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Abstract A shallow unconfined low-lying coastal aquifer in
southern Finland surrounded by the Baltic Sea is vulnerable to
changes in groundwater recharge, sea-level rise and human
activities. Assessment of the intrinsic vulnerability of ground-
water under climate scenarios was performed for the aquifer
area by utilising the results of a published study on the impacts
of climate change on groundwater recharge and sea-level rise
on groundwater—seawater interaction. Three intrinsic vulnera-
bility mapping methods, the aquifer vulnerability index (AVI),
a modified SINTACS and GALDIT, were applied and com-
pared. According to the results, the degree of groundwater
vulnerability is greatly impacted by seasonal variations in
groundwater recharge during the year, and also varies depend-
ing on the climate-change variability in the long term. The
groundwater is potentially highly vulnerable to contamination
from sources on the ground surface during high groundwater
recharge rates after snowmelt, while a high vulnerability to
seawater intrusion could exist when there is a low groundwa-
ter recharge rate in dry season. The AVI results suggest that a
change in the sea level will have an insignificant impact on
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groundwater vulnerability compared with the results from the
modified SINTACS and GALDIT. The modified SINTACS
method could be used as a guideline for the groundwater vul-
nerability assessment of glacial and deglacial deposits in in-
land aquifers, and in combination with GALDIT, it could pro-
vide a useful tool for assessing groundwater vulnerability to
both contamination from sources on the ground surface and to
seawater intrusion for shallow unconfined low-lying coastal
aquifers under future climate-change conditions.

Keywords Aquifer vulnerability - Vulnerability mapping -
Climate change - Coastal aquifer - Finland

Introduction

Shallow permeable aquifers located in low-lying coastal areas
are vulnerable not only to contamination from sources that are
located on the ground surface, but also to seawater intrusion
and/or flooding of coastal areas either due to sea-level rise or
storm surges (e.g. Luoma and Okkonen 2014; Luoma et al.
2013; Oude Essink 1999, 2001; Barlow 2003; Pulido-Leboeuf
2004; Oude Essink et al. 2010; Rasmussen et al. 2013;
Ferguson and Gleeson 2012; Ataie-Ashtiani et al. 2013).
These events will presumably be accelerated by the changing
climate, including changes in precipitation, temperature and
groundwater recharge, as well as sea-level rise and an increas-
ing frequency of storm surges (IPCC 2000, 2007; Nicholls
et al. 2007). Besides these, the increasing demand for water
by the population and industry, as well as changing land-use
practises as a result of human activities, could expose shallow
aquifers to contamination.

The intrinsic vulnerability of an aquifer is the relative de-
gree of natural protection of an aquifer from contamination by
anthropogenic sources at the land surface. It is defined as a
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function of the hydrogeological characteristics of the aquifer,
without considering the type and intensity of human activities
at the surface (Vrba and Zaporozec 1994). Although the vul-
nerability of an aquifer to contamination is based not only on
hydrogeological factors but also on land-use factors (Vrba and
Zaporozec 1994), the hydrogeological factors would not
change appreciably over time, whereas land use would. For
the sustainable and effective management and protection of
groundwater resources, an intrinsic vulnerability assessment
should be performed for any aquifer area, as an indicator of
aquifer vulnerability and the need for detailed investigations.
Particularly in low-lying permeable coastal aquifers, where
the groundwater level is close to the ground surface, a small
increase in groundwater recharge and sea-level rise may in-
crease aquifer vulnerability.

A shallow aquifer in the Hanko area in southern Finland, the
case study area, is confronting these issues, and there is an
attempt to maintain water supply quality within the drinking-
water standards in the long term. Referring to Luoma and
Okkonen (2014), a rise in the sea level due to global climate
change would cause some parts of the Hanko aquifer to be
below the sea level, compromising groundwater quality. This,
together with the predicted increase in precipitation, would
increase groundwater recharge and raise the water table, con-
sequently contributing to the potential deterioration of ground-
water quality or potential flooding in the low-lying aquifer area.

A number of methods have been used to assess the intrinsic
vulnerability of aquifers. Among these, DRASTIC (Aller et al.
1987), SINTACS (Civita 1994), GOD (Foster 1987) and the
AVI (Van Stempoort et al. 1993) are well-known and suitable
methods for aquifers in clastic sedimentary environments. The
DRASTIC method is usually used to determine the vulnera-
bility of groundwater to contamination from anthropogenic
sources from the ground surface. However, it does not take
into account factors associated with watercourses such as
lakes or rivers that are connected to the aquifer. SINTACS is
a modified DRASTIC method with more options for the
weight strings, including additional factors associated with
human activities and watercourses, while the rating system
of each parameter is still preserved as in the original
DRASTIC method. For coastal aquifers, however, both
DRASTIC and SINTACS have no parameters to determine
contamination from seawater intrusion, which is a different
and more complicated process compared with contamination
via sources from the ground surface (Wemer et al. 2013).

The GALDIT index (Chachadi et al. 2003; Lobo-Ferreira
et al. 2007), a system of weights and ratings similar to
DRASTIC and SINTACS, is a well-known method for
assessing the vulnerability to seawater intrusion of coastal
aquifers. The GALDIT vulnerability index map indicates the
aquifer area along the coastline that is most likely to be affect-
ed by seawater intrusion and provides recommendations for
detailed site investigations of aquifer areas. Although
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GALDIT does not take into account the rate of groundwater
withdrawal relative to the total amount of freshwater recharge
to the aquifer, or the freshwater—saltwater interface in the sea-
water intrusion process, the simplicity of this method makes it
attractive for assessing aquifer vulnerability to seawater intru-
sion (Ivkovic et al. 2013), and it has been used for many
coastal aquifer areas around the world (e.g. Chachadi et al.
2003; Chachadi and Lobo-Ferreira 2007; Lobo-Ferreira et al.
2007; Dorfliger et al. 2011; Najib et al. 2012; Kura et al. 2015;
Recinos et al. 2015). According to the National Research
Council (1993), vulnerability assessment methods must be
evaluated in order to verify the assigned vulnerability rating
and increase the reliability of assessments. However, for all of
the afore-mentioned methods, only a few cases have reported
the validation of the method, and the most commonly used
method has been a comparison of the results with geochemical
data from groundwater samples (Allouche et al. 2015). The
distribution of indicators of seawater intrusion such as total
dissolved solids (TDS), CI and the Na/Cl ratio, and the extent
of the freshwater—seawater interface from the Ghyben-
Herzberg model have also been compared with the GALDIT
vulnerability index maps (Trabelsi et al. 2016).

In Finland, the shallow groundwater resides in Quaternary
sediments deposited during the Weichselian glaciation and
deglaciation. The sediments consist of glacial gravel, sand, till
and clay, and in some areas with postglacial littoral gravel,
sand and clay. The aquifer areas are very often located next
to watercourses such as lakes or rivers (Okkonen and Klgve
2010) or human infrastructure (e.g. urban areas, industries,
highways). Lavapuro et al. (2008) modified the DRASTIC
method to assess the intrinsic vulnerability of an aquifer in
an esker deposit where the sediments mainly consist of gravel
and sand. This modified DRASTIC method nevertheless did
not represent the overall depositional patterns of the shallow
aquifers in Finland, where the deposits consist not only of
esker material (with the deposition of coarse-grained sedi-
ments, e.g. gravel and sand), but also of ice-marginal end
formations (with the deposition of gravel, sand, glacial till, silt
and clay layers) or postglacial littoral sediments (gravel, sand
and clay). A vulnerability assessment method that can be ap-
plied for the whole depositional environment of shallow
groundwater areas such as in Finland, as mentioned in the
previous section, and a method that can provide the same
standard for all shallow aquifers, is still needed.

Although SINTACS appears better suited than DRASTIC
to the vulnerability assessment of shallow glaciogenic aqui-
fers, the rating classifications in SINTACS are still not repre-
sentative of the depositional environments of shallow ground-
water areas—for example, the aquifer media of such areas do
not include basalt or massive sandstone or limestone. In this
study, the rating classification of SINTACS was modified for
three parameters: the soil media, aquifer media and the atten-
uation capacity of the unsaturated zone based on the
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superficial deposit map of Finland. The aim was to make it
more suitable for aquifers formed in glacial deposits and de-
positional environments following deglaciation.

