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Abstract: A shallow low-lying coastal sand aquifer in southern Finland is vulnerable to the climate
change and human activities. Under future climate change, a rise in sea-level would cause some
parts of the aquifer and the water intake well to be under seawater. This, together with the
predicted increase in precipitation, would enhance groundwater recharge and raise the water table,
consequently contributing to the potential deterioration of groundwater quality or potential
flooding in the low-lying aquifer area. An information on geological and hydrogeological
characteristics of the aquifer for the climate change adaptation plan including the possible new
locations of water intake wells was needed. This study aimed to construct a three-dimensional
geological model and evaluate heterogeneity of the aquifer to provide a geological framework for
groundwater flow model and the assessment of groundwater vulnerability. The methods used
consist of a stochastic-geostatistical approach incorporated with groundwater flow model to
predict the distributions of the superficial layers of a heterogeneous aquifer and to identify the
distributions of the aquifer medias (sand and gravel) as well as groundwater flow system. In
addition, the LiDAR-based digital elevation model was utilized to define the flood prone areas
under the climate change scenarios. The three-dimensional geological model provides a better
characterization of the heterogeneity of the aquifer and improved reliability of subsequent
groundwater flow model and vulnerability assessment in the aquifer area. The proposed new
locations of water intake wells and the results of the study provided useful information for local
authorities for groundwater management in future.

Keywords: Groundwater management; Groundwater modelