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Summary

Both globally and locally on the island of Curaçao, coral reef degradation is a pressing issue. Coral reefs are of
high value, creating fishing and tourism opportunities, and protecting the coastal areas from flooding. However,
these ecosystems are threatened by climate change and pollution due to human activities. The latter mostly
occurs through pollution of groundwater, elevating the groundwater concentration of nutrients such as Nitrogen
(N) and Phosphorus (P). A possible route of this polluted groundwater towards the coastal areas is through
submarine groundwater discharge (SGD). In Curaçao, coral reef degradation has reached a level of 50% reef
reduction, with expected further degradation. One of the main groundwater polluting factors in Curaçao is the
leakage of N and P from onsite sewage disposal systems (OSDS). Limited data is available on these leakage
processes, and how the increased nutrient concentrations reach the sea through SGD. With the reef degradation
furthering, it is of high importance to gain insight into this pollution process.

The goal of this thesis was to determine the behaviour of nutrient fluxes towards the sea and the bays through
SGD onCuraçao. This was done by creating a numericalmodel inMODFLOW6, which first determined the ground-
water head distribution and flow field on Curaçao based on a variable-density model. In this model, simplifica-
tions were done and fractured flow was ignored. This flow field was then used in a nutrient transport model to
get an insight into the behaviour and fluxes of theoretical nutrient tracers with different reaction characteristics,
by performing a spatial and numerical analysis. In addition, the nutrient model was used to simulate the current
state of the nutrient levels of N and P in the groundwater resulting from leakage fromOSDS, and their progression
towards the coastal area. The N and P leakage was based on the average daily excretion of N and P by humans.
Furthermore, it was assumed that no removal occurred in the OSDS and it fully leached into the groundwater. N
was modelled as conservative transport and with decay with a half-life time of 3 years because of the unknown
behaviour of N on Curaçao. P was assumed to sorb to the aquifer material, with retardation factors ranging from
17 to 401. The current state and three future scenarios were performed, consisting of a pollution increase due to
population growth, a pollution stop and constant pollution similar to the current state.

The variable-density groundwater flowmodel succeeded in simulating the distribution of the groundwater heads
and the flow pattern, especially on the east side of Curaçao. The flow was greatest along the bays and coastal
areas on the east side of the island, as expected due to the presence of weathered Curaçao Lava Formation and
limestone in these regions, both with a relatively high hydraulic conductivity. Based on the distribution of the
population, which is mainly located on the east side, and the better model performance, it was chosen to focus
on the east side for the nutrient simulations.

The spatial tracer analysis showed the Schottegat Bay being vulnerable to nutrient pollution, with a large drainage
area, comprising many populated areas. This was confirmed by the simulation of the current state of N and P
groundwater concentration as a result of leaking OSDS. The scenario simulations highlighted the immediate
and delayed impacts of population growth and stopped pollution on nutrient fluxes. While N-fluxes responded
quickly to changes in input, P, due to its sorptive behaviour, showed a delayed response. Although the SGD is
equally distributed between the bays and the sea, the nutrient fluxes are relatively higher towards the bays for the
current situation (83% for N and 61% for P). In both current and future states, N-concentrations were higher than
P-concentrations, due to a higher N-input rate and the sorptive behaviour of P. If leakage from OSDS stops, N as
decaying is almost completely flushed out within 25 years. For N with conservative behaviour, the N flux will be
reduced by 75% in 2050. For P, it will takemuch longer to flush out, as after 30 years the outflow is still increasing.
If current pollution increases due to population growth, the N-flux increases by 13% and 12% for respectively the
conservative and decay simulations. In 2050, or quickly after, the flux will reach a new constant level. Contrarily,
the P-flux will continue to increase for the foreseeable future, decreasing the N:P mass ratio.

Themodel results provided first insights into nutrient fluxes, current pollution, and future scenarios. However, the
results are subject to uncertainties because fractured flow and dual-porosity were not included, requiring careful
consideration of the results. In addition, future research should refine parameters like hydraulic conductivity,
decay constants, and mass loadings, and include an uncertainty analysis. Despite these limitations, the model
offered valuable insights into nutrient behaviour and eventually the model could be employed in more realistic
simulations, allowing assessment of the future of groundwater pollution and its effect on Curaçao’s coral reefs.
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1
Introduction

1.1. Background
1.1.1. Coral reef health on Curacao
Curaçao is an island in the southern part of the Caribbean Sea, which belongs to the Kingdom of the Netherlands.
The island is surrounded by coral reefs. These enhance tourism and create opportunities to recreate and fish [1],
which generate direct economic value for Curaçao [2]. In addition to the economic benefits, coral reefs also
protect the coast fromstorms and flooding [3]. Over the past decades, the coral reefs of Curaçao have been faced
with significant threats. Runoff, pollution, tourism overuse, destructive fishing, and climate change all contribute
to coral reef degradation. Over the past 40 years, the coral reefs in the Caribbean have already decreased by 50%,
and projections indicate a further decrease, leading to a total loss of 60% within the next 30 years [2].

Eutrophication of seawater represents a significant threat to coral reefs. Elevated levels of dissolved inorganic
nitrogen (N) and phosphorus (P) promote phytoplankton blooms that obstruct light from reaching corals [4]. Ad-
ditionally, these nutrients can stimulate excessive growth of algae, leading to competition with or overgrowth
of corals [2]. These circumstances harden the conditions for coral reefs to stay intact. Increased population,
industry, agriculture, and onsite sewage disposal system leakage all increase the amount of nutrients and con-
taminants in seawater [2]. This currently forms a serious threat to coral reef preservation.

Dissolved nutrients and contaminants mainly reach the coral reefs through water flow from the island to the sea.
Pollution changes the quality of this water, which subsequently reaches the sea and harms coral reefs. Little
information and data is available on the process of polluted water flow on Curaçao. With the pressing issue of
coral reef degradation, further analysis of this flow and its subsequent nutrient transport is of high relevance.

1.1.2. Groundwater nutrient flow
Nutrients flow from the island to the sea and coral reefs in two ways; surface and subsurface flow. The first
occurs during extreme rainfall in the rainy season when surface contaminants flow overland to the sea. The
second, referred to as submarine groundwater discharge (SGD), persists throughout the year [5]. SGD has a
relatively high concentration of nutrients, which contributes to 70% of the nutrient discharge of coastal areas
globally, even though the volume of SGD is low relative to surface discharge [6]. Due to its relative importance,
this study thus focuses on groundwater pollution and the resulting seawater eutrophication through SGD.

Elevated nutrient levels can cause groundwater pollution [7] and are mostly caused by human factors [8]. One
mechanism through which human waste contributes to groundwater pollution is the use of septic tank systems
and cesspits on Curaçao [9]. Although septic tanks can remove part of the nutrients fromwastewater, inadequate
maintenance and monitoring results in functionality loss, resulting in nutrient-rich wastewater [10]. Cesspits do
not have a treatment functionality and are only used as storage [11]. Leaking of septic tank systems and cesspits,
collectively referred to as Onsite Sewage Disposal Systems (OSDS) in the remainder of this work, contributes to
elevated nutrient levels in groundwater, resulting in water quality issues in coastal areas [12]. Not all nutrients
reach the coast, as reactions in the aquifer material attenuate the nutrient concentration in the groundwater.
Depending on the characteristics of the nutrient, sorption and degradation can occur. However, a significant
amount of nutrients will enter the sea [9], resulting in potential further coral reef degradation.

Both N and P reaching the sea play a large role in phytoplankton blooms and algae growth, making them key
substances of concern. Not only their absolute increased concentrations influence excessive plankton and algae
growth. Their relative ratio, the N:P ratio, also regulates the ecosystem production and biological diversity [13].
Changes in this ratio due to different levels of N and P enrichment in groundwater, transported via SGD to coastal
waters [14], can shift this regulation.

1



1.2. Research goals and thesis outline 2

1.1.3. Modelling of groundwater flow
SGD is a process occurring slowly, diffusely, and is less dependent on the rainy season [15, 16], which is affected
by oceanographic processes [17]. Because Curaçao is surrounded by sea, both fresh and saltwater must be
considered, as salt water can flow into the aquifer near the coast. Okuhata et al. [18] studied the difference be-
tween fresh- and saltwater groundwatermodelling and found a reasonable head distribution for a freshwater-only
model, but the calibrated hydraulic conductivities were unrealistic. In case of nutrient fluxes, hydraulic conduc-
tivity has a major role and therefore these models are unsuitable for the simulation of the transport of nutrients.

The main aquifer of Curaçao consists of fractured volcanic basalt. Research on SGD in volcanic islands showed
that the high permeability, partly due to fractures and preferential flow paths, leads to SGD dominated by fresh-
water. This type of SGD contains dissolved species that are not directly recycled from the sea. In contrast, saline
SGD consists of recycled nutrients from degraded sediment organic matter and of external nutrient sources en-
trained from the mix of fresh and saline water [19, 20]. In rocky coastal areas, re-circulation of nutrients and
inflowing salt water have a reduced effect. However, given the importance of nutrient fluxes and not only calcu-
lating groundwater heads, it is relevant to use a density-based model.

1.2. Research goals and thesis outline
The main goal of the thesis is to determine the behaviour of nutrients flowing towards the sea and bays through
submarine groundwater discharge on Curaçao. To assess this both theoretically and through practical applica-
tion, the goal was divided into two subgoals:

1. Determine the spatio-temporal behaviour of various theoretical tracers (Cl−, NO−
3 , PO3−

4 ) with different
reaction characteristics and related fluxes through submarine groundwater discharge.

2. Assess the current state and progression of nutrient fluxes from OSDS leakage towards the sea in Curaçao,
and evaluate the impact of potential future scenarios on pollutant concentrations.

These two subgoals were explored by using a model of groundwater, SGD, and nutrient flow on Curaçao. As a
starting point for the model, the study-site characteristics of Curaçao are explored in Chapter 2, including de-
mographic information, the climate on Curaçao and the geology. Next, three subsequent models are created in
MODFLOW6 to reach the final nutrient flow model. A freshwater-only assumption is initially made to calculate
the groundwater heads for a constant-density model. These can be used as initial heads for the variable-density
model, to incorporate the more realistic density-dependent flows due to the presence of saltwater. In this flow
model, the present fractures in the bedrock are not included, and therefore dual porosity was not considered.
The groundwater heads and flows of the variable-density model are then used for the nutrient transport model,
incorporating not only transport through groundwater flow but also other behaviours such as nutrient sorption
and decay. With this model, both the tracer simulations as well as the current state and future scenario simu-
lations are performed. The research structure with the different model components is shown in the overview
in Figure 1.1. The governing modelling equations, MODFLOW implementation, tracer simulations, and the simu-
lation of current and future scenarios such as stopped pollution input or increased urban development, are all
described in Chapter 3. In Chapter 4, first the results of the groundwater model are presented, comprising of
simulated heads and flow fields, along with the performance of the model. For the different tracer and scenario
simulations, the groundwater nutrient concentrations as well as nutrient mass flow to the bays and sea are pre-
sented, together with their implications. Chapter 5 contains recommendations to enhance the accuracy of the
model and relevant model adjustments to perform in future work. Finishing with Chapter 6, where the key find-
ings are described, with an emphasis on the necessary further critical assessment of model parameters and
model simplifications before the results can be interpreted as valid.

Geography
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model
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Figure 1.1: Schematic overview of the created models with their inputs and outcomes and in which chapter it is described in this report.



2
Study site

2.1. Curaçao: Geography, Population, and Sanitation
Curaçao is an island located in the southern part of the Caribbean Sea, about 65 km north of Venezuela. It
consists of the main island “Curaçao” and a small, uninhabited island “Klein Curaçao”. The main island has a
surface area of 444 km2. Willemstad is the capital city and is located on the east side of the island. On the
northwest side, the highest elevated area can be found, named the Christoffelberg. The topographic elevation
surface of the main island is given in the map in Figure 2.1.

Curaçao has a population of around 150,000 of which two-thirds lives in the city of Willemstad on the east side.
The west side is less populated due to its more rural character. Regarding sanitation, 77.1% of households have
cesspits, 3.1% use septic tanks, 18% are connected to the sewage system and the reaming is undefined [21]. Only
16% of wastewater on Curaçao is treated by water treatment plants, with a daily capacity of 5100 m3 d−1, while
84% remain untreated [22]. Part of this untreated wastewater is directly discharged into the sea, while it is also
expected that a portion infiltrates in the groundwater and will reach the sea and bays through SGD as a result of
the leaking OSDS.

Figure 2.1: Topographic elevation surface of Curaçao, the contour of Willemstad is given in black.

2.2. Climate - Curaçao
Curaçao has a semi-arid climate, with rainfall varying throughout the year [23]. The average annual rainfall is
600 mm [24], mostly occurring in the rainy season from October to December with heavy rain showers [25]. Due
to strong wind and a high average temperature of 27 °C, the evapotranspiration rate is high and estimated to be
approximately 85-98% of the rainfall [23]. Due to this high rate, the topsoil is dry and therefore the recharge to
the groundwater is low. This is estimated to be equal to 3.5% of the annual rainfall [26].
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Figure 2.2: Average precipitation and temperature for Curaçao based on climatological data for the period 1981-2010 [24].

2.3. Geology
Curaçao consists of four different geological formations: Curaçao Lava Formation (CLF), Knip Group, Mid Cu-
raçao Formation (MCF) and limestone formation. The distribution of these formations is given in Figure 2.3, with
on the left the formations found in the first layers from the surface, and on the right, a simplified distribution
based on literature is given for the deeper layers.