This study examined how the impacts of climate change on
groundwater recharge, sea-level rise and the water table affect
the vulnerability of the shallow low-lying coastal glaciogenic
aquifer in Hanko, southern Finland. The results of a previous
assessment of climate change impacts on the Hanko aquifer
by Luoma and Okkonen (2014) were used to provide the
inputs for three index models, the AVI, the modified version
of SINTACS and GALDIT, and the results from the models
were compared. The numerical approaches could be useful
tools to predict contaminant transport in both space and time
in the coastal aquifers. However, these approaches often have
data and computational demands that are not easy to meet (e.g.
Sanford and Pope 2010). A recent study by Beebe et al. (2016)
suggests that analytical approaches are not always reliable. If
framed properly, index models could be able to support these
types of vulnerability assessments. In addition, index models
are generally used instead of numerical groundwater flow and
transport models for the assessment of the groundwater vul-
nerability because they are easy to use and the index maps can
be simply overlaid and integrated with thematic maps, such as
land use and hydrogeological maps, in order to provide infor-
mation to support the decisions of land users and land-use
managers in groundwater risk assessment in the area.

In order to assess the potential impacts of climate change
on the vulnerability of an aquifer and its ability to sustain
groundwater development in the future, vulnerability index
maps under climate variability and change should be
prepared and examined, which can be done by first
assessing climate change impacts on the aquifer and then
using the outcomes in different vulnerability assessment
methods. This study applied the outcomes of Luoma and
Okkonen (2014) to demonstrate the impacts of climate vari-
ability and climate change on aquifer vulnerability. In addi-
tion, hydrogeochemical data, as well as field investigation and
monitoring data, including the temperature, water level and
electrical conductivity (EC) of groundwater, were used to con-
firm the degree of seawater intrusion and validate the vulner-
able areas of the coastal Hanko aquifer. The vulnerability in-
dex map was used to assess the vulnerability of groundwater
to potential sources of contamination in the groundwater area
at present and also those predicted for the future under differ-
ent climate change scenarios.

Study area
Background

The study area is located on the Hanko peninsula on the south-
ern coast of Finland at approximately 59°53"N 23°10"E

(Fig. 1). The shallow, unconfined, low-lying coastal aquifer
in Hanko consists of porous gravels and sands of an ice-
marginal end deposit, and is located in a low-lying coastal
area bounded by the Baltic Sea. It is an important source of
drinking water and the water supply for residents of the town
Hanko and the local industries. The economy of Hanko town
is based on services (61 %) and industry (38 %) and the pop-
ulation in 2016 was 9109 (Hanko 2016). Hanko is a popular
summer resort, and the population considerably increases dur-
ing the summer due to the arrival of holiday homeowners and
tourists. The Hanko area belongs to the temperate coniferous-
mixed forest climate zone with cold, wet winters. The mean
annual temperature is 6 °C, with mean minimum and maxi-
mum temperatures of —4.2 and 16.6 °C, respectively. The
average annual precipitation was 620 mm during the period
1971-2000. Forestry, mainly of Scots pine (Pinus sylvestris),
is the main land use in the aquifer area (approximately 80 % of
land use). Additionally, the existing potential anthropogenic
impacts from human activities in the area, namely gravel ex-
cavation pits, local industries and salt (NaCl) used for de-icing
on the highway that runs through the middle of the ground-
water area, could pose a contamination risk to groundwater

quality.
Geology and hydrogeology

The Quaternary deposits in the Hanko area are underlain by
the basement of the Precambrian crystalline igneous and meta-
morphic rocks (Fig. 2). The Precambrian bedrock mainly con-
sists of granite, quartz diorite and granodiorites, forming a
sharp unconformity with the Quaternary deposit with some
outcrops in the area (Kielosto et al. 1996). The aquifer in the
study area is in the First Salpausselkd ice-marginal formation,
deposited during the Weichselian and Holocene deglaciation
of the Scandinavian Ice Sheet (Fyfe 1991; Saarnisto and
Saarinen 2001). The formation consists of gravel, sand, glacial
till, silt and clay, and of postglacial littoral gravel, sand and
clay (Fig. 1) that was originally deposited as sub-glacial out-
wash fan deposits (Fyfe 1991).

The primary ice-marginal formation in Hanko was
formed in deep water as a low narrow ridge (Fyfe 1991).
When the ice sheet withdrew from the area, this deep-water
deposit was covered by fine-grained sediments, silt and
clay layers of the Ancylus Lake and Littorina Sea. The
sea level has been regressive since deglaciation because
of isostatic land uplift. The primary deposit of the First
Salpausselka formation was exposed to sea waves and also
to wind (Kielosto et al. 1996). The well-sorted gravels in-
dicate reworked materials from the high energy of waves
and storm activities, and are found over a large area in
Santala, while the fine sand from aeolian deposits covers
a large area in the east (Fig. 1; Fyfe 1991; Kielosto et al.
1996). The lake and wetlands in the middle of the aquifer
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Fig.1 Location and Quaternary geological deposit map of the study area in the eastern Baltic Sea region. Cross-section lines A—A'to C—C" are presented
in Fig. 2 and D-D' in the last figure

are located in a depression that forms part of the First  has a surface area of about 1.8 km?, with an average depth
Salpausselkd formation and the sand dune terrain. The lake  of approximately 1-2 m.

Fig. 2 Visualisation of the
bedrock surface, groundwater
level and sediments at drilled
wells in the Santala area. Cross-
section lines A-A’, B—B’and C-C’
represent the thicknesses of
saturated and unsaturated zones
of the Quaternary sediment. The
locations of cross-section lines
and observation wells (Obs) are
indicated in Fig. 1
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Sediment at the well location: Legend at the cross-section:
Il Clay [ Sand [ Bedrock [] Unsaturated zone
[]Silt [l Gravel [7] Saturated zone

@ Springer



Hydrogeol J (2017) 25:203-222

207

The topographic landform of the study area varies between
10 and 14 m above sea level (a.s.l.) along the northern ridge of
the First Salpausselkd formation, and its elevation decreases
to less than 2 m along the northern coastline, while in the
south and southeast the elevation gradually decreases to 5—
7 m a.s.l. The shallow aquifer in Hanko is unconfined, with
the thickness of the Quaternary deposits varying from less
than 1-75 m, and the average thickness being about 25 m.
The sediments are generally thick on the western side, in a
NE-SW direction conforming to the First Salpausselké for-
mation, and their thickness decreases eastwards to less than
1 m in the eastern coastal areca. The simulated groundwater
levels under mean and dry (summer) climate conditions at
present (1971-2000) are shown in Fig. 3 (Luoma and
Okkonen 2014). The water table varies between 2 and 10 m
below the ground surface in the inland area, and is less than
2 m below the ground surface in the coastal area, where
groundwater discharges into the Baltic Sea. In many parts of

Fig. 3 Simulated groundwater
levels based on data for the
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the aquifer, the groundwater level is close to the ground sur-
face, and water intake areas are located along the coastline,
where the groundwater level may often fall below the sea
level. According to the results of well testing and soil sample
analysis, the hydraulic conductivity of the aquifer ranges from
0.3 to 4.8 m day ™ in silty sand and fine sand, and is up to
100 m day ' in sand and gravel (Luoma and Pullinen 2011).
Groundwater recharge mainly occurs twice a year, during
spring (late March to early April) and late autumn
(November to early December) from the infiltration of snow-
melt and rainfall, respectively (Luoma and Okkonen 2014).
Groundwater mainly flows northward into the coastal area
and also towards the south—southeast into wetlands and
peatlands, as well as towards the Baltic Sea in the east. The
groundwater level rapidly responds to a rise in the sea level, as
well as to recharge from the spring snowmelt and rainfall
(Backman et al. 2007; Luoma et al. 2013; Luoma and
Okkonen 2014).

