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Natural source zone depletion (NSZD) of light non-aqueous phase liquids (LNAPLs) may be a valid long-term
management option at petroleum impacted sites. However, its future long-term reliability needs to be estab
lished. NSZD includes partitioning, biotic and abiotic degradation of LNAPL components plus multiphase fluid
dynamics in the subsurface. Over time, LNAPL components are depleted and those partitioning to various phases
change, as do those available for biodegradation. To accommodate these processes and predict trends and NSZD
over decades to centuries, for the first time, we incorporated a multi-phase multi-component multi-microbe nonisothermal approach to representatively simulate NSZD at field scale. To validate the approach we successfully
mimic data from the LNAPL release at the Bemidji site. We simulate the entire depth of saturated and unsaturated
zones over the 27 years of post-release measurements. The study progresses the idea of creating a generic digital
twin of NSZD processes and future trends. Outcomes show the feasibility and affordability of such detailed
computational approaches to improve decision-making for site management and restoration strategies. The study
provided a basis to progress a computational digital twin for complex subsurface systems.

1. Introduction
Anthropogenic releases of petroleum hydrocarbons, some accidental
and some not, can be harmful to the environment. Fixed and storage
facilities, and pipelines, make up the bulk of these releases (Etkin,
2009a, 2001, 2009b; Sookhak Lari et al., 2021), for example, contrib
uting over 34,000 m3 per year to land and groundwater resources in the
United States of America alone (Etkin, 2009a, 2009b). Accidental oil
spills are still a global challenge and it is estimated that 74% occurs at
refineries, oil terminals or storage tanks with a proportionality of 47% in
North America, 29% Asia, 16% Europe, 4% Africa and 4% South
America (Chang and Lin, 2006; Chilvers et al., 2021; Fingas, 2012; Khan
and Abbasi, 1999).
Releases of such light non-aqueous phase liquid (LNAPL) petroleum
products expose the environment to thousands of chemicals some with
significant health risk profiles. Upon release at ground surface, LNAPL
plumes travel downwards through a vadose zone leaving residual
LNAPL mass in the soil profile as it moves towards groundwater.
Spreading of the LNAPL plume over the capillary fringe augments
interphase mass transfer. The residual LNAPL mass as well as the main

body of the plume can remain as a source of contamination of subsurface
gaseous (Davis et al., 2021) and aqueous phases (Lekmine et al., 2017)
for decades (Garg et al., 2017; Sookhak Lari et al., 2016a; Sookhak Lari
et al., 2019a; Sookhak Lari et al., 2016b; Sookhak Lari et al., 2020).
Active remediation approaches target LNAPL recovery in different
phases or thermal, biological and chemical destruction of the target
chemicals. However, the performance of restoration technologies is a
complex function of the release event, the LNAPL itself, the subsurface
stratigraphy, and the configuration of the applied remedial technology
(Sookhak Lari et al., 2018a; Sookhak Lari et al., 2018b; Sookhak Lari
et al., 2020). Several studies have shown that even after remediation and
recovery approaches reach an endpoint of limited additional LNAPL
mass removal, still a significant portion of the LNAPL can continue to
reside in the form of residual or entrapped mass (Lenhard et al., 2018;
Sookhak Lari et al., 2020). Beyond and concurrent with active remedial
efforts, LNAPL mass depletion occurs via partitioning and biodegrada
tion of LNAPL components – and recently this has been referred to as
natural source zone depletion (NSZD).
NSZD of LNAPL includes biodegradation and partitioning of LNAPL
compounds in different phases and has received significant attention
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over the last decade (Garg et al., 2017; Sookhak Lari et al., 2019a). NSZD
starts immediately after the release and consists of a dynamic sequence
of complex biological processes. In some circumstances biodegradation
processes may shift to be dominated by methanogenesis (Garg et al.,
2017). Along with transport of volatile organic gases through the vadose
zone, methanogenesis (and subsequence methane and carbon dioxide
formation mainly adjacent to the LNAPL plume, known as direct out
gassing) can play a primary role in LNAPL mass loss (Garg et al., 2017).
The rate of NSZD through methanogenesis can be considerable in
comparison to the rate of LNAPL recovery close to the endpoint of active
LNAPL recovery from wells (e.g. 0.65 to 2.6 L/m2/year equal to 700 to
2800 gallons/acre/year) (Garg et al., 2017; Sookhak Lari et al., 2018b;
Sookhak Lari et al., 2020).
Regulatory decisions on whether the residual LNAPL mass may be
left in the subsurface is a function of the risk profile of the remaining
LNAPL and the rate of NSZD (Bekins et al., 2005). The rate of NSZD may
vary over time and is a complex function of the LNAPL composition and
saturation, and the presence of electron acceptors and nutrients (Freitas
et al., 2011a,b, Molson et al., 2002a,b). NSZD rates may be estimated via
a range of measurements and approaches (e.g., CRC-CARE 2018),
including, for example surface flux of carbon dioxide, temperature in
creases, and consumed and produced major gases (Davis et al., 2013;
Karimi Askarani and Sale, 2020; Knight and Davis, 2013; Kulkarni et al.,
2020; Rayner et al., 2020; Smith et al., 2021; Verginelli and Baciocchi,
2021). However, predicting future transitions in NSZD rates and LNAPL
risks, along with links to other remedial actions requires representative
modeling encompassing all of the key features of LNAPL dynamics and
associated NSZD mass removal processes. A critical review paper on the
state-of-the-art modeling approaches and studies on NSZD has recently
been published (Sookhak Lari et al., 2019a).
We present here for the first time a simulation platform to progress
towards a digital twin of all the relevant NSZD partitioning and
biodegradation processes linked to LNAPL multiphase processes occur
ring in the subsurface. We evaluate its performance and reliability
against published data and outcomes associated with the well charac
terised Bemidji site where crude oil was released into the subsurface
over 40 years ago (Baedecker et al., 2018; Essaid et al., 2011). We apply
a multi-phase multi-component multi-microbe and non-isothermal
modeling framework for the Bemidji site (the north pool); and charac
terise NSZD processes over the entire depth of the formation (saturated
and unsaturated). Our primary aim is to assess the feasibility of using
such a complex computational modeling framework to study real cases
and establish confidence in long term NSZD sustainability.

