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Summary and conclusions 

Motivation

More than 50% of world’s popula-
tion lives in coastal areas and is largely 
dependent on fresh groundwater resources 
for domestic, agricultural and indus-
trial purposes. However, in many coastal 
areas, groundwater is brackish to saline 
which may pose problems for the sustain-
able exploitation of fresh groundwater. In 
low-lying coastal areas that lie below mean 
sea level, saline groundwater may reach the 
surface by upward groundwater flow. This 
process is referred to as ‘saline seepage’ 
and is the main subject of this PhD-thesis. 
Saline seepage leads to the salinization of 
surface waters, shallow groundwater and 
soil water in the root zone. Climate change 
and future rise in sea level are expected 
to increase saline seepage and reduce the 
availability of both fresh surface water and 
groundwater. Predicting effects of future 

changes, defining effective water manage-
ment strategies for a climate proof sustain-
able freshwater supply and successful 
implementation of any measure are only 
meaningful when all relevant processes 
involving saline seepage are fully under-
stood. This thesis describes the spatial vari-
ability and temporal dynamics of saliniza-
tion processes involving saline seepage in 
deltaic areas. The research focused on the 
preferential saline seepage through boils 
leading to surface water salinization (Part I) 
and the interaction between thin rainwater 
lenses and saline seepage leading to the 
salinization of shallow groundwater and 
the root zone (Part II). These two processes 
were identified as important contributors 
to the salinization of the Dutch delta which 
was the study area of this PhD-research.

Research

The spatial variability and temporal 
dynamics of salinization processes 
involving saline seepage were analyzed 
and quantified based on field campaigns 
supported by numerical and analytical 
methods. The field campaigns involved 
field techniques applied at scales varying 
from local point scale to measurements at 
polder catchment and island scale. Saline 
seepage processes in deep polders and in 
particular preferential discharge through 
boils (Part I) were examined in two deep 
polders (reclaimed lakes) in the western 
part of The Netherlands: the Noordplas 
Polder and the Haarlemmermeer Polder. 
Two boils were examined in detail and in 
the Noordplas Polder an extensive moni-
toring campaign was conducted to identify 
the dominant salt sources and to quantify 
their temporal varying contribution to 

surface water salinization. The characteris-
tics and dynamics of thin rainwater lenses 
and the interactions with saline seepage 
(Part II) were examined in the south-
western delta of The Netherlands by using 
different types of field measurements 
applied at different scales. By combining 
the applied techniques, we could extrapo-
late measurements at point scale (ground-
water sampling, temperature and electrical 
soil conductivity (TEC)-probe measure-
ments, electrical cone penetration tests 
(ECPT)) to field scale (continuous vertical 
electrical soundings (CVES), electromag-
netic survey with EM31), and even to 
regional scale using helicopter-borne elec-
tromagnetic measurements (HEM). Based 
on these measurements we selected two 
tile-drained agricultural fields to study the 
rainwater lens dynamics. To this end, we 
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collected for a period of 2 years monthly 
ground and soil water salinity in combi-
nation with daily observations of water 
table elevation, drain tile discharge and 
drain water salinity. Numerical mode-

ling was applied to analyze the processes 
controlling the size and characteristics of 
rainwater lenses in saline seepage areas 
and their dynamic behaviour.

Results and conclusions

Part I: Preferential saline seepage through 
boils

Based on field observations and meas-
urements, we distinguished three types 
of seepage in a deep polder which differ 
in flux and salt concentration: (i) diffuse, 
background seepage through the low 
permeability sediments (clay, peat) of 
the Holocene confining layer (HCL), (ii) 
preferential seepage through permeable, 
sandy paleochannel belts in the HCL, and 
(iii) intense preferential seepage via boils. 
Boils are small conduits in the upper aqui-
tard (HCL) connecting the aquifer with 
the surface through which water prefer-
entially discharges at high velocities in the 
order of 102 to 104 m d-1. The largest seepage 
fluxes and highest chloride concentrations 
are found in boils producing an average 
chloride concentration of 1100 mg L-1 for 
the Noordplas Polder with a recorded 
maximum of 2850 mg L-1. Permeable, sandy, 
paleochannel belts cut through the less 
permeable, lower part of the HCL resulting 
in higher seepage fluxes through paleo-
channel belts and a much higher average 
chloride concentration (~600 mg L-1) than 
found for the diffuse seepage (average 
Cl concentration ~100 mg L-1). The differ-
ences in salinity for the seepage forms are 
explained by the combination of the typical 
aquifer salinity distribution found below 
deep polders (5 to 10 m freshwater gradu-
ally increasing in salinity with depth) and 
upconing mechanisms. Concentrated forms 
of seepage at higher rates tend to discharge 
groundwater from deeper strata with more 
salty groundwater than diffuse forms of 
seepage at low rates which discharge only 
fresh groundwater from the aquifer top.