Baltic Sea
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Material and methods
Description of the methods used

In this study, three intrinsic vulnerability mapping methods
were applied and compared: a modified version of
SINTACS, the AVI and GALDIT. SINTACS was selected
because it has more options for the weight string based on
the different environmental settings of the aquifer. Although
Kirchner (2006) referred to parameter-rich models with too
many degrees of freedom as “marionettes”, SINTACS pro-
vides weight strings including those factors associated with
human activities and watercourses that are commonly found
in shallow groundwater areas in Finland. However, the rating
classifications of three (soil media, aquifer media and attenu-
ation capacity of the unsaturated zone) of the seven parameters
in SINTACS were modified based on the superficial deposit
map of Finland to make the index more suitable for glacial
aquifer deposits and deglaciation depositional environments,
as mentioned in the previous section. The AVI is simpler than
SINTACS, with only two parameters required for the analysis,
and it was selected in order to compare with SINTACS to
evaluate the effect of the number of parameters inputted on
the vulnerability indices. However, neither SINTACS nor the
AVT have parameters to determine contamination from seawa-
ter intrusion; thus, GALDIT was selected for the intrinsic vul-
nerability assessment of seawater intrusion into the coastal
aquifer and compared with SINTACS and the AVL

The SINTACS and GALDIT methods are based on the
index weight rating and overlay analytical function using the
ArcMap program, while the AVI method is based on the type
and thickness of the aquifer media above the groundwater
level. A brief description of each method is given below.

SINTACS and the modified SINTACS

The intrinsic vulnerability mapping method SINTACS (Civita
and De Maio 2004) is based on the index weight rating and
overlay analytical function using the ArcMap program. It is a
modification of the DRASTIC method (Aller et al. 1987) with
the improvement of more options for the weight rating of each
parameter based on the different environmental settings of the
aquifer. It is a parametric system with rating scores and
weights for seven parameters: depth to the water table (So),
effective infiltration (), unsaturated zone attenuation capacity
(N), soil attenuation capacity (7), hydrogeological character-
istics of the aquifer (4), hydraulic conductivity (C) and topo-
graphical slope (S). Each parameter was rated based on its
characteristics and susceptibility to groundwater contamina-
tion from 1 (the lowest vulnerability) to 10 (the highest vul-
nerability). The definitions of these parameters are presented
by Civita and De Maio (2004). In each grid cell, the assigned
parameter ratings were then multiplied by the weight strings.
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The weight strings corresponded to one of six hydrogeological
environments, including normal impact, severe impact, drain-
age, karst, fissured and nitrate. Each weight string was
assigned a value from 1 to 5, with the most significant factors
receiving a weight of 5 and the least significant a weight of 1.
The final vulnerability index in each grid cell was the sum of
the scores for the seven parameters and was obtained by su-
perposition of the seven thematic maps:

SINTACSindex = SorSow + Irfw + NrNw + TrTw (1)
+ ArAw + CrCw + SrSw

where

7 = rating
w = weight string

The final vulnerability index score was divided into vul-
nerability classes (very high, high, medium, low and very low)
to produce a final vulnerability SINTACS index map of aqui-
fer area. The classification category was varied depending on
the number of weight strings applied. A possible minimum
value of 26 to a possible maximum value of 260 represents a
relative measure of groundwater vulnerability. The higher the
vulnerability index value, the more vulnerable the aquifer is to
contamination. In this study, the modification was performed
to SINTACS for three parameters: the unsaturated zone atten-
uation capacity, soil media and aquifer media. This was done
by classifying the rating system based on the superficial de-
posit map of Finland, while the other parameters and weight
strings were maintained as in the original SINTACS method.
Further details of the modified SINTACS parameters are pro-
vided in section ‘Vulnerability index mapping’. The
SINTACS vulnerability index map presented in this study is
therefore a result of the vulnerability assessment performed
using the modified SINTACS parameters.

Agquifer vulnerability index (AVI)

The aquifer vulnerability index (AVI) (Van Stempoort et al.
1993) is a method for mapping the vulnerability of groundwa-
ter based on two parameters: the thickness of each sedimen-
tary unit above the uppermost saturated aquifer (d, length) and
the estimated hydraulic conductivity (K, length/time) of each
of these layers (Van Stempoort et al. 1993). The index is de-
termined from the relationship between these two parameters,
as shown in the following equation:

AVI = Xdi/Ki for layer 1 to i. (2)

The AVI has a dimension of time and represents the hy-
draulic resistance of an aquifer to vertical flow. Based on these
hydraulic resistances, the AVI is divided into five classes:
extremely low, low, moderate, high and extremely high vul-
nerability, as shown in Table 1 (Van Stempoort et al. 1993). In
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Table 1 Hydraulic resistance values and corresponding vulnerability
classes (Van Stempoort et al. 1993)

Hydraulic resistance (year) Vulnerability (AVI)
0-10 Extremely high
10-100 High

100-1,000 Moderate
1,000-10,000 Low

>10,000 Extremely low

many studies, however, the AVI classification has been mod-
ified with different criteria to suit the study area.

GALDIT

GALDIT is an intrinsic vulnerability assessment method for
assessing the vulnerability of a coastal aquifer to seawater
intrusion (Chachadi and Lobo-Ferreira 2001, 2007;
Chachadi et al. 2003). It was originally developed to assess
the vulnerability of coastal aquifer systems to seawater intru-
sion in India. Similarly to SINTACS, it is a parametric system
with rating scores and weights for six parameters that describe
the most important factors controlling seawater intrusion:
groundwater occurrence (G), aquifer hydraulic conductivity
(A), the groundwater level above sea level (L), distance from
the shore (D), the impact of the existing status of seawater
intrusion (/) and the thickness of the aquifer (7). Each param-
eter was rated based on its characteristics and susceptibility to
seawater intrusion, the alternative scores being 2.5 (lowest
vulnerability) 5, 7.5 and 10 (highest vulnerability). In each
grid cell, these assigned rating parameters were then multi-
plied by the weight strings. The weight strings were assigned
a value from 1 (the least significant factor) to 4 (the most
significant factor). The final vulnerability index in each grid
cell was the sum of the scores of these six parameters:

6

WiRi
GALDIT index = == —— (3)

where R is the rating and W is the weight string. The final
GALDIT vulnerability index score varies from 2.5 to 10 and
is divided into three vulnerability classes: high (>7.5), moder-
ate (5 to 7.5) and low vulnerability (<5). The higher the vul-
nerability index value, the more vulnerable an aquifer is to
seawater intrusion.

Vulnerability index mapping

The groundwater intrinsic vulnerability assessment was per-
formed according to the following steps:

Step 1. The aquifer area was defined from the saturated
permeable glacial and deglacial sediments (e.g. gravel,
sand and fine sand) thicker than 2 m or deposits deeper
than 5 m if there was no observation of the saturated zone
thickness.

Step 2. The intrinsic vulnerability assessments of the
aquifer were performed under mean and dry (summer)
climate conditions at present (1971-2000) utilizing the
modified SINTACS, AVI and GALDIT methods.

Step 3. With the afore-mentioned methods, the intrinsic
vulnerability assessment was performed under mean and
dry climate conditions for the A1B (2021-2050) future
climate scenario (Luoma and Okkonen 2014). The results
of the vulnerability indices were compared with the pres-
ent conditions.

Mapping of the groundwater intrinsic vulnerability index
was performed using the ArcMap program version 10.1. Each
parameter was converted to a grid map with grid cell size of
10 x 10 m, covering approximately 52 km?.

The results of the climate change impact study by Luoma
and Okkonen (2014), including groundwater recharge, depth
to the groundwater and sea-level rise data, were used to assess
the impact of climate variability and change on aquifer
vulnerability. The sustainable use of groundwater should
also consider the possible effects of climate change on
groundwater, and this study thus provides information on
whether the variability and change in the climate play a role
in aquifer vulnerability assessment. Among the key
parameters in vulnerability assessment are recharge and
depth to the groundwater level, both affected by dynamic
parameters such as precipitation, temperature and sea level.
IPCC (2007) provides information on possible changes in
precipitation and temperature that are rarely used in aquifer
vulnerability mapping. The results for the present conditions
(1971-2000) were compared with those for climate change
scenario A1B during the period 2021-2050.

The rating and weighting was performed for each param-
eter using the map overlay analytical function in the Spatial
Analyst module of the ArcMap program. The final vulner-
ability map was a compilation of these maps, where each
cell in the grid model is represented by a vulnerability value
that corresponds to the cumulative rating and weighting of
all the parameters. The final vulnerability index maps were
then divided into classes and the percentage of grid cells in
different vulnerability classes was calculated and
compared.

