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Abstract- A new civil airport will be developed in Montijo, 30km 

south of Lisbon. The airport and the supporting infrastructure 

may pose a contamination risk for the underlying aquifer system, 

an important water source. Airports are a source of a variety of 

contaminants, the most common of which are hydrocarbons. The 

objective is to estimate the vulnerability of the main aquifer to 

hydrocarbon contamination due the airport and related 

infrastructure, specifically those in the form of non-aqueous 

phase Liquids (NAPLs) or oils. Vulnerability to a certain 

contaminant is an inherent property of the aquifer and here, has 

been considered a function of geology. NAPLs do not travel like 

soluble contaminants. Their physical properties cause them to 

flow independently from water. Common methods of assessing 

vulnerability like DRASTIC or AVI are unsuitable for NAPLs. 

So, the objective has been achieved through stratigraphic 

modelling and subsequently, 1-D hydrocarbon flow modelling at 

numerous points representing different geologies. The 

contaminated depth at each point was interpolated to obtain 

contaminated depth maps and contaminated strata maps. The 

factors affecting the depth, amount and rate of contamination 

spread were studied using the hydrocarbon flow model. This was 

done by studying the flow of oil and water through sediments 

arranged differently with respect to each as well as the water 

table. NAPLs can be lighter (LNAPL) or denser than water 

(DNAPL). Mass density is an important factor for NAPL 

transport through aquifers, with LNAPLs flowing very 

differently from DNAPLs. This research used the most abundant 

airport contaminant from each category as a proxy to study the 

behavior of their respective categories. Therefore, vulnerability 

to LNAPLs and DNAPLs has been assessed separately. It was 

found that activity within the airport premises does not pose a 

threat to the main aquifer in the region. The aquifer is vulnerable 

to both LNAPLs and DNAPLs in Northern and South-Eastern 

parts of the study area. In addition, The eastern part of the study 

area is vulnerable to DNAPL contamination. 

Index Terms- New Lisbon Airport, NAPL, vulnerability, 

variably-saturated media, multiphase flow.

I. INTRODUCTION

The current Lisbon airport has reached its maximum capacity, 

and air traffic in Lisbon is projected to increase. Therefore, it has 

been proposed that the Military Airport located in Montijo be 

extended for civilian purposes as the New Lisbon Aiport (NLA). 

The airport will be situated on a part of the Tagus-Sado aquifer, 

the most important aquifer in Portugal. This aquifer is the chief 

water source for every city, agricultural land or industry locate in 

this region because it is abundant in good quality water. The 

airport and the supporting infrastructure may pose a 

contamination risk for the underlying aquifer system. The 

expected contaminants expected to be released by the ground 

activity includes carcinogenic hydrocarbons, heavy metals other 

contaminants that have long-term health risks. The health risk is 

exacerbated because removing contaminants from aquifers is 

often expensive and slow. Therefore, risk factors for such a 

contamination should be understood before planning 

infrastructure. 

The objective of this research is to estimate vulnerability of the 

main aquifer to contamination from the airport and related 

infrastructure. Vulnerability to a certain contaminant is an 

inherent property of the aquifer, independent of the pressures on 

it. The scope of this research is limited to vertical flow of 

hydrocarbons from the surface, specifically those in the form of 

non-aqueous phase Liquids (NAPLs) or oils. The specific 

research questions are- “Will NAPLs deposited on the surface 

travel downwards and contaminate drinking water? If so, where 

and in how much time?”, “Which areas are more likely to get 

contaminated, given a uniform worst-case scenario throughout 

the study area?”, “In the given context, what are the controls of 

NAPL flow?”  

NAPLs cannot be treated as other soluble contaminants. They 

have different physical properties and therefore flow 

independently from water, therefore common methods of 

assessing vulnerability like DRASTIC or AVI are unsuitable for 

NAPLs. NAPL flow through soil and groundwater depends on 

the contaminant’s mass density. It can be lighter (LNAPL) or 

denser than water (DNAPL). This research used the most 

abundant airport contaminant from each category as a proxy to 

study the behavior of their respective categories. Therefore, 

vulnerability for LNAPLs and DNAPLs has been assessed 

separately.  

The study area has been shown in Figure 1. The climate is Hot

summer Mediterranean, (Köppen-Geiger-Csa). The land cover 

is mixed. The built-up area consists of towns, industrial areas, 

roads and the airport. There is agricultural land with crops 

pastures and agro-forests. There are drylands with limited 

vegetation, bushy areas, wetlands, waterbodies and forests. 

The elevations range from 0m near the river to 70m as seen in 

Figure 2. The terrain is mostly flat as is expected of fluvial 

deposits. The study area is a part of the Tagus-Sado (left 

bank) aquifer system, which is almost completely 

covered by Quaternary (Pleistocene and Holocene) and 

Pliocene sediments, with small outcrops of Miocene 

sediments. Within the study area, only Quaternary sediments 
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exist, constituted by recent dunes, recent alluvium and 

Pleistocene sediments. 

In the study area, the aquifer is sandy but interbedded with clay. 

