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a b s t r a c t

Quantifying the spatial variability of factors affecting natural attenuation of hydrocarbons in the unsat-
urated zone is important to (i) performing a reliable risk assessment and (ii) evaluating the possibility
for bioremediation of petroleum-polluted sites. Most studies to date have focused on the shallow unsat-
urated zone. Based on a data set comprising analysis of about 100 soil samples taken in a 16 m-deep
unsaturated zone polluted with volatile petroleum compounds, we statistically and geostatistically anal-
ysed values of essential soil properties. The subsurface of the site was highly layered, resulting in an
accumulation of pollution within coarse sandy lenses. Air-filled porosity, readily available phosphorous,
and the first-order rate constant (k1) of benzene obtained from slurry biodegradation experiments were
patial variability
emivariogram analysis
tate-space modeling

found to depend on geologic sample characterization (P < 0.05), while inorganic nitrogen was homoge-
nously distributed across the soil stratigraphy. Semivariogram analysis showed a spatial continuity of
4–8.6 m in the vertical direction, while it was 2–5 times greater in the horizontal direction. Values of k1

displayed strong spatial autocorrelation. Even so, the soil potential for biodegradation was highly vari-
able, which from autoregressive state-space modeling was partly explained by changes in soil air-filled
porosity and gravimetric water content. The results suggest considering biological heterogeneity when

tamin
evaluating the fate of con

. Introduction

Petroleum volatile organic compounds (VOCs) in the unsatu-
ated zone involve risks of: (i) vapor intrusion into residential
uildings [1–3] and (ii) gas-phase migration to groundwater
quifers [4–6]. Petroleum VOC concentrations in the soil are gen-
rally lowered due to naturally occurring biodegradation, which
estricts the volume of soil impacted by a given VOC source [7–9].
his intrinsic soil property suggests the use of bioremediation on
ites impacted by petroleum hydrocarbons [10–12]. Since in situ
iodegradation rates are closely linked to the availability and dis-
ribution of contaminants and external electron acceptors, complex
ite geology generally reduces the chances of successful biore-
ediation [11–13]. As a result, detailed information on geologic
eterogeneity and spatial variability of essential soil properties in
given petroleum-impacted unsaturated zone is critical to eval-

ate the fate of contaminants in addition to deciding appropriate
emedial measures.
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ants in the subsurface.
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Variable environmental factors prevailing in the unsaturated
zone promote tremendous microbial diversity within short spatial
distances [14,15]. The distribution of soil microbes is often related
to soil depth, as subsoil microbial populations tend to be lower in
density and less diverse than surface soil populations [16–18]. On
a larger scale, the distribution of microorganisms in the unsatu-
rated zone is often spatially structured over distances of tens to
hundreds of meters depending on landscape gradients [19,20]. At
the so-called sample-scale of 10–100 mm, a range of biophysical
and geochemical conditions in the soil can influence the activ-
ity of soil microbes, e.g., moisture content, transport properties,
pH, macronutrient concentrations, and availability of natural and
synthetic organic compounds [15,21]. At petroleum-contaminated
sites in general, two specific limitations of intrinsic biodegradation
in the unsaturated zone are reported: (i) availability of oxygen and
(ii) availability of macronutrients. The former is related to soil air-
filled porosity and distance to the ground level [22–27] whilst the
latter is mostly related to nitrogen deficiency in contaminated soil
zones where the C: N ratio is high [28–30].
A large number of past studies have analysed the spatial
variation of geochemical and soil physical conditions. Some soil
properties, including texture and volumetric water content, show
considerable spatial structure in the horizontal direction, while
variables such as bulk density (�b) and total soil porosity (˚) do

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:anrk@ramboll.dk
dx.doi.org/10.1016/j.jhazmat.2010.03.042
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ot show much spatial correlation in the unsaturated zone [31].
tudies by Iqbal et al. [32] showed that within soil horizons, values
or �b and ˚ had the lowest variability with a coefficient of varia-
ion (CV) around 5%, while for saturated hydraulic conductivity (Ks)
t was 160%. Botros et al. [33] investigated the spatial variability of
ydraulic properties in a 16 m-deep unsaturated zone. They con-
luded that the spatial continuity of within-lithofacies variability
as about 5–8 m in the horizontal direction and approximately an

rder of magnitude less in the vertical direction. Nutrient availabil-
ty in the unsaturated zone is generally reported to decline with
epth [16,21]. The spatial variability of NO3-N in the unsaturated
one was examined by Onsoy et al. [34] who reported highly vari-
ble and log-normally-distributed concentration data.