In addition, sensitivity analysis was performed using
groundwater recharge and sea-level variability, which have
the greatest impact on the groundwater level (Luoma and
Okkonen 2014) and thus on the depth to the groundwater
level, the thickness of the unsaturated/saturated zone and con-
sequently the vulnerability of the aquifer.
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Modified SINTACS method

(slope, %)
22-25
19-21
18-16
13-15

26-30
10-12
7-9
-6
34
0-2

The calculation of the modified SINTACS vulnerability index
is summarized in detail below:

N on A

SINTACS index = SorSow + Iriw + Nr¥Nw + Tr*Tw
+ Ar*Aw 4+ CrCw + SrSw 4)

where

Hydraulic conductivity, Topography

K-values (m day‘l)

<0.0043
0.043-0.17
0.17-0.61
0.61-2.59
2.59-6.48
6.48-23.33
23.33-62.21
62.21-345
>345

r is the rating for each parameter S U ewan

w is the weight associated with each
parameter in each weight string, and

So, , N, T,A, Cand S are seven parameters of the SINTACS
vulnerability index and * indicates the

parameters that have been modified:

Silt, silty/sandy/gravelly clay 0.0043-0.043

Aquifer media
Fine-grained till
Sandy, gravelly till
Finer fine sand
Sand and gravel

Clay
Gyttja
Sand
Gravel

Depth to water (So): The depth to water parameter is the
distance from the ground surface to groundwater level of
the uppermost aquifer. The deeper the water table, the
longer it will take for contaminants to reach the saturated
zone, allowing more time for natural attenuation and low-
ering of the vulnerability (Aller et al. 1987). A grid map
of the groundwater level was produced from the interpo-
lation of groundwater levels from 240 observation wells
distributed throughout the study area using the kriging
interpolation method in ArcMap. The depth to water grid
map was produced by subtracting the topographic and
groundwater level grid maps. The average depth to water
grid map during the period 1971-2000 ranges between 0
and 15 m, with an average value of 4 m. The vulnerability
rating for the depth to water parameter is presented in
Table 2.

Recharge (I): Groundwater recharge is an important pro-
cess that can transport contaminants into the subsurface
and towards the water table. In this study, groundwater
recharge was obtained from the simulation of the UZF1-
MODFLOW 2005 groundwater flow model with mean
annual groundwater recharge during the period 1971—
2000 of 283 mm (42 % of precipitation; Luoma and
Okkonen 2014). The vulnerability ratings of recharge
used are provided in Table 2.

Unsaturated zone attenuation capacity (N*): The unsat-
urated zone material was identified from the uppermost
texture of the soil in survey data from Finland at the scale
1:20,000 (Ahonen et al. 2015). The attenuation capacity
of the unsaturated zone was rated based on the perme-
ability of the aquifer materials. The more permeable the
material, the shorter the transit time and lower the atten-
uation capacity, and hence the more vulnerable the aqui-
fer is (Aller et al. 1987). The vulnerability ratings used
for the unsaturated zone attenuation capacity are present-
ed in Table 2.

A*

<< N onn

Aggregated clay, loamy sand Coarser fine sand

Silty/sandy/gravelly clay
Thin or absent; gravel

T*

Clay

Clay loam
Silt, silty loam
Loam

Sandy loam
Peat

Sand

N oo on o

Silt, silty/sandy/gravelly clay

Confining layer, clay
Silt and clay
Fine-grained till
Sandy, gravelly till
Finer fine sand
Coarser fine sand
Sand and gravel

No vadose zone

Gravel

N*

163-194
195-235

0-24
25-42
43-66
66-92
93-110
111-135
136-162
>235

1
Depth to water (m) Recharge (mm year ') Unsaturated zone attenuation capacity ~Soil media

24-40
16-24

So
>40
12-16
8-12
6-8
4-6
34
54
<15

SINTACS parameters and ratings. Modified parameters are indicated by *
5
5
4

Weight string  So

Table 2
Rating
10
Normal
Severe
Drainage
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Soil media (T*): The thickness and texture of the soil can
influence the natural attenuation capacity and permeabil-
ity of the soil zone. Unfractured clays and silts provide a
barrier to flow and have a lower vulnerability than more
permeable sands (Aller et al. 1987). The soil material was
based on soil survey data from Finland at the scale
1:20,000 (Ahonen et al. 2015). The vulnerability rating
was based on the soil texture as shown in Table 2. In
Hanko, the soil layer is absent in most of the aquifer area
and causes the highest vulnerability in these parts.
Agquifer media (A*): Highly porous media result in high
aquifer vulnerability because of the lower natural attenu-
ation capacity of more permeable aquifers (Aller et al.
1987). Some aquifer media described in DRASTIC and
SINTACS do not exist in the shallow aquifers in Finland.
Hence, the aquifer media rating used in this study was
based on the superficial deposit map of Finland (Ahonen
et al. 2015), which displays deposits from glaciation. The
aquifer media data were obtained from drilled wells and
the superficial deposit map of Finland at the scale
1:20,000 (Ahonen et al. 2015), according to which ap-
proximately 80 % of the area of the Hanko aquifer con-
sists of sand and gravel. The vulnerability ratings used for
the aquifer media are presented in Table 2.

Hydraulic conductivity (C): The higher the hydraulic
conductivity (K-value) of an aquifer, the faster water
and contaminants are able to move from the source to
the groundwater, and hence the higher is the vulnerability
of the aquifer (Aller et al. 1987). K-values were obtained
from various data sets, including well testing, slug test-
ing, grain-size analysis and soil analysis. The final data
were obtained from the calibration of groundwater flow
modelling, with the average K-values varying from 0.22
to 30 m day . The vulnerability ratings for different K-
values are presented in Table 2.

Topography (S): The vulnerability due to topography was
assessed based on the percentage slope of the land sur-
face. The greater the slope, the more potential there is for
runoff and the less potential for infiltration of contami-
nants, and vulnerability is consequently lower (Aller et al.
1987). The LiDAR elevation model was used to calculate
the slope of the topography in the Hanko area by using
ArcMap with the Spatial Analyst tool. The topography in
the Hanko area is generally quite flat, with the average
percentage of slope being 2.5 %. The vulnerability ratings
used for topography are provided in Table 2.

Weight string of all hydrogeological zones: A weight was
assigned to each parameter in each grid cell. Three weight
strings were used directly from the SINTACS weight
strings (Civita and De Maio 2004), including normal im-
pact, severe impact and drainage (Table 2). Normal im-
pact represents an area that has no impact from human
activities, while severe impact represents areas strongly

affected by human activities, and drainage represents
areas that contain water bodies, such as the drainage sys-
tem from streams, lakes, and in the Hanko area, the Baltic
Sea coastline. The Hanko area experienced the highest
sea level since 1887 at +1.24 m a.s.l. during a storm surge
on 9 January 2005. The drainage area along the coastline
comprised the areas that have elevation lower than
1.24 ma.s.l.

Aquifer vulnerability index (AVI)

The assessment of aquifer vulnerability using the AVI method
was based on the type and thickness of aquifer media above
the groundwater level. The data needed for AVI analysis
consist of the following: (1) information on each
hydrostratigraphic unit such as an aquifer (sand, gravel) and
aquitard (clay, silt, till), (2) the hydraulic conductivity (K-val-
ue) distribution for each hydrostratigraphic unit and (3) the
groundwater level distribution of the aquifer. As in the
SINTACS method, the hydrostratigraphic data were obtained
from a 3D geological model and groundwater flow model of
the study area (Luoma and Okkonen 2014; Luoma et al.
2013). K-values were derived from well testing, slug testing,
grain-size analysis, laboratory analysis and calibration of the
groundwater flow model.