is developed. The level of the complexity applied in the digital twin is a
function of the computational infrastructure and collected data.
Nevertheless, this concept opens the way to real-time monitoring and
synchronization of real-world phenomena with virtual counterparts
(Boschert and Rosen, 2016; Grieves and Vickers, 2017; Liu et al., 2021;
VanDerHorn and Mahadevan, 2021). The concept is most-widely
applied in manufacturing or controlled engineering systems, but
despite this it has become a subject of interest in other fields such as
environmental engineering (Conejos Fuertes et al., 2020). Its application
to study NSZD is not yet reported (Liu et al., 2021).
Recently more than 30 codes were compared with respect to their
capabilities in addressing and mimicking major NSZD processes (Soo
khak Lari et al., 2019a). Among them, TMVOCBio showed the greatest
potential for developing digital twins for LNAPL-contaminated sites
undergoing NSZD. The most-recent parallel-processing version of the
code has been released with TOUGH3 (Jung et al., 2017).
Major features of TMVOCBio, now released as a part of TOUGH3
group of codes, include combining the multi-phase multi-component
non-isothermal modeling capabilities in TMVOC with a general modi
fied form of the Monod kinetic rate equation to simulate biodegradation
reactions. The code can account for various limiting factors such as
limitation by substrate, electron acceptor, or nutrients. The biodegra
dation may be simulated as a multiple Monod kinetic rate equation, or a
minimum Monod model. Biomass growth inhibition, toxicity effects and
competitive and non-competitive inhibition effects are included as
limiting factors. The temperature and moisture dependence of biodeg
radation processes are also considered (Battistelli, 2004; Jung and Bat
tistelli, 2017).
3. The model and governing equations
TMVOCBio is a finite volume numerical simulator (based on
TOUGH3) for multi-phase multi-component multi-microbe transport
phenomena at a Darcy scale. The substrate utilisation rate (rs) and
biomass growth/decay in the code are governed by (Barry et al., 2002;
Battistelli, 2004):
(
)(
)
X
S
E
rs = − μmax
(1)
I Ks + S KE + E
dX
= − Yrs − bX
dt

(2)

where X, E and S are the biomass, electron acceptor and substrate con
centrations respectively [M/L3], Ks and KE are the half-saturations of the
(
)
NC
is the nonsubstrate and electron acceptor [M/L3], I = − S+K
KNC

2. NSZD digital twin modeling platform and approach
A comprehensive review of possible modeling approaches was un
dertaken by Sookhak Lari et al. (2019a). To date, the most-applied
models include one-dimensional gaseous phase transport in the vadose
zone (Baedecker et al., 1993; Sihota et al., 2011) and two-dimensional
models focusing either on the saturated or unsaturated zone (Amos
and Mayer, 2006; Mayer et al., 2002; Molins et al., 2010; Ng et al., 2015;
Ng et al., 2014). The first includes two phase reactive transport of
aqueous and gaseous phases in the vadose zone and the second includes
reactive solutes transport in the groundwater. Following a recent review
paper on modeling NSZD (Sookhak Lari et al., 2019a) and a more recent
literature review, the authors are still not aware of a multi-phase (NAPL,
soil gas and water), multi component (NAPL components, soil gases and
solutes), multi-microbe (aerobic, anaerobic and methanogenesis) and
non-isothermal modeling platform being established or applied for a real
contaminated site.
Digital twin refers to a comprehensive (physical and functional)
description of a system, which includes all the most-useful information,
over the lifecycle phases. It is an emerging representation of cyberphysical systems and has attracted increasing attention very recently.
Through this concept, a digital representation of the system under study

competitive inhibition factor, KNC is the non-competitive inhibition co
efficient, μmax is the maximum specific growth rate [T− 1], Y is the
biomass yield coefficient and b [T − 1] is the first-order decay coefficient
(Blanc et al., 1996).
Multi-phase flow models can simulate the simultaneous transport of
aqueous, gaseous and LNAPL phases. The mass transport equation is
(Miller et al., 2013; Pruess and Battistelli, 2002)
]
[ N
p (
)
∑
∂Ci
Cβi vβ − D ∇Cβi
= ri
(3)
+ ∇.
∂t
β=1
where i and β refer to the component number k and phase β respectively
(with Np as the total number of phases), D is the (effective) diffusion
coefficient [MT− 1] and r is the sink/source term. The velocity v is
calculated through the Darcy law equation:
vβ = − k

krβ (

μβ

∇Pβ −

)

ρβ g

(4)

with constitutive relationships to relate relative permeability of each
2
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Fig. 1. Conceptual site model and position of the current modeling study with respect to previous studies at the site.

additional 1.4 × 105 L were also recovered (Essaid et al., 2011). The
remaining mass formed three separate LNAPL (oil) bodies, as residual
mass in the vadose zone and as plumes close to the capillary fringe.
The north pool of the LNAPL has been comprehensively studied
(Baedecker et al., 1993; Bekins et al., 2001; Bekins et al., 2005; Coz
zarelli et al., 2001). Several studies on the site include modeling efforts
to characterise the magnitude of NSZD at the north pool.
One-dimensional modeling on the effect of oil biodegradation are
numerous (Baedecker et al., 1993; Sihota et al., 2011). Two-dimensional
two-phase studies of the vadose zone mostly used MIN3P and
Min3P-Dusty to simulate reactive gas transport in the unsaturated zone
(Amos and Mayer, 2006; Mayer et al., 2002; Molins et al., 2010).
Comprehensive studies on reactive transport in the saturated zone are
also available (Ng et al., 2015; Ng et al., 2014). However, no multi-phase
multi-component modeling framework across the entire depth interval
of the vadose zone and groundwater has been applied.

phase, pressure (P, including capillary) and the phase saturation (Len
hard and Parker, 1990). Here, k and krβ are the absolute and relative
permeability to phase β ([L2] and [-] respectively), ρ and µ are the
density [ML− 3] and viscosity of phase β [ML− 1T− 1] and g is the gravity
acceleration vector [LT− 2]. The constitutive relationship (van Gen
uchten equation) between saturation and head (h = P /ρg) is
(
)n ]− m
Sijj − Sm [
= 1 + αij h
, i, j = G, Aq, N, i ∕
=j
1 − Sm

(5)

ij

where Sj represents the effective wetting phase fluid saturation, n is a

constant, m = 1/n − 1 and Sm is the irreducible saturation (of the wet
ting phase).
The three-phase fluid flow requires the relative permeability to be a
function of phase saturation. We apply the van Genuchten-Muallem
equation in the model for the relative permeabilities to gas (G),
aqueous (Aq) and LNAPL (N) phases (Jung and Battistelli, 2017; Parker
and Lenhard, 1987):
)2m
√̅̅̅̅̅̅(
1/m
krG = SG 1 − SL
(6)

krAq =

krN =

)m )2
(
√̅̅̅̅̅̅̅(
1/m
SAq 1 − 1 − SAq

)m (
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅((
)m )2
1/m
1/m
1 − SAq
SL − SN
− 1 − SL

4.1. Site stratigraphy and soil characteristics
The lithology of the site is reported in numerous documents (Dillard
et al., 1997; Essaid et al., 2003). A more recent publication also provides
further details of the site measurements studies over a 25-year period
(Essaid et al., 2011). Studies suggest that the average horizontal intrinsic
permeability at the north pool is 10− 12 m2, with the vertical perme
ability one order of magnitude lower. As schematically depicted in
Fig. 1, there is also a low permeability lens with a permeability of 10− 13
m2 (Essaid et al., 2003; Molins et al., 2010; Ng et al., 2015). It is sug
gested that the gas bubble formation at the vicinity of the LNAPL plume
diminishes the permeability (Amos and Mayer, 2006; Essaid et al., 2003;
Mayer et al., 2002). This phenomenon has also been observed during
active remediation (Krol et al., 2011). In contrast with modeling pack
ages like UTCHEM, TMVOCBio does not directly consider the effect of
discrete gas bubbles on reducing the permeability (Sookhak Lari et al.,
2019a). Following preliminary simulations, and accounting for these
effects the permeabilities here were taken to be one order of magnitude
lower than more permeable portions of the formation. The reported
porosity is also 0.38 (Essaid et al., 2003).
Ranges for the soil characteristic curve (van Genuchten) parameters
have been variably reported for the site. We use the values reported in
Molins et al. (2010), α = 3.0 m− 1 and n = 2.0. The average hydraulic
gradient of the water table is reported to be 0.0035 m/m, with the water
table elevation of 424 m (above the sea level) on the left boundary
(Essaid et al., 2003). Thermal heat conductivity of the site (from the
water table to the surface) ranges from 0.4 to 2.0 W m− 1 ◦ C− 1 (Jones
et al., 2014; Warren and Bekins, 2015). We consider a heat conductivity
of 0.8 W m− 1 ◦ C− 1 to give more weight to the LNAPL zone (where the
heat is generated). We consider a background uniform temperature of 9
◦
C (Warren and Bekins, 2015).

(7)
(8)

where the saturations are in their effective form, with L representing the
total liquid (Parker and Lenhard, 1987). The model includes partitioning
of compounds in three phases, by considering equilibrium conditions
(Raoult’s and Henry’s law) (Jung et al., 2017; Lekmine et al., 2017;
Sookhak Lari et al., 2015; Sookhak Lari et al., 2017). Here the phase
mole fraction, vapour pressure and solubility of the compounds drive
their concentration in other phases. Information for the LNAPL com
pounds may be found in the Supplementary Materials (INFILE) (Pruess
and Battistelli, 2002).
Values for the biodegradation variables are reported in Table A1.
Also the reader is referred to the attached model files (mainly INFILE)
and the code manual (Jung and Battistelli, 2017) for complementary
details. Geophysical properties are discussed in Section 4.1. The multi
component properties of the LNAPL are discussed in Section 4.2. Details
of the microbial processes are presented in Section 4.3. The modeling
domain and features are discussed first.
4. Features of the Bemidji site
A crude oil LNAPL accidental release occurred in August 1979 near
Bemidji Minnesota (USA). It was estimated that 1.7 × 106 L was released
and that remediation removed about 1.2 × 106 L. Later in 2000s, an
3
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Fig. 2. Depth section of the estimated initial LNAPL plume saturation distribution. The upper black line is representative of the ground surface. The colorbar shows
the LNAPL saturation [-].

Fig. 3. Depth section of the aerobic (left) and methanogenic (right) microbial colonies (kg biomass / kg aqueous phase) after 7 and 27 years of simulation. The upper
blue solid line is the ground surface, and the blue dashed line is the water table.

4.2. Multi-phase LNAPL compositions

saturation less than 0.1%) across the entire formation, with a bioavail
able mass of 0.0288 and 0.001 mol per litre volume of the aquifer
respectively (Ng et al., 2015). We also consider four major gases, ni
trogen, oxygen, carbon dioxide and methane to be present or to be
evolving in the subsurface.