2.3.1. Curaçao Lava Formation
A large part of the island is of volcanic origin, called CLF, consisting mainly of thick piles of basalts. CLF is
the oldest geological formation on Curaçao and was formed in the early Cretaceous [27]. The formation spans
several kilometres in thickness with minimal variation in rock types [28]. It is the most important geological
formation on Curaçao because it forms the main aquifer and covers 54% of the island. Despite the span and
thickness of CLF, there is barely a distinction in rock types observable.

Due to former humid conditions on Curaçao, the top of the layer is weathered. The vertical extent of this weath-
ered part varies between 6 m and 38 m below the surface [23]. This variation through the island affects the
groundwater flow because the weathered part of CLF has a higher hydraulic conductivity than the lower part of
the layer.

2.3.2. Knip Group
Following the formation of CLF, the Knip Group developed and is partially overlying it. It is assumed that the Knip
Group was formed during the Senonian age. It includes pelagic silica-rich rocks, which originate from oceanic en-
vironments and are composed primarily of siliceousmaterial frommarine organisms. It also contains clastic sed-
iments, derived from the breakdown of rocks and transported to their deposition site by physical processes [29].
Due to rapid changes in the vertical direction, there are nine different formations found in the Knip Group. The
thickness varies over the island, with a thickness of 2000 m in the northwest and decreasing in the direction of
south and southeast to a thickness of 100 m.

2.3.3. Mid Curaçao Formation
The Knip Group is followed by MCF which was formed during the Danian stage. MCF consists of four different
formations, which mainly include sandstones, siltstones, conglomerates and shales [29], and is contrary to the
Knip Group not formed under the influence of the open sea [27]. The formation is located in the central part and
on the north side of the southeast part of Curaçao and exceeds 1000 m in vertical direction [30].
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2.3.4. Limestone formation
Coral debris accumulated and formed Neogene limestone overlying the former described formations [27]. Loose
material was deposited and consolidation and lithification occurred due to submarine conditions as a result of
sea level rise [31]. The limestone formation was formed through dissolution and recrystallization of carbonates.
27%of the top surface consists of this, and it ismainly found in the coastal areas surrounding the other geological
formations [23]. Part of the limestone is uplifted resulting in the limestone terraces.

(a) Geological formation found at the surface adapted from [27]. (b) Simplified overview of geological formation found in the deeper
layers.

Figure 2.3: Geological formation distribution of Curaçao for the surficial and deeper layers.



3
Methodology

First, the equations necessary to calculate groundwater flow, solute transport and flow based on density differ-
ences are explained. Second, the implementation of the study area is described in which the freshwater, variable-
density model and nutrient transport model are presented, and their interaction, and dependency on each other’s
outcomes are explained. Lastly, in the third section, a description of the simulations, which were used to ob-
tain an understanding of the behaviour of nutrients flowing through SGD on Curaçao, is given. In this work, the
complex groundwater system of Curaçao was simplified, and fractured flow was not considered. This affects
groundwater flow as the system is treated as a single-porosity model, potentially leading to deviations in flow
and transport in areas with fractures. The models described in this chapter provide an initial result; however,
further critical assessment is necessary before the results can be fully interpreted.

3.1. Governing equations
3.1.1. Freshwater flow
Groundwater movement with a constant density can be described in a three-dimensional direction with Darcy’s
Law as [32]:

q = −K∇h = −

Kxx 0 0
0 Kyy 0
0 0 Kzz

∇h, (3.1)

where q is a vector of the specific discharge (m d−1), K the hydraulic conductivity tensor (m d−1), in which Kxx,
Kyy and Kzz being the hydraulic conductivities along respectively the x-, y-, and z-directions, and ∇h the head
gradient vector (-). The distribution of the hydraulic heads is obtained by combining Equation (3.1) with a small-
volume water balance, resulting in [32]:

∂

∂x
(Kxx

∂h

∂x
) +

∂

∂y
(Kyy

∂h

∂y
) +

∂

∂z
(Kzz

∂h

∂z
) +W = Ss

∂h

∂t
, (3.2)

with the hydraulic head h (m), andW representing the in or outflow of water into/from the system, being positive
for inflow and negative for outflow (d−1); this term represents, for example, precipitation, pumping or flow into the
boundary. Ss is the specific storage of thematerial (m−1) and t is time (d). This equation, together with boundary
conditions (fixed head or fixed flux) and initial conditions for the heads, describes transient groundwater flow.

3.1.2. Solute transport
Themovement of dissolved solutes in groundwater can be described by the accumulation of solute mass, which
is equal to the difference between mass entering and mass leaving a specified volume of aquifer [33, 34]. The
equation representing this, with processes relevant to this research, is given as [35]:

−∇ · (qC)︸ ︷︷ ︸
Advection

+∇ · (SwθD∇C)︸ ︷︷ ︸
Dispersion

−fmρb
∂(SwC)

∂t︸ ︷︷ ︸
Sorption

−λ1θSwC︸ ︷︷ ︸
Decay

+q
′

sCs +Ms︸ ︷︷ ︸
Input

= −∂(SwθC)

∂t︸ ︷︷ ︸
Mass storage

, (3.3)

where fm refers to the fraction of aquifer solid material available for sorptive exchange with the mobile phase
under fully saturated conditions; ρb is the bulk density of the aquifer material (kg m−3); Sw represents the satu-
rated thickness fraction (-), which is the ratio of the volume of water to the volume of voids; C denotes the sorbed
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3.1. Governing equations 7

concentration of solute mass in the mobile domain (kg kg−1); λ1 is the first-order decay rate coefficient (d−1); θ
denotes the effective porosity of the mobile domain (-), referring to the volume of voids participating in transport
per unit volume of aquifer; C is volumetric concentration of the solute (kg m−3); D is the second-order tensor of
hydrodynamic dispersion coefficients (m2 d−1); q

′

s denotes the volumetric flow rate per unit volume of aquifer
for mass sources and sinks (d−1), Cs is the volumetric solute concentration of the source fluid (kg m−3); andMs

represents the rate of solute mass loading per unit volume of aquifer (kg m−3 d−1).

The movement of solutes in groundwater is primarily governed by advection and dispersion [36]. Advection is
the transport of the solute by the bulkmotion of water, and is dependent on the effective porosity and the specific
discharge:

v =
q
θ
, (3.4)

with v as the velocity of groundwater (m d−1). The spreading of a solute is described by hydrodynamic disper-
sion, which consists of mechanical dispersion and molecular diffusion [37]. Mechanical dispersion depends on
the dispersivity parameters which depend on the observation scale. It describes transport both in the flow direc-
tion and perpendicular to the flow, requiring parameters for longitudinal dispersivity in the horizontal plane and
the vertical direction, as well as horizontal and vertical transverse dispersivity, to describe the flow. Molecular
diffusion is usually assumed to be negligible in practical cases [38].

Next to the flow of a solute, themass of a solute in a cell can also change due to sorption or decay. With sorption,
part of themass is sorbed to the soil and (temporarily) removed from the groundwater. There aremultiple ways to
relate the sorbed concentration of sorbed mass (C) to the concentration of the solute (C), in this work the linear
isotherm approach was used. A linear isotherm states that for all solute concentrations, a proportional amount
will be sorbed. This is a common way to state equilibrium for the dissolved and sorbed solute and it assumes
a proportional relation between the concentration of the sorbed mass and the dissolved solute concentration,
given by:

C = KdC (3.5)

with Kd the distribution coefficient (m3 kg−1). In addition, it was assumed that sorption was reversible and no
degradation occurred. The flow of the solute is then slowed down relative to the water flow by the retardation
factor, R, described as:

R = 1 +
ρb
θ
Kd, (3.6)

The degradation of a solute is described by first-order decay and the solute is removed from the system. The
first-order decay constant can be determined by the half-life time of a solute:

λ1 =
ln(2)

T 1
2

, (3.7)

with T 1
2
the half-life time constant (d).

The input of a solute is possible as a water inflow with a certain concentration, for example, contaminated water
which infiltrates into the subsurface, or a solute mass can directly be inserted.

These processes together define the mass storage of a solute in a specified volume, which is described by the
mass storage term in Equation (3.3). This depends on the water saturation and the fraction in the soil available
for flow, defined as the effective porosity.

3.1.3. Variable-density flow
When density-dependent flow is considered, Equation (3.1) changes into [39]:

q = −K
(
∇h+ (

ρ

ρ0
− 1)∇h+ (h− z)∇ ρ

ρ0

)
, (3.8)
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where ρ0 represents the density of the reference fluid, in this case freshwater, ρ the density of the water, and z
the elevation (m).

The density of the water is dependent on the concentration of salt, which can be calculated with solute mass
accumulation in Equation (3.3). Therefore, when considering the variable-density flow, also solute transport
should be considered. If the salt concentration is determined, the following equation can be used to calculate
the density [40]:

ρ = ρ0 +
∂ρ

∂C
(C − C0) = ρ0 +

ρsalt − ρ0
Csalt − C0

(C − C0), (3.9)

with ρsalt the density of salt water (kg m−3), Csalt the concentration of salt water (kg m−3), C0 the concentration
of the reference fluid (kg m−3) and C the concentration (kg m−3).

3.2. Model implementation in MODFLOW
To solve these equations for a complex system, numerical methods should be used. In this work, MODFLOW 6
was used, which is an open software to create groundwater flow and transport models [41]. MODFLOW uses a
control volume finite difference (CVFD) method to solve the equations for a groundwater system. With different
packages, which are functionalities of the programme representing different processes, a user can construct
a model as desired. MODFLOW was chosen because, besides its wide use in other research, it has a Python
package named FloPy to create, run and post-process MODFLOW models [42]. Python can handle and load
different file formats, regardless of their size. In addition, it is easy to modify the data, repeat simulations with
different input values, and the different steps taken to construct the model are reported which makes it easy to
adjust or reproduce and share the model [42, 43].

In MODFLOW, a groundwater system can bemodelled by setting up a simulation in which the time and solver set-
tings are defined. A groundwater flow model (GWF) and a groundwater transport model (GWT) can be added to
the simulation and connected through exchange or a flow model interface (FMI). The packages which represent
the different inputs to solve Equation (3.2) and Equation (3.3), as well as the initial and boundary conditions for
solving them numerically, are summarised in 3.1. The total structure of the models with the different packages
is given in Appendix A.

Table 3.1: Different packages in MODFLOW which describe the processes and inputs used to solve the flow and solute equations for the
groundwater system of Curaçao.

Model Process Package

GWF

Discretization DIS
Hydraulic conductivity NPF

Infiltration/recharge to groundwater RCH
Constant head boundary CHD

Initial heads IC
Concentration to density for variable-density flow BUY

GWT

Discretization DIS
Mass storage, sorption, decay MST

Advection ADV
Dispersion DSP

Mass insertion into model SRC
Initial concentration IC

Constant concentration boundary CNC
Flow model interface FMI

3.2.1. Spatial discretization and solving
To model the groundwater system of Curaçao, a 3D conceptual model of the geological formations was devel-
oped. The surface geological distribution, depicted in Figure 2.3a, was assumed to extend to 20 m below the
surface. This was based on the average weathered depth of CLF [30]. The simplified distributions of the deeper
layers, as shown in Figure 2.3b, were used to represent the layers below. A representation of this 3D conceptual
model is shown in Figure 3.1.
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Figure 3.1: 3D conceptual model of the geological formations on Curaçao. CLF = Curaçao Lava formation, MCF = Mid Curaçao Formation.

Spatial discretization is required to solve a groundwater system numerically. The spatial discretization was done
by defining the number and size of cells in thex-, y-, and z-directionwhich correspond in columns, rows, and layers,
respectively. Curaçao and the surrounding seaweremodelled with a grid of 625 by 175 cells with a cell dimension
of 100 m by 100 m. The cell dimensions were based on a convergence analysis, elaborated in Appendix B. This
analysis showed convergence of the groundwater heads for cell sizes of 100 m2 and smaller. Because a further
decrease in the cell size would increase computation time, a cell dimension of 100 m by 100 m was chosen.

In the vertical direction, 40 layers were used to represent the geology. More layers improve the accuracy of
the variable-density model, but it also increases the computation time. Therefore 40 layers were chosen as a
trade-off between accurate outputs for variable-density flow and computation times. The top of the cells of the
first layer was defined as the height of the surface obtained from the Digital Elevation Model (DEM) of Curaçao
[44]. Before that, the DEM was resampled to the model grid, giving one value for each cell based on the nearest
neighbour method. The thickness of the first 10 layers was equal throughout the model and was set to 2 m
to fit the first layer of the conceptual model in the model grid. 26 layers were used to divide the depth up to
120 m below sea level and had varying thicknesses. The remaining 4 layers divided the depth from -120 m to
-180 m into four layers with a thickness of 20 m. The coarser discretization at the bottom layers was chosen
because the flow in this deeper part was less relevant. The 3D conceptual geological model was converted into
this discretization, to define the hydrogeological parameters per cell. A cross-section of the model grid in which
the geological formation per cell is indicated is given in Figure 3.2, the cross-section is through the east-central
part of the island (yellow line in Figure 3.3).

For the orientation of Curaçao, the coordinate systemEPSG32619was used. Themodel extended from472770 to
533865 in the x-direction and from 1324220 to 1374265 in the y-direction. An angular rotation of -35 degrees was
added to align the model with the principal direction of the groundwater flow, which improves the computation
of the numerical calculations. The full overview of the final discretization and orientation of the model grid is
shown in Figure 3.3.

The bays and sea were excluded from the groundwater simulations. Because no elevation data was available
for the bays and sea in the DEM, the DEM could be used for marking these cells as inactive. In MODFLOW 6 it is
possible to exclude cells from the simulation by setting them to inactive using the IDOMAIN property. All cells
with elevation data were marked as active (1), while all cells without data were marked as inactive (0). The active
cells were buffered with one cell, and these cells were set to 2 in the IDOMAIN array representing the boundary of
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Figure 3.2: Vertical presentation of the conceptual model regarding the geological formations on Curaçao in a cross-section through the
east-central part. CLF = Curaçao Lava formation, MCF = Mid Curaçao Formation.

the model, for which boundary conditions could be set (see Figure 3.3). Inconsistencies in resampling the DEM
to the current grid size caused numerical instabilities near the coastline and the bays. Therefore, the IDOMAIN
array was smoothed manually to prevent these inconsistencies. An example of the initial marking of active and
inactive cells in the IDOMAIN along with the manually smoothed marking are depicted in Appendix C.
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Figure 3.3: Overview of the model grid with active, inactive and boundary cells. The yellow line indicates the location of the cross-section in
the east-central part of the island which is used throughout this work.

The 3D geological model was based on 2D information, and literature stating the depths of the different forma-
tions. This is a simplification and not the same as the actual situation. The thickness of the weathered part of
CLF differs throughout the island but was assumed constant in the model. The thickness was set to the aver-
age weathering depth, resulting in over- and underestimating of the depth on locations. Because the conceptual
model was used to assign hydrogeological parameters to cells, the values could be an over or underestimation
of the parameter compared to the actual situation. For example, above Piscadera Bay (in the east-central part of
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the island), the weathered depth exceeds 20 m, and thus the weathered depth is underestimated. In contrast, on
the eastern side of the island, the weathered depth is less deep, resulting in an overestimation of the thickness
of the weathered CLF layer.

3.2.2. Freshwater model
First, a flow model was created which only considered fresh water. This model was used to calculate the steady-
state heads resulting from constant-density flow. The hydrogeological parameters used in themodel which differ
per geological formation are all presented in Table 3.2, and all model parameters assumed as independent on
the geological formation are presented in Table 3.3.

Hydraulic conductivity
Freshwater flow through an aquifer depends on its hydraulic conductivity (Equation (3.2)), a property of the ge-
ological formation. Hydraulic conductivity was assigned to the cells based on the conceptual geological model
(Figure 3.2). The horizontal hydraulic conductivity per geological formation was initially based on pumping tests
and literature data and manually iterated until reasonable heads were obtained. The full description of the de-
termination of these values can be found in Appendix D. The hydraulic conductivity of the different layers is
heterogeneous and anisotropic. Anisotropy is described as the ratio between the vertical and the horizontal
hydraulic conductivity. And therefore an anisotropy value was added to the model (Table 3.3).

Infiltration and abstraction
For water inflow and outflow of the groundwater model, W in Equation (3.2), only rainwater infiltration was con-
sidered as recharge to the groundwater. Not all rainfall infiltrates, also a part flows as runoff over the surface and
a great part evaporates. Determining the exact amount of infiltration was challenging due to limited available
data. Therefore the recharge was estimated based on daily rainfall data and observed groundwater time series.
The steady-state groundwater model was converted to a transient model, to compare the simulated heads to the
groundwater time series. A description of this process and the results are given in Appendix E. In the scenario
where the simulated groundwater heads resemble the observed groundwater headsmost, the total recharge was
converted to a percentage of the mean annual rainfall for 2021 and 2022, resulting in 7% of the average annual
rainfall, equal to 48.65 mm per year. This was added to all the active cells, excluding the boundary cells. The 7%
recharge is within the 7-15% range reported for semi-arid regions in the literature [45–47], but it is slightly higher
compared to what Louws et al. [26] found for Curaçao.

Groundwater abstraction for domestic, agricultural and industrial usewas ignored because of limited data. It was
assumed that the inflow of water leaking from the OSDS was in the same order of magnitude as the domestic
groundwater abstraction, and on approximately the same location and therefore both were excluded. According
to Morgan et al. [48], 75% of abstracted water is returned as wastewater. The model could be enhanced if the
ratio of groundwater extraction to water leakage is known, allowing for the inclusion of groundwater abstraction
or nutrient flux in combination with water inflows. Nevertheless, this limitation is considered to have minimal
impact on the overall outcomes. In contrast, the exclusion of agricultural and industrial groundwater abstraction
affects the groundwater model because at these locations less leakage occurs and therefore the abstraction
has a significant effect on the groundwater flows. This is important to assess in future work.

Boundary and initial conditions
There are multiple ways to define the boundary condition of a model. In previous studies on numerical simula-
tions of coastal areas, the sea was bothmodelled as a constant head boundary (CHD) and a general head bound-
ary (GHB) [49–52]. For a general head boundary, the inflow and outflow are based on the difference between the
defined head and the model’s simulated head and a specified conductance term. In contrast, a constant head
boundary only defines a head allowing water to flow endlessly in and out the boundary to ensure the head at
the boundary is maintained at the defined level. This could result in an overestimation of groundwater outflow,
as the resistance of the seabed is ignored. Additionally, the seabed’s properties can act as a filter or barrier for
certain contaminants, resulting in an overestimation of the nutrient discharging in the sea. Given the uncertainty
associated with determining the conductance, it was chosen to use the constant head boundary. It was applied
to all cells indicated with a 2 in the IDOMAIN array, which represents the sea and bays coastline. The head of
this boundary was set to 0 m, which reflected the average sea level height. For the initial conditions, the heads
inside the aquifer were set equal to the surface elevation. In further research, the impact should be assessed by
incorporating the sea and bays into the model.
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3.2.3. Variable-density model
After the freshwater-only model, the variable-density model was created to solve the groundwater flow with the
density-dependent flow equation (Equation (3.8)). For this, the solute transport equation was solved to calculate
the salt concentration (Equation (3.3))

Effective porosity
The mass storage of a cell depends on the effective porosity, as shown in Equation (3.3). These values were
based on literature because no site data were available. Again, as done for the hydraulic conductivity, the ef-
fective porosity per geological formation was assigned to the cells based on the conceptual geological model
(Table 3.2).

Advection and dispersion
Advection does not depend on extra parameters, because it is the transport based on the specific discharge.
To solve the advection, the default numerical scheme “upstream weighting” was used. For dispersion, the co-
efficients for the dispersion tensor (Equation (3.2)) were required. The longitudinal dispersivity was based on
previously performed research in basalt on a large scale, a value of 25 m was chosen for the longitudinal disper-
sivity for both the horizontal plane and the vertical direction [53]. The transverse dispersivity in the horizontal
direction was assigned a fraction of 0.1 of the longitudinal dispersivity, and the transverse dispersivity in the
vertical direction a fraction of 0.01 [54, 55]. Because molecular diffusion is negligible on a larger scale [38], the
diffusion coefficient was set to 0.

Variable-density flow
The variable-density flowwas calculated to define the concentration and density of both salt and freshwater (see
Table 3.3). The concentration of saltwater was also used to set the constant concentration boundary for the bays
and the sea, as it was assumed that SGD would not affect the salt concentration in the sea and bays.

In addition to potential salt inflow from the sea and bays, the infiltration defined in the flow model was assigned
a concentration of 1.2 kg m−3. This value was based on previously conducted electrical conductivity measure-
ments of the groundwater on Curaçao. The median electrical conductivity value (1900 µS cm−1) was converted
to salinity [56], and resulted in the concentration of 1.2 kg m−3.

Table 3.2: Hydrogeological parameters for the different geological formations on Curaçao, both literature values and values used in the
model are given. In the footnotes of the table, the literature references can be found. CLF = Curaçao Lava Formation, MCF = Mid Curaçao

Formation

Geological
formation

Weathered
CLF

Unweathered
CLF MCF Knip Group Limestone

Hydraulic conductivity,
K (m d−1)

Literature 8.56 ± 15.85a 2 ·10−8 - 0.03b 0.31 ± 0.21a 0.63 ± 0.91a 0.1 - 10000c

Model 0.88 to 9.5 1 · 10−2 to 1 · 10−4 0.02 0.3 10

Effective Porosity,
θ (-)

Literature 0.01-0.15d 0.01-0.15d Sandstone 0.04-0.30e Sandstone 0.04-0.30e
0.01 - 0.24f

Siltstone 0.21-0.41f Mudstone 0.14e

Model 0.05d 0.01d 0.20 0.14 0.12

Bulk density,
ρbulk (kg m−3)

Literature 2670-2860g 2670-2860g Sandstone 2219h Sandstone 2219h
2290-2790i

Siltstone 2378h Mudstone 2270h

Model 2670g 2860g 2300 2240 2500

a Based on pumping tests performed by Abtmaier [30].
b Values for fresh, unweathered basalt [57, 58].
c [59–66]
d Effective porosity values for basalt [67–70]
e [71]

f [58, 72, 73]
g Bulk density range found for basalt [74], higher value of range for
the deeper layers.

h [75]
i [76]
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Table 3.3: Model parameters which are equal for all geological formations.

Parameter Unit Value Reference
Recharge mm 48.65 -

Salt concentration recharge kg m−3 1.2
Anisotropy (Kv / Kh ) - 0.2 [57]

Longitudinal dispersivity (αL) m 25 [57, 58]
The ratio of horizontal transverse dispersivity to longitudinal dispersivity - 0.1 [54, 55]
The ratio of vertical transverse dispersivity to longitudinal dispersivity - 0.01 [54, 55]

Freshwater density (ρ0) kg m−3 1000
Saltwater density (ρsalt) kg m−3 1025

Freshwater concentration (C0) kg m−3 0
Saltwater concentration (Csalt) kg m−3 35 [77]

First order denitrification constant (λ1) d−1 6 · 10−4 d−1

Distribution coefficient (Kd) m3 kg−1 1.4 · 10−3 [78]

3.2.4. Nutrient transport
For the nutrient transport simulations, some different parameterswere defined compared to the solute part of the
variable-density model. The parameters for the mass storage, advection and dispersion term of Equation (3.3)
were unchanged. However, different reaction characteristics were added to the simulations, like decay and sorp-
tion. An important difference between the nutrient transport model and the variable-density model is that it was
assumed that the concentration of the nutrient does not affect the groundwater flow in the nutrient transport
model.

Decay and sorption
Nitrate (NO−

3 ) can move readily through groundwater and the subsoil, due to their low capacity of sorption [79].
However, NO−

3 can degrade as a result of denitrification, following the equation:

5Corg + 4NO−
3 + 2H2O → 2N2 + 4HCO−

3 + CO2, (3.10)

where NO−
3 together with organic carbon reacts and changes to nitrogen, carbon dioxide and bicarbonate. Deni-

trification can occur in the presence of appropriate microbial populations and an electron donor such as organic
carbon, when there is limited dissolved oxygen, and near-saturated conditions [79]. The first-order decay con-
stant is based on the average half-life time of NO−

3 used in previous studies, (see Appendix D for elaboration),
and it was converted to a first-order decay constant (Equation (3.7)).

For sorption, the sorb behaviour phosphate (PO3−
4 ) in groundwater was simulated. This required the bulk density

and a distribution coefficient. The bulk density and distribution coefficient used for the different geological for-
mations can be found in Table 3.2. With these parameters, sorption was simulated. In this work, one value was
used as the distribution coefficient for all the geological formations due to unavailable data. In future work, it is
important to research this further, as it can differ in different geological formations and therefore affect the sorp-
tion process. With the bulk density and distribution coefficient, the retardation factor of the different geological
layers could be calculated (Equation (3.6)). The resulting retardation factors are presented in Table 3.4.

Table 3.4: Retardation factors of the different geological formations. CLF = Curaçao Lava formation, MCF = Mid Curaçao Formation.

Geological formation Retardation
factor (-)

Weathered CLF 76
Unweathered CLF 401
MCF 17
Knip Group 23
Limestone 30
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3.2.5. Solving
To solve the numerical scheme of the groundwater system, it is necessary to apply a solver formulation for the
CVFD method. This work employs the Newton-Raphson formulation due to the unconfined conditions of the
system. This approach effectively handles the non-linear equations that arise under these conditions. Moreover,
it enables water to flow into dry cells while restricting outflow [80]. In this formulation, all cells with a simulated
head lower than the cell bottom elevation remain active, unlike in previous versions of MODFLOW, where such
cells were treated as inactive. The Newton-Raphson formulation ensures that flow, such as recharge or lateral
flow, or mass entering a dry cell, is routed directly downward to the first non-dry cell. This algorithm is referred
to as the Newton formulation, which has been consistently shown to be more reliable than the wet/dry method
for determining the position of the water table [81, 82]. Using the implementation of the governing equations
of Curaçao, the system can be solved with MODFLOW’s numerical methods. Three different models were con-
structed.

The freshwater flow model was used to calculate the steady-state heads. These steady-state heads were used
as initial condition for the variable-density model, which was done to improve the convergence of the model.
For the initial salt concentration, it was assumed that in each cell the concentration was equal to the salinity of
seawater 35 kg m−3 [77]. The simulation period was set to 4500 years, with time steps of 1 year. Although the
time step of one year was large, this was chosen due to the computation time which increases with the number
of time steps (see Appendix F). It was assumed that after 4500 years the steady-state situation was reached, as
it is for a transport model not directly possible to set the solver to a steady-state solution.

Due to the scale of themodel and its complexity, a transient model was not possible. The downside of this is that
transient effects were not considered. An important transient effect is the difference in rainfall throughout the
year due to the wet and dry seasons. Although SGD is generally less dependent on rainfall [15, 16], the fractured
rock allows heavy rain showers to influence groundwater heads, leading to variations in flow velocities [83, 84].

The outputs of this simulation were the heads after 4500 years and the corresponding flows of the cells. To
assess the performance of the model, the mean absolute error (MAE) and the root mean square error (RMSE)
between observed and simulated heads were used.