GALDIT index

The vulnerability rating and weight string of parameters used
in GALDIT are presented in Table 3. The ratio of CI/(HCO;+
CO;) was originally recommended for rating the impact status
of the existing seawater intrusion parameter by Chachadi and
Lobo-Ferreira (2001). Later, Dorfliger et al. (2011) added
electrical conductivity (EC) values and chloride (Cl) concen-
trations in groundwater from wells along the coastline as al-
ternative indicators of existing seawater intrusion, with the
rating classification based on the drinking-water standard of
EC < 2,500 puS cm™ ' and CI < 250 mg L' (WHO 2011;
Council of EU 1998; STM 2001). In this study, the Cl con-
centrations in groundwater were categorized into <50, 50—
100, 100200, and >200 mg L' and assigned the respective
ratings of 2.5, 5, 7.5 and 10. Mikinen (2008) reported that
based on the taste and the characteristics that induce corrosion,
the Cl concentration in groundwater should be <25 mg L ™" in
order to prevent the corrosion of pipeline materials. In addi-
tion, the Ministry of Social Affairs and Health (STM 2001)
recommended the concentration of Cl in drinking water to be
<100 mg L™ for an acceptable taste for people; thus, in this
study, a CI concentration in groundwater of 25 mg L™ (in-
stead of 50 mg L") was used as the minimum threshold of the
rating classification (Table 3).
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Table 3 GALDIT parameters and ratings

Rating  Groundwater Aquifer Height of Distance Impact status of existing seawater intrusion Aquifer
occurrence hydraulic groundwater  from the thickness
(aquifer type) conductivity level above shore (saturated)
sea level
(mday )  (m) (m) CI'/[HCO; +CO3*]* EC(Sem ) ClmgL™) (m)
10 Confined aquifer >40 <1 <500 >2 >1,000 >200 >10
7.5 Unconfined aquifer 10-40 1-1.5 500-700 1.5-2 800-1,000 100-200 7.5-10
5 Leaky confined aquifer 5-10 1.5-2 700— 1-1.5 400-800 25-100 5-7.5
1,000
2.5 Bounded aquifer b <5 >2 >1,000 <1 <400 <25 <5
Weight 1 3 4 4 1 1 1 2
*In mill-equivalent per million in groundwater
® Recharge and/or impervious boundary, aligned parallel to the coast
Vulnerability index maps: validation efforts (psw—ps) b
L=05———= (7)
pr  dhjdx

The vulnerability assessments were evaluated in order to ver-
ify the validation of the methods (National Research Council
1993). In this study, the predicted levels of vulnerability were
compared with the results of a hydrogeochemical study by
Luoma et al. (2015), which included the analysis of water
samples from 15 sites and monitoring data from 15 observa-
tion wells (depth and temperature for inland observation
wells, and depth, temperature and electrical conductivity
(EC) for wells located along the coastline) during the years
2009-2010 and 2012. The contribution of seawater to the
aquifer was calculated based on the chloride (Cl) concentra-
tions of groundwater, seawater and freshwater using the fol-
lowing equation (Appelo and Postma 2005):
. Cly—Cl¢

Seawater fraction(%) = CL.—Cl, x 100 (5)
where Cl;, Cls and Clg,, are the CI concentrations of ground-
water, local freshwater and seawater, respectively. A simpli-
fied intrusion zone was determined from the difference in the
densities between the interface zone of groundwater and sea-
water using the Ghyben-Herzberg equation (Ghyben 1889;
Herzberg 1901):

z=-—"1 } (6)
Psw— Pt

where 4 is thickness of the freshwater zone above sea level, Z
is the thickness of the freshwater zone below sea level, p¢is the
density of freshwater (1.00 kg m ) and Psw 18 the density of
seawater. In the Gulf of Finland, the density of seawater varies
from 1.001 to 1.006 kg m ™ (average 1.003 kg m ), which is
relatively low compared to normal oceanic water (average
1.025 kg m ). The average density value of 1.003 kg m >
was used for the calculation. The length of the seawater intru-
sion wedge (L) at the point beneath the shoreline into the
aquifer section is expressed as (Schwartz and Zhang 2003):
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where b is the thickness of the aquifer, d# is the thickness of
the freshwater zone above sea level, and dx is the distance of
well from the shoreline.

Vulnerability analysis under climate scenarios

Climate scenarios A1B and B1 in Hanko predicted an in-
crease in the mean temperature of at least 1.0 °C for all
periods compared with the present (1971-2000) (Luoma
and Okkonen 2014). Scenario A1B (2071-2100) predicted
the greatest increase in the mean temperature range (2.9—
4.6 °C), with an annual mean increase of 3.4 °C compared
with the present. Scenario B1 (2071-2100) resulted in a
similar mean temperature pattern to A1B (2071-2100),
but with an approx. 1.0 °C lower mean temperature than
A1B (2071-2100). For the period 2021-2050, the mean
temperature in both the A1B and B1 scenarios was similar,
with an annual mean increase of 1.3—1.4 °C from the pres-
ent. Overall, annual precipitation in the scenarios increased
by 5-12 % compared with the present, and was lowest in
B1 (2021-2050) and highest in A1B (2071-2100). The
average sea level in Hanko was predicted to be at
+0.09 m in the B1 scenario (medium regionalised) and
+0.51 m in the A1B scenario (highly regionalised) by the
end of the 21st century.

However, the highest increase in groundwater recharge
(with an average increase of 33 % from the present) and the
groundwater level in Hanko (with an average increase of
0.98 m from the present) was predicted from the flow sim-
ulation utilising the climate and sea level rise scenario A1B
(2021-2050) (with the predicted sea level at +0.13 m).
Moreover, the groundwater level fluctuation pattern in
Hanko shows clear seasonal variations, where the maxi-
mum groundwater level occurs during spring immediately
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after snowmelt and the minimum groundwater level occurs
during the summer due to high evapotranspiration and low
precipitation (Luoma and Okkonen 2014). For the selected
vulnerability assessment methods (modified SINTACS,
AVI and GALDIT), climate change will have impacts on
the parameters that are relevant to the groundwater level
(groundwater recharge, depth to water, height of ground-
water level above sea level and thickness of the saturated
zone). Hence, groundwater vulnerability under a climate
change scenario was assessed based on the groundwater
level data obtained from A1B (2021-2050) under mean
and dry climate conditions. The other parameters (unsatu-
rated zone material, soil media, aquifer media, K-value and
slope) were assumed to remain static, as under the present
conditions. The vulnerability index maps under climate
scenario A1B (2021-2050) were compared with the vul-
nerability index for the present. For more detailed informa-
tion on the impacts of climate change on groundwater re-
charge and surface leakage in Hanko, the reader is referred
to the study of Luoma and Okkonen (2014).

Sensitivity analysis

Sensitivity analysis was performed to examine the contri-
bution of single parameters to the vulnerability index map.
Because groundwater recharge and sea-level rise have di-
rect impacts on the groundwater level and surface leakage
(as mentioned previously) in Hanko, these two parameters
were selected for the sensitivity analysis by arbitrarily
changing the values of both parameters by certain percent-
ages from the initial condition. Groundwater recharge was
changed by 10, 20 or 30 % from the present (mean) con-
dition, while the sea level remained unchanged, and vice
versa. The vulnerability index was calculated based on the
results of the simulations and compared with the vulnera-
bility index for the initial condition. The effect of changing
the specific parameters was calculated using the following
equation (Li and Merchant 2013):

vor =YV 100 (8)
Vi

where V % is the variation in the groundwater vulnerability
index expressed as a percentage, V, is the vulnerability
score affected by changes in specific parameter x, and V;
the vulnerability score for the initial condition. For the
modified SINTACS and GALDIT, changes in the areas
classified as having high and extremely high vulnerability
were determined for each change of the parameter and
compared with the initial condition. For the AVI, the
change in the area having ‘hydraulic resistance within
2 days’ was calculated and compared with the initial
condition.

Results
Vulnerability index maps of Hanko

Figure 4 displays rating and weight string maps for the mod-
ified SINTACS parameters and Fig. 5a the final SINTACS
intrinsic vulnerability index map of the Hanko aquifer at pres-
ent (1971-2000). The SINTACS vulnerability scores for the
Hanko aquifer range from 112 to 248, which are classified as
medium to extremely high vulnerability, where 99 % of the
total area has high to extremely high vulnerability. The area of
extremely high vulnerability (77 % of the total area) is located
in the low-lying area in central-northern and northeastern parts
of Hanko.

The hydraulic resistances of the Hanko aquifer at present,
calculated using the AVI method (Fig. 5c), vary between less
than a day to 47 days. Based on the AVI vulnerability index
classification from Van Stempoort et al. (1993), all of the
Hanko aquifer is classified as extremely high vulnerability.
For comparison with SINTACS, the AVI hydraulic resistance
map was divided into four classes using the geometric classi-
fication in the Spatial Analyst module.