Clay exists as lenses. Further, the discontinuity in the confining 

clay layer is enhanced by the large number of wells in the region. 

There are at-least 850 wells in the region, many are poorly 

constructed or have screens in multiple sandy layers. The effect 

is that in localised areas, deeper parts of the aquifer behave as 

confined aquifers, but overall, it is a semi-confined to unconfined 

aquifer. The sediments are of fluvial origin with no tectonic 

influence. They are therefore horizontal, with the oldest 

sediments at the bottom. 

Figure 1 The study area 

The hydraulic conductivity of the aquifer system is high. 

Transmissivity of the region has not been quantified but, from 

studies conducted in nearby Almada, Seixal and Barreiro region, 

with similar geology and conditions, it is expected to be higher 

than 864 m2/day (Almeida et al. 2000). 

More than 850 wells exist in the region many near the airport 

premises. Well-head protection zones are known only for the 

municipal boreholes. Some are intersected by main roads. One of 

them partially lies within the airport premises.  

Airport operation and maintenance activities release 

hydrocarbons and heavy metals in the soil and groundwater. The 

most common contaminants have been indicated in Figure 3. 

Since the thesis focuses on NAPLs, an equal parts mix of 

Benzene, Toluene, Ethlyl benzene, Xylene (BTEX) has been 

chosen to represent light NAPLs (LNAPL) and 

Trichloroethylene (TCE) has been chosen to represent Dense 

NAPLs (DNAPL) because they are the the most common airport 

contaminants in their respective categories. 

Figure 2 Topography 

Figure 3 Reported occurrence of contaminants of concern associated 

with each origin. F&O: fuels and oils, ADAF: anti-icing and de-icing 

fluids, PFC: perfluoro chemicals (Nunes et al. 2011) 

After entering the soil-groundwater system, hydrocarbon 

transport underground depends on the following fluid properties 

(Wheaton 2016): 

• viscosity,

• density,

• surface tension,

• interfacial tensions,

• solubility,

• half-life,

• NAPL-water-gas partitioning properties.

In soil and aquifers NAPL flow is controlled by gravitational and 

capillary forces (Katyal, Kaluarachchi, and Parker 1991; 

Wheaton 2016). So, the first four properties are the most relevant 

to this research. Some materials will readily imbibe NAPLs and 

drain out water (oil-wet), others prefer to retain water on the 

grain surfaces (water-well). Oil wet sediments will retain more 

immobile NAPLs. Some materials like oil wet clay may retain 

greater saturations of NAPLs, in dead end pores and on the 
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surfaces of sediment grains (Schlumberger 2016; Wheaton 

2016). DNAPLs being denser than water try sink to the bottom of 

the aquifer or get accumulated on top of impermeable lens that 

they may encounter in their downward flow path (Huling and 

Weaver 1991). LNAPLs tend float above the water the water 

table, on the capillary fringe. However, it may displace some 

water below the capillary fringe and water table depending on 

weight of the overlying NAPL and capillary forces until 

hydraulic equilibrium has been achieved (Newell et al. 1995). 

II. METHODOLOGY

The area is constituted by sediments of recent fluvial deposits, 

with no tectonic activity. So, the layer interfaces is considered to 

be flat or have localised gentle slopes. Lenses are present but the 

ones with small thickness have been eliminated in order to 

simplify the geology complexity. 

In the simulation, the aquifer will be treated as an unconfined 

aquifer because of the large number of discontinuities in the 

confining layer. The clay layer occurs as discontinuous lenses, 

and even the clay lenses are interrupted by a dense network of 

wells that have screens in all the productive layers, thereby 

connecting all the aquifers. 

The water table is assumed to be aligned with the topography. In 

the simulation, it lies at a depth of 5m throughout a simulation 

time of 400 days. It is known that the water table in the region is 

at shallow depths, 2-5m. Both saturated and unsaturated zones 

have been considered. 

The aquifer is semi-confined, and the groundwater flows 

westwards into the Tagus. Although this information is not 

directly used in the simulation, it can be used to draw some 

conclusions from the simulation results. 

A. Stratigraphic modelling

Reliable data about wells in Montijo and Alcochete 

municipalities was obtained from private drilling companies, and 

the municipalities. Inside the study area 98 such borelogs were 

available as seen in Figure 4. The following information was 

used: 

• X-Y coordinates of the wells

• depth of each borehole

• Bore logs in terms of depth of the top of each layer and its

material.

Figure 4 Boreholes with reliable information available, within the study 

area. 

The SRTM- 1 Arc Second Digital Elevation model was 

downloaded from USGS earth Explorer. It has a 25.7m 

resolution. The DEM was used to derive the elevation of the 

boreholes and the top of each layer (metres above mean sea 

level). This information was used to model the stratigraphy of the 

area, using GMS 10.4 -64 bit version (Aquaveo 2019). 

The stratigraphy was simplified enough to model the behaviours 

of fluid over the study area and draw conclusions at the 

appropriate areal scale. However, it did not completely ignore the 

areal and vertical heterogeneity. It also followed the general 

principals of geology. The layering was horizontal and 

continuous as far as possible. Smaller lenses were eliminated.  

These boreholes had different textures of sand, and clay. Some of 

them had marl and limestone, usually in association with each 

other and clay. Often, the contacts between the different strata of 

sand and clay were indistinct. The layers were separated by a 

transition zone with gradational interbedding.  

To simplify and reduce the number of materials, the layers were 

classified into three categories, namely, sand, clay and marl. The 

following rules were observed for grouping the materials. 

• Fine, medium and coarse sands, gravel as well as sandstone

were clubbed as a single category ‘sand’ with properties of

clean medium sand.

• ‘Clay’ included clay and sometimes fine sand, if it was

present within a relatively large clayey unit.

• The category ‘marl’ included marls, limestones and the clays

associated with them.

The boreholes exhibited alternating sand and clay strata, so a 

sequence of deposition was established. First, the boreholes at 

the highest elevations were observed. Their top layers consisted 

of sand. This layer was named sand 1, and it was established that 

it would be the top-most layer in the stratigraphic sequence. Then 

the bottoms of the deepest boreholes were observed. The bottom 

layers consisted of marls with a clay layer above them. Boreholes 

with marl present were few and a localised. In other deep 

boreholes the bottom layer was clay. Therefore, it was 

established that the Marl will be the lowest in the entire sequence 

and clay the second lowest. 
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After the boreholes were edited, their layering followed the 

sequence sand1-clay1-sand2-clay2-sand3-clay3-marl (top to 

bottom). The boreholes were edited considering the layers’ 

vertical boundaries, as well as the neighboring boreholes so that 

continuous layers could be formed. 

After editing the boreholes, horizons were assigned, and cross-

sections were constructed automatically. The cross-sections were 

fine-tuned and used to construct solids, with the top surface 

bound by a TIN developed from the DEM, and bottom boundary 

of the solid determined by the boreholes’ bottoms. 

The resultant stratigraphic solids can be seen in Figure 5 and 

Figure 6. The cross-sections derived from the solids have been 

shown in Figure 7. Sand1 represents the top unconfined aquifer, 

clay1 and clay2 (deeper) represent the discontinuous confining 

layers, sand2 and sand3 are the semi-confined aquifers used for 

the region’s abstractions. 

Figure 5 Plan view of the stratigraphic model. Pink-Sand 1, green- clay 

1, blue-sand 2 

Figure 6 Oblique view of the stratigraphic model (4x exaggeration) 

legend same as Fig 5. 

Figure 7 Cross-sections derived from stratigraphy solids (4x vertical 

exaggeration) legend same as Fig 5. 

B. Simulation

Vulnerability varies with location. So, instead of a single 

pressure inside the airport premises, the entire study area has 

been subjected to the same worst-case accident in the simulation 

to allow comparison between locations. The simulation has been 

done separately for DNAPLs and LNAPLs, represented by 

trichloroethylene (TCE), and BTEX respectively. 

According to the scenario, NAPL in a regular 35m3 capacity 

tanker has been spilled on the ground over a 5m x 5m area. The 

NAPL has not been cleaned and has been allowed to infiltrate for 

400 days at 0m head on the surface (water equivalent height). It 

has not been subjected to leaching by rainfall. 

The simulations have been run at 72 equidistant points spread 

over the whole study area. The points lie on a square grid, with 

1km distance between adjacent points, as shown in Figure 8. At 

each point the domain of the problem is a vertical section with 

the water table at a constant depth of 5m. There is a single 

column that extends from the surface until the bottom of the 

stratigraphic model. This column has layers of different materials 

in accordance with the stratigraphic model. Oil flow proceeds 

according to pressure-potential heads and capillary heads, as 

governed by the fluids (oil and water), and their interaction with 

the surrounding materials. 

At the end of each of the 72 simulation, the depth travelled by 

each contaminant was recorded. These contaminated depths were 

interpolated through the study area to obtain a contaminated 

depth map for each contaminant. The contaminated depth maps 

were combined with the stratigraphic model to obtain 

contaminated strata maps. This map indicated which layer got 

contaminated and where in the study area. 
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Figure 8 Locations of simulation for each scenario 

a. MOFAT Model

The model used is MOFAT, developed by Virginia Polytechnic 

Institute, and recommended by the US EPA (Weaver and 

Charbeneau 1994; Wilson and Chapelle 1998). It is a two-

dimensional finite element program for multiphase flow and 

multicomponent transport (Katyal, Kaluarachchi, and Parker 

1991). The scope of this research is limited to non-reactive, 

vertical, multiphase flow of water and NAPLs through variably 

saturated media, i.e both in the saturated and unsaturated zone. In 

the model, liquids are assumed to be incompressible. 

The flow is governed by total pressure and elevation heads. The 

hydraulic gradients are calculated separately for oil and water. To 

make them comparable, NAPLs’ pressure and elevation heads 

are calculated as water equivalent heads. Conductivity is 

calculated separately for water and oil in each element. It 

depends on the fluids’ saturation, relative phase permeabilities, 

saturated water conductivity of the material, and phase viscosity.  