It is estimated that 40% of the initial LNAPL released resided in the
unsaturated zone (Ng et al., 2015). Data on the spatial distribution of the
LNAPL saturation in the vadose zone and the saturated zone (Baedecker
et al., 1993; Molins et al., 2010; Ng et al., 2015; Ng et al., 2014) were
averaged to reproduce the initial LNAPL plume, as depicted in Fig. 2.
Following the approach in Ng et al. (2014), the crude oil was
assumed to be composed of BEX (benzene, ethylbenzene and xylene,
represented by C6H6), toluene (C7H8), precursors of non-volatile dis
solved organic compounds (preNVDOC, C19H24O6), short-chain
(C11H25) and long-chain alkanes (C15H32) and residual NAPL (with a
molar weight of 341 g/mole). The reported molar fractions of these are
0.35%, 1.0%, 40%, 7.4%, 10.0% and 40.0% respectively. Major mineral
electron acceptors are Fe3+ and Mn4+ salts. In order to embed such
minerals reduction reactions into TMVOCBio (which is not directly
possible), we assume these are quasi-LNAPL compounds (with a

4.3. Biodegradation processes and microbial dynamics
Monod-based biodegradation processes and growth and decay of
counterpart microbial colonies, including non-competitive inhibitors,
are considered, including aerobic degradation, Fe(III) and Mn(IV)
reduction, and methanogenesis. Overall, 20 processes were included as
part of the TMVOCBio simulation platform: (i) aerobic degradation, Fe
and Mn reduction and methanogenesis of BEX, toluene and short-chain
alkanes, (ii) aerobic degradation and Fe reduction of long chain alkanes,
(iii) aerobic degradation of methane, (iv) methanogenesis of long-chain
alkanes and (v) aerobic degradation, Fe reduction and methanogenesis
4
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Fig. 4. Depth section of the mole fractions of oxygen (O2), methane (CH4), carbon dioxide (CO2) and BEX in the gaseous phase at 27 years of simulation. The upper
blue solid line is the ground surface, and the blue dashed line is the water table.

Fig. 5. Depth section for temperature (TEMP – left panel) and LNAPL saturation (SN – right panel) at the end of simulation. The upper blue solid line is the ground
surface, and the blue dashed line is the water table.

Fig. 6. Depth section of the mole fraction of methane (CH4 – left panel) and oxygen (O2 – right panel) in the aqueous phase after 27 years of simulation. The blue
dashed line is the water table.
Table 1
Comparison between the model outputs and interpolated measurements (year 27) reported in the literature. Z = 426 m (2 m above the groundwater table) for the first
three variables and Z = 422 m (2 m below the groundwater) for the last two variables.
Oxygen (g)
Mole frac.
CO2 (g)
Mol frac.
CH4 (g)
Mole frac.
Temperature increase ( ◦ C)
DO mM

X (m) =

− 40

− 20

0

20

40

Ref.

Measurement
Model
Measurement
Model
Measurement
Model
Measurement
Model
Measurement
Model

<0.01
0.005
0.1
0.12
0.05
0.05
1.5
1.8
<0.1
0.003

<0.01
0.004
0.15
0.14
0.05
0.08
2
2.3
<0.1
0.001

<0.01
0.001
0.10
0.16
0.10
0.14
3
2.8
<0.1
0.001

<0.01
0.001
0.15
0.16
0.10
0.12
2.5
2.4
<0.1
0.002

<0.01
0.009
0.10
0.11
0.05
0.05
2.2
1.9
<0.1
0.005

(Jones et al., 2014; Molins et al., 2010)
–
(Jones et al., 2014; Molins et al., 2010)
(Jones et al., 2014; Molins et al., 2010)
–
(Warren and Bekins, 2015)
(Ng et al., 2014)
–

of NVDOCs. We also consider a constant rate of preNVDOC to NVDOC
conversion (Ng et al., 2015). The description, stoichiometry and reac
tion constants are summarised in the Appendix (Tables A1 and A2)
(Essaid et al., 1995; Molins et al., 2010).
The non-competitive inhibitors include oxygen for Fe(III) and Mn

(IV) reduction and methanogenesis, Mn(IV) for Fe(III) reduction and
toluene and short and long chain alkanes for the conversion of pre
NVDOC to NVDOC (Essaid et al., 1995; Ng et al., 2015). The heat gen
eration rate for aerobic degradation of methane is reported to be 865
kJ/mol (Warren and Bekins, 2015).
5

K. Sookhak Lari et al.

Water Research 208 (2022) 117853

Fig. 7. Temporal variation of modeling results (non-filled markers) of the methane and carbon dioxide (both in the gaseous phase - moles carbon per one metre
width) (left), the percentage of the remaining LNAPL mass (middle) and the carbon loss (in kilomoles carbon per metre width) (right). Field measurements (year 27 filled markers) are from (Jones et al., 2014; Ng et al., 2014).
Table A1
Index of the components and reactions applied in the model.
Index

Components

Reaction

Index

Components

Reaction

1
2
3
4
5
6
7
8
9
10

Water
N2
O2
CO2
CH4
BEX
Toluene
Short alk.
Long alk.
preNVDOC

Aerobic degradation- BEX
Fe reduction- BEX
Mn reduction-BEX
Methanogenesis-BEX
Aerobic degradation- Tol.
Fe reduction- Tol.
Mn reduction-Tol
Methanogenesis-Tol.
Aerobic degradation- Short alkanes.
Fe reduction- Short alkanes.