Only a few studies have addressed the variability of soil param-
ters in subsoils below 2 m [33,34]. More importantly no previous
tudies have, to the best of our knowledge, examined the spa-
ial continuity and correlation of the soil potential for natural
iodegradation in the unsaturated zone, thus leaving a gap in
nowledge regarding the effect of heterogeneity on the fate of
on-persistent contaminants such as petroleum hydrocarbons. In
his study we statistically and geostatistically analyse soil param-
ters in a petroleum-polluted and 16 m-deep unsaturated zone.
he site is previously described in Kristensen et al. [35]. Specifi-
ally, the present study (i) characterizes the heterogeneity in site
eology and distribution of contaminants; (ii) statistically relates
oil potential for biodegradation (measured based on soil slurry
xperiments amended with benzene), available nitrogen and phos-
horous contents, and air-filled porosity to geologic sediment class;
iii) determines the spatial continuity of these parameters based on
emivariogram analysis; and (iv) indentifies governing factors of
he intrinsic potential for biodegradation based on linear correla-
ions and state-space modeling. The results illustrate conditions
hat need to be considered when performing investigations of
etroleum-impacted sites with a layered unsaturated zone.

. Materials and methods

.1. Site description

The study site is located in Nyborg (55◦18′42′′N, 10◦47′31′′E),
enmark, at a former gas station. The unsaturated zone is
5.5–16 m thick in the source area and consists of various layers
f calcareous glacial deposits. Large amounts of total petroleum
ydrocarbons (TPH) of which benzene, toluene, ethylbenzene, and
ylene isomers (BTEX) make up 25% were detected in the sub-
urface in 2001 [35]. The pollution has spread in the unsaturated
one from an underground storage tank and is heterogeneously dis-
ributed within an approximately 11 m-thick zone covering an area
f 1150 m2. The ground surface is covered with slabs or asphalt in
ost of the contaminated area (Fig. 1), and water-phase leaching of

ontaminants and seasonal water content fluctuations are limited.
lso, seasonal groundwater table fluctuations are less than 0.5 m.

.2. Soil sampling and analysis

In the period between October 2007 and February 2008, drill
ores (1000 mm in length and 50 mm in internal diameter) were
ollected from 7 boreholes using SonicSampDrill® (Fig. 1). The cores
ere opened and the sample material was visually characterized in

erms of soil-type, stratigraphy, occurrence of minor lenses, visual

igns of pollution etc. From the soil cores, a total of 100 repre-
entative soil samples were collected every 0.5 m (when possible)
etween 2 and 16 m below ground level (bgl). In addition a total of
9 intact soil cores of 100 cm3 were collected from major horizontal
oil layers before opening the drill cores.
Fig. 1. Outline of the field site and location of boreholes B301-B307. Modified from
Ref. [35]. The gray area represents the area with soil contamination.

Soil samples were stored, prepared and analysed as described in
Kristensen et al. [35]. Total soil porosity and gas-phase diffusivity
(Dp/D0) were determined on intact soil cores, while inorganic nitro-
gen (Ninorg) and readily available phosphorous (Pavail, equal to the
so-called Olsen P) were determined based on disturbed soil sam-
ples. In addition, air-filled porosity for each sample location was
calculated from gravimetric water content and total soil porosity,
measured on intact cores taken from the same geologic sediment
type. The latter is believed to be a valid approach as the within-layer
variability of total soil porosity is normally low [32].

The soil potential for biodegradation of petroleum vapors was
determined based on aerobic, well-mixed soil slurries with amend-
ment of benzene [35]. A first-order degradation model was fitted
to each set of data (dissolved benzene concentration vs. time) and
the first-order rate constant (k1) was established. The value of k1
reflects the size of the degrading population at the time of the
experiments and is related to antecedent environmental conditions
influencing soil bacteria in the specific sample location [35].

2.3. Statistical and geostatistical methods

Statistical analyses were performed on data for k1, ε, Ninorg,
and Pavail. Distribution goodness-of-fit was tested using the Lil-
liefors test [36]. Mean parameter values determined for main
geologic formations in the site were compared using a one-tailed
Mann–Whitney test [37] by the data analysis package PAST [38].
The Mann–Whitney test is useful in our case, as it allows a compar-
ison of mean values from data with various statistical distributions.

The spatial continuity, i.e. the semivariance (�) related to the lag
interval (h) between measurements, was evaluated based on classi-
cal experimental semivariograms of soil parameters in the vertical
and horizontal direction [39]. The semivariograms were fitted to
the commonly used spherical model in Eq. (1) [40].

�(h) = c0 + (c − c0) ·
(

3h

2a
− 0.5

(
h

a

)3
)

, if 0 ≤ h ≤ a �(h) = c, h > a

(1)
where c0, c, and a are constants corresponding to the nugget, sill,
and range of the semivariogram, respectively.

Linear correlation coefficients were determined between any
two parameters measured on the same soil sample [40]. Since
this approach neglects spatial parameter correlation, an additional
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Fig. 2. Construction of composite transects used in state-space modeling.

pproach involving autoregressive state-space modeling was used.
tate-space modeling is based on the simultaneous solution of two
ets of equations describing the relation between soil properties
t one location and values of the same soil properties in an adja-
ent location [41]. The method takes into account the uncertainties
elated to measurement errors. Background theory on state-space
odeling is available in Nielsen and Wendroth [40]. Composite

ransects were constructed for k1, ε, Ninorg, and Pavail values mea-
ured in the boreholes B305, B301, B307, B302, and B303 (in that
rder) in depths between 2.5 and 9.5 m. The transects were con-
tructed by connecting the deepest measuring point in the B305
rofile with the deepest measuring point in the B301 profile, and
hen again the top measuring point in B301 with the top measuring
oint in B307 and so forth (see Fig. 2). In this approach it is assumed
hat the spatial structure of each parameter does not change sig-
ificantly, going horizontally from one borehole profile to another
earby borehole. The vertical distance between measuring points
as set to 1 m, thus resulting in a total of 40 values of each param-

ter. Five missing values were generated using linear interpolation
f adjacent values. To ensure better convergence of the state-space
alculations, measured data (yi) were scaled with respect to their
ean (m) and standard deviation (s) using Eq. (2). This transforma-

ion scales the observed data to achieve a mean equal to 0.5 and a
tandard deviation equal to 0.25 [40].

scaled,i = yi − (m − 2s)
4s

(2)

. Results and discussion

.1. Geologic and soil physical characterization

.1.1. Stratigraphy
The top 2 m of the unsaturated zone consisted of sandy fill and

as not impacted by pollution. Samples taken from this zone are
isregarded in the following analysis. Material obtained between 2
nd 16 m bgl were calcareous (10–90% CaCO3) with low contents
f natural organic matter (<0.15%). The grain size ranged from clay
nd limestone to coarse sand, and covered a wide spectrum of tex-
ures in between. Texturally different geologic units were typically
ayered in the horizontal direction with thicknesses varying from
10 cm for some sandy lenses to >2 m for major layers of lime-
tone and glacial till. Examples of drill cores are shown in Fig. 3.
ased on field descriptions of texture, color, and degree of sort-

ng, sample materials were divided into main sediment classes. Of
00 soil samples collected, 80 could be classified as clay till (CT),
ne sand (FS), or limestone (L). The remaining 20 variably textured

amples were classified as “miscellaneous” (M), covering materials
f coarse sand, clay-rich sand, and well-sorted silt. Typical depths
nd physical characteristics of main sediment classes are shown in
able 1.
Fig. 3. Examples of soil cores taken at the study site. Red squares denote a contam-
inated sandy lens.

3.1.2. Main sediment classes
The texture of clay till (CT) materials was heterogeneous with

approximately 10% comprising of gravel, stones, and pieces of flint
and chalk. The remaining soil particles included 13% clay, 49% sand,
10% silt, and 29% CaCO3 (Table 1). Even though precipitated iron
oxides indicated presence of macropores or fractures in several
samples, no large cracks or openings were noted during soil char-
acterization. Samples of fine sand (FS) were generally well-sorted
with 75% fine sand (20–200 �m) and about 13% CaCO3. Samples
classified as limestone (L) were generally white and soft with high
water content (close to saturation). The CaCO3 content in these
materials was typically >70%. However, a limestone layer located
near the groundwater table had a grayish color and a CaCO3 content
ranging from 50% to 60%.