A part of the pressure head is the phase’s capillary head. The 

classic van Genuchten model (van Genuchten 1980) gives water 

saturations and capillary pressure. In MOFAT, this model has 

been modified for 3-phases, oil-water and air systems. In 

addition to properties of the porous media, it combines surface 

tensions and interfacial tensions between the involved phases 

(Kaluarachchi and Parker 1989). MOFAT uses empirical 

equations to calculate given by (Land 1968) to calculate fraction 

of pore volume occupied by immobile oil. In the model, this has 

implications on conductivities of the involved fluids, capillary 

pressures, relative saturations of each fluid.  

b. MOFAT Model inputs

All values entered in the model follow the same units for 

measurement. The unit of mass is kg; of time, is day; length is m. 

All derived units (like that of hydraulic conductivity) use the 

same basic units. 

Spatial discretisation and model mesh 

A columnar domain was divided into multiple cells of 

dimensions 5m x 5m. The number of cells were as many as are 

required to completely cover the thickness of the stratigraphic 

model at the location of the simulation. These cells are 

‘elements’ and their corners are ‘nodes’.  

Boundary conditions 

MOFAT provides the option of constant head boundaries (Type 

1) or constant flux boundaries (Type 2). The type of boundary

needs to be specified for both the fluids separately. Because the

water table is located 5m below the surface and oil is believed to

infiltrate exclusively from the surface, all the nodes at or deeper

than 5m, were type 1 boundaries for water, and zero flux for oils.

A constant oil head (water equivalent height) of 0m is applied at

the top-most nodes. The pressure head of water increases linearly

with depth, despite the presence of a confining clay layer in the

stratigraphic model. This is because it is known that at the

regional level, it is an unconfined to semi-confined aquifer. So, it

is being treated as unconfined.

Fluid properties 

The fluid properties entered in MOFAT have been given in Table 

1. All the parameters’ values have been standardised to those of

water, as is required by the model. Viscosity describes the

resistance to flow experienced by fluids due to friction between

layers of fluids flowing past each other. Specific viscosity of a

fluid is that value divided by that of water. Relative gravity is the

mass density of a fluid divided by that of water at 4 degree

Celsius. βao is the fluid’s surface tension divided by that of

water. βao is the interfacial tension between the fluid and water,

divided by the surface tension of water. All the values have been

obtained from the MOFAT manual.
Table 1 Fluid parameter values for BTEX and TCE (all dimensionless)

Symbol Parameter BTEX TCE 

η Specific viscosity 0.7510 0.5900 

ρ Relative gravity 0.8728 1.4640 

βao Capillary pressure curve 

scaling parameters 

2.4884 2.4867 

βow 2.1520 1.5339 

Soil properties 

Three materials were added as per the stratigraphic model. Their 

properties have been given in Table 2. Unlike vertical 

conductivity, horizontal conductivity Kx is not going to be 

used by the model. However, since the code has been designed 

for 2-D modelling, it needs to be entered. For marls all 

parameters other than conductivity have been taken as the 

same as clay because little information about them was 

available. It is known that marls are lime-rich clays or lime rich 

mudstones. Therefore, they are assumed to have properties 

similar clay. The conductivity was taken to be that of deep 

marine clays, because both have similar composition and 

depositional environment.  

Apparent irreducible water saturation is the saturation of water 

that is held by adhesive forces and locked in dead-end pores. 

Water and oil create a film around the mineral grains due to 

adhesion with particles. Depending on the nature of particles, it 

may ‘prefer’ imbibing oil (oil-wet) or water (water-wet) This 

property is called wettability. The thickness of the film depends 

on the viscosity. 
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 Suppose there is a porous media completely saturated with oil. 

For water to get imbibed, oil needs to be displaced from the 

grain’s surface, either by replacing oil at the surface or by 

thinning the oil film. Water will be imbibed until no more oil can 

be displaced without adding a suction pressure. This irreducible 

oil saturation is Smaxor. At this point, oil is immobile under 

ordinary pressure heads, until more oil is imbibed (Land 1968; 

Wheaton 2016). Therefore, Smaxor is a property of the 

sediments, that depends on its wettability, heterogeneity, and 

viscosity of the oil. An oil-wet material has a larger Smaxor. 

The van Genuchten curve fitting parameters are α and n (both 

air-water capillary retention parameters). The parameter n does 

not show much variation among sediment types, but in turn, α 

does. It should be ideally calculated using field parameters. 

However, with the stratigraphic simplification, it is not feasible.  

Termination of simulation, time & convergence criteria 

The simulation terminates if either of the conditions are met: 

• Maximum number of time steps have been completed. In the

simulation, it is 1000.

• Maximum simulation time has passed. In the simulation, it is

400 days.

• Cumulative change in NAPL volume has reached the

maximum infiltration limit of 7m3.

• All the cells have converged, and a solution has been

obtained.

• At any node, convergence doesn’t occur within maximum

iterations. In the simulation, it is 100.