11
12
13
14
15
16
17
18
19
20

Residual
Fe III
Mn IV
Fe II
Mn II
NVDOC
–
–
–

Mn reduction- Short alkanes
Methanogenesis- Short alkanes
Aerobic degradation- Long alkanes
Mn reduction- Long alkanes
Aerobic degradation- Methane
Methanogenesis- Long alkanes.
Aerobic degradation- NVDOC
Fe reduction- NVDOC.
Methanogenesis- NVDOC.
PreNVDOC=> NVDOC

Total number of grid cells is 15,600. The simulation time is 27 years
(~10,000 days), consistent with the majority of the studies for the
Bemidji site. The boundary conditions are of Dirichlet type. TMVOCBio
was activated on the CSIRO Pearcey cluster, which is a 20-core / node
machine. We used 15 nodes and the total wall time was around 300 h.
All the input and output files (MESH, INCON, INFILE, SAVE, GENER) are
provided as Supplementary Material.

dioxide and BEX in the gaseous phase. Oxygen concentrations are
depleted in the vicinity of the LNAPL. The maximum lateral extent of the
oxygen depletion near the depth of the water table is about X = 70 m;
beyond this distance atmospheric oxygen penetrates nearly to the depth
of the water table. Methane concentrations in the gas phase largely
envelope the LNAPL saturation distribution in and above the capillary
fringe. This also coincides with the maximum methanogenic microbial
colony biomass and where oxygen is less abundant.
The pattern and magnitude of the oxygen and methane gas concen
trations are consistent with reported measurements in Jones et al.
(2014) (Fig. 2) and Molins et al. (2010) (Fig. 3) (also see Table 1). This
also aligns with the methane production zone at the site (Jones et al.
(2014) (Fig. 3). Evolution of these gas-phase profiles over time is
visualised in video clip #2 in the Supplementary Materials. The video
clip also includes the simulated evolution of BEX, carbon dioxide,
methane, toluene and short-chain alkanes in the gaseous phase over
time. Together, Figs. 3 and 4 depict the balance of methane production
and degradation and oxygen depletion.
Fig. 5 shows depth sections of the temperature and LNAPL saturation
after 27 years but additionally for temperature over even deeper depths
below the water table. The maximum temperature is observed around
the LNAPL plume in the vadose zone extending from approximately − 40
to +35 m This is the active biodegradation zone for methane production
but also overlaps with the zone of methane oxidation. The temperature
profile in the aqueous phase is consistent with the reported values in the
literature for the Bemidji site (e.g. Fig. 6 in Warren and Bekins, 2015)
(also see Table 1). The LNAPL saturation (SN) plume near the water
table expands slightly downgradient (compared to the initial distribu
tion in Fig. 2) due to groundwater flow but the change is marginal. This
is also where the LNAPL saturation is higher and hence the relative
permeability of the LNAPL phase is greater. Video clip #1 in the

