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A field experiment was conducted in Denmark in order to
evaluate the fate of 13 volatile organic compounds (VOCs) that
were buried as an artificial fuel source in the unsaturated
zone. Compound-specific isotope analysis showed distinct phases
in the 3C/2C ratio evolution in VOC vapors within 3 m from
the source over 114 days. At day 3 and to a lesser extent at day
6, the compounds were depleted in '3C by up to —5.7%o with
increasing distance from the source compared to the initial source
values. This trend can be explained by faster outward
diffusion of the molecules with 2C only compared to molecules
with a 'C. Then, the isotope profile leveled out, and several
compounds started to become enriched in 3C by up to 9.5%. with
increasing distance from the source, due to preferential
removal of the molecules with '2C only, through biodegradation.
Finally, as the amount of a compound diminished in the
source, a '°C enrichment was also observed close to the
source. The magnitude of isotope fractionation tended to be
larger the smaller the mass of the molecule was. This study
demonstrates that, in the unsaturated zone, carbon isotope
ratios of hydrocarbons are affected by gas-phase diffusion in
addition to biodegradation, which was confirmed using a numerical
model. Gas-phase diffusion led to shifts in 0'3C >1%o during
the initial days after the spill, and again during the final stages of
source volatilization after >75% of a compound had been
removed. In between, diffusion has less of an effect, and thus
isotope data can be used as an indicator for hydrocarbon
biodegradation.

Introduction

Natural attenuation is a widely accepted strategy to manage
petroleum-hydrocarbon-contaminated sites. The strategy
relies on the capacity of indigenous microorganisms to
eliminate contaminants from the subsurface under natural
conditions and thus tries to limit the use of engineering
technologies. To make this strategy reliable, it is important
to demonstrate that biodegradation of hydrocarbons is
actually occurring at the site. Compound-specific isotope
analysis (CSIA) is increasingly used to demonstrate biode-
gradation in the saturated zone (I-3). The method relies on
the occurrence of different degradation rates for molecules
with light and heavy isotopes, respectively. The presence of
a 13C atom in the bond that is broken in the initial enzymatic

transformation step can slightly slow down the biodegrada-
tion rate, and as a consequence, *C compounds accumulate
in the remaining contaminant pool over time. While CSIA is
increasingly used in groundwater studies, there is little
information on its use in the unsaturated zone.

Volatile organic compounds (VOCs) volatilizing from
nonaqueous phase liquids (NAPLs) trapped in the unsatur-
ated zone will migrate mainly due to diffusion and create a
vapor-phase contaminant plume (4-7) that can affect
groundwater quality (8, 9). The vapor-phase transport is
influenced by the partitioning of VOCs between gas, water,
and solid phases as well as by the geometry of the pore
space. In addition to diffusion, density and pressure
gradients can contribute to plume expansion (6, 10), whereas
biodegrada-tion  restricts  contaminant  spreading.
Biodegradation is frequently demonstrated by monitoring
the depletion of both molecular oxygen (0,) and VOC
concentrations and the increase of carbon dioxide (CO.)
concentrations in the soil gas (11-14). However, these
measurements do not provide clear evidence for the
degradation of a specific compound within a mixture.
Alternatively, biodegradation can be assessed by fitting a
mathematical model to concentration data of controlled
field experiments (15) or field sites (16-20). So far, isotope
analysis to demonstrate biodegradation in the unsaturated
zone mainly focused on the 6!3C of soil gas CO, (21-24).
However, ¢03C variations in CO, can also be due to soil
organic matter degradation, and sometimes C
measurements were used to distinguish between CO, from
recent soil organic matter and from fossil petroleum (25).
Only a few studies investigated changes of the isotope ratio
of individual VOCs (26, 27). A significant *C enrichment in
the remaining TCE and DCE in the air phase with respect to
the original isotopic signature of PCE was observed by
Kirtland et al. (26), while Stehmeier and co-workers (27)
monitored '3C enrichment for an undetermined conta-
minant.

