fluids. (A) Ablation loss at the
surface and accretion of ice at the bottomgenerates a net upwardmovement of 30 cmy−1. (B) Light diesel components evaporate
from ice surface and meltpools. Lower heat capacity of fuel and sediments induce melting and results to “tunneling" deeper
into the ice (Jepsen et al., 2006). (C) Pools of water separate light non-aqueous phase liquids, LNAPLs, making them susceptible
for evaporation. LNAPLs may also rise in ice straws and eventually evaporate. (D) Fractions of aromatics that are dissolved are
re-frozen in subsurface chambers. Some ice cracks connect the “aquifer” to the lake water.
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maximum ablation rate calculated (Henderson et al., 1965).
Jepsen et al. (2006), however, showed experimentally that, at
temperatures close to ice melting, aviation diesel JP-8 propa-
gates along ice crystal boundaries at velocities up to 1.6 m h−1

(“fuel tunneling” Fig. 8B). The extent of vertical fuel tunneling in
the field, however, is difficult to predict as tortuosity and
branching of the fuel tunnels depend on the concentration of
impurities and temperature variations in the ice.

Windblown sediments trapped in the ice cover that are
b1 cm indiameter are able tomelt theirway into the ice (Hendy,
2000). Pockets of sediments accumulate up to 2m in the ice and
create an aquifer in the summer (Priscu and Foreman, in press;
Fig. 8B). Compared to the heat capacity of ice or water (0.502 cal
g−1.°C−1), black basaltic sediment (0.201 cal g−1.°C−1) and diesel
(0.014 cal g−1.°C−1) have much lower heat capacities. The
presence of diesel contamination will also favor melting of the
surrounding ice.Wehave observed diesel sorbed onto sediment
grains, in ice cores and meltpools (sites 20 and 38). Thus, the
diesel residues sorbed on the sediment grains will favor the
formation of water and sediment pockets and increase the
potential for biodegradationasmicrobialprocessesare triggered
by the presence of liquid water in the summer.

The diesel contaminant, if not associated with sediments,
will behave as LNAPLs. The low heat capacity of the diesel can
result in the melt of the surrounding ice and the LNAPLs can
progressively melt their way to the surface of the ice cover
(Fig. 8C). Such a process is commonly observed for pieces of
microbial mats, which were incorporated at the bottom of the
ice and observed to travel across the ice cover (Parker et al.,
1982). When reaching the surface of the ice cover, the
contaminants may be further attenuated by evaporation or
may associate with sediments and be biodegraded.

The dissolved fraction of the diesel contamination, mostly
including the LMW PAHs, will be mobile during the melt
season. In all ice samples containing the dissolved portion of
water-washed diesel (Fig. 4F and H), we have not observed any
of the potential effects of biodegradation. Thus, these
compounds are likely to be persistent and natural attenuation
will depend on evaporation only.

As sediments can melt their way to a depth of approxi-
mately 2m in the ice cover, where the ice aquifer occurs, it can
be speculated that diesel contamination will easily reach that
level over time (Fig. 8D). Remobilization of soluble aromatic
compounds in the aquifer and the existence of discrete
conduits, such as ice cracks, that connect the ice aquifer to
the lake water (Hendy et al., 2000) may result in the transfer of
soluble aromatic contaminants (e.g. naphthalenes) and sedi-
ments coated with fuel into the lake water (Fig. 8D).

Fortunately, the conjugated effects of evaporation and
biodegradation, as well as the permanent upward movement
of the ice cover will limit to a minimum the amount of diesel
components able to reach Lake Fryxell water body.

5. Conclusions

With the helicopter crash occurring late in the summer, the
situation was highly unfavorable as above freezing tempera-
tures days prior to and after the crash induced the formation
of meltpools and subsurface chambers. Spreading of the

contaminants from the crash site occurred both horizontally
and vertically. The extent of horizontal spread is controlled by
the volume of pore spaces and network of channels in the ice,
which are well developed in the southern quadrants. Diesel
contaminated waters also spread into the northern sector,
which have porous ice.

A year after the crash, a significant amount of spilled fluid
remained in the Lake Fryxell ice cover, particularly south of
the crash site. JP5-AN8 is attenuated naturally mainly by
evaporation, especially on the ice surface and in meltpool
waters. Spilled fluids evaporate at decreased rates during the
long Austral winter while confined in the ice cover. Further
natural attenuation occurred through biodegradation, espe-
cially in sediment-bearing ice layers in which biological
activity was previously detected. Alkane-degraders in the ice
play as prominent a role in weathering hydrocarbons as they
do in the soils, although the rates are much slower.
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