Figure 6 displays the GALDIT vulnerability index map of
the Hanko aquifer at present (1971-2000) under (1) mean and
(2) dry (summer) climate conditions. The GALDIT vulnera-
bility index map was classified into low, moderate and high
vulnerability, with 5.7 % (~2.6 km?) and 10.7 % (~4.9 km?) of
total area classified as high vulnerability under the present
mean and dry climate conditions, respectively.

Vulnerability index maps under climate change scenarios

The SINTACS intrinsic vulnerability index map of Hanko
aquifer under climate scenario A1B (2021-2050; Fig. 5b)
contains vulnerability scores ranging from 112 to 292, which
were classified as medium and extremely high vulnerability.
The area classified as having extremely high vulnerability was
1.75 km? (3.79 % of the total aquifer area) greater than at
present.

For the AVI, the hydraulic resistances under the A1B sce-
nario (2021-2050) were found to vary from less than a day to
42 days and had a similar distribution pattern as at present.
However, the hydraulic resistance values were 1.0-5.0 days
lower compared to the present (Fig. 5d).

The GALDIT vulnerability index maps of the Hanko aqui-
fer under present conditions and scenario A1B (2021-2050)
for both mean and dry season conditions are presented in
Fig. 6. The map area with a high GALDIT vulnerability index
covers 4.8 km? (10.7 % of total), 4.2 km? (9.3 %), 2.6 km®
(5.7 %) and 1.8 km? (3.9 %), respectively, for data from the
present in the dry season, A1B (2021-2050) in the dry season,
the present under mean conditions and A1B (2021-2050) un-
der mean conditions. Under dry climate conditions, both at
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Fig. 4 Rating grid maps of the
modified SINTACS parameters
and weight string based on data
for the present (1971-2000)

Depth to water

Soil media

present and under the A1B scenario (2021-2050), the aquifer
area with high groundwater vulnerability to seawater intrusion
also included the aquifer in the inland areas in the western part
of the study area, near to the town of Hanko, which has low
groundwater levels and a relatively low hydraulic gradient
compared to the sea level.

Vulnerability index maps: validation efforts

According to the results from the AVI and the modified
SINTACS method, the Hanko aquifer is classified as having
high to extremely high vulnerability. The integration of mul-
tivariate statistical approaches (principal component analysis
(PCA) and hierarchical cluster analysis (HCA)) with conven-
tional classification of groundwater types), as well as with the
hydrogeochemical data from Luoma et al. (2015), identified
the vulnerable groundwater areas based on the impacts of both
natural and human activities on water quality. The natural
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impacts on groundwater vulnerability were observed in most
parts of the aquifer area, which are still uncontaminated. This
is indicated by the low dissolved element concentrations, low
pH and alkalinity due to rapid percolation or a short residence
time. The stable isotopes 6°H and 5'°0 also clearly suggest
that the Hanko aquifer recharges directly from meteoric water.

The impacts of human activities on groundwater vulnera-
bility were localised in areas near human activities and can be
observed, for example, from the continued increase in NOs
and metal concentrations in groundwater, or the high Na and
Cl concentrations in groundwater due to the impact of the de-
icing road salt. Moreover, the geochemistry of groundwater in
the Hanko aquifer varies spatially and temporally according to
changes in the hydrological conditions, such as precipitation
events and snowmelt. These indicate a highly vulnerable aqui-
fer with high susceptibility to water from the ground surface
percolating down to the water table, which corresponds well
to the results of the AVI and modified SINTACS.
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Fig. 5 SINTACS intrinsic vulnerability index map based on data for the
present (1971-2000) (a) and under future climate scenario A1B (2021-
2050) (b). The distribution of hydraulic resistances (days) calculated with

Regarding the influence of seawater intrusion, the CI con-
centration of seawater in the Hanko area was 2,690 mg L,
while the Cl concentrations of groundwater from wells along
the coastline (Obs10 and Obs11) varied between 5.10 and
8.60 mg L', EC values of seawater varied between 7,510
and 10,300 uS cm” !, and those of groundwater from Obs10,
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Obs11 and Obsl4 varied between 163 and 380 uS cm .
Based on Eq. (5) and the chloride concentration of local fresh-
water of 1.10 mg L', the calculated contributions of seawater
to the aquifer were approximately 0.15-0.28 %. Based on
Egs. (6) and (7), the thickness of the freshwater zone below
sea level (Z) and the length of the seawater intrusion wedge
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Fig. 6 GALDIT vulnerability index maps based on data for the present (1971-2000) under a mean and b dry conditions, and climate scenario A1B

(2021-2050) under ¢ mean and d dry conditions
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(L) from the point beneath the shoreline into the aquifer sec-
tion at three observation wells (Obs10, Obsl1 and Obsl14;
Fig. 1) during the highest EC values of the measurements
were in the ranges 186.7-716.7 and 4.3—12.5 m for the Z
and L values, respectively (Table 4). The Z thicknesses were
approximately 9-21 times thicker than the thickness of the
aquifer, which indicates the thickness of the freshwater zone
covering all of the aquifer section, which agrees well with the
geochemical and monitoring results indicating a small contri-
bution of seawater to the aquifer. However, these three wells
are located in the GALDIT high vulnerability index map
areas; nevertheless, the geochemistry of groundwater from
Obs10, which is located near the coastline and the water intake
well, suggests sulphate reduction in the mixed zone between
fresh and seawater, indicating that local seawater intrusion
may temporarily take place in this area due to the intrusion
of seawater either from sea-level rise or the influence of
groundwater pumping (Luoma et al. 2015).

Sensitivity analysis

The results of sensitivity analysis are summarised in Table 5.
For reference, the groundwater levels of wells on the coastline
(Obs10) and inland (Obs1; Fig. 1) measured for each param-
eter changed are also presented. The initial condition is re-
ferred to as the present (mean) condition.

Discussion
Vulnerability index map of Hanko

According to the results based on the AVI and modified
SINTACS, the Hanko aquifer is classified as highly to ex-
tremely highly vulnerable. Although the AVI indicates a
higher vulnerability than the modified SINTACS, the distri-
bution pattern of aquifer vulnerability based on the AVI is
similar to that of the modified SINTACS. Both methods show
extremely high vulnerability in the low-lying areas, including
the areas along the shoreline and most parts of the aquifer in
Santala in central-northern and northeastern parts of Hanko

(including the gravel excavation pit area) (Fig. 1). These areas
consist of permeable aquifer media (gravel and sand), and the
groundwater level is close to soil surface and rapidly responds
to precipitation during the snowmelt period and heavy rainfall
events (Luoma et al. 2015).

The purpose of the AVI is to reduce the redundant param-
eters used in SINTACS. It ignores the topography, because it
regards this as a non-critical parameter, and also climate data
such as groundwater recharge, because such data are often
difficult to obtain. According to Van Stempoort et al. (1993),
the influence of these parameters can be identified during later
detailed site investigation in aquifer areas that are classified as
highly vulnerable. These parameters are important and can be
critical for assessing the intrinsic vulnerability of groundwater,
e.g. in the topographic landforms of shallow aquifers that are
highly variable following the depositional processes during
glaciations and deglaciations. In Hanko, the case study site,
the topographic landform is relatively flat, which creates low
surface runoff and provides more time for precipitation to
infiltrate into the aquifer.

The depth from the ground surface to the water table is one
of the most important parameters in vulnerability assessment
(Aller et al. 1987). Under climate change scenarios, e.g. A1B
(2021-2050), an increase in groundwater recharge and the
groundwater level in the future will reduce the depth to the
groundwater and cause the aquifer to become more vulnerable
than under present climate conditions. Nevertheless, the AVI
has no parameter to determine the vulnerability of an aquifer
to seawater intrusion, while SINTACS has the option of a
seepage/drainage weight string for aquifers that are connected
to a watercourse; however, the seepage/drainage weight string
only determines the vulnerability of aquifer areas vertically
from the ground surface to groundwater level, and not along
a lateral interface relative to seawater intrusion. For this rea-
son, the GALDIT index map, which takes into account the
height of the groundwater level relative to the sea level, the
distance of the aquifer from the shoreline and evidence of
seawater intrusion, may provide a better insight into the vul-
nerability of an aquifer to seawater intrusion than the
SINTACS and AVI methods. The results of this study indicate
that GALDIT could be used in combination with the other

Table 4 Parameters used for the

calculation of the thickness of the Well Date of EC GWlevel, i  Sealevel Z X b dh/dx L
freshwater zone below sea level measurement .