5. Results and discussion
5.1. Description and intercomparison
Results are presented for microbial population distributions (Fig. 3),
soil gas concentration changes (Fig. 4), temperature and LNAPL satu
rations (Fig. 5) and dissolved concentration changes (Fig. 6). Largely,
predictions are shown at the end of the simulation – after 27 years where
field data are available for comparison.
Fig. 3 shows depth section profiles of aerobic and methanogenic
microbial colonies after 7 and 27 years of NSZD. The aerobic microbes
mostly reside in the upper part of the vadose zone, shaped like a dome
covering the LNAPL saturation distribution. This reflects the abundance
of oxygen at shallower depths, but also reflects the zone where microbes
oxidise methane gas that migrates to shallower depths of the soil profile.
The methanogenic microbial colony increased its biomass over time.
It’s distribution largely coincides with the LNAPL saturation zone, where
methane is produced. It is also where the soil permeability to the gas
phase and abundance of oxygen is lower. The methanogens grow first in
the vicinity of the groundwater table and expands upwards through the
vadose zone as time proceeds. Evolution of the microbial colonies over
time is visualised in video clip #1 in the Supplementary Materials.
Fig. 4 shows the depth section profiles of oxygen, methane, carbon
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Supplementary Materials visualises the evolution of the temperature and
LNAPL profile over the 27 year period.
Fig. 6 shows methane and oxygen concentration depth section dis
tributions in the aqueous phase. For methane, the aqueous phase con
centration is observed in the soil moisture of the vadose zone (due to
equilibrium with the gas phase) and the groundwater in the saturated
zone. The vertical and horizontal extent of the methane and oxygen
profile in the saturated zone is consistent with the measurements reports
for Bemidji (Fig. SI2 (measurements)) by Ng et al. (2015). Note that the
horizontal groundwater flow at the LNAPL zone deviates towards the
depth due to the preferential flow direction in higher relative perme
ability direction. Also, the growth of methanogen microbial colonies at
depth causes methane formation. The lateral and vertical extent of the
oxygen depletion region in the aqueous phase is generally consistent
with the measurements in the literature. The measurements and
modeling results in (Ng et al., 2014) (Fig. 5) and (Ng et al., 2015)
(Figs. 2, SI2 and SI3) show that the aqueous oxygen-depleted and
aqueous methane plume in year 27 reach 418 m and 80 m in Z and X
directions respectively. However, the results here show slightly smaller
plumes in the aqueous phase, although the overall plume architecture is
replicated. This is potentially due to the assumption we made on the
intrinsic permeability in X direction, which may be improved in a cali
bration trial.
In the vadose zone, the oxygen depletion zone in the gaseous and
aqueous phases are consistent. Video clip #3 in the Supplementary
Materials visualises the evolution of methane and oxygen concentrations
in the aqueous phase over time. The video clip also shows aqueous phase
concentration transitions for BEX and short chain alkanes.
Fig. 7 shows the temporal variation of modeling results (non-filled
markers) vs. the final measurements (filled markers Jones et al. 2014,
Ng et al. 2014) of methane and carbon dioxide (both in the gaseous
phase) in moles carbon per metre width, the percentage of the remaining
LNAPL and the carbon loss in kilomoles carbon per metre width. Overall,
despite a lack of model calibration and parameter adjustment, an
acceptable consistency is observed between the field measurements and
the modeling results. This is additional to good comparisons indicated
earlier for depth section gas, aqueous and other field measurements.
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As shown by the agreement of model estimates and site measure
ments, the underlying processes governing NSZD at the Bemidji site
seem to be reasonably well represented by the digital twin computa
tional modeling platform. Of course, some elements of the model are
difficult to validate such as microbial community populations/biomass
for each individual community. Often consortia of microbes are
involved in biodegradation processes, not just a few groups (Bruck
berger et al., 2021). Regardless, as indicated in several figures (e.g.,
Figs. 5–7), predicted model estimates for temperature and gaseous
concentrations as well as integrated properties (remaining oil and cu
mulative carbon dioxide efflux) are in close correspondence to the site
measurements. For such a case it could be argued that the underlying
assumptions about microbial communities and the rates at which they
operate are reasonable (albeit bulked) approximations within the model
structure.
The success of the modeling strategy in developing a digital twin for
a complex LNAPL-impacted subsurface system relies on the represen
tativeness of the conceptual model and the governing equations. This
needs to link to adequately comprehensive data and information. For
subsurface systems such as the one here, phenomena are studied at a
Darcy scale. This enjoins that the fundamental governing equations
(such as the (Navier-)Stokes equation for the flow field) are upscaled
(Xiong et al., 2016; Yan et al., 2017). Consequently, parameters become
averaged or are lumped. A good example is the pore scale architecture
translated (through empirical constitutive relationships) to bulk co
efficients such as tortuosity and permeability (Tartakovsky et al., 2013).
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5.2. Brief discussion