The aim of this study was to evaluate whether CSIA can
be used to demonstrate biodegradation in the unsaturated
zone and to evaluate the factors that control the isotope
ratios of VOCs. For this purpose, temporal and spatial
variations of carbon isotope ratios of a number of VOCs and
CO, were measured during a controlled field experiment at
the Verleose Airbase, in Denmark. The experimental setup
consisted in burying a multicomponent hydrocarbon source
in the unsaturated zone of a highly instrumented field site.
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FIGURE 1. Cross-section of the field sampling network at the Veerlgse Airbase experimental site with location of pore gas samplers
and porous cups. The area for isotope sampling is delineated by a rectangle. Modified from ref 74.

In the unsaturated zone, isotope ratios can potentially also
be affected by diffusion in addition to biodegradation, as
indicated by studies on isotope ratios of CO, (28) and CH,
(29-32). To gain more detailed insight into the factors
controlling the isotope shifts, a numerical model was used
that incorporates isotope fractionation, and attempts were
made to reproduce the isotope variations observed at the
field scale.

Materials and Methods

Field Experiment. A controlled field experiment was realized
in asandy unsaturated zone at the Veerlgse Airbase, Denmark,
as part of the Groundwater Risk Assessment at Contaminated
Sites project to simulate a light NAPL spill in the unsaturated
zone (5). An artificial NAPL phase was elaborated with a
limited number of compounds (Table S1, Supporting In-
formation) to simplify analytical procedures. A total of 10.2
L of the NAPL was mixed with sand, leading to a NAPL
saturation of 14.3% of the pore volume. The mixture was
then placed at a depth between 0.8 and 1.3 m in a hole with
a 0.7 m diameter (5. NAPL persisted throughout the
experiment with an estimated saturation of 1.8% after 352
days (33). The evolution of the vapor-phase concentrations
at the source followed, in general, Raoult’s laws using
UNIFAC-derived activity coefficients, except for the less
volatile compounds (33). Hence, it can be assumed that for
most compounds equilibrium between NAPL and the gaseous
phase prevailed at the source.

A dense network of sampling devices was installed in both
saturated and unsaturated zones to study the behavior of
the VOCs in the system (5). Samples for carbon isotope
analyses were taken within a subsection of the experimental
area (Figure 1). The selected sampling points were located
at 1 m below ground and at a lateral distance of up to 5 m
from the center of the source. Soil gas samples were taken
with a syringe after purging the soil gas probe. The glass
sample bottles were flushed several times via a needle that
was introduced through a Mininert valve. During flushing,
the Mininert valve was partly unscrewed. In the laboratory,
gaseous organic compounds were extracted using solid-phase
microextraction as described in Hunkeler and Aravena (34)
and analyzed using an Agilent gas chromatograph (GC)
connected via a combustion interface to a Micromass
Isochrom isotope-ratio mass spectrometer (IRMS) (Micro-
mass, Manchester, U.K.). Initial isotope ratios at the source
were determined by the complete evaporation of a small
source sample in a 250 mL glass bottle followed by the
injection of gaseous samples into the GC-IRMS system via
a sample loop. Given that an artificial gasoline mixture was
used with relatively few compounds, baseline separation of

all compounds was achieved. Isotope ratios obtained with
GC-IRMS are reported using 0'*C notation relative to the
VPDB standard according to (35):

Rsample

reference

oBc =( - 1) 1000 1)

where Rsampte a0d Rreference are the ratios 1*C to 12C of the sample
and 3C to the VPDB reference material, respectively. The
standard deviation for reference compounds (n = 5) varied
between 0.23 %o for methylcyclohexane and 0.53 %o for 1,2,4-
trimethylbenzene with an average of 0.3 %eo.

Model Simulation. Simulations were performed using
the two-dimensional finite element code MOFAT (36),
which was modified in order to deal with the seasonal
temperature variation at the field site (20). The numerical
model had previously been validated and used to simulate
VOC transport in the field experiment conducted at the
Vearlgse Airbase (20) and to estimate biodegradation rates
of six selected VOCs. The chosen modeling approach
incorporated gaseous transport using Fick’s law; equilib-
rium partitioning between the gas, water, and organic
phases; and first-order biodegradation. The isotope evolu-
tion was simulated by treating the molecules with a
different isotopic composition as separate compounds,
here denoted as subspecies, and by attributing to each
subspecies a different degradation rate, diffusion coef-
ficient, and initial mass, as outlined in detail in the
Supporting Information. Two approaches were used: a two-
subspecies approach, which distinguishes between mol-
ecules with and without a '3C, and a three-subspecies
approach, which further subdivides the molecules with a
13C into those with a '3C at the reactive position and those
with a !3C elsewhere. Previous laboratory studies (37)
showed that isotope fractionation during volatilization of
BTEX compounds is small (0.17-0.2 %o). Therefore, the
vapor pressure at the source was assumed to be identical
for molecules with and without 3C and to follow Raoult’s
law. In other words, it was assumed that volatilization is
not associated with isotope fractionation. Since the
numerical code can only handle a maximum of 5 com-
pounds, that is, only a fraction of the organic species
making up the simulated VOC, the remaining mixture
compounds were organized into effective pseudo species
as described in Gaganis et al. (38).