3.1.3. Distribution of contamination
Distribution of total petroleum hydrocarbons (TPH) in the unsat-

urated zone was closely related to the soil layering as demonstrated
in Fig. 3. High concentrations (>1000 mg TPH/kg) were associ-
ated with sandy lenses on top of water-bearing sediments of silt
and limestone, an observation also reported from previous stud-
ies [42–44]. Concentrations ranging up to 1000 mg TPH/kg were
randomly distributed in deposits of FS and L, while samples consist-
ing of CT generally contained <10 mg TPH/kg. However, laboratory
measurements detected trace concentrations of petroleum vapors
in the majority of samples taken in CT deposits. Furthermore,
field measurements showed vapor concentrations ranging up to
5700 �g TPH/L soil air in geologic formations of CT [35]. Even
with the majority of pollution accumulated in coarse lenses, these
results illustrate that petroleum vapors spread in fine-textured CT
deposits. This is in agreement with measurements of gas-phase
diffusivity (Dp/D0) in undisturbed samples of CT (Table 1), where
Dp is the gas diffusion coefficient in soil and D0 is the gas diffu-
sion coefficient in free air. These showed an Dp/D0 around 0.02
for in situ moisture conditions, thereby demonstrating possible
gas-phase transport of oxygen and petroleum vapors [35]. On the
other hand, low Dp/D0 in water-bearing limestone suggests these
deposits represent impermeable vapor barriers. In summary, the
complex geology of the unsaturated zone at the study site played
an essential role for the distribution of contamination ‘hot spots’
and for the gas-phase migration pathways of petroleum vapors.

3.2. Statistical and geostatistical analysis

3.2.1. Variations within and among sediment classes

Table 2 shows the results following statistical analyses of

first-order benzene rate constants (k1), soil air-filled porosity (ε),
available nitrogen (Ninorg), and available phosphorous (Pavail) mea-
sured for 100 sample locations. Macronutrient concentrations were
low as expected for low-organic subsurface conditions [30]. Even
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Table 1
Soil texture and physical characteristics of main sediment classes. Modified from Ref. [35].

Main sediment class n CT FS L M

Typical depth of formation (m bgs) – 2–10 10–13 5–9 and 13 -15 2–16
Clay (<2 �m) (kg kg−1) 8 0.132 0.043 n/a n/a
Silt (2–20 �m) (kg kg−1) 8 0.096 0.022 n/a n/a
Fine sand (20–200 �m) (kg kg−1) 8 0.252 0.753 n/a n/a
Coarse sand (200–2000 �m) 8 0.236 0.051 n/a n/a
CaCO3 (kg kg−1) 8 0.291 0.130 >0.500 n/a
Soil organic matter (kg kg−1) 8 0.0019 0.0012 n/a n/a
Gravimetric water content (kg kg−1) 100 0.140 (0.029) 0.115 (0.039) 0.187 (0.041) 0.157 (0.0471)
Dry bulk densitya (g cm−3) 19 1.75 1.59 1.71 1.65
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Total soil porositya (cm3 cm−3) 19 0.34
Gas diffusivity (Dp/D0) (−100 cm H2O)a 19 0.021 (0.02

a Dry bulk density, total soil porosity and gas diffusivity are determined on 19 in

o, benzene degradation in laboratory slurries occurred with k1 val-
es ranging up to 5 d−1 and with an arithmetic mean of 1.5 d−1.
hese rates are relatively high compared to previously reported
alues [35]. At the same time, k1 was the parameter exhibiting the
ighest coefficient of variation (CV) at 118% with a number of sam-
les showing no evidence of biodegradation within the timeframe
f the experiments (i.e. 75 h). This reflects major sample-scale
ariability of the biological potential for natural attenuation of pol-
utants.

Fig. 4 shows the density functions for all data together as well
s for individual sediment classes. Values for Pavail and Ninorg were
enerally log-normally distributed with a positive skew (Table 2),
n line with findings of Onsoy et al. [34]. Values for k1 and ε were

ore randomly distributed. The Lilliefors test (P < 0.05) showed
hat these parameters were normally distributed within deposits
f CT and L.