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20

Table A2
Stoichiometry of the biochemical reactions. Column 1is the reaction index (see Table A1), S (column 2) represents the primary substrate index (Table A1), React. represents the type of reaction (A: aerobic, Fe: Fe reduction,
Mn: Mn reduction and Met: methanogenesis), columns 4–19 represent the moles of the substrate indexed in the column header (negative values show production and positive values show consumption), µm (× 10− 6) is the
maximum specific substrate degradation rate, Ks1,2 (× 10− 6) represent the half saturation of the primary and secondary substrates, nC 1–3 represent the non-competitive inhibitor index (Table A1) and KnC1–3 represent the
non-competitive inhabitation coefficients. Please refer to the code manual (Battistelli, 2004) and the provided files (SAVE and INFILE) for further information.
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Such scaling seems to have been well enough represented via processes
and parameter values used in the model simulations.
Some of the assumptions resulting in Darcy scale modeling of multiphase systems have been extensively studied. For instance, it is believed
that the equilibrium partitioning assumption holds (Lekmine et al.,
2017). However, subsurface modeling at a Darcy scale still has some
limitations with respect to the constitutive relationships. For instance, it
is not very clear how changes in the LNAPL composition would change
the hysteresis and capillary effects over the time (Sookhak Lari et al.,
2016a). This has not been included in the simulations here, but may be
important in certain circumstances – such as where water tables or soil
moisture might be dynamic.
Furthermore, biochemical processes like chemotaxis, changes of the
geophysical properties due to e.g., changes in the biofilms thickness and
the food-chain are not yet thoroughly quantified at a Darcy scale (Bahar
et al., 2016; Essaid et al., 2015; Tartakovsky et al., 2013; Wang et al.,
2016). These parameters are still mostly lumped into e.g., yield and
decay coefficients of the microbial colonies. Even for a comprehensively
studied site like Bemidji, some discrepancies may be observed in the
ranges of the biochemical parameters (Essaid et al., 2011). A possible
reason is that these lumped parameters are non-linearly interconnected
and (from a mathematical point of view) it is possible to have ranges for
the parameters, while the overall modeling output remains reasonable.
However, a universal approach across sites, either requires a modeling
concept with the least number of lumped parameters or comprehensive
site characterization to determine such parameters.
Regardless, as indicated earlier, the implication for the Bemidji site is
that the key acceptable processes (NAPL, air, water mobility; parti
tioning; biodegradation in soil and groundwater) when linked together
in the digital twin platform with parameter values in reasonable ranges
have reproduced field-measured components (such as NAPL compo
nents, oxygen and evolved gases) with required reliability. Through the
approach discussed here and the supplementary information supplied, it
is possible to simulate and predict NSZD processes over long periods, for
example over decades. It is technically possible to investigate the tradeoff between active multi-phase remediation approaches and NSZD to
enhance the LNAPL mass recovery and minimise costs, energy con
sumption and the broader carbon footprint of management at petroleum
impacted sites. The digital twin platform for this (and any similar) site
enables optimizing management plans (Sookhak Lari et al., 2019b). For
instance, it may be that selective targeting of LNAPL components
through active remediation, yields higher overall NSZD mass removal
over time. The fully-developed digital twin would be a reliable, efficient
and non-invasive affordable approach for better assessment of such
management options.

multi-microbe and non-isothermal modeling framework by simulating
the well characterised oil-contaminated Bemidji site. With little cali
bration, the digital twin simulation platform matched Bemidji field data
for soil gas and aqueous phase concentrations, temperature and overall
LNAPL and carbon dioxide mass estimates. The approach is computa
tionally affordable, applicable and feasible for NSZD. It provides a
platform to estimate the longevity and changes to NSZD rates over de
cades to centuries, and a platform that offers the potential to co-simulate
NSZD and other remedial option scenarios concurrently. The latter
promises to assist decision making regarding residual risk from LNAPL
and in deciding when to cease active remedial activities compared to
ongoing management of LNAPL mass and risk using an NSZD approach.
Future work is still needed to develop a solid basis for real digital
twins for complex systems such as the one studied here. This is mainly
needed in two fields: 1- advancing the underlying physics and governing
equation to include processes such as chemotaxis, food chain, bubble
formation and mutations in the microbial colonies and 2- more
comprehensive constitutive relationships for multiphase systems (Soo
khak Lari et al., 2019a). Furthermore, the core model applied here does
not have the capabilities to include biochemical kinetic reactions, such
as those in TOUGHREACT (Xu et al., 2004).
Due to its complex and multi-disciplinary nature, advancing the
digital tools to study subsurface system requires significant motivation
and resourcing. Here, it is noted that about one-third of global methane
released is by methanogenesis from soils, (Bossio et al., 2020). A
considerable portion of this is anthropogenic, such as LNAPL release
incidents. A study on global distributed oil-contaminated lands may
provide momentum to accelerate and motivate advances in capability.
The study presented contributes to this.
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