To quantify the water and salt fluxes 
in a deep polder on a daily time scale, 
and taking into account the uncertainty 
of parameters, a probabilistic (GLUE) 
dynamic water and salt balance model 
on a daily time scale has been set up and 
successfully applied to the Noordplas 
Polder. To incorporate the uncertainty of 
model input parameters, their values were 
sampled randomly from uniform param-
eter distributions within ranges which 
were defined based on measurements. The 
model was conditioned on measurements 
of daily to weekly polder water discharge, 
salt concentrations and salt loads leaving 
the Noordplas Polder, and of groundwater 
levels to produce a set of input parameter 
combinations which simulate the system 
equally well. With this set of behavioural 
parameters, we quantified the contribu-
tion and uncertainty of different sources 
to the water and salt balance of the deep 
polder and effects of different scenarios. 
The results showed that the far most domi-
nant salinization source in the Noordplas 
Polder is boil seepage with an average 
contribution of 66% (± 7.2%) to the total 
salt loads from only 15% (± 4.7%) of the 
total water flux. Standard deviations are 
given between brackets. Regarding the 
omnipresence of saline boils in Dutch deep 
polders and the typical salinity distribu-
tions found below most deep polders (i.e. 
fresh above salt groundwater) we presume 
that boils are the most likely dominant 
salinization source in most Dutch deep 
polders.

The large contribution of boils to the 
total salt loads arises from the much higher 
salinity of groundwater discharging via 
boils than via other forms of seepage. Based 
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on field measurements in the Noordplas 
Polder and the Haarlemmermeer Polder 
and numerical modeling we conclude that 
saltwater upconing is the key mechanism 
leading to elevated salinities of boil water. 
The numerical simulations showed that 
boil water is a mixture of groundwater 
from different depths with different salin-
ities. Mixing is enhanced near the boil 
where streamlines from different depths 
and with different salinities converge. The 
contribution of different aquifer depths 
to boil discharge showed an inverse rela-
tionship with the aquifer salinity distribu-
tion. That is, the boil extracted per meter 
aquifer more low-salinity groundwater 
from above the centre of the transition 
zone (shallow contribution) than high-sa-
linity groundwater from below the centre 
of the transition zone (deep contribution). 
This is due to the buoyancy force estab-
lished by density differences which gives 
an extra upward lift to fresh groundwater 
with lower density compared to saline 
groundwater below the transition zone. 
The key factors controlling saltwater 
upconing mechanisms and boil salinity in 
Dutch polders are: (i) boil discharge rate, 
(ii) aquifer’s horizontal hydraulic conduc-
tivity, and (iii) the aquifer salinity (= 
density) distribution characterized by the 
position of the centre of the transition zone 
and the density contrast within the upper 
aquifer. When boils are clustered, natural 
saltwater upconing is a function of the 
total discharge of a boil cluster, whereas 
the boil-to-boil salinity variations within 
a cluster are determined by the discharge 
of individual boils and their position rela-
tive to neighbouring boils. Regional lateral 
flow significantly modifies flow patterns 
by dividing the groundwater flow system 
into a local boil system overlying the 
regional flow system. Despite this, regional 
flow has only a minor effect on the relative 
contributions of saline and fresh ground-
water to boil discharge and thus on boil 
salinity.

Part II: Thin rainwater lenses in areas with 
saline seepage

Point measurements (TEC, ECPT) 
below 30 agricultural fields with saline 
seepage showed a gradual mixing zone 
between infiltrated rainwater and upward 
seeping saline groundwater. The centre 
of this mixing zone (Dmix) was found at 
a median depth of 1.7 m below ground 
level and almost all mapped lenses lacked 
truly fresh groundwater. For the purpose 
of this study the thin rainwater lens in 
saline seepage areas was defined as the 
entire groundwater body from the base of 
the mixing zone (Bmix, which is the depth 
at which the salinity equals the salinity 
of regional groundwater) to the water 
table. With this definition, the rainwater 
lens (further referred to as RW-lens) is not 
purely a freshwater lens, and salinities 
within the RW-lens vary both in space and 
in time. Bmix was found at a median depth 
of 2.8 m and the ECPT measurements 
showed that below Bmix the salinity stayed 
virtually constant with depth until a depth 
of at least 25 m below ground level.

The limited size of RW-lenses is primarily 
caused by the permanent regionally head 
driven upward groundwater flow from the 
upper aquifer into the HCL which prevents 
rainwater from reaching depths below the 
bottom of the HCL. Unlike RW-lenses in 
seepage areas, the vertical downward flow 
of rainwater in the infiltration areas is only 
limited (in absence of aquitards) by the 
buoyancy force of the surrounding saline 
groundwater and its density importantly 
determines lens thickness according to the 
Badon Ghyben Herzberg principle. These 
systems build up much thicker lenses 
(BGH-lenses), varying from 5-15 m thick 
lenses in sandy creek ridges to 100 m thick 
lenses in the dunes. As it was established 
that lenses in seepage areas are limited to 
the extent of the upper aquitard (HCL) due 
to permanent upward seepage, we subse-
quently examined the mixing mechanisms 
and flow processes within the aquitard and 
the factors controlling lens size and mixing 
zone properties with numerical modeling. 
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We introduced the vertical flow stagnation 
point (FLSP) to indicate the point below 
which the flow switches from having a 
vertical downward to a vertical upward 
component. The FLSP in between the drain 
tiles fluctuates with water table fluctua-
tions, whereby a rising water table results 
in a deeper FLSP. Flow is downward for a 
large part of the RW-lens when the water 
table is high, but when the water table falls 
below the drain tile all flow in the RW-lens 
is upward. Based on these findings, we 
concluded that the transient oscillatory 
vertical flow regime in the aquitard driven 
by water table fluctuations is the main 
mechanism of mixing between infiltrating 
rainwater and upward saline seepage and 
determines the position and extent of the 
mixing zone in the aquitard. Recharge, 
seepage flux and drainage depth are the 
controlling factors.

The time varying field data showed 
that the thickness of the RW-lens (from 
Bmix to water table) varied up to 1.2 m with 
water table elevation in response to indi-
vidual recharge events. The position of Dmix 
showed a much smaller change (< 0.25 m), 
and fluctuated at a much longer, seasonal 
time scale. The base of the RW-lens (Bmix) 
stayed virtually at the same position. 
Numerical simulations showed that the 
small variations in the position of the 
mixing zone can be explained by the slow 
transient oscillatory flow regime in the 
permanent saturated part of the RW-lens, 
which also controls the mixing between 
infiltrated rainwater and seepage water. 
The flow and mixing processes are much 
faster near the water table, which fluctuates 
on a daily basis in response to recharge and 
evapotranspiration, and conditions alter-