Field Results and Discussion

VOC Concentrations. The temporal and spatial variations
of VOC concentrations at 1 m below the ground surface are
illustrated in Figure 2 for selected compounds. The behavior
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FIGURE 2. Concentration and 6"C evolution of selected VOCs in
the unsaturated zone. The size of the symbols for 0'C
corresponds to the uncertainty of the measurement (o). The
dashed line illustrates the initial 6"°C of the source. For
additional compounds, see Figure S2, Supporting Information.
Measurements were made at a constant depth (1 m) along the
main radial monitoring transect.

of the other compounds is summarized in Table 1 and
illustrated in the Supporting Information (Figure S1). In
general, the concentrations were high in the source vicinity
and decreased with distance from it. After source burial, the
compounds migrated outward quickly to a >3 m lateral
distance within less than 6 days. For n-hexane and methyl-
cyclopentane (MCP), the highest concentrations were ob-
served after 6 days, followed by a rapid decrease of the
concentrations until day 114, when concentrations dropped
below the detection limit. The high initial concentrations,
rapid concentration variations, and rapid depletion of these
compounds can be explained by their high vapor pressure.
For less volatile compounds, such as n-octane (Figure 2), the
concentrations varied less rapidly, and the compounds
persisted longer.

VOC 6'3C Values. At day 3, all compounds became
depleted in 3C with increasing distance from the source
compared to the initial source values (Figure 2 and Figure
S1, Supporting Information). The maximal shifts in 6!3C
ranged from —1.9%o for m-xylene and n-octane to —5.7%o for
MCP (Table 1). At day 6 or 22, the 6'*C of all compounds had

leveled off at the initial value of the source. Afterward, most
compounds became enriched in *C compared to the initial
source value, at first at the fringe of the vapor plume and
later also closer to the source (Figure 2).

The initial *C depletion with distance was likely due
to the faster diffusion of molecules containing only !2C
compared to molecules with one 13C, leading to a depletion
of 13C at the plume fringe. The largest negative shifts were
observed for C6 compounds as the presence of a 1*C atom
leads to larger differences in diffusion coefficients for
smaller molecules (Table 1). Isotope fractionation due to
diffusion was previously observed at the field scale (28)
for CO; or postulated on the basis of theoretical investiga-
tions (39, 40). Similarly, isotope fractionation during the
diffusion of methane was also reported in several other
studies (30-32, 41).

The later trend of gradual enrichment in '*C with distance
strongly indicates biodegradation during outward transport
of the compounds and corresponds to the pattern typically
observed in studies in the saturated zone. Generally, larger
shifts were observed for compounds with a larger isotope
enrichment factor (Table 1). The final strong '3C enrichment
close to the source and throughout the profile for n-hexane
and MCP coincided with low concentrations throughout the
profile (Figure 2). Sampling of the source at day 113 revealed
that n-hexane and MCP were no longer detectable in the
NAPL mixture (33). Hence, as the amount of compound
diminished, isotope fractionation became magnified, as
commonly observed in isotope studies and denoted as a
reservoir effect. The strong enrichment in '3C was likely due
to preferential biodegradation of light molecules and faster
outward diffusion of light molecules, as will be discussed in
more detail in the modeling section below.