MAE =

∑n
i=1 |Obsi − Simi|

n
(3.11)

RMSE =

√∑n
i=1(Obsi − Simi)2

n
(3.12)

For the transport part of the variable-densitymodel, two checkswere done to evaluate the numerical errors which
occur in solving the advection and dispersion equations. The Peclet number is defined as:

Pe =
∆l

αL
≤ 4, (3.13)

where ∆l is the cell size in the horizontal plane (m), and αL the longitudinal dispersivity (m). This equation
evaluates if the numerical dispersion exceeds the longitudinal dispersion of the transport. The threshold of Pe
can be defined in multiple ways, in this work it was assumed that it should be smaller than 4 [85].

The Courant number was used to check if the time step was valid for the transport process regarding the used
cell size, and is computed by:

Co =
v∆t

∆l
(3.14)

with v the velocity in x−, y−, or z−direction (m d−1), t the time (d) and l the cell size in horizontal or vertical
direction (m). For accurate results, the Courant number should not exceed 1, which means transport driven
by advection should not exceed more than one grid cell during one time step [85]. The Courant number was
calculated for each grid cell in the steady-state solution.

The heads and flow budgets were used in aMODPATH particle tracking simulation and a ZoneBudget simulation,
which are two additional softwares of MODFLOW to post-process the results. The particle tracking was used
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(a) Different zones used for the groundwater flow simulation.
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Figure 3.4: Marking of zones for ZoneBudget simulation for both the groundwater flow model and the nutrient transport model.

to determine the capture zones by simulating backward tracking of particles released at the sea/bays boundary.
With this result, the simulation period for the tracer simulations was determined. It assessed whether particles
released across a large portion of the islandwould have travel times long enough to reach a boundary. In addition,
since sorption was considered in the tracer simulations, the simulation period needed to be extended to account
for this process.

ZoneBudget can be done for both a flow model and a solute transport model. The input for the model is the
model grid and the water volume flows or solute mass flows of a cell. During the simulation, each water vol-
ume or mass component, like recharge, boundary flow or sorbed mass, is summed for the cells in a specified
zone. ZoneBudget was used to determine the flow and flux towards the sea and the bays, providing insight into
how much water and nutrients discharge into the sea and identifying which bays are vulnerable to pollution. Fig-
ure 3.4a shows the marking of these cells for the flow model, and Figure 3.4b for the nutrient simulations. The
sea was divided into three zones for the flow model, and into two zones for the nutrient simulations. This was
done to evaluate the two coastlines as separate. For the nutrient simulations, which only focused on the east
side of the island, the different bays were considered as individual zones.

For the nutrient transport model, the initial concentration was set to 0 kg m−3. The heads and flow budgets of
the final time step from the variable-density model, which were assumed as the steady-state heads and flows,
were used in the nutrient transport model, in this way, it was not needed to calculate the variable-density flow
again and therefore it significantly reduced computational time. The output file containing the flows and heads
was modified, retaining only the last time step and adjusting the time step to 1. Further details on this process
can be found in Appendix G. The number of periods and the period length were dependent on the simulation. The
time step was set to 0.5 years after the Courant number was assessed for the variable-density model. Lowering
the time step reduces the cells which exceed the Courant number. The outputs of the nutrient transport model
were concentrations and mass budget files. For this transport model, also a ZoneBudget simulation was done.

3.3. Simulations
In this section, the different types of simulations are described. First, the tracer simulations to obtain subgoal 1,
which aims to determine the spatio-temporal behaviour of different tracers, are described. Second, the simulation
to determine the current state of the pollution from leaking OSDS is described. And third, three future scenarios
are described, investigating the effect of changes in population or pollution measures.

3.3.1. Tracer simulations
To determine the different behaviour of nutrients of Curaçao, three tracers with different characteristics were
simulated. First, a conservative tracer was simulated, second a tracer with degradation and third a tracer with
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sorption. These three tracers represented respectively chloride (Cl−), NO−
3 and PO3−

4 . In these simulations, a
mass was inserted at different locations. It was chosen to focus on only the east side of the island due to the
better flow model performance and the urban development on this side. These locations were determined by
adding a raster, and at each corner of the raster cell, a mass with a rate of 1 kg d−1 was released within the active
model domain. The locations are given in Figure 3.5.

Figure 3.5: Locations of mass insertion for tracer simulations

The simulations were done for 250 years with time steps of 0.5 years. This 250-year period was chosen because,
after 100 years, most particles would have reached the bays or the sea, and the time frame was extended to
account for sorption effects. For each simulation, the concentration in a cell was multiplied by the saturated
thickness and the average over the depth interval was determined. Also, a ZoneBudget analysis was performed
to determine the mass fluxes into the different zones over time.

3.3.2. Current state simulation
To determine the current state of the nutrients N and P in the groundwater as a result of leaking OSDS, a sim-
ulation was done using the population and average N and P-input per day. Population data was available for
the period 1900-2021, and therefore 2021 was taken as the current situation. For some years, data was missing,
and the population in these years was determined by linear interpolation. The population has grown over the
years (see Figure 3.6), resulting in increased N- and P-loadings. The outcomes are depending on the moment a
mass is released, due to the time-dependency of decay and sorption, and therefore population growth over time
is important.

The spatial distribution of the population was based on the current population density per neighbourhood, as
shown in the map in Figure 3.7. The model assumes that the population density proportions across different
zones remained constant throughout the simulation. However, in reality, the expansion of Willemstad has oc-
curred over the years. It is expected that the population was concentrated in a smaller area of the island com-
pared to the present.

To determine the leakage from OSDS, an estimation of the daily excretion of N and P per person was made. For
N, a mass rate of 13.3 g d−1 (range 9.0 - 21.7 g d−1) per person was assumed as loading, and for P 3.28 g d−1

per person was used [88]. Not all households on Curaçao depend on OSDS, 16% of the wastewater is treated.
Therefore the mass input into the system was multiplied with a fraction of 0.84.
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Figure 3.6: Population of Curaçao for the years 1900 - 2021 and a population projection based on a constant fertility projection [86, 87].

The amount of mass added to the model per cell can be expressed as:

Lcell =
P%
A

∗ Pyear ∗∆r ∗∆c ∗ fdcs ∗ Lp, (3.15)

where Lcell is the loading of the nutrient per cell (kg d−1), P% a percentage of the total population for that neigh-
bourhood (-), A is the area of the neighbourhood (m2), Pyear represents the population for a given year (-) [87],
∆r and∆c are the distance between respectively the rows and columns of the model grid (m), fdcs is the fraction
of population which is not connected to a centralised sewer system (-) and Lperson (kg d−1) is the amount of the
nutrient which one person excretes per day.

For N it was assumed that it all converted to NO−
3 when it entered the groundwater and for P it was assumed

that it converted to PO3−
4 . In the literature, there are different approaches for simulating nitrate in groundwater.

Karlović et al. [89] researched the transport of NO−
3 through groundwater in Croatia in which they assumed NO−

3

to be conservative. Contrary, NO−
3 is also often simulated using first-order decay [90–93]. For Curaçao, little is

known about the denitrification process, and therefore the transport of N was modelled twice; with conservative
behaviour and with decay.

In this work, it was assumed that the total amount of daily excretion fully leached to the groundwater, and no
treatment occurred. Septic tanks do have a treatment function, This overestimates the amount of N and P.

For the conservative simulation ofN, a removal inODSDandduring soil infiltrationwas considered,multiplying the
mass input with 0.7 to account for a reduction of 30% [94]. For the decay simulation of N and P, it was assumed
that the total amount of nutrients leached to the groundwater and that there was no treatment. Consequently,
the vertical positioning of OSDS and the corresponding leakage were not considered. The model assumed that
all nutrient mass reached the groundwater, while in reality, some might not and already decay or sorb before the
groundwater table is reached. The effect of neglecting treatment was viewed as less critical, as the majority of
OSDS are cesspits without having a treatment capability. Moreover, the regulations andmaintenance are lacking
and septic tankswill lose the treatment function [95]. If cesspits are replaced by septic tanks in the future, nutrient
removal should be incorporated into the simulations.

The average concentration over a depth of 50 m of both N and P for the current situation (2021) was determined.
50mwas chosen because for some locations, the groundwater table is 30mbelow the surface and if the average
well depth of 20mwas chosen, valuable information would be lost. The nutrients did not reach the deeper layers
below 50 m, and therefore this depth was neglected in averaging the concentrations. Furthermore, the mass
fluxes of N and P into the bays and sea, and their ratio (N:P mass ratio) were determined.

To assess the accuracy of the model, the simulated current concentrations were compared to NO−
3 and PO3−

4

groundwater measurements done by PhD student Mike Wit on Curaçao. Because N and P were used as input,
the concentrations were converted to respectively NO−

3 and PO3−
4 concentrations by considering their relative

mass ratio. For this comparison, it was assumed that all N was converted to NO−
3 , and all P was converted to
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Figure 3.7: Population density in the different neighbourhoods per km2 which were considered in the simulation.

PO3−
4 . This should be evaluated if this is correct for Curaçao. McCray et al. [96] state approximately 75% of N

dissolves as NO−
3 and for P this range from 76% to 95% to be converted to PO3−

4 . For the conversion of N to NO−
3 ,

mass NO−1
3

mass N
=

62

14.01
≈ 4.43, (3.16)

was used, and for P to PO3−
4 ,

mass PO−1
4

mass P
=

94.97

30.97
≈ 3.07, (3.17)

was used. The converted concentrations on the sample locations were averaged over the depth of the sample
well, and compared to the measured concentration in the well.

3.3.3. Future scenarios
After the current state was simulated, the concentration in 2021 was used as input for the three future scenarios
as the initial concentration. The three scenarios represented 1) population growth, 2) stopped pollution from
OSDS, and 3) a no-change scenario to investigate the effect of changing inputs.

For the population growth, a population growth reprojection based on constant fertility was used [86]. The popu-
lation calculated based on the reprojection is given in Figure 3.6 by the dashed line, the exact growth percentages
per year can be found in Appendix H. In the stopped pollution scenario, the mass input was set to 0 kg d−1. This
reflects the situation if all OSDS are replaced by a centralized sewer system, and no leakage of N and P to the
groundwater occurs. The no-change scenario used the known population of 2021 and nothing was changed to
the model inputs. All three scenarios were simulated for the period 2021 to 2050, based on the available data of
the population growth projections.

As for the current state situation, the average groundwater nutrient concentration at the end of the simulation
period was obtained, and a ZoneBudget analysis was done to obtain the mass fluxes over time and to compute
the N:P mass ratio over time.



4
Results

In this chapter, the results and implications of the different simulations are given. First, groundwater heads
and flows across the island are described, followed by an assessment of the performance of the model. Next,
the resulting flow field was used to simulate the spatio-temporal behaviour of tracers with different reaction
characteristics. Lastly, a first model result of the current state of nutrient fluxes in the groundwater due to the
leakage from OSDS and three potential future scenarios are given.

4.1. Groundwater flow
4.1.1. Behaviour groundwater
First, an estimate of the groundwater heads was made based on a constant-density model, the results can be
found in Appendix I. The heads were the highest on the west and central part of the island. Regarding the flow,
water was only flowing out towards the sea and bays, and the inflow was only due to the infiltration of rainfall.
Using these groundwater heads as initial conditions for the transient variable-density model, the groundwater
heads based on differences in density as a result of saltwater intrusion were calculated. In Appendix J, the
evaluation of the heads and water outflow to bays and sea over time can be found. It can be observed that
after 4500 years, the steady-state situation was approximately achieved. Using the variable-density groundwater
model, the head distribution and corresponding flows of Curaçao were simulated. The surrounding sea and
bays influenced groundwater levels, resulting in the integration of fresh and saltwater densities in the model.
Although data on the spatial distribution of the geological layers in the vertical direction was limited, requiring a
simplification of the 3D geological model, and the lack of hydrogeological data, a groundwater flow model was
created successfully.

The map view in Figure 4.1 shows the groundwater heads simulated with the variable-density model. The heads
simulated with this model were slightly higher compared to the freshwater-only model, especially at the west
side of the island. The difference in heads between the twomodels is shown in Appendix I. The head distribution
showed patterns as expected following the topography of Curaçao, areas with higher elevations also had higher
heads. Also considering the different geological formations, the heads and flows showed an expected behaviour.
Lower hydraulic conductivity resulted in a lower specific discharge and therefore water accumulated, resulting in
higher groundwater heads. This can be observed on the west and central part of the island where MCF and Knip
Group were modelled in the first 20 m from the surface. Contrarily, in areas with a higher hydraulic conductivity,
the water flowed more easily. This was observable near the coast in the limestone formation, where the heads
were lower due to the higher hydraulic conductivity resulting in less accumulation of water.

In the southeast of the island, the simulation showed elevated groundwater levels. This could be due to the
simplification of the conceptual geological model. Limestone wasmodelled with a thickness of 20m, whereas in
reality, it exceeds this thickness due to the presence of the limestonemountain (Tafelberg). Below this limestone,
an unweathered CLF layer with a low permeability was modelled. The hydraulic conductivity of the limestone is
higher, and water will not accumulate as in the model. A more accurate 3D geological model would improve the
outcomes.

The map in Figure 4.2 shows the average specific discharge over depth. The specific discharge was highest in
the coastal area and around the bays. On the east side of the island, weathered CLF and limestone formations
were found on the upper layers with both having a relatively high hydraulic conductivity. However, some of these
areas had low average specific discharge, for example, on the northeast side of the island. This is due to the large
distance between the surface and the groundwater level. Due to the water flowing deeper, it travelled through the
deeper unweathered CLF or MCF layers, with a low hydraulic conductivity. This phenomenon can be observed in
the cross-section in Figure 4.3, the distance to the groundwater table was larger in the higher elevated areas.