The convergence criteria have been listed in Table 3 along with 

other conditions. 

C. Interpreting model output

The model output indicates saturations of water, oil and air at 

each node, time of each observation and total volume of oil and 

water in the domain. This gives the contaminated depth and the 

saturation profile of oil from the surface to the contaminated 

depth, all at different time steps. 

a. Contaminated depth map

If the saturation of oil at a node was equal to, or more than 1%, 

the element underneath it was considered contaminated. Lower 

saturations can be due to computational adjustments made by the 

model within tolerable range and were therefore neglected. 

When interpreting depths, the values in the model outputs are 

believed to be applicable to the center of the cell. Sine the cell 

size is 5m, contaminated depths appear to be 2.5, 7.5, 12.5, etc. at 

simulation points 

Contaminated depths were recorded at the points where the 

model converged and connected to their coordinates.  These 

points were plotted in GMS, along their depths as dataset. They 

were interpolated to a raster, covering the study area. The raster 

had the same cell size as the DEM, 25.7m.  

Ordinary kriging was used for interpolating the depths to the 

map. The variogram was modelled using the spherical model. 

The product was a contaminated depth map with 25.7m 

resolution. 

b. Contaminated strata maps

The following steps were used to combine the stratigraphic 

model and depth map. QGIS raster calculator was used:  

• The depth raster was subtracted from the DEM raster. This

gave an elevation map of the oil front, as a raster.

• The horizons of the stratigraphic solid in GMS, were

imported to QGIS, and converted to raster. Horizons denote

the elevation of a strata’s top surface, and its material.

• If at a location, the elevation of the oil front is lower than the

surface, it was assigned ‘level 1’, it means that the oil has

entered the topmost strata.

• If at a location, the elevation of the oil front is lower than the

top of ‘clay1’ in the stratigraphic model, it was assigned

‘level 2’, it means that the oil has entered the confining clay

layer.

• If at a location, the elevation of the oil front is lower than the

top of ‘sand2’ in the stratigraphic model, it was assigned

‘level 3’, it means that the oil has entered the confined sandy

aquifer.

• Similar procedure was repeated for the older and deeper

layers, but in none of the cases, the oil front had reached

such depths.

• The level 1, level 2 and level 3 maps were overlain on each

other. There were regions where level 1 was not covered by

either of the other 2 maps. In those regions, the oil has only

entered the top unconfined sand layer or ‘sand1’.

This overlain map was the contaminated strata map. 
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Table 2 Soil parameter values for sand clay and marl, (Katyal, Kaluarachchi, and Parker 1991) 

Symbol Parameter Sand Clay Marl 

Kz 

saturated conductivity to water in the vertical 

direction 21.3000 0.0144 0.0005 

Kx 

saturated conductivity to water in the 

horizontal direction 7.1000 0.0048 0.0002 

φ total soil porosity 0.4300 0.3600 0.3600 

Sm apparent irreducible water saturation 0.0900 0.1900 0.1900 

Smax
or 

maximum residual oil saturation for water 

imbibition 0.3000 0.300 0.3000 

α 

van Genuchten air-water capillary retention 

parameters 14.5000 0.500 0.5000 

n 

van Genuchten air-water capillary retention 

parameters 2.7000 1.100 1.1000 

Table 3 Termination, time control and convergence criteria 

parameter value 

Maximum iterations for each node 100 

Maximum number of time-steps 1000 

Minimum time step (days) 0.0005 

Maximum time step (days) 0.5 

Time increment factor 1.02 

Maximum simulation time (days) 400 

Time weighing factor 1 

Absolute convergence limit for all fluid heads (m) 0.1 

Relative convergence limit for all phases 0.001 

Upstream weighing coefficient for flow 1 

Maximum cumulative oil intake (m3) 7 

III. RESULTS AND DISCUSSION

A. Saturation profile, time variation, and their controls.

An understanding of saturations and the governing processes of 

NAPL flow is important for management and remediation. 

Mobile NAPLs, that are not present in dead end pores or tightly 

held by adhesive forces can be pumped out. Residual saturations 

pose a long-term contamination threat, that is difficult to 

remediate. In a 1D simulation, flow of a NAPL is governed by: 

• head differences (water height equivalent pressure &

elevation heads, capillary pressure heads)

• boundary conditions

• fluid properties, (density, viscosity, surface tension,

interfacial tension with water)

• Depth of the water table

• differences in material properties

• relative arrangement of the materials.

In each scenario, for a selected NAPL, the first four conditions 

are the same for all the simulated boreholes. Since the depth of 

the unsaturated zone is constant, there are 4 layer arrangements 

relative to the water table and each other. They have been 

defined in Table 4 

Table 4 Layer configurations with respect to the water table 

Saturated Zone 

Sand Clay 

Sand Type 1 Type 2 

Clay Type 3 Type 4 

a. Type 1 sand in both saturated and vadose zones

Initially, oil saturation is 0, the observable 15m column consists 

entirely of sand. Below 5m depth, the saturation is 100% due to 

the water table. Between 0 and 5 m is an unsaturated sand layer 

with 9% water saturation. The water saturations are low 

primarily because sand, with its large effective pore radius, 

retains less water at a given Matric potential (van Genuchten 

1980; Nimmo 2004). The initial and final saturations of the 

oils and water are shown for different depths in Table 5. 