Concentration and 6'3C of CO,. CO, concentrations
initially ranged between 0.2% and 0.8% and slightly increased
to between 0.4% and 0.8% at day 22 and between 1.2% and
2% at day 87. Between days 3 and 114, the CO, became
increasingly depleted in '*C (Figure 3). The depletion of 1*C
in CO; confirms that a biodegradation of VOCs occurred.
Biodegradation of the VOC is expected to add CO, with a
O013C value < —28.2 %o, the average 0'*C of the nine most
degradable VOCs (excluding benzene, cyclopentane, decane,
and dodecane). The CO, was generally more depleted in 3C
closer to the source than further away. This trend is likely
due to a stronger production of 1*C-depleted CO, close to the
source where hydrocarbons were present at higher concen-
trations.

Modeling Results and Discussion

Numerical modeling was used to gain additional insight into
the contribution of diffusion and biodegradation to the
observed isotope evolution. Three different scenarios were
simulated: (i) only biodegradation fractionates, (ii) only
diffusion fractionates, and (iii) both processes fractionate.
n-Hexane and n-octane were modeled with the two- and
three-subspecies approach, toluene and MCP using only the
two-subspecies approach (see the Materials and Methods
section and Supporting Information). As the two- and three-
subspecies approach gave similar results (Table S4, Sup-
porting Information), only the results obtained by one
calculation method are presented (Figure 4).

Isotope Fractionation by Biodegradation. Figure 4a
illustrates the expected 6'*C values of n-hexane if only
biodegradation is associated with isotope fractionation. The
n-hexane becomes increasingly enriched in '*C with distance
from the source due to preferential degradation of molecules
with light isotopes during outward transport. With increasing
time, the whole isotope profile tends to shift upward
compared to the initial source value. The latter tendency
can be explained by a reservoir effect. As the amount of



TABLE 1. Shifts in 6'3C, Difference in Diffusion Coefficients Due To the Presence of a '*C Atom in the Molecule, Isotope
Enrichment Factor Obtained in Separate Microcosm Experiments, and Half-Life for Compound Depletion in Source for Different

VOCs
maximal §C maximal 6C maximal 6"C
shift at day 3 shift at day 45 shift at day 114
Yo Yo Yo
n-hexane -5.0 3.7 9.4
3-MP —4.1 4.9 9.5
MCP -5.7 7.2 7.9
MCH -3.8 1.5 2.6
toluene -3.4 1.6 3.2
isooctane -3.0 4.0 3.0
n-octane -1.9 0.2 0.5
m-xylene -1.9 0.9 1.5
1,2,4-TMB —-2.1 -0.1 0.1

(DLYDy® —1) carbon isotope enrichment
*1000 factor for biodegradation source half-life?
Yo Yo (days)
1.5 —2.2°+04 14.2
1.5 -1.1°£ 0.1 11.0
1.5 —1.5°+ 0.1 13.7
1.2 —-1.1°4+ 0.1 38.9
1.3 —-0.7°4+ 0.1 66.6
0.9 nd 36.9
0.9 -0.7°4+0.2 104.7
1.0 —0.8°+ 0.1 161.7
0.8 nd 313.3

2 Estimated on the basis of measured source composition data from ref 33. ®From ref 43. °From ref 44. nd: not
determined. 9 D, diffusion coefficient for molecules with 2C only. ¢ Dy diffusion coefficient for molecules with a 13C.
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FIGURE 3. Temporal and spatial variation of 4"C of CO,.

n-hexane at the source diminishes, the continuous prefer-
ential removal of molecules with '?C only by biodegradation
becomes noticeable at the source. At day 45, there is relatively
good agreement between the general shape of the simulated
(Figure 4a) and measured (Figure 2) isotope profiles.
However, the calculations fail to reproduce trends observed
during day 3 (shift to more negative ¢'3C values) and later
periods (shift to more positive §'3C values close to the source),
indicating that during these two phases other processes
strongly influence isotope ratios as well.

Isotope Fractionation by Diffusion. Figure 4b illustrates
the expected 6'*C values of n-hexane for isotope fractionation
by diffusion only. Unlike for biodegradation, n-hexane
becomes depleted in *C toward the fringe of the plume.
Similarly as for biodegradation, the whole profile shifts
upward with time. This is again due to a reservoir effect.
Hence, diffusion has two effects that are both related to the
faster diffusion of compounds with '2C only: the plume fringe
is initially depleted in 13C, and the source becomes enriched
in 13C as the quantity of n-hexane remaining diminishes.
There is good agreement between simulated (Figure 4b) and
measured (Figure 2) isotope profiles for days 3 and 6,
confirming that diffusion controls the carbon isotope ratios
for ¢ < 6 days.