19
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Figure 4.1: Simulated groundwater heads on Curaçao, the contour lines show different levels of the groundwater heads. The red line
indicates the location of the cross-section.
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Figure 4.2: Specific discharge averaged over depth, showing the resulting flow field. Vectors indicate flow direction, with their length
representing the magnitude of the specific discharge.

The initial salt concentration in the aquifer was 35 kg m−3, it can be observed that these concentrations have
been decreased as a result of the flushing of salt by the recharge. Looking at the flow directions in the cross-
section in Figure 4.3, it can be observed that the salt concentration in the groundwater affects the groundwater
near the bays and sea coastline. Groundwater also flows into the aquifer from the sea and bays, contrary to the
simulated flows with the freshwater-only model.

On a daily basis in the final steady-state situation, the total water outflow (SGD) from the aquifer into the bays
and sea was 58,720 m3 d−1, with 47% flowing into the bays and 53% into the sea. Because the steady-state
situation was simulated, the total inflow should equal the total amount of outflow. The amount of recharge to
the groundwater based on infiltration from rainfall was equal to 56,750 m3 d−1, which is 97% of the total water
outflow. The remaining 3% consisted of water inflow from the bays and sea, whichwas subsequently recirculated
back into the bay or sea. The sea coastline has a length of 134.5 km, while the bay coastlines have a total length
of 56.1 km, resulting in SGD of 231 m3 d−1 km−1 and 494 m3 d−1 km−1 respectively. Although the sea coastline
is longer, a similar quantity of water flows towards the bays and the sea. This could also be related to the higher
specific discharge near the bays compared to the specific discharge near the sea coastline, observable in the
map in Figure 4.2.
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Figure 4.3: Cross-section showing the salt concentration simulated with the variable-density model, using a colour scale. The vectors
indicate flow direction, and the concentration is displayed up to the groundwater table. The white line marks the fresh-saline groundwater

interface, defined by a salt concentration of 17 kg m−3.

The sea and bays were modelled using a constant head boundary across all layers. While the use of constant
head boundaries is often used in previous studies [50, 80], it may lead to an overestimation of discharge, as
unlimited water can be discharged to maintain the specified constant head. In reality, the seabed could provide
resistance, limiting the outflow and resulting in lower SGD. Therefore, it is recommended to assess the effect of
the boundary definition and future research should evaluate the effect of including the seabed and the bay bed.

The flow paths resulting from a backward particle tracking simulation of 100 years are shown in the map in
Figure 4.4. The flow paths ending at the bays were reaching further inland than those ending at the sea boundary,
so it took longer for particles to reach the sea boundary. Based on this particle-tracking simulation, a simulation
period of 100 years seemed reasonable for a conservative tracer. When considering sorption, the flow of the
tracer is retarded, with the degree of retardation depending on the geological type and its associated bulk density.
The retardation factors ranged from 17.1 to 401.4, reflecting the delay in solute transport velocity relative to water.
Consequently, the tracer simulations were conducted over a 250-year period to account for this effect.
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Figure 4.4: Backward tracing simulation of particles released at the coastline. The lines represent the travelled distance in 100 years.

4.1.2. Validation and numerical stability
The numerical stability of the variable-density model was assessed with the Courant and Peclet numbers. The
Courant number was evaluated in the x−, y− and z−direction. Cells exceeding the threshold of 1 were defined
as unstable. In the map shown in Figure 4.5, the number of cells exceeding this threshold in the z-direction is
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displayed. 5.9% of the total cells in the active model domain were marked as unstable for the variable-density
model. The Peclet number of the full model was equal to 4, which was within the defined restriction.
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Figure 4.5: Cells which exceed the Courant threshold of 1 are indicated, and the colour scale indicates the number of cells in the z-direction
which exceeded the threshold.

The simulated groundwater heads were compared to the observed groundwater heads in 129 different locations,
given in Figure 4.6. The RMSE between observed and simulated heads was 15.29 m and the MAE was 9.48 m
(Figure 4.6a). The heads were both under and overestimated, with the largest errors in the west-central part of
the island in the geological formation MCF (Figure 4.6b). Within a distance of 1500 m, a head difference of 50 m
was observed, while the model showed a more gradual change in heads. Due to this, the RMSE was large in this
area. In general, the groundwater heads were overestimated on the west side of the island, this was due to the
complex geological formations present. In themodel, MCF and Knip Group had a constant hydraulic conductivity,
and lowering this value would result in underestimating the groundwater heads in other locations. The best way
to improve this would be to add a hydraulic conductivity which differs spatially.

In the evaluation, there was a distinction made between locations on the west side and the east side of the
island, indicated in the graph in Figure 4.6 with respectively diamonds and circles. As can be observed, themodel
performed better on the east side. When only evaluating themodel performance for this side, the RMSE between
observed and simulated heads decreased to 6.12 m. The simulated heads were modelled for the annual average
situation, while the observations were done at different moments in time and are momentary observations and
therefore not represent the steady-state heads. The groundwater levels per location have an average difference
of 0.88 m. Therefore, some difference was expected between the fluctuating observed heads and steady-state
simulated heads. Considering this, and the lack of data formodel creation and validation, the RMSEwas assumed
reasonable

The evaluation of the variable-density flow model validity and stability was used to make choices for the nutrient
transport model to increase its performance. Due to the better model performance on the east side of the island,
in combination with the relevance of pollution in the urban area on the east side, it was chosen to focus on
that side for the nutrient transport simulations. In addition, an adjustment was made to increase the numerical
stability of the model. The Courant number depends on the time step and the dimensions of the cells in the
model grid (Equation (3.14)). For the nutrient transport model, it was possible to simulate with a different time
step, while the grid cell size had to be the same as the variable-density model. To increase the numerical stability
of the model for these simulations, it was chosen to adjust the time step in the tracer simulations to 0.5 years
instead of 1 year, reducing the percentage of unstable cells to 2.9%. Although a smaller time step would improve
the stability, the run time of the model would increase and therefore 0.5 years was used. In future research, the
time step could be decreased to assess the effect on the results.
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(a) Simulated versus observed heads, resulting in a Root Mean Square Error
of 15.29 m and a Mean Absolute Error of 9.48 m.
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(b) Map with residuals between simulated and observed heads.

Figure 4.6: Comparison of observed and simulated heads to assess the model performance. The diamonds indicate the west side, and the
dots the east side. The colour scale indicates the difference between simulated and observed.

4.2. Tracer simulations
The spatio-temporal behaviour of different tracers was simulated by releasing a mass of 1 kg per day at each
of the locations described in Section 3.3.1. Of the 49 locations in the grid, 32 were located in the active model
domain. Three simulations were done, one with a conservative tracer (Cl), one with a tracer with decay (NO−

3 )
and one with a tracer with sorption (PO3−

4 ). First, a spatial analysis of the conservative tracer is given. Second,
the numerical analysis of the nutrient fluxes of all three tracers is given.

4.2.1. Spatial analysis
To get a conceptual idea of the behaviour of a tracer in the groundwater of Curaçao, a spatial analysis was
done. The average concentration over the depth after 250 years for the conservative tracer is given in the map
in Figure 4.7 together with the averaged transport flow velocity and directions. These vectors differ from the
specific discharge (q) in Figure 4.2 because now the flow velocities (v) are shown which are dependent on the
effective porosity of the geological layers. The concentrationmaps of the tracers with decay and sorption can be
found in Appendix K. In Figure 4.8 the locations were grouped based on their drainage area and in Figure 4.9 the
population density per neighbourhood is overlaidwith these drainage areas. These drainage areasweremanually
determined based on the flow directions towards a bay or sea boundary.

It can be observed that in the central part, the tracers were flowing towards Schottegat Bay (bay 3). This was
expected based on the flow field with most flow vectors directed towards this bay. The drainage area of this bay
is large and therefore a large fraction of tracers will flow towards this bay. When looking at the population density,
this area also comprised densely populated areas. Based on this, Schottegat Bay was indicated as vulnerable to
pollution originating from OSDS. Contrarily, the large drainage area of Spaanse Water Bay (bay 5) and Sint Joris
Bay (bay 6), consisted of fewer populated areas and was therefore less vulnerable.

Along the north coast, especially for three tracer locations, the plume was less spread compared to other loca-
tions. Here, the surface was elevated and the water level did not rise into the limestone formation, because this
was only modelled for the first 20 m from the surface. The groundwater level reached only in MCF, which has a
low hydraulic conductivity, and therefore the tracers flowed through the SGD with a low flow velocity. The weath-
ered CLF and limestone formations have a higher hydraulic conductivity, and therefore if the groundwater level
reached these formations, the groundwater could flow more easily. For the weathered CLF, depth is a critical
factor, because the degree of weathering decreases with depth, leading to higher hydraulic conductivity in the
shallower regions closer to the surface.
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Figure 4.7: Averaged concentration over depth after 250 years for the conservative tracer (Cl−) with the vectors indicating the average flow
velocity. For the colour scale, a power-law normalisation is used with gamma = 0.3.

Figure 4.8: Drainage areas of the different bays and sea highlighted. Abbreviations for bays: SM = Sint Michiel, P = Piscadera, S =
Schottegat, JT = Jan Thiel, SW = Spaanse Water, and SJ = Sint Joris.

Figure 4.9: Population density per neighbourhood, and drainage areas as overlay. Abbreviations for bays: SM = Sint Michiel, P = Piscadera,
S = Schottegat, JT = Jan Thiel, SW = Spaanse Water, and SJ = Sint Joris.
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4.2.2. Nutrient fluxes
Next to the evaluation of the concentration, a ZoneBudget simulation was executed to determine the nutrient
fluxes towards the bays and sea. In Figure 4.10, the mass fluxes into the drainage areas as a percentage of the
total mass flux into the aquifer per day over time, are given. It can be seen that the reaction characteristics of
the tracer influence the behaviour of the nutrient flux through the subsurface, and therefore the order of most
capturing zones changes.

For the conservative tracer, the flux out of the system increased the most during the first 100 years. After
250 years, the mass flux is near a steady state for almost all drainage areas. Except for Schottegat Bay (bay
3) and the northern sea coast, here fluxes were still increasing at the end of the simulation. Schottegat Bay was
capturingmost of themass, this is due to the drainage area and therefore the longer distances for the nutrients to
travel. 82.3% of the mass inflow per day was flowing out after 250 years (Table 4.1). The outflow to all bays and
the sea did not add up to 100% because not all of the fluxes were at a steady state at the end of the simulation.

Similarly, for the tracers with decay, the steady-state situation was already reached, although this happened for
all fluxes within 20 years. The simulation shows a different pattern compared to the conservative tracer, the
order of most capturing zones was changed, with Sint Joris bay (bay 6) receiving the largest mass flux of tracers
susceptible to decay. Only a small amount of the tracers added to the system reached the bays or sea, and most
of the tracers decayed over time in the groundwater, as only 15.8% reached the boundary in the steady-state
situation (Table 4.1). For this tracer, the travel distance was important, and therefore how far the pollution source
was located from a bay or sea coast. Together with the flow velocity, the flux depended on this. For example,
Jan Thiel Bay (bay 4) did not receive much mass due to the lower flow velocity and the greater distance from
the tracer locations to the bay. The mass flowing out to Jan Thiel Bay in the conservative case, was degraded
before it reached the bay in the decay simulation. The half-life time of the tracer was set to 3 years, enabling only
the tracers which flowed fast to reach either the bays or the sea. The slower tracers were degraded before they
could reach the bays or sea coastline.

The tracer with sorption did not reach a steady-state outflow after 250 years, contrarily to the other tracers. Due
to the retardation factors of the different geological formations, ranging from 17 to 401, it takes much longer for
the tracers to reach the bays and sea. This is further evidenced by the observation that, when summed, 15.8%
of the nutrient was discharged, in contrast to 82.3% for the conservative tracer. The flux towards the sea was
relatively higher compared to the other tracers, especially during the first half of the simulation period. This is
partly related to the tracer locations, as some of the locations were very close to the sea coastline. Regarding the
outflux into the northern part of the sea, this outflow is seen to quickly increase after simulation initialisation, due
to one of the tracer locations near the sea. For the south sea coast, limestone was located near the coast with
the retardation factor of 30, which was lower compared to the retardation factor of CLF (76 for the weathered
part, 401 for the unweathered part). The relatively low retardation factor resulted in less sorption near the sea
compared to locations in the central part of the island comprised of CLF formation.

While Schottegat Bay received most of the mass for the conservative tracer, this could not be observed for the
decay and sorption tracer. Due to the large drainage area of the bay, the large travelled tracer distance allowed
more sorption and decay.

Table 4.1: Outflow of the tracer simulations after 250 years as a percentage of total mass inflow per tracer summed for the bays and both
sea coasts for the east side of the island.

Conservative Decay Sorption
Total bays 62.6% 11.5 % 10.2%
Total sea 19.7% 4.3% 5.6%

Total 82.3% 15.8% 15.8%

A notable result is the discrepancy between the distribution of mass fluxes and water volume flowing to the bays
and sea. The volume outflow of water was equally distributed over the bays and the sea (47% and 53% resp.).
Also when only considering the eastern part of the island, a similar distribution was observed (51% and 49%).
Conversely, when analysing nutrient flow for the three tracers on the east part of the island, the mass flow was
much more focused on the bays (see Table 4.1). This is partly due to the effective porosity which affected the
flow velocity. While the limestone formation located near the sea coastline has a high hydraulic conductivity,
it also has a high effective porosity, causing a lower flow velocity compared to the weathered CLF formation
located near the bays. In addition, the difference was attributed to the location of tracer releases; no mass was
released in the most eastern part of the island, even though water flowed into the sea.
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(a) Conservative tracer (Cl−).
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(b) Tracer with decay (NO−
3 ).
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(c) Tracer with sorption (PO3−
4 ).