LNAPLs- BTEX 

When BTEX infiltrates, it fills up the airspaces in the pores of 

the unsaturated zone, which is approximately 91%. 
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Since the initial water saturation consists of residual water 

content due to adhesion between water and soil grains and that 

inside dead-end pores, it cannot be removed without additional 

suction pressure. 

Most of it floats on above the saturated zone. Some of it moves 

inside small interconnected pores in sand due to capillary forces, 

that depend on interfacial tension between oil and water, 

effective pore radius and wettability of the material. Oil 

infiltration stops either when no more oil is left to infiltrate, and 

when oil may no longer displace water. Oil cannot displace water 

because downward forces on the NAPLs are balanced by the 

upward buoyant force exrerted by water (Huntley and Beckett 

2002). There are limited thin capillaries to exert downward force 

on the NAPL to oppose buoyancy. The oil travels through sand is 

quite fast. The influx stagnates within 1 day.  

DNAPLs- Tricholooethylene (TCE) 

The mechanisms of DNAPL transport are similar in the 

unsaturated zone, but largely influenced by gravity rather than 

capillarity in the saturated zone. Since it is not limited by 

buoyancy, it tends to sink to the aquifer bottom. All oil is 

absorbed within 1 day, which prevents its further progression. 

The saturation profile between 0-5m is similar. 91% oil 

saturation in the unsaturated zone, and 18% in the 5-10m cell, 

after which the oil infiltration stops due to attainment of 

maximum oil volume. 

b. Type 2 unsaturated sand layer on saturated clay

Initially, oil saturation is 0. Between 0 and 5 m is an unsaturated 

sand layer with 9% water saturation. The water saturations are 

low primarily because sand, with its large effective pore radius, 

retains less water. Below the water table, the material is clay and 

with 100% saturation. The changing saturations of the oils and 

water are shown for different depths and times in Table 6 

LNAPLs- BTEX 

When BTEX infiltrates, it fills up the airspaces in the pores of 

the unsaturated zone. In the 5-10m cell the saturation stagnates at 

13%. The oil has displaced as much water as it could. Rest of the 

water is tightly held by adhesive forces and in dead end pores. In 

the clayey region capillary forces play an important role. There 

are abundant thin capillaries in which oil may displace water, oil 

can also be stored in dead-end pores where water has been 

displaced. If the capillaries are interconnected, the depth attained 

by oil in individual capillaries is limited by capillary equilibrium 

With time oil continues to flow deeper, and saturations increase. 

After 400 days the saturation stagnates at 6% because all the 

volume from the spill has been absorbed. Therefore, the oil front 

is limited to the third cell or at 12.5m depth. The process is slow 

even at microscopic level, because downward forces are opposed 

by friction of the grains as well as by upward buoyant forces 

(Wheaton 2016). 

DNAPLs- Tricholooethylene (TCE) 

All oil is absorbed within 69 days, which prevents its further 

progress. On the final day, oil saturation is 14% in the 5-10m 

cell. At a certain saturation, the fluid pressure in some of the 

pores in the 5-10m cell is high enough to initiate water 

displacement in the lower cell. Subsequently, oil travels through 

the interconnected pores to the 10-15 m cell. The saturation here 

increases as NAPL saturation in the upper cell increases. 

Compared to LNAPLs, DNAPL infiltration is faster because both 

density and capillarity favour downwards flow. 

c. Type 3 unsaturated clay layer on saturated sand

In this configuration, the top unsaturated clay layer is 90% 

saturated with water initially. The final saturations in this layer 

are 12% for LNAPL and 10% for the DNAPL. The oil fills up 

the airspaces.The final saturation profiles of both LNAPL and 

DNAPL is very similar. 

In the 5-10m cell the saturation of both the NAPLs stagnates at 

5% after 1 day. This can best be explained by presence of an oil-

water saturated clay layer on the top. 

• Increasing oil saturation in the top clay layer reduces the

permeability. This slows down the oil infiltration. (Lenhard,

Parker, and Kaluarachchi 1991)

• The infiltrated oil is retained by the clay layer due to strong

capillary forces. Very little is passed towards the lower

sandy layer, which also explains presence of more oil

volume than of pre-existing air spaces

• The sandy layer not only has a weak downwards capillary

force, but also an upward buoyant force

• Due to low saturations (less weight), the downward forces

exerted by NAPLs in the clayey regions are not sufficient to

overcome friction from the clay and displace large quantities

of water in the sandy layer.