nate between saturated to unsaturated. 
When the water table falls, most of the 
water with variable dissolved salt concen-
trations is retained as soil water, which will 
mix and become diluted with only a small 
amount of infiltrated rainwater when the 
soil saturates again. The salinity of the 
mixture will thus be close to that of the soil 
water before saturation, which explains the 
observed absence of very fresh ground-
water. Although the mixing processes are 
fast, the temporary storage of salt in soil 
water has an important damping effect 
on groundwater salinity variations when 
the RW-lens grows due to the recharge 
by rainwater. Soil water salinity showed 
a seasonal variation with lower salinities 
during winter and higher salinities during 
summer. Salt migrates upwards into the 
root zone by capillary rise of the ground-
water at the water table. As the water table 
falls during the summer, the water rising 
through the capillaries originates from 
deeper parts of the RW-lens and is there-
fore more saline. Salinities of soil water 
can become significantly higher than in the 
groundwater due to the unsynchronized 
effects of capillary rise of saline water 
during dry periods and the flow of infil-
trated rainwater during wet periods being 
restricted to cracks in the soil. Preferential 
flow through cracks is thought to play an 
important role in the rapid response of 
the drain tile discharge to individual rain 
events. Groundwater of variable salinity, 
originating from different parts of the 
RW-lens, as well as infiltrated rainwater, 
contributes to the drain tile discharge in 
proportions that vary on a timescale of 
hours to days, and this causes the dynamic 
behaviour of drain water salinity.

Implications for sustainable freshwater supply in the Dutch delta

The research presented here contributes 
to the objectives of the sub-program ‘Fresh-
water supply’ of the Dutch Delta Program 
by providing new quantitative under-
standing of the salinization mechanisms of 

saline seepage in the Dutch coastal ground-
water systems. This provides a scientific 
basis for formulating monitoring strate-
gies, effective measures and solutions, as 
well as long-term strategies for a sustain-
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able and economically-effective supply of 
freshwater.

The research demonstrates that local 
saline seepage processes have major impli-
cations for the salinization of regional water 
systems. Since the localized boils are domi-
nant in the salinization of deep polders, 
effective measures to abate salinization 
should be focused on boils. Field experi-
ments showed that sealing boils is difficult 
because of the development of new boils. 
Increasing surface water levels (> 0.5m) 
could be effective when applied in ditches 
with many large boils. However, reducing 
salt loads in deep polders remains a diffi-
cult task. Therefore, the most important 
message is to prevent the development of 
new boils due to activities in the polders 
like digging and the construction of infra-
structural works. With the knowledge that 
salt loads will not decrease in the future, 
it is important to find solutions for a more 
sustainable freshwater supply. There are 
many possibilities but all solutions require 
a made-to-measure approach and knowl-
edge of all aspects of the water system. 
Aquifer storage of freshwater in wet times 
and recovery in dry periods may be a 
feasible measure at a local scale. Opera-
tional salt water management is a potential 
effective solution at a larger (polder) scale. 
Operational saltwater management means 
the dynamic and integrated control of 
pumping out polder water, the admission 
of fresh water and the temporary storage 
of saline seepage water in ditches, based on 
weather forecasts and the real-time moni-
toring of salt concentrations at strategic 
locations. The temporary isolation of salt 
areas (with boils) from fresh areas (without 
boils) in the polder can easily be controlled 
by small automatic weirs. Subsequently, 

the stored saline seepage water can be 
discharged during rain events when salt 
concentrations are low.

The thickness of rainwater lenses in 
saline seepage areas and the dynamic 
behaviour of salinities within the lens and 
the soil moisture in the unsaturated zone 
above them are of great importance from 
an agricultural perspective. However, the 
small dimensions and dynamic behav-
iour of the rainwater lenses, especially the 
rapid removal of recharge through drain 
tiles and the loss of freshwater by evapo-
transpiration, make them very vulnerable 
to climate change. Rainwater lenses may 
be expected to shrink due to evapotran-
spiration during drier summers, which are 
expected to become more frequent under 
future climate change but the projected 
increase in winter precipitation may 
not compensate for the lens shrinkage 
because the tile-drainage system efficiently 
discharges the recharge. Alternative tile-
drainage configurations that promote 
prolonged retention and storage of infil-
trated freshwater in rainwater lenses 
could be a way to mitigate the potential 
adverse effects of future climate change. 
The optimal design of such configurations 
is subject of current research in the south-
western delta (Go-Fresh project). Another 
high potential local solution to increase 
the freshwater supply is the temporary 
subsurface storage of freshwater in sandy 
paleochannel ridges.

Finally, the knowledge and experiences 
obtained in the Dutch delta with finding 
solutions for a sustainable and econom-
ically-effective freshwater supply in a 
changing climate can be applied in other 
deltas worldwide where the freshwater 
supply is under pressure. 
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