Figure 4.10: Mass flowing into bays/coast per day as a percentage of the total mass inflow into the mainland. Abbreviations for bays: SM =
Sint Michiel, P = Piscadera, S = Schottegat, JT = Jan Thiel, SW = Spaanse Water, and SJ = Sint Joris.

4.3. Scenario simulations
First, the current state of the nutrient fluxes from OSDS leakage towards the sea and bays in Curaçao was simu-
lated. Second, three scenarios were done to evaluate the impact of potential scenarios such as stopped pollution
or increased urban development on future pollutant concentrations. These simulations are a first model result
and should be treated carefully. The results are obtained with a simplified model, and further refining of the
model and critical assessment of the model parameters and their uncertainty is therefore required.

4.3.1. Current state scenario
The simulation of N and P-leakage fromOSDS started in 1900 and was simulated until 2021, which was assumed
as the current situation. For these 122 years, the leakage as a function of the population was simulated. The
average concentrations for the current test cases, including N as conservative, N with decay, and P with sorptive
characteristics, are shown in Figure 4.11, Figure 4.12 and Figure 4.13 respectively. The average concentration for
conservative N was the highest, followed by N with decay and then P. The ratio of the total mass of conservative
nitrogen to decaying nitrogen to phosphorus in the groundwater is approximately 55:11:1.

This is partly due to the higher daily mass input in the conservative and decay simulations of N compared to
P, with a ratio of 2.8:4:1. However, decay and sorption significantly reduced the groundwater concentrations. A
more progressed spread for N compared to P was observable, which is in line with the effect seen for the tracers.
The conservative and decaying tracer, illustrative for N-behaviour, spreadmore quickly, whereas the sorbed tracer,
illustrative for P-behaviour, spread slowly due to the retardation caused by sorption. In addition, the sorption of P
by the aquifer material occurred already near the source while the effect of the decay of Nwas observable further
from the source. This is because the half-life timeofNwas 3 years and therefore it was not directly observable the
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Figure 4.11: Average concentration of N for the current state, modelled as conservative transport. The concentration is averaged over the
first 50 m below the surface. For the colour scale, a power-law normalisation is used with gamma = 0.3.
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Figure 4.12: Average concentration of N for the current state, modelled with decay. The concentration is averaged over the first 50 m below
the surface. For the colour scale, a power-law normalisation is used with gamma = 0.3.

moment the nutrient reached the groundwater. Consequently, the concentration of N was relatively higher near
the source compared to the concentration of P. In addition, with sorption, relatively more P-mass was removed
from the groundwater, compared to the decay of N.

The simulated concentrationswere compared to groundwatermeasurements of NO−
3 and PO3−

4 . It was assumed
that N and P were fully converted to respectively NO−

3 and PO3−
4 . For the comparison, the well depth at the mea-

surement location was used to compute the average simulated concentration. The simulation of N with decay
showed simulated concentrations in the same order of magnitude as the measurements, whereas the simula-
tion with N as a conservative nutrient and P overestimated the concentrations compared to the measured values
(Figure 4.14 and Figure 4.15). The median values of the simulations of conservative NO−

3 , decaying NO−
3 and

PO3−
4 were respectively 211, 46, and 1.5 mg L−1, while the median observed concentrations were were 47 mg L−1

for NO−
3 and 0.13 mg L−1 for PO3−

4 .

The results show an improved estimation of the N-concentrations for the test case that modelled N with decay,
aligning more closely with the measured concentrations. However, despite being in the same order of magni-
tude, discrepancies between the measured and modelled N-concentrations can still be observed for the decay
test case when the N-concentrations are evaluated on specific locations (Figure 4.16b). The model both overes-
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Figure 4.13: Average concentration of P for the current state. The concentration is averaged over the first 50 m below the surface. For the
colour scale, a power-law normalisation is used with gamma = 0.3.
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Figure 4.14: Violin plot of measured NO−
3 and simulated NO−

3
concentrations, both with conservative transport and with decay for

the current situation on the east side of the island
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Figure 4.15: Violin plot of measured and simulated PO3−
4

concentrations for the current situation on the east side of the
island.

timated and underestimated the concentrations, which resulted in approximately the same range of values. As
can be seen for the conservative simulation of N and the simulation of P, the model significantly overestimated
the concentrations (Figure 4.16a and Figure 4.16c).

An overestimated mass input can explain an overestimation of groundwater nutrients, as a lower daily nutrient
loading would result in lower concentrations. Overestimation of input could be due to overestimated N and
P-excretion by humans, insufficient modelled removal in the OSDS, and the assumption that all leaked N and
P reach the groundwater. In literature, different fractions of N and P in wastewater are reported to reach the
groundwater. While Valiela et al. [97] reported a 40%N-removal in septic tanks andHarris [94] indicated 10%, Lowe
et al. [95] reported little to no N-removal. Moreover, these studies focus on septic tanks, whereas on Curaçao,
mostOSDSare cesspits, which haveminimal removal capacity. Additionally, poormaintenance further decreases
their effectiveness. Also, N and P-removal could occur during soil infiltration, ranging from 5 to 40% and 85% to
95% for N and P, respectively [94, 98]. The soil infiltration depends on the distance between the OSDS and the
groundwater level, so it is recommended to research this distance and reduce the mass input if required.

Besides this, the concentrations in the test case of the conservative N could be overestimated due to the con-
servative reaction characteristics. If decay occurs, the concentrations decrease due to the degradation of N.
Regarding P, the overestimation could also be due to too little sorption. If more sorption occurs, the concentra-
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(a) NO−
3 as conservative.
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(b) NO−
3 with decay.
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(c) PO3−
4

Figure 4.16: Simulated concentration averaged over the well depth for the three test cases of the current scenario compared to
groundwater measurements of NO−

3 and PO3−
4 measured on that location.

tions will decrease and become closer to the measurements.

Due to these uncertainties, it is recommended to first conduct a critical assessment of the input values before
refining the reaction characteristics. A sensitivity analysis should then be performed to improve and assess
the accuracy of N and P-fluxes on Curaçao, including the evaluation of reaction parameters, such as decay and
sorption constants.

For the current situation, also the mass fluxes towards the bays and sea coastlines were evaluated. The mass
of N and P flowing into a bay or sea per day is given in the graphs in Figure 4.17. Because the size of the different
bays and the sea differ, the mass flux was also calculated per kilometre coastline. This is given in Appendix M.

It can again be observed that different reaction characteristics affect the mass fluxes over time. For both test
cases of N, the mass flux trends closely followed that of the population growth. At the steep rise of population
density starting in 1925, an increase in N-outflow followed quickly. With the stagnation of population growth in
1970, the conservative N-tracer continued to increase for a few decades, where the decaying N-tracer outflow
plateaued almost instantly. This is due to the longer travel time from the input location to the outflow zone. For
the conservative tracer, the increased input with a long travel time to the bays and coast was still on its way when
population growth stopped in 1970, causing a further increase of outflow. For the decaying N-tracer, the input
with longer travel times will never reach an outflow area due to the decay characteristics, resulting in a faster
response after a stop in population growth.

In contrast to N, the population growth trend was less observable in the mass flux of P. The increase in outflow
due to the significant population growth that began in 1925 was delayed, with a more pronounced rise observed
from 1940. The stagnation of the population increase was not observable in the mass fluxes, as the mass flux
kept increasing. This is related to the sorption of P, which delayed the outflow of the nutrient relative to the water
flow. Most of the drainage zones consist of weathered and unweathered CLF, with a retardation of 76 and 401
respectively. As a result, most fluxes passed through from the upper layers, since the retardation factor of 401
prevented outflow unless P was inserted near a bay. The outflow along the southern coast was highest for P due
to the lower retardation factor of limestone (30) compared to CLF. As some of the fluxes here occurred within
the first 20 m from the surface, P travelled through the limestone. None of the P-fluxes reached a steady state,
and the outflow continued to increase until 2021.

Similar to the tracer simulations, a higher mass flux towards the bays compared to the sea was observed (see
Table 4.2). This is partly due to the previously discussed different effective porosity values for the geological
formations around the bay and coastal area, and partly due to the highly populated areas around the bays. For
P, the flow towards the bays is relatively smaller compared to N. Furthermore, it can be observed that mass flux
was highest for the conservative simulation of N, as N-input was larger than P-input and the absence of sorption
and decay effects increased the nutrient quantity that reaches the outflow zones.

For both simulation cases of N, the proportion of outflow to the different bays and the sea was similar, however
the absolute values differ by a factor of approximately 5. The highest outflow is towards Schottegat Bay (bay
3), followed by the southern coast, which has an outflow 2.5 times lower. For P, the outflows into Schottegat
Bay and the southern sea coastline are roughly equal. When analysing the outflow per kilometre coastline of the
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(a) N as conservative behaviour.
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(b) N with decay.

1925 1950 1975 2000
time (years)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

flu
x 
(k
g/
d)

Bay 1 - SM
Bay 2 - P
Bay 3 - S
Bay 4 - JT
Bay 5 - SW
Bay 6 - SJ
Sea North
Sea South

Bay 1 - SM
Bay 2 - P
Bay 3 - S
Bay 4 - JT
Bay 5 - SW
Bay 6 - SJ
Sea North
Sea South

(c) P with sorption.

Figure 4.17: Mass flowing into bays/sea coast per day during 1900 till 2021. Abbreviations for bays: SM = Sint Michiel, P = Piscadera, S =
Schottegat, JT = Jan Thiel, SW = Spaanse Water, and SJ = Sint Joris.

bays and sea, Schottegat Bay remained significant for N, while for P the highest outflows were into Sint Michiel
Bay (bay 1) and Jan Thiel Bay (bay 4). For both N and P, the significance of the mass flux towards the southern
coast decreased, as it was one of the lowest when adjusted for coastline length. Little to no outflow to the
northern coastline was observed for both N and P. This is due to the location of the populated areas, which are
situated in elevated areas, resulting in a large distance between surface and groundwater levels. Consequently,
flow occurred through the deeper MCF layers, which have a very low flow velocity.

These concentration results are a first test result and a critical assessment of the model parameters and their
uncertainty is required. As can be seen in the test cases of N, the decaying behaviour specifically has a large
impact on the concentration andmass fluxes and should be investigated further. The same goes for the sorption
characteristics of P, and the porosity parameters of the modelled sediment.

Table 4.2: Total mass rate into bays and sea for the current situation and their relative distribution.

Bays Sea
Mass rate (kg d−1) Proportion (%) Mass rate (kg d−1) Proportion (%)

N - Conservative 712.9 83 142.4 17
N - Decay 129.4 83 26.0 17

P - Sorption 5.2 61 3.3 39
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Since the historical expansion of Willemstad was not considered and the current population distribution was
applied, the mass outfluxes between 1900 and 2021 could differ. In reality, the mass was concentrated over a
smaller area, whereas in the model it was distributed more widely. This leads to a broader spread of peak fluxes,
as the same mass input was added to a smaller area in reality, resulting in locally higher concentrations and
fluxes. This effect is more pronounced for P in the current situation, as P reacts more slowly due to retardation.
For example, if Willemstad had been concentrated around Schottegat Bay, the mass input would have been
closer to the bay, leading to a higher expected outflow for the present situation compared to scenarios where
areas farther from the bay are included.

4.3.2. Future scenarios
Three different scenarios were simulated to assess the effect of population growth and stopped pollution. The
fluxes into the bays and sea are shown in the graph in Figure 4.18 from 2021 onwards. The concentration maps
of N, both as conservative and with decay, and P for the three future scenarios at the end of the simulations are
given in Appendix N.

Regarding the N-fluxes, a direct effect was observable when changing the inputs in the future scenarios. The
population growth increased the mass flux directly, while when the pollution stopped, the mass flux directly
decreased. In 2050 the flux into the bays was increased by 12%. This quick reaction is because part of the N-
flux reached the bays and sea boundary quickly after it was inserted, and therefore changes in inputs showed a
direct effect in the outflux. In the no-change scenario for N with decay, the flux remained the same, while for the
conservative case, a small increase was observed and the outflux reached a new steady state in 2050. Therefore
both future scenarios affected the outflow of N within 30 years, as they differ from the no-change scenario.
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(a) N-flux conservative.
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(b) N-flux decay.

1925 1950 1975 2000 2025
time (years)

0

1

2

3

4

5

6

7

flu
x 
(k
g/
d)

Current state
No-change
Population growth
Stopped pollution

Bays
Sea

(c) P-flux.

Figure 4.18: Mass fluxes into sea (solid line) and bays (dashed line). In black the current state is given, blue is the scenario without any
change, orange with population growth, and green is the scenario where pollution was stopped.
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In the stopped pollution scenario, the N-outflux decreased by 75% for the conservative case of N, while for decay-
ing N, the outflux decreased to 0 within 25 years. For the conservative case, the effect on the outflow towards
the bays was larger compared to the sea (reduction of 77% and 66% respectively). These significant reductions
indicate a large effect on N when the pollution stops, both when modelled as conservative and with decay.

For P, the change in flux depended on the scenario. For the population growth scenario, themass flux was almost
the same as for the no-change scenario, meaning the increase in population did not directly affect the P-flux into
the bays and sea boundary. For P, it took longer to reach the boundary due to the ability to sorb, and consequently
to see an effect on themass flux. Towards the end of the simulation, the P-flux of the population growth scenario
was increasing faster than the no-change scenario, but the outflux is only 2% larger in 2050 compared to the no-
change scenario. This increase effect will probably increase for many years until the outflow is stable. When the
influx of P was stopped in the stopped pollution scenario, the mass flux plateaued with a slight decline in the flux
towards the sea. The outflux was reduced by 5% in 2050 for the sea while for the bays the outflow increased by
7%. For this scenario, there was a clear and immediate influence on the mass flux. However, when compared to
the effect of pollution stop on N, a less drastic decrease in influx was observed.