Isotope Fractionation by Biodegradation and Diffusion.
Figure 4c shows the modeling results if both biodegradation
and diffusion fractionate for n-hexane (Figure 4c), as well as
for n-octane (Figure 4d), toluene (Figure 4e), and MCP (Figure
41). Isotope measurements from the field experiment are also
presented in the same figure. In these modeling simulations,

biodegradation rate coefficients were kept close to mean
values reported for the Veerlgse site, and isotope enrichment
factors were manually varied within their range of uncertainty,
until the best fit between modeled and measured results was
obtained. The values yielding the best fit can be found in
Table S3 of the Supporting Information. In general, the model
reproduces the measured data well. The average divergence
between field measurements and predicted values of 6!3C
for n-hexane and toluene is 0.55%o and 0.53%o, respectively
(Table S5, Supporting Information). The good agreement
between measured and simulated values confirms the
conceptual model underlying the mathematical simulation,
which incorporates isotope fractionation due to diffusion
and biodegradation while assuming that volatilization is not
associated with isotope fractionation. It also suggests that
laboratory-derived isotope enrichment factors from unsat-
urated batch studies are representative for field conditions.

The model successfully reproduces the different phases
of the isotope evolution. In particular, it also reproduces the
13C enrichment along the entire profile observed at day 114.
The calculations suggest that, during this phase, both
biodegradation and diffusion contributed to a significant
enrichment of '3C close to the source for n-hexane, toluene,
and MCP. As indicated by the model, biodegradation (Figure
4a) and diffusion (Figure 4b) alone each led to a shift of
about 5%o close to the source after 114 days for n-hexane,
while the observed shift (Figure 4c) was twice as large. For
n-octane, only a small shift was observed close to the source
(Figure 4d). This can be explained by the smaller differences
in diffusion coefficients for the different subspecies and
because less mass is volatilized due to the smaller vapor
pressure. As illustrated in Table S2 of the Supporting
Information, atleast 75% of a compound needs to be removed
from the source before a shift in the source isotope ratio of
>1%o occurs.

Application of CSIA in Unsaturated Zone Studies. The
main potential applications of CSIA include the assessment
of biodegradation and the fingerprinting of different petro-
leum hydrocarbon vapor sources. For both applications, it
has to be taken into account that isotope ratios in the
unsaturated zone can vary due to diffusion in addition to
biodegradation. Diffusion affects the carbon isotope ratio
during an initial phase after a spill. The simulation of different
scenarios (point source and floating pool) suggested that
this phase unlikely lasts for more than 20 days and hence
will typically not be sampled at real spills (42). A previous
study postulated that a vanishing hydrocarbon source should
become depleted in *C due to a small inverse isotope effect
during volatilization (37). However, this study demonstrates
that, to the contrary, the source becomes enriched in *C
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even in the absence of biodegradation since the mass loss
is controlled by diffusion across the porous media. A
significant shift of the source isotope ratio (>1%o) due to
compound depletion in the NAPL was only observed after
>75% of the compound was depleted. This shift may help
to demonstrate mass removal of a compound from the source.
Before this point is reached, the source isotope ratio is
expected to be stable, and isotope ratios of the vapor plume
can be used as a qualitative indicator for biodegradation,
especially for molecules < C8. However, since transport
occurs by diffusion, the Rayleigh equation cannot be applied
to quantify biodegradation. Isotope ratios of larger molecules
are less affected by biodegradation and diffusion, and hence
their isotope ratio may be used for fingerprinting different
vapor sources, for example, in vapor intrusion studies. For
larger molecules, hydrogen isotopes are expected to be a
more sensitive indicator for biodegradation because isotope
enrichment factors for biodegradation are expected to be
larger while the effect on diffusion is the same (addition of
mass of 1 to the molecule). In summary, this study dem-
onstrates that detailed insight into processes controlling
isotope ratios in the unsaturated zone can be gained by
combining controlled high-resolution field experiments with
numerical modeling. It also demonstrates that CSIA is likely
a useful tool for the assessment of biodegradation and
fingerprinting of vapor sources. While the occurrence of a
diffusion isotope effect can complicate data interpretation,
it potentially provides information about mass removal of a
compound from a NAPL source.
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