A one-tailed Mann–Whitney test (P < 0.05) suggested mean val-
es of k1 to be related to geologic sediment class in the order
T > FS > L. This is in line with previous findings showing higher
icrobial abundance, enzymatic activity, and batch biodegradation

ates in clayey soils than in sandy soils [45,46]. The low microbial
ctivity in samples classified as L is likely due to water con-
ents close to saturation (ε < 6%), which effectively restricts aerobic
iodegradation and growth of soil bacteria. The results illustrate
hat zones of high intrinsic potential for biodegradation and zones

ith no potential can both be present within a singe soil profile
epending on geologic and soil physical conditions. In addition,
he evident texture-effect on the soil potential for biodegrada-
ion suggests the need to use texture-dependent biodegradation
ates when setting up risk assessment models for a layered sub-

able 2
tatistical analysis of first-order rate constants (k1), air-filled porosity (ε), available phosp

Variable Main sediment class n Mean Min. M

k1 (d−1) All data 97 1.50 0.00 5
CT 40 2.25 0.00 5
FS 17 0.90 0.02 4
L 18 0.083 0.00 0

ε (cm3 cm−3) All data 77 0.11 0.00 0
CT 39 0.094 0.01 0
FS 15 0.19 0.09 0
L 16 0.058 0.00 0

Pavail (mg kg−1) All data 98 4.34 0.53 4
CT 39 3.61 0.87 1
FS 17 2.14 0.53 4
L 20 6.39 2.46 1

Ninorg (mg kg−1) All data 100 1.11 0.56 2
CT 46 1.09 0.56 2
FS 15 1.13 0.58 2
L 20 1.16 0.61 1

a Best fit of the normal or log-normal distribution confirmed by the Lilliefors test (P < 0
0.40 0.35 0.36
0.031 (0.071) 0.007 (0.017) 0.009 (0.035)

0 cm3 soil cores.

surface. Likewise, biodegradation rates during remedial strategies
relying on natural or stimulated biodegradation will most likely
vary between different geologic soil layers of the site.

3.2.2. Spatial continuity
The spatial continuity of profile data of k1, ε, Ninorg, and Pavail

(a maximum of 100 measuring points) was determined using a
classical semivariogram analysis similar to the approach applied
by Botros et al. [33], which is suitable for irregularly-spaced data.
Directional semivariograms based on all data were constructed
with the maximum lag distance (h) set to 6 m in the vertical
direction and 43 m in the horizontal direction. In the horizontal
direction, data pairs of samples collected in depths ±0.5 m from
each other were accepted. Semivariance (�(h)) values based on
fewer than four pairs were discarded.

As some lag distances, typically the lower values, occur more
frequently than others, the reliability of the semivariance estimates
will vary from each point [39]. Such a situation gives rise to incon-
sistencies and/or experimental fluctuations in the semivariograms
which are, by definition, nondecreasing functions [40]. This was
also the case for most parameters in this study as seen in Fig. 5. The
experimental semivariograms are fitted to the spherical model (Eq.
(1)) with the model parameters given in Table 3. The model gener-
ally provided a reasonable fit, except for Ninorg data in the horizontal
direction, where a pure nugget effect was observed. This corre-

sponds to the total absence of autocorrelation on the scale used in
this study (3.75 m < h < 38 m). Other semivariograms showed a low
nugget compared to sill, thus indicating a strong spatial correlation
and an adequate sampling frequency [32]. Generally, the sill of the
vertical semivariograms is similar or close to that of the horizontal

horous (Pavail), and inorganic nitrogen (Ninorg).

ax. Median Skewness SD CV (%) Prob. Dist.a

.09 0.67 1.53 1.76 118 –

.09 2.10 0.23 1.52 68 Norm.

.43 0.33 2.07 1.26 140 Log-norm.

.54 0.049 2.81 0.131 157 Norm.

.31 0.11 0.23 0.08 69 Norm.

.17 0.10 -0.49 0.04 46 Norm.

.27 0.20 -0.14 0.06 29 Log-norm.

.16 0.0052 0.49 0.070 120 –

3.37 3.38 6.23 4.69 108 Log-norm.
2.46 3.30 2.35 2.02 56 Log-norm.
.17 1.97 0.38 0.93 44 Log-norm.
3.51 6.24 0.94 2.72 43 Log-norm.

.75 1.06 1.23 0.43 38 Log-norm.

.29 0.99 1.02 0.41 37 Log-norm.

.31 1.09 1.44 0.42 37 Norm.

.53 1.33 −0.66 0.32 27 Log-norm.