When N is considered as conservative, the N:P mass ratio increased by 86% during the first 17 years, as can be
observed in the graph in Figure 4.19. This is due to the delayed outflow of P by retardation. After 17 years, the
N:P ratio started to decrease, as more P flowed out. For both the bays and the sea, the N:P mass ratio stayed
above the Redfield ratio. This ratio was considered optimal to sustain phytoplankton growth [99], and therefore
when above this ratio, the environment is called P-limited. The Redfield ratio shown in the figure, represents the
mass ratio of N:P, which equals 7.23:1, differing from the commonly used molar ratio of 16:1.
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Figure 4.19: N:P mass ratio for N with a conservative behaviour. The bays are indicated with dashed line, and the sea with a solid line. The
current state and the different scenarios; no-change, population growth, and stopped pollution are respectively shown in black, blue, orange,

and green. The red line represents the Redfield mass ratio.

TheN:Pmass ratio for the current state for Nwith decay initially decreased during the first years of the simulation,
plateaued for a period, and then decreased again, but more gradually. The stable period is longer for the N:P ratio
in the sea compared to the bays. In the bays, the N:P mass ratio is higher compared to the sea. For both zones,
the N:P ratio trends toward zero for the no-pollution scenario, due to the N-flux going to zero. The no-change
and population growth scenarios both show a continuation of the N:P ratio decrease at a similar rate as the
current state. Population growth causes a slightly less steep decline in the N:P ratio, especially observed when
assessing outflow to the bays. In all three scenarios, the flux into the sea will change from P-limited to N-limited,
as the N:P mass ratios are all lower than the Redfield ratio.
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(a) N:P mass ratio from 1900 till 2050.
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Figure 4.20: N:P mass ratio for N with decay. The bays are indicated with a dashed line and the sea with a solid line. The current state and
the different scenarios; no-change, population growth, and stopped pollution are respectively shown in black, blue, orange, and green. The

red line represents the Redfield mass ratio.

These results represent a first model result, and further enhancements should be undertaken. A significant
concern is the exclusion of fractures within the model. In reality, the aquifer consists of fractured rock that
influences groundwater flow. When the aquifer is fractured, flow behaviour is governed by dual-porosity. The
fractures contribute to the porosity, allowing flow, while the surrounding material primarily provides the water
storage capacity [100]. This leads to the existence of both mobile and immobile domains within the aquifer.

This dual-porosity system affects the transport of nutrients through the groundwater and therefore the amount
of N and P which flow out to the bays and sea. If part of the water with N reaches the boundaries much quicker,
less of the nutrients are degraded, resulting in higher mass fluxes. This also holds for P, while the retardation
will be the same, the outflow occurs quicker as the flow is quicker. The outflow peaks are expected to be higher,
affecting the nutrient levels in the sea and bays. However, part of the nutrients will be stored in the matrix and
take longer to flush out. In the case of the stopped pollution scenario simulated with fractured flow, it is expected
that the initial flushing may occur more quickly, while the N stored in the rock material could prolong the duration
of complete flushing from the system.



5
Recommendations

The results presented in this work are a first model result and should be interpreted with caution. To enhance
accuracy, different adjustments should be made and the model parameters should be critically assessed. This
chapter gives recommendations to further improve the model in future research, categorised into three sections;
model structure and components, model parameters and validation data, and extension of model functionalities.

5.1. Model structure and components
The groundwater flow and the heads are an important part of this research because they affect the velocity of
the nutrients, and also the height of the groundwater level and therefore the vertical position of the nutrients flow.
A higher vertical position also results in a higher hydraulic conductivity due to the presence of the limestone
formation, and the weathering of the CLF. Therefore it is recommended to first improve the flow model and
after that, start with adjustments to the transport model. A first step in future work should be more elaborated
research into the vertical distribution of the different layers. This will reduce the number of assumptions and a
more realistic 3D geological model will be obtained.

Additionally, the current depth of the model is 180 m below the surface. This depth could be reduced, as flow is
negligible in the deeper layers, preventing nutrients from reaching that depth. A depth of 50 m below sea level
would be sufficient, as no nutrient fluxes are found below this level in the model. Reducing the model depth
would decrease its size and, consequently, the running time of the simulations.

Another improvement regarding the flow model would be the implementation of fractures into the model. Al-
though they are not exactly known, it could be done by randomising the location and adding it with the drainage
package of MODFLOW, or locally adding areas with higher hydraulic conductivities or other porosity values. Im-
portant is to not overestimate the amount of fractures as it would result in an overestimation of outflows and
nutrient fluxes. Therefore it is recommended to further research these fractures and their locations.

In this work, the recharge derived from rainfall was estimated based on a transient simulation of the freshwater-
only model. This infiltration was higher than previously mentioned by Louws et al. [26]. In the determination of
the recharge, no spatial differences in rainfall or land-use type were considered, similarly for the addition of the
recharge to the island. The spatial differences and the land-use types affect the recharge of the groundwater and
could result in local differences. For example, in urban areas, the recharge is expected to be lower compared to
agricultural and natural areas where the surface is not paved allowing more infiltration.

5.2. Model parameters and validation data
The hydraulic conductivity of the weathered part of the CLF formation was defined with a decreasing gradient
over the depth. This was chosen because of the wide range of values reported by Abtmaier [30]. Because the
hydraulic conductivity has a major effect on the groundwater velocities, and thus on the mass fluxes, the flow
velocity can differ when a better estimation of these values is done, impacting the results. The same holds for the
effective porosity, these values were based on literature and were not site-specific. An overestimated porosity
value is found the most common reason for overestimated travel times [101].

In this study, it was assumed that denitrification occurs with a first-order decay constant of 0.0006 d−1. As
mentioned before, there is a wide range of decay constants reported in the literature, with some research even
reporting no decay for nitrate [89–93]. For Curaçao, it is unknown how much denitrification occurs. Therefore
the transport of N was both modelled as conservative and with decay. Without decay, the N-concentrations are
highly overestimated, suggesting the presence of decay. Anwar et al. [102] stated that groundwater systems
near the coast have limited denitrification due to the lower content of organic carbon. For this reason, a better
understanding of the denitrification process on Curaçao is required.

34
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Similarly, no parameters for sorption specific to Curaçao were available. Consequently, the parameters were
defined based on the literature. Linear sorption was assumed, and therefore no maximum sorb capacity was set.
Retardation only affects the outflow of P, while in the case of the scenario simulations, the aquifer could reach
saturation of P and the leaking P to behave as a conservative tracer and alter the concentrations andmass fluxes
at the boundary.

In addition to the lack of input data, there was also limited calibration and validation data. The simulated ground-
water heads were compared to measurements during the wet season. However, the model simulated more
average groundwater heads due to its steady-state condition. Therefore, obtaining additional measurements
under varying climatic conditions would help better judge the model’s accuracy.

The nutrient concentrations for the current state were compared to observed NO−
3 and PO3−

4 levels. The NO−
3

concentrations indicate that the concentrations are in the correct order of magnitude for the simulation of N with
decay, but the accuracy could be enhanced with more information about the reaction characteristics of N and
P in the groundwater. This additional information would increase the precision of N and P-outflows to the bays
and sea, and it could serve as a calibration method rather than relying solely on comparative analysis.

Improving the model results requires a thorough assessment of the model parameters, with uncertainty evalu-
ated through a sensitivity analysis. A comprehensive sensitivity analysiswould help identify the impact of various
parameters, allowing for the prioritisation of the most influential ones for further evaluation.

5.3. Extension of model functionalities
The model has more functionalities and can obtain more results than shown in this work. More elaborate anal-
yses could be performed using the current model, to increase its usability for assessing the pollution of SGD in
Curaçao.

Other scenarios or local pollution measures can be simulated to assess their effects. For example, different
pollution reductions could be simulated, instead of 100% pollution reduction. Based on the presented results,
it can be concluded that the reduction of leakage would have significant effects on N-outflow, and therefore
this should be further researched. Replacing cesspits and septic tanks with centralised sewer systems would
reduce leakage and decrease the outflow of N within decades. For P, a significant amount would still flow out,
and reduced pollution would not lead to a substantial reduction in outflow within the foreseeable future based
on this model.

In future work, a 2D transect in the populated area could be selected for a transient simulation to investigate the
effects of heavy rain on submarine groundwater discharge (SGD) and the corresponding nutrient fluxes. Bound-
ary conditions and initial values for the 2D transect could be based on the outcomes of the variable-densitymodel
using heads, salt concentrations, and flows. This 2D model could be used for an initial estimation of the impact
of fractured flow on nutrient travel times.



6
Conclusion

This thesis presents a variable-density flowmodel whichwas coupled to a nutrient transportmodel to understand
the movement of nutrients through SGD on Curaçao. The work focused on the simulation of theoretical tracers
and the simulation of nutrient leakage, particularly nitrogen (N) and phosphorus (P), from onsite sewage dis-
posal systems (OSDS), addressing both test cases for the current state and potential future scenarios involving
population growth and stopped pollution.

The groundwater flow model successfully simulated the distribution of heads and flow patterns on the island,
particularly on the east side and therefore the nutrient transport simulations were focused on this region. First,
theoretical tracer simulationswere performed to get a first insight into the spatio-temporal behaviour of themass
fluxes on Curaçao and were used to determine the different drainage zones of the bays and the sea coastline.
Themass fluxesmainly tend to flow towards the bays, 83% of the N-mass, for both the conservative case and the
decaying case, discharged into the bays and for P 61% flowed towards the bays. With the obtained understand-
ing, the current state of groundwater pollution as a result of leakage from OSDS was created. N-concentrations
were higher than P-concentrations, due to both a higher N-input rate and the sorptive characteristics of P, having
a larger effect on the groundwater concentrations. The simulation of N as conservative resulted in high ground-
water concentrations and largemass outfluxes. When compared to NO3 concentrationmeasurements, the simu-
lated concentrationswere a factor of 4.5 larger (211 to 47mg L−1). The simulation of Nwith decay showed similar
ranges of concentrations as the measurements, with approximately the same median concentration. However,
the spatial distribution showed large deviations, due to over and underestimation of the concentrations, both in
the same order of magnitude. The PO3−

4 concentration was overestimated with a factor of 11.5.

The scenario simulations, serving as a test case, provided an initial impression of the immediate and delayed
impacts of population growth and stopped pollution on nutrient fluxes. While N-fluxes into the sea and bays
responded quickly to changes in input, P, due to its sorptive behaviour, showed a less significant effect. In the
case of a simulated stop of the OSDS pollution, the N-outflux showed a large reduction. In case of conservative
transport of N, the total N-outflux is reduced by 75% within 30 years, and when N decays the total outflux into the
sea and bays is reduced to 0 within 25 years. P was modelled to take longer to flush out, as it still showed an
increase after 30 years for the bays. In the modelled case of persisting current pollution or increasing current
pollution due to population growth, the N-flux will remain constant or reach a new constant flux level, while P-flux
will continue to increase for the foreseeable future. If pollution is stopped, for example, by replacing the OSDS
with a centralised sewer system, it is expected that despite uncertainties in model parameters, the reduction of
N pollution would be significant after 30 years, whereas P outflow would likely remain elevated.

In thiswork, amodel providing a first impression of the behaviour of nutrient fluxes, the current pollution state, and
potential future scenarios was created. It is important to note that these results should be critically evaluated in
future work by refiningmodel parameters such as hydraulic conductivity, effective porosity, and decay constants,
and performing an uncertainty analysis. In addition, fractured flow and dual-porosity systems were excluded,
meaning the potential effects may differ from reality. Therefore, the results of the stopped pollution scenario
should not be taken as definitive, but are subjected to uncertainty, and further research is needed.

The analysis showed several limitations, in terms of the geological model, simplification in water in and outflow,
and uncertainty of the hydrogeological parameters. Improving the accuracy of the 3D geological model, more
data on site-specific parameters, and transient water flow effects would enhance the reliability of future simu-
lations. Despite these limitations, the model provided valuable insights into the behaviour of nutrients flowing
through the aquifer of Curaçao. During this project, only someof the functionalities of the developedmodelswere
highlighted. In future work, different applications can be explored. From predicting the effects of specific and
local anti-pollution measures to defining high-pollution coastal areas where the coral reefs are most threatened.
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A
Model overview

In the overview, the different packages used for the different models are given. Also, the connections of the
different models are shown. As can be seen, the simulated heads and flows were used as input for the nutrient
transport model.
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Figure A.1: Overview of the model structures in MODFLOW. All abbreviations are the packages named in Table 3.1.
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B
Convergence analysis

The grid cell size of the model affects the outcome values, therefore a convergence analysis was performed
to determine the optimal grid size. This optimum was based on the computation time and the convergence of
the heads. In the convergence analysis, the freshwater-only flow model was used with varying cell dimensions.
The groundwater head was calculated on four locations, two on the west side and two on the east side, for the
different grid sizes. These groundwater heads were evaluated against the grid cell size, and the optimal grid cell
size was chosen if the groundwater level plateaued. Therefore a grid cell size of 100 m by 100 m was chosen, as
the heads converged and a smaller cell would increase the computation time significantly.
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Figure B.1: Convergence analysis to determine the cell size of the model. The heads were evaluated on four locations, with in each graph
the simulated added against the cell size.
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C
IDOMAIN

Figure C.1 shows the IDOMAIN before smoothing and as can be seen the boundary cells show inconsistencies.
These were smoothened manually and the results is given in Figure C.2.

Figure C.1: IDOMAIN array before smoothing.