A combination of all these limits oil infiltration beyond the top 

clay layer. The changing saturations of the oils and water are 

shown for different depths and times in Table 7  

d. Type 4 clay in both saturated and vadose zone

In the unsaturated clay layer the oil infiltrates and fills up 

10% of the pore volume initially occupied by air. The final 

saturations in this layer are 12% for LNAPL and 10% for the 

DNAPL. The top layer has the highest saturation, compared to 

the lower cells. In the lower cells, capillary force is opposed 

by buoyant forces. Therefore, increase in oil saturations and 

their downward flow is slower. Subsequently, oil saturations in 

the lower layers keeps increasing until the end of the simulation 

period. The changing saturations of the oils and water are shown 

for different depths and times in Table 8. 

LNAPLs- BTEX 

In the 5-10m clayey cell, the oil saturation keeps increasing until 

the end of the simulation period. It is not known when it will be 

limited and why. However, the oil front does not cross this cell 

due to buoyant forces. 

DNAPLs- Tricholooethylene (TCE) 

The DNAPL oil front progresses downwards, reaching newer 

cells as time progresses. However, the maximum depth of the 

front is limited by the thickness of the clay layer. After crossing 
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the water table, the oil does not face in directional difference in 

capillary forces. So, its flow is controlled largely by gravity. 
Each cell has a lower saturation time than the one above it 

because travel time differs with depth.  Oil Saturations in all the 

cells above the oil front increases with time. The saturation in 

lower cells is dependent on that at the cells above it. The 

downward force requires to displace water depends on the weight 

of NAPLS in overlying cells, which increases with infiltration. 

The oil reaches greater depths and higher saturations with time, 

but even after 400 days the infiltrated volume is very small, 1.55 

m3. This is because oil saturations are generally low.  As long as 

there is clay, the oil front can slowly reach greater depths without 

being limited by availability of oil. 

B. Depth from the surface travelled by NAPLs and

contaminated strata

‘Contaminated depth’ refers to the deepest location, from the 

surface, where NAPL saturations of 1% or more exist. NAPL 

exists in all the cells between this location and the surface. The 

depths derived from the simulations, refer to the distance 

between the surface and the centre of the deepest contaminated 

cell. Since the cell size is 5m, values of depth can be expressed 

as (5c+2.5) m, where c is the number of contaminated cells from 

the surface except for the deepest one. For example, if the model 

indicates that the NAPL has entered the second cell from the top 

of the model (between 5-10m deep), c=1, the contaminated depth 

is 7.5m with uncertainty of (+/- 2.5m).  

Depths in the grid points have then been interpolated, by kriging 

to produce a depth map with the same uncertainty. Despite the 

uncertainty, some inferences can be made. In regions where the 

depth is 7.5m or more, BTEX has certainly reached the water 

table. In regions where the depth is 2.5m or less, BTEX has not 

crossed the unsaturated zone. At regions where the depth is 

between 2.5m and 7.5m, no such conclusions can be made due to 

uncertainty of discretisation. At locations where depth is 0, the 

uncertainty does not apply, as those locations are the ones where 

contaminant does not infiltrate into the soil, according to the 

model output.  

The influence of topography, wells, different heads, and other 3-

dimensional controls of flow have not been accounted for. Only 

vertical flow from the surface is considered since 1D model has 

been used. This should be improved in further research. 

LNAPLs- BTEX 

BTEX contaminated depths in the study area 400 days after the 

hypothetical accident are shown in Figure 9. In most of the area, 

the contaminated depth is close to 7.5m, except for a few regions 

where they it is deeper or closer to the surface. From the 

simulations, depths range from 0 m to 12.5 m from the surface, 

depending on the sediment layering as explained in Table 4. 

DNAPLs- Tricholooethylene (TCE) 

The Trichloroethylene contaminated depths in the study area 400 

days after the hypothetical accident are shown in Figure 10. In 

most of the area, the contaminated depth is close to 7.5m, except 

for a few regions where they it is deeper or closer to the surface. 

From the simulations, depths range from 0 m to 22.5 m from the 

surface. 

Figure 9 Depth from surface contaminated by non-aqueous BTEX 400 

days after spill, with points used for kriging 

Figure 10 Depth contaminated by non-aqueous Trichloroethylene 400 

days after spill, with points used for kriging 

C. Contaminated Strata

This section combines depth maps with the stratigraphic model. 

The product of the two, gives a map indicating the deepest strata 

contaminated by the respective NAPLs, vertically below the 

indicated regions, if an accident occurs there. This information 

can be useful for infrastructure planning, since it can be used to 

determine the regions where an oil spill can lead to 

contamination of drinking water aquifers. However, this map 

carries the uncertainty of discretisation on the vertical scale. If at 

a location, the indicated depth of the oil front is close to the 

neighbouring strata (<2.5m), this uncertainty of depth translates 

to uncertainty of contaminated strata. Figure 11 and Figure 12 

show that an oil spill in the indicated Northern and South-eastern 

regions will cause contamination of the deeper aquifer there. 