.05)
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ig. 4. Density functions for first-order rate constants (k1), air-filled porosity (ε), a
ogether as well as for individual sediment classes. The x-axes correspond to the ra

irection. The geostatistical range, however, is 2–4 times greater in
he horizontal direction than that in the vertical direction, suggest-
ng anisotropy related to horizontal soil layering. This demonstrates
he need for extensive sampling in the vertical direction during site
nvestigation in a layered subsurface.

Strongest spatial dependence is estimated for k1 that has a verti-
al range of 8.6 m and a horizontal one of 35.8 m. As these values are
lose to or exceed the maximum lag intervals used, biodegradation
otentials measured in samples from any two locations in the study
ite are likely to be geostatistically related, despite considerable
ariability. The spatial continuity for the biodegradation potential is
tronger than previously observed for hydraulic properties in deep

ubsurface alluvial soils [33]. This illustrates that long-term con-
amination with volatile petroleum compounds most likely has a
rofound effect on the abundance and activity of soil bacteria on the
hole site, while hydraulic and soil physical properties of any given

eologic deposit will generally be static and unlikely to change over

able 3
est-fit parameters determined with the spherical semivariogram model.

Variable Nugget (c0) Sill (c)

k1

Vertically 0.94 2.56
Horizontally 0.04 2.50

ε
Vertically 0.0021 0.0095
Horizontally 0 0.0055

Pavail

Vertically 0.55 9.1
Horizontally 0 6.1

Ninorg

Vertically 0.028 0.12
Horizontally 0.35 –
le phosphorous (Pavail), and inorganic nitrogen (Ninorg). Plots are shown for all data
e., min. and max. values) listed in Table 2.

time. The latter is particularly the case when the surface pavement
prevents noteworthy infiltration through the unsaturated zone as
is the case at the study site.

3.2.3. Parameter correlations
For the complete set of data representing all soil classes com-

bined, no evident linear correlations between any two parameters
were observed (R2 < 0.1) (data not shown). This demonstrates the
complexity of the site geology. Table 4 shows observed linear cor-
relation coefficients (R) within samples of CT alone, representing
about 40% of the complete data set. Values for k1 < 0.6 d−1 (8 sam-
ples) were disregarded, as absence of degradation in these samples

was likely to be related with factors not considered in this study,
in particular, toxic effects due to high petroleum concentrations
[35]. The most evident correlation in CT deposits was observed
between ε and k1 (Fig. 6). The relatively strong fit (R = 0.84) sug-
gests local diffusion limitation of oxygen and petroleum vapors in

Range (a), m Cross validation R Nugget/sill

8.6 0.92 0.37
35.8 0.92 0.06

4.4 0.84 0.22
17.8 0.91 0.00

4.7 0.83 0.06
9.8 0.59 0.06

4.0 0.74 0.24
– – –
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Fig. 5. Experimental semivariograms a

hese sediments, which has restricted antecedent aerobic growth
f soil bacteria. As a result, deposits with high water content appear

o create zones with limited aerobic biodegradation activity [47].
negative correlation between Ninorg and ε indicate that inorganic

itrogen is mainly found in the soil water. This in turn means a
egative correlation between k1 and Ninorg.

able 4
inear correlation coefficients (R) in samples consisting of clay till (CT).

k1 ε Ninorg Pavail

k1 –
ε 0.84 –
Ninorg −0.55 −0.53 –
Pavail 0.18 0.22 0.04 –
z −0.04 −0.11 0.22 0.62
st-fits of the spherical model (Eq. (1)).

Since the semivariogram analysis suggested strong spatial cor-
relation of k1, accuracy of the prediction at a given sample location
is likely to be improved if measurements at adjacent sample loca-
tions are considered. A state-space modeling approach was used to
predict k1 from neighboring values of k1 and one additional param-
eter (ε, Ninorg, Pavail, soil depth (z) or gravimetric water content (�))
along a transect consisting of 40 sample locations. Of these, 25 were
in deposits of CT, 7 in layers of L, and 2 in sandy lenses. Table 5
shows model expressions and goodness-of-fit in terms of the root
mean square error (RMSE). Whilst the majority of the estimated
k1 values at a given location can be explained by the neighboring

k1 values, contributions derived from the spatial correlation struc-
ture of other neighboring parameters were relatively small. In line
with the results of the semivariogram analysis (Table 3), state-space
data suggest that the value of k1 depends on a number of variables
and has a strong spatial autocorrelation. Soil depth and Ninorg both
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Table 5
Contributions to the first-order rate constant (k1) derived from the spatial correlation structure of other neighboring parameters.