(Z) and the length of the seawater (uSem™)  (masl) (m) (m) (m)  (m) (m)
intrusion wedge (L) from the

point beneath the shoreline into Obs10  4.10.2009 170.7 0.59 0.47 186.7 50 20 0.0024 12.5
the aquifer section at three Obsl1 4.10.2009 320.8 0.75 0.47 250.0 100 20 0.0028 10.7
observation wells (Obs10, Obs1l 14 4102009 342.0 2.15 0.47 7167 180 34  0.0093 5.5
and Obs14) based on Egs. (6) and

7 Obsl4  20.2.2010 380.0 1.64 —0.52 546.7 180 34 0.0120 43

h groundwater (GW) level above sea level, Z thickness of the freshwater zone below sea level, x distance of well
from the shoreline, b thickness of the aquifer, di/dx hydraulic gradient between two measuring points, L length of
the seawater intrusion wedge at the point beneath the shoreline into the aquifer section
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Table 5 Results of sensitivity analysis

Model input Change in  Increase in groundwater level (m) SINTACS: extremely AVI: hydraulic resistance GALDIT: high vulnerability
parameter parameter high vulnerability of 2 days
(% increase) Obs10 (coastal) ~ Obsl (inland) % km® % km® % km?
Initial condition None 0.07 ma.s.l. 1263 masl. - 32.97 - 45.24 - 2.59
Recharge 10 0.05 0.37 2.47 1.14 0.68 0.39 -0.41 -0.17
20 0.10 141 3.01 1.60 1.20 0.69 —0.62 -0.28
30 0.15 2.06 3.50 5.25 2.80 1.29 —-1.31 -0.59
Sea level rise 10 0.09 0.02 0.22 0.10 0.03 0.02 0.01 0.003
20 0.19 0.05 0.29 0.13 0.06 0.04 0.23 0.10
30 0.29 0.08 0.36 0.17 0.10 0.06 0.46 0.21
50 0.48 0.13 0.49 0.22 0.16 0.09 1.95 0.88

A negative value indicates a smaller value than the initial condition

methods (e.g. SINTACS and the AVI) in assessing the intrin-
sic vulnerability of groundwater in coastal aquifers.

The modified SINTACS presented in this study could be
applied and developed to the same standard of groundwater
vulnerability assessment for inland aquifers, such as the shal-
low groundwater areas in Finland or elsewhere, that have sim-
ilar depositional environments. The AVI classified the Hanko
aquifer as high to extremely high vulnerability, especially
based on the original AVI classification system (Van
Stempoort et al. 1993). The classification criteria of the
groundwater intrinsic vulnerability index for the AVI could
possibly be improved to make the index better suited to this
type of depositional environment.

Vulnerability index maps: validation and assessment
methods

Although groundwater vulnerability assessments have been
reported in many study areas around the world, few studies
have reported the validation of the methods used. In these, the
hydrogeochemistry of groundwater samples has commonly
been applied to validate aquifer vulnerability index maps.
Allouche et al. (2015) applied the concentrations of contami-
nant indicators, e.g. NO; and Cl, for inland and coastal
aquifers, but provided no concrete conclusion on the validity
of the methods. Trabelsi et al. (2016) compared the GALDIT
vulnerability index maps with the distribution of indicators for
seawater intrusion such as TDS, Cl and the Na/Cl ratio, and
the integration multiple approaches, including the extent of
the freshwater—seawater interface from the Ghyben-Herzberg
model. According to the results, the extent of seawater intru-
sion based on the Ghyben-Herzberg model corresponded well
with the GALDIT medium and high vulnerability index, while
the hydrogeochemical data showed poor agreement with the
GALDIT index map. The areas with high concentrations of
TDS and Cl but a low GALDIT vulnerability index were

interpreted to be a result of water quality deterioration rather
than seawater intrusion.

The validation of the methods used for vulnerability assess-
ment was not an easy task in the Hanko case study area, where
the aquifer is vulnerable to climate change and human activ-
ities and still remains uncontaminated in many parts of the
aquifer area. This can be an unsuitable situation to use the
concentrations of indicators of contamination, e.g. NO;, ClI,
for the validation of the assessment methods. Instead, the in-
tegration of multivariate statistical approaches with hydrogeo-
chemical data (Luoma et al. 2015) provided useful tools to
classify the vulnerable groundwater areas representing the im-
pacts of both natural and human activities on water quality.
The vulnerability index maps based on the AVI and SINTACS
were consistent with the geochemical data. On the other hand,
the GALDIT vulnerability index maps showed poor agree-
ment with the contribution of seawater, and the extent of the
saltwater and freshwater interface from the Ghyben-Herzberg
model; however, the hydrogeochemistry of the groundwater
in Hanko indicated temporal and spatial variations and sug-
gested the temporal intrusion of seawater into the low-lying
coastal aquifer area near the pumping well. The seasonal var-
iations in groundwater discharge and overpumping could in-
duce more seawater to enter the aquifer, but this could not be
detected from the small number of water samples taken during
short sampling periods. In addition, in the brackish seawater
environment, where the density and salinity of seawater are
much lower than oceanic water, the validity of the rate and
weight strings in GALDIT, e.g. the distance from the seashore,
might possibly be modified.

Sensitivity analysis
The sensitivity analyses (Table 5) revealed that changes in

groundwater recharge cause the greatest changes in the simu-
lated groundwater level and vulnerability index compared
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with sea-level rise. This indicates that groundwater recharge
has a larger contribution to the variation in the groundwater
level, depth to the groundwater and, consequently, groundwa-
ter vulnerability across the study area.

As groundwater recharge increases, the vulnerability indices
based on SINTACS and AVI also increase, but the rate of
increase in the SINTACS index is higher than that of the AVL
Conversely, an increase in groundwater recharge causes a re-
duction in the GALDIT vulnerability index. In the coastal area,
an increase in groundwater recharge will cause more ground-
water discharge into the sea and hence a lower vulnerability to
seawater intrusion, as also shown by Werner et al. (2012).

An increase in the rate of sea-level rise causes the vulner-
ability indices derived by the three methods to increase, but
with the smaller rates of increase than the increase in ground-
water recharge. A change in the sea-level rise has a less sig-
nificant impact on the AVI compared to SINTACS and
GALDIT.

The influence of sea-level rise on the groundwater level
was observed at wells located along the coastline, in which a
change in the sea level has been observed to have a direct
influence on the shallow groundwater level after a short time
lag (Backman et al. 2007; Luoma and Okkonen 2014), while
the groundwater levels of inland wells are less impacted by a
change in the sea level. This result is consistent with Werner
and Simmons (2009); however, the sensitivity analysis indi-
cated that in the Hanko area, even with a sea level rise of up to
50 %, which is close to the maximum level of sea level rise
under the A1B (2071-2100, highly regionalised) scenario, the
groundwater level of wells along the coastline would only
increase by 0.48 m, and the vulnerability index would increase
by less than 1 % in SINTACS and the AVI and less than 2 % in
GALDIT.

The monitoring of EC values and the Cl concentration of
seawater and groundwater indicates that the contribution of
seawater to the aquifer was approximately 0.15-0.28 %. In
future climate change scenarios, the salinity in the Baltic Sea
region is predicted to decrease by about 2—-50 % from the
present level (Neumann et al. 2012; Meier et al. 2006), due
to the predicted increase in freshwater inflow into the Baltic
Sea. Millero and Kremling (1976) also reported that the salin-
ity of water samples from the Baltic Sea appears to have
remained stable during 30 years of water sampling. The de-
gree of seawater intrusion into the Hanko aquifer would there-
fore probably remain the same, even if the sea level rises to
+0.51 m by the end of the 21st century, as predicted in the
A1B scenario (highly regionalised).

Impacts of climate change and seawater intrusion
on aquifer vulnerability

The shallow aquifer at Hanko is located in a cold, snow-
dominated region where the groundwater level clearly
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displays seasonal variation. The maximum groundwater level
occurs during the spring after snowmelt and in the autumn due
to the lower evapotranspiration rate. The minimum ground-
water level occurs during the winter due to the lack of perco-
lation resulting from the snow cover and during the summer
due to the higher evapotranspiration rate. Under climate
change scenarios, the seasonal impacts of climate change
and climate variability on groundwater recharge and the
groundwater level will be more significant (Luoma and
Okkonen 2014; Okkonen 2011; Mikinen et al. 2008).