Both the maps show broadly similar patterns except in the 

easternmost part. There, the DNAPL (Trichloroethylene) crosses 

the clay layer and reaches the confined aquifer. It travels deep in 

the clay slowly and at residual saturations. This could be 

problematic, because it is known that groundwater flows 

westwards. Under these circumstances the contamination is 

expected to spread towards the west where many drinking water 

wells are located. 
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Figure 11 Deepest strata contaminated by BTEX 400 days after accident 

Figure 12 Deepest strata contaminated by Trichloroethylene 400 days 

after accident 

D. Leakages in Airport premises

An airport is expected to have point sources of NAPL leakages 

like leaking underground pipes, underground fuel storage tanks, 

drains, etc. In these cases, there is no limit to the volume of 

NAPLs that can infiltrate. The free-phase volume in soils and 

ground water can be very large, in the order of 100m3. The head 

at which the infiltration occurs is also more than 0, so the NAPLs 

can travel deeper and attain higher saturations. 

In the case of the new Lisbon airport, all these need not pose a 

threat to drinking water supplies. According to the stratigraphic 

model, the sediment strata underneath the airport premises 

consists of the top unconfined sand layer, which is not used for 

drinking water supply, and a thick clay layer. However, this 

aquifer may have hydrological connections to parts of the 

drinking water aquifers, which have been omitted at this scale. 

Secondly, it is known that the groundwater flows towards the 

river, in the west direction. This should ensure that the drinking 

water wells, are safe because they lie towards the east of the 

airport. However, this should be confirmed using groundwater 

flow models or 3D NAPL flow models. Localised effects on flow 

may affect some boreholes. The wet season may cause the river 

stage to rise and temporarily reverse the direction of groundwater 

flow during the wet season. 

IV. CONCLUSIONS

A. Condensed results:

The following conclusions can be drawn regarding the flow of 

dense and light oils in different sediment configurations: 

• Infiltration of NAPLs is limited by amount of oil available

for infiltration.

• Bulk of LNAPLs float on water. The little that crosses the

groundwater table is driven by capillary forces.

• DNAPLs tend to sink to the bottom of an aquifer.

• NAPLs can travel deeper depths in clays, at small

saturations because then they are not limited by volume of

NAPLs available.

• Travel of NAPLs through clays is slower because of extra

friction, and very fast through sand layers (<1 day until all

NAPL exhausted).

• According to the stratigraphic model, parts of the drinking

water aquifer in the Northern and eastern parts of study area

are vulnerable to contamination.

• DNAPLs and LNAPLs are expected to contaminate the

same strata, except the eastern parts, where DNAPL reaches

the drinking water aquifer.

B. Management

Based on the above findings, the following measures are 

suggested to reduce the extent and risk of contamination. 

• The surface should be cleaned of oil promptly to limit

further advent of oil.

• The mobile oil that has already infiltrated should be removed

through pumping or trenching.

• The residual oil should be remediated through

biodegradation, vacuum gas extraction or air-sparging.

• It is important that at-least the first two steps are taken

before a rain event, although completing all three is

preferable.

• Well-head protection zones should be modified based on

further research.

• A system should be devised to monitor hydrocarbon

contamination and to take prompt action.

C. Objectives fulfilled

This thesis does not provide the complete information for 

management at the local scale, like planning site specific action 

plans, or re-drawing well protection zones, but it is the first step 

towards it. Some useful generalizations made which are relevant 

for planning. This thesis helps to evaluate the unique risks to soil 

and groundwater posed by airports in the following ways: 

• Providing a preliminary regional level stratigraphic model

for further research.

• Differentiating the behaviours of NAPLs from regular water-

soluble contaminants.

• Understanding the controls of their flow in context of the

local hydrogeology- What increases the likelihood of them

contaminating aquifers, what deters their advent.

• Generating a vulnerability map that answers the question

“Given a uniform, worst-case condition across the study
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area, which aquifers are vulnerable to contamination and in 

which regions?” 

D. Further work  

For more detailed information and better groundwater 

management plans, further research is recommended in the 

following areas. 

• Despite quality information from a large inventory of 

boreholes, it is always possible to improve a stratigraphic 

model or to modify it to suit the required scale. 

• Some soil properties need to be measured before putting 

them in the model. 

• Risk evaluation needs to be done at both regional and local 

scales and protection measures need to be taken accordingly. 

• The unique physical and chemical properties of 

hydrocarbons need to be combined with the three-

dimensionality of their transport. A 3-D multiphase flow and 

transport model will be ideal to predict flow paths, phase 

changes and concentrations. 

• A thorough airport risk evaluation also needs to consider the 

influx of heavy metals in the airport premises. Hydrocarbons 

and heavy metals are the most commonly reported 

contaminants specific to airports (Nunes et al. 2011).    

The cumulative information should be used by local authorities 

to take appropriate precautions like re-drawing well protections 

zones and creating plans to remediate accidents promptly. 
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Table 5 Time variation of Saturation profiles, and total infiltrated volumes for type 1 configuration 
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Table 6 Time variation of Saturation profiles, and total infiltrated volumes for type 2 configuration 
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Table 7 Time variation of Saturation profiles, and total infiltrated volumes for type 3 configuration 
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Table 8 Time variation of Saturation profiles, and total infiltrated volumes for type 4 configuration 
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