Parameter affecting k1 Model expression RMSE Contribution (%)a

Air-filled porosity, ε k1,i+1 = 1.09k1,i − 0.12εi 0.201 9.74
Inorganic nitrogen, Ninorg k1,i+1 = 0.92k1,i + 0.056Ninorg,i 0.195 5.68
Available phosphorous, Pavail k1,i+1 = 0.90k1,i + 0.083Pavail,i 0.185 8.52
Soil depth, z k1,i+1 = 1.013k1,i − 0.051zi

Gravimetric water content, ω k1,i+1 = 0.81k1,i + 0.17ωi

a Contribution (˛) = |B|/(|A| + |B|), where k1,i+1 = Ak1,i + B˛i .
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ig. 6. Values for k1 plotted against air-filled porosity (ε) in the same sample loca-
ion. Values for k1 < 0.6 d−1 were disregarded in this analysis.

xplained less than 6% of the k1 values, while Pavail explained 8.5%

nd ε explained 9.7%. Since phosphorous concentrations are related
o soil class (Table 2), the effect of Pavail is likely to be a soil-type
ffect rather than an indication of phosphorous being the main lim-
ting factor [35]. Based on the strong linear relationship between
1 and ε determined in samples of CT, the 9.7% contribution found

ig. 7. Results of state-space model runs based on the first-order rate constant (k1)
nd (a) air-filled porosity (ε) and (b) gravimetric water content. The y-axes represent
alues scaled according to Eq. (2).
0.196 4.76
0.156 17.4

in the state-space results from neighboring ε values was less than
expected. Also, Fig. 7a shows a poor fit of k1 data. It is noticed that
the model underestimates high values and overestimates low val-
ues, a finding commonly observed when performing state-space
modeling [41]. Most evident contribution to the biodegradation
potential was obtained from the gravimetric water content (ω) at
17.4%. Fig. 7b shows the model results based on neighboring values
of k1 and ω, which to some extent were able to predict the highly
fluctuating k1 data. Since the contribution by ω is higher than the
one derived from the physical phase distribution (i.e., values of ε),
the gravimetric water content is likely to represent factors apart
from water saturation, namely, soil texture and organic matter con-
tent. This is in line with the relationship observed between main
sediment class and k1 (Table 3) and suggests the biodegradation
potential within a petroleum-contaminated geologic formation to
be an intrinsic property related to soil texture in addition to the
availability of pollutants and oxygen.

4. Conclusions

Understanding the heterogeneity and variability of soil prop-
erties in a contaminated subsurface is critical to assessing short
and long-term risks posed by contaminants. In this study we
statistically and geostatistically analysed a comprehensive set of
data including essential soil parameters likely to affect intrinsic
biodegradation in a 16 m-deep petroleum-polluted unsaturated
zone. The site is interesting because (i) hydrocarbon-degrading
bacteria will be dominant due to low contents of natural organic
matter, and (ii) the distribution of contaminant hot spots and
vapors at this site is strongly affected by a complex stratigraphy
with most of the contaminants accumulated in coarse lenses within
less permeable deposits.

Air-filled porosity, readily available phosphorous, and the soil
potential for aerobic biodegradation in a given geologic formation
were related to geological classification (P < 0.05), while inorganic
nitrogen was more homogenously distributed, independent of soil
texture. Since an unsaturated zone is likely to contain zones with
high as well as low potential for biodegradation, modeling intrinsic
biodegradation in the field, i.e., when performing risk assessments,
requires the use of texture-dependent biodegradation kinetics.
Directional semivariogram analysis of measured soil parameters
showed that spatial continuities were 2–5 times greater in the hor-
izontal than in the vertical direction, demonstrating that a layered
subsurface requires frequent soil sampling in the vertical direction.
First-order degradation rate constants (k1) displayed strong spa-
tial autocorrelation, which suggests microbial populations at the
whole site to be affected by the contamination. However the soil
potential for biodegradation in each sample location was related
to air-filled porosity and gravimetric water content, in line with
the relationship observed between sediment class and k1. Col-

lectively, results from this study suggest measurements of total
soil porosity, gravimetric water content, and microcosm studies of
biodegradation potentials in all major geologic formations to add
useful information to the conceptual site model. This will reveal
if biological heterogeneity in the subsurface needs to be consid-
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