Figure C.2: IDOMAIN array after manual smoothing.
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D
Hydrogeological parameters

D.1. Hydraulic conductivity
For the hydraulic conductivity of CLF, MCF and the Knip Group, experimental data from pumping tests performed
on Curaçaowere available [30]. These pumping tests, performed in wells on different locations on the island, had
reported outcomes in terms of ’transmissivity’. These were converted to hydraulic conductivity using a simple
relation:

K =
T

D
, (D.1)

whereK (m d−1), T (m2 d−1), andD (m) denoted the hydraulic conductivity, the transmissivity, and the well depth
respectively.

The resulting hydraulic conductivities for each geological formation are shown in Figure D.1. The median values
of these experiments were used as initial values for hydraulic conductivities. For limestone, there were no pump-
test data available, and therefore it was based on literature. A wide range of values were found varying from
0.1 m d−1 to even 10 000 m d−1 [59–66].

After iteration, the hydraulic conductivities for MCF, Knip Group, and limestone were set at 0.02 m d−1, 0.3 m d−1,
and 10 m d−1 respectively. As the hydraulic conductivity of CLF appeared highly dependent on its weathering,
in turn related to the depth of the formation, it was decided to add the conductivity of the weathered part of
the CLF as a gradient. The final used hydraulic conductivity for the top layer was set to the 75th percentile of
the experimental measurements (9.5 m d−1) and the less weathered bottom layer of the weathered CLF was
assigned the 25th percentile (0.88 m d−1). The eight layers in between were linearly interpolated. Because the
unweathered part of the CLF is nearly impermeable, here a gradient in conductivity was added from the top layer
(0.01 m d−1) to the bottom layer (1 · 10−4 m d−1).
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Figure D.1: Boxplot with pumping test data obtained from Abtmaier [30]. CLF = Curaçao Lava Formation and MCF = Mid Curaçao Formation.

Chen et al. [57] performed field tests and found for basalt layers, comparable geological formation to CLF, an
anisotropy ratio ranging from 0.025 to 0.3. The upper, more weathered layers have a higher ratio compared
to the lower, unweathered layers. For simplicity, a constant value of 0.2 was assumed for all the geological
formations in the model.
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D.2. Effective porosity 45

Table D.1: Statistics of pumping test performed by Abtmaier [30]. CLF = Curaçao Lava Formation, MCF = Mid Curaçao Formation.

Geology Count Mean Std Min 25% 50% 75% Max
CLF 41 8.56 15.85 0.056 0.88 4.21 9.51 99.13

Knip Group 8 0.63 0.91 0.033 0.075 0.17 0.77 2.17
MCF 2 0.31 0.21 0.16 0.23 0.31 0.38 0.45

D.2. Effective porosity
The effective porosity of CLF was based on different effective porosity values found for basalt, ranging from
1% to 15% [67–69]. Navarre-Sitchler et al. [70] found that the effective porosity of unweathered rocks is lower
compared to the effective porosity of the weathered part of the basalt layer. For this reason, a value of 5% and
1% was used for respectively the weathered and unweathered part of CLF. Because the Knip Group consists of
sand- andmudstones, the effective porosity valuewas based on these types. Zhang et al. [103] found an effective
porosity for sand- andmudstone of 3.96% and 14.03% respectively, but Hassan et al. [71] stated a higher effective
porosity of 21% to 30% for sandstone. Averaging these values, the effective porosity of the Knip Group was set
to 14%. MCF mainly consists of sand- and siltstones and the effective porosity was based on effective porosity
found for these individual geologies. The effective porosity of siltstone can range from 21% to 41% [58, 72, 73],
resulting in the effective porosity of MCF of 20%. For limestone, an effective porosity of 12% was used, based on
the average value of the range 1 to 24% [58, 72, 73]. These values are summarised in Table 3.2.

D.3. Decay parameters
The first-order decay constants are based on the half-life time of NO3 and vary from 1 to 20 years (Table D.2).
In this work, it was chosen to simulate N/NO3 with decay. It is important to note that this was a test case and
could differ in reality. When considering Kozlovsky [104] identified half-life time as an outlier, the average of the
remaining reported half-life times is approximately 3 years. This corresponds to a first-order decay coefficient
of 6 · 10−4 d−1 (Equation (3.7)), as used in the current model.

Table D.2: Half-life time of NO3 used in previous studies.

Source Half-life time (years)
Frind et al. [105] 1 - 2.3
Kozlovsky [104] 20

Uffink [106] 1.4 - 7.5
Eppinger and Walraevens [107] 3.7

Kovar and Herbert [108] 3.7
Korom [79] 1.2 - 2.1

D.4. Sorption parameters
The bulk density of Knip Group is determined based on values for sand and mudstone, respectively 2210 and
2270 kgm−3 [75], and set to the average of these values; 2240 kgm−3. ForMCF, the average of sand and siltstone
was used, respectively 2210 and 2380 kg m−3 and therefore set to 2300 kg m−3. For basalt, a range between
2670 and 2860 kg m−3 was found, with deeper located basalt having a higher bulk density [74]. Therefore the
bulk density of weathered basalt was set to 2670 kgm−3 and for unweathered basalt 2860 kgm−3 was used. For
limestone a bulk density of 2500 kgm−3 was used [76]. Besides the bulk density, also the distribution coefficient
was required. As little data was found, a Kd value of 1.3 · 10−3 m3 kg−1 was used for all the formations [78].



E
Recharge estimation

The rechargewas estimated based on daily rainfall data and observed groundwater time series. The steady-state
groundwater model was converted to a transient model with time steps of one day. Each day was defined as a
stress periodwith a varying recharge value. Storage coefficients were also added as they are required in transient
models, a specific yield was used for all geological formations. Five different scenarios with varying amounts
of recharge, calculated from the rainfall, were created and the simulation period was set to 1 year. The recharge
was determined by subtracting 7 mm of the daily rainfall, based on a average evaporation rate [23] in Curacao. If
the daily rainfall exceeded this threshold, the threshold was subtracted and a percentage, which accounted for
runoff, of the remaining rainfall was added to the model as recharge. These five scenarios are given in Table E.1.
The recharge was estimated by comparing the groundwater heads at the four diver locations. In the scenario
where the simulated groundwater heads resemble the observed groundwater headsmost, the total recharge was
converted to a percentage of the mean annual rainfall for the two-year period. The scenario with 15% of a rain
event as infiltration was chosen asmost resembling, this resulted in total infiltration per year of 7% of the average
rainfall for the years 2021-2022.

Table E.1: Scenarios to determine the recharge based on rainfall.

Evaporation Percentage of rain event (%)
7 5
7 10
7 15
7 20
7 25

(a) 5% of rain event as recharge
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(b) 10% of rain event as recharge

(c) 15% of rain event as recharge
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(d) 20% of rain event as recharge

(e) 25% of rain event as recharge

Figure E.1: Transient simulations of groundwater heads along with the recharge and observed heads on four locations.



F
Running times MODFLOW model

Due to the great extent of themodel grid, the running times of the variable-densitymodel were very long. Because
it was not possible to automatically calculate the steady-state situation for this model, the simulation period
was set to 4500 years with time steps of 1 years. This resulted in a running time of 6 days. Smaller time steps
would decrease the Courant number and therefore increase the numerical stability of the model. Due to the long
simulation times, this was not possible in this work.

For the nutrient transport simulations, the time step was decreased to 0.5 years. Resulting in simulation time
ranging from 30 minutes to 4 hours. This was dependent on the simulation period, a simulation of 30 years
with time steps of 0.5 years was done in 30 minutes, whereas the tracer simulations with a simulation period of
250 years and time steps of 0.5 year, were done in 4 hours.

It is recommended to do future simulations and resimulation of the variable-density model on a server or a
desktop with strong power.
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G
Flow and heads for FMI

The flow field of the variable-density groundwater model was used to do the nutrient simulations. For these
simulations, the FMI package was used, in which the budget and head files were added. By doing this, the
variable-densitymodel did not need to be re-calculated, which saved (a lot of) computation time. The FMI required
a budget and head file with data of either one time step indicated with time step 1 and period 1, or data for all
time steps calculated. When saving the flows for each time step, the file size would be too large to be saved on
the hard disk (≈ 500 GB). Therefore it was chosen to save the with a frequency of 100 years, to still be able to
assess if the flows are approaching steady-state at the end. This resulted in problems loading the flow file to
the FMI package, because the file contained the time step index of the end of the simulation, which was 4500
instead of 1 which was required by FMI. This had to be adjusted for all the different flow budget types. Also, the
head file had to be changed to time step index 1, and removing all other heads if saved. This was done by copying
the binary file and removing all the data except for the last time step. The index which indicated the time step
number was changed from 4500 to 1. Now these budget and head files were used as input for the FMI package
and represented the steady-state flow field. A Python script was created which could do this transformation of
the files.
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H
Population growth

The population growth factor per year is given in the table below based on the projection considering constant
fertility [86].

2022-2024 2025-2029 2030-2034 2035-2039 2040-2044 2045-2049
Annual rate of change (%) 1.0 0.8 0.5 0.3 0.0 -0.1

Table H.1: Annual change of population based on constant fertility projection [86].
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I
Simulated groundwater heads - Freshwater

only model

Groundwater heads of Curaçao simulated with the freshwater-only model are given in Figure I.1. Figure I.2 show
the difference between the simulated heads with the freshwater-only model and the variable-density model. A
cross-section indicating the flow directions is given in Figure I.3.
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Figure I.1: Freshwater heads distribution with the contour lines indicating different groundwater head levels.
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Figure I.2: Difference between simulated heads with the freshwater-only model and simulated heads with the variable-density model.
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Figure I.3: Cross-section with the colour scale indicating the magnitude of the heads and the vectors indicating the flow directions and
their magnitude.



J
Steady-state situation check

In the graphs in Figure J.1, the heads over time are visualised at eight different locations. As can be seen, the
heads are converging towards steady-state situation after 4500 years. For the locations near the bays and sea,
the heads are already at a steady state from the start due to the close location to the constant head boundary
condition. Figure J.2 shows the outflow and inflow into and from both the bays and sea against time. As can be
seen, the outflows are reaching steady-state.
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Figure J.1: Evaluation of the head convergence over time for eight different locations on Curaçao, representing different properties, like
near a bay, near the sea coast and further inland.

54



55

0 1000 2000 3000 4000
Time (years)

28000

28500

29000

29500

30000

30500

31000

Fl
ow

 (m
3 /d

)

Outflow

Bays
Sea

0 1000 2000 3000 4000
Time (years)

400

600

800

1000

1200

1400

1600

Fl
ow

 (m
3 /d

)

Inflow

Bays
Sea

Figure J.2: Outflow to bays and sea and inflow from the bays and sea during the simulation of the variable-density model.



K
Spatial analysis - Tracer with decay and

sorption

The results of the decay and sorption tracer:
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Figure K.1: Average groundwater concentration after 250 years for the tracer with decay (NO−
3 ).
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Figure K.2: Average groundwater concentration after 250 years for the tracer with sorption (PO3−
4 ).
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L
Groundwater concentration measurements

Observations of nitrate and phosphate concentrations are done by PhD student Mike Wit on Curaçao. The con-
centrations are given in the map in Figure L.1a. These were compared to the simulated N and P concentrations.

(a) Groundwater measurements of NO−
3 on Curacao. (b) Groundwater measurements of PO3−

4 on Curacao.
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Figure L.2: Histogram of the depth of the wells where a groundwater sample was collected and a depth was reported.
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M
Mass fluxes per kilometre coastline

FigureM.1 shows themass fluxes of the three nutrient transport simulations for the current situations. Themass
fluxes are divided by the length of the coast of the zone.
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(a) N with conservative behaviour.
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(b) N with decay.
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Figure M.1: Mass flowing into bays/sea coast per day per kilometre coastline for the current situation. Abbreviations for bays: SM = Sint
Michiel, P = Piscadera, S = Schottegat, JT = Jan Thiel, SW = Spaanse Water, and SJ = Sint Joris.
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N
Concentration future scenarios

Below the average concentrations maps of N and P can be found for the three future scenarios. The concentra-
tions are at the last time step and represent the concentration in 2050.
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Figure N.1: Average concentration of N for the no-change scenario, modelled as conservative transport. The concentration is averaged
over the first 50 m below the surface.
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Figure N.2: Average concentration of N for the no-change scenario, modelled with decay. The concentration is averaged over the first 50 m
below the surface.
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Figure N.3: Average concentration of P for the no-change scenario. The concentration is averaged over the first 50 m below the surface.
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Figure N.4: Average concentration of N for the population growth scenario, modelled as conservative transport. The concentration is
averaged over the first 50 m below the surface.
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Figure N.5: Average concentration of N for the population growth scenario, modelled with decay. The concentration is averaged over the
first 50 m below the surface.

500000 505000 510000 515000 520000 525000 530000
x-direction

1.330

1.335

1.340

1.345

1.350

1.355

y-
di
re
ct
io
n

1e6

0

20

40

60

80
100
120

av
er
ag

e 
co

nc
en

tra
tio

n 
(m
g/
L)

Figure N.6: Average concentration of P for the population growth scenario. The concentration is averaged over the first 50 m below the
surface.
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Figure N.7: Average concentration of N for the stopped pollution scenario, modelled as conservative transport. The concentration is
averaged over the first 50 m below the surface.

500000 505000 510000 515000 520000 525000 530000
x-direction

1.330

1.335

1.340

1.345

1.350

1.355

y-
di
re
ct
io
n

1e6

0

20

40

60

80
100
120

av
er
ag

e 
co

nc
en

tra
tio

n 
(m
g/
L)

Figure N.8: Average concentration of N for the stopped pollution scenario, modelled with decay. The concentration is averaged over the
first 50 m below the surface.
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Figure N.9: Average concentration of P for the stopped pollution scenario. The concentration is averaged over the first 50 m below the
surface.
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