These will consequently affect the groundwater vulnerabil-
ity indices derived from different methods applied in different
seasons during a year. As mentioned in the previous section,
with an increase in groundwater recharge, such as in spring,
the index of groundwater vulnerability to contamination on
the ground surface based on SINTACS and the AVI will also
increase, while the GALDIT index will show the opposite
change.

Based on climate change scenarios, increasing precipita-
tion can cause an increasing frequency of heavy rainfall
events, which are associated with flash floods and the intru-
sion of surface waters into aquifers. Surface water may con-
tain bacteria, a high amount of organic carbon and other dis-
solved solids, which will cause a deterioration in groundwater
quality (Tarvainen et al. 2013). Luoma et al. (2015) reported
high concentrations of KM,,0y in the observation wells locat-
ed next to the lake and low-lying aquifer areas in Hanko,
which indicated surface water intrusion into the groundwater.
Increasing temperatures will cause snowmelt to occur earlier
in the year and will affect the distribution of surface runoft and
lead to increasing groundwater recharge in winter. Increasing
groundwater recharge will lead to a rise in the groundwater
level and an increase in surface leakage, which may cause
flooding in the aquifer area (Luoma and Okkonen 2014).
This could also increase aquifer vulnerability by enhancing
the transport of surface and soil contamination into the aquifer.

On the other hand, with a decrease in groundwater re-
charge, such as in the summer, the index of groundwater vul-
nerability to contamination from the ground surface based on
SINTACS and the AVI will decrease, while the index of vul-
nerability to seawater intrusion based on GALDIT will in-
crease. Because decreasing groundwater recharge will lower
the groundwater level relative to the seawater level, there will
be a decline in the hydraulic gradient and groundwater flow
velocity, and this could reduce groundwater flux discharge to
the sea and induce greater seawater intrusion into the aquifer.

In the Hanko area, sea level changes have a direct effect on
shallow water tables after a short time lag (Backman et al.
2007). Seawater intrusion may occur continuously and the
degree of intrusion depends on the seawater and freshwater
interface mechanisms and many factors associated with natu-
ral and anthropogenic sources and human activities. Although
the present contribution of seawater to the aquifer was found
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to be less than 0.3 %, the hydrogeochemical data from Luoma
et al. (2015) indicate the possibility of temporal seawater in-
trusion into the low-lying coastal area, near to the water intake
well areas. Ferguson and Gleeson (2012) reported that
groundwater abstraction could cause a greater increase in the
vulnerability to seawater intrusion for a low-lying coastal
aquifer than sea-level rise. In the Hanko area, overpumping
due to the seasonal increase in the groundwater demand dur-
ing the summer, for example from the increased number of
tourists and/or the owners of summer cottages (Luoma et al.
2013), could lower the groundwater level, especially in the
water intake area, and may cause the aquifer to become more
vulnerable to seawater intrusion. Under drought conditions,
this could lead to a potential water shortage during the
summer.

In addition, the coastal flooding of the low-lying area due
to storm surges could transport potential contaminants from
seawater into the aquifer. Figure 7 presents a geological cross-
section of wells along the coastline in the Santala area. H,
represents the mean sea level at present (1971-2000) and H,
represents the highest storm surge in Hanko at 1.24 m a.s.l.,
which occurred on 9 January 2005 and caused parts of the
low-lying aquifer area, such as at Obs10, to be submerged
under seawater. Based on climate change scenarios A1B and
sea-level rise A1B (highly regionalised; Luoma and Okkonen
2014), the mean sea level is predicted to reach +0.51 m a.s.l.
and the potential storm surges would reach 1.75 m a.s.l. (H>)
by the end of the 21st century. At this level, the areas below
+0.51 m a.s.l. would be under seawater, and the areas below
1.75 m a.s.l., including the water intake well, that are located
between Obs10 and Obsl1, will be vulnerable to coastal
flooding.

By the end of the 21st century, the density and salinity of
the Baltic Sea water are predicted to be the same or lower due
to the increasing input of freshwater into the Baltic Sea (Meier

Fig.7 A geological cross-section D
along line D-D' (Fig. 1)
illustrating the groundwater level
and mean sea level (H)) at present
(1971-2000). H; represents the
highest storm surge depth in
Hanko at 1.24 m a.s.l. on 9
January 2005, and H, represents
the potential highest storm surges
at 1.75 m a.s.l. by the end of the
21st century based on the climate
change scenarios A1B and sea-
level rise A1B (highly
regionalised)

et al. 2006). The degree of seawater intrusion is therefore
probably not the main concern compared with coastal
flooding of the aquifer due to sea-level rise and storm surges.

Based on the main findings in this study, the degree of
groundwater vulnerability to contamination and seawater in-
trusion of the Hanko aquifer greatly depends on climate
change variability in the long term and could also vary follow-
ing the seasonal variations during the year in either high or
low groundwater recharge. This will challenge the manage-
ment of the water supply and the strategy applied for the
coastal aquifer in Hanko, including optimisation between
groundwater abstraction and the intrusion rate of seawater
for the water intake wells during the peak season in summer,
the possibility of establishing a new water intake well further
inland owing to the threats of future sea-level rise and storm
surges, and the protection of groundwater to maintain water
quality that meets the drinking-water standards and prevent it
from contamination.

Conclusions

Groundwater intrinsic vulnerability indices calculated using
the AVI and modified SINTACS methods show high to ex-
tremely high groundwater vulnerability of the shallow uncon-
fined low-lying aquifer in Hanko to contamination from
sources on the ground surface, with the AVI indicating higher
vulnerability than the modified SINTACS. The parts of the
aquifer having a high vulnerability index are located in the
low-lying areas consisting of permeable sediments, where
the groundwater level is close to the soil surface and rapidly
responds to changes in groundwater recharge. The results
from the GALDIT method provide a better insight into
groundwater vulnerability to seawater intrusion of the coastal
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aquifer, particularly in areas having a low hydraulic gradient,
which cannot be identified by the AVI or modified SINTACS.

The degree of groundwater vulnerability varies depending
on the climate change variability and is strongly impacted by
seasonal variation in groundwater recharge. Increasing
groundwater recharge will increase the groundwater level
and surface leakage, and will also increase the vulnerability
of the groundwater to contamination from anthropogenic
sources on the ground surface, as indicated by the AVI and
modified SINTACS. This is the opposite result to that from
GALDIT, which indicates low groundwater vulnerability to
seawater intrusion due to the relatively high groundwater flux
discharge to the sea. In contrast, decreasing groundwater re-
charge will lower the groundwater level and groundwater
flooding or surface leakage may not occur, but this will in-
crease the vulnerability of the groundwater to seawater intru-
sion because of the reduction in the groundwater flux dis-
charge to the sea.

The contribution of seawater to the aquifer at present is
very small. The degree of seawater intrusion in the future will
probably remain the same as at present. However,
overpumping could induce greater seawater intrusion into
the aquifer. The sea-level rise predicted under climate change
scenarios will cause some areas along the coastline to be sub-
merged under seawater. Together with the coastal flooding of
low-lying areas due to storm surges, this could potentially
introduce more contamination from seawater into the aquifer.

The sensitivity analysis indicated that variation in ground-
water recharge has the greatest impact on the groundwater
level and consequently on groundwater vulnerability across
the study area compared with sea-level rise. A change in the
sea level will have an insignificant impact on groundwater
vulnerability according to the AVI compared with the results
based on the modified SINTACS and GALDIT. The AVI is
probably not suitable for groundwater vulnerability assess-
ment of coastal aquifers or of aquifers that are likely to be
strongly impacted by climate change. The modified
SINTACS could be used as a guideline for the groundwater
vulnerability assessment of inland aquifers formed in glacial
and deglacial deposits. Furthermore, a combination of the
modified SINTACS and GALDIT could provide a useful tool
to assess the vulnerability of groundwater to both contamina-
tion from sources on the ground surface and seawater intru-
sion for the shallow unconfined low-lying coastal aquifers
under the future climate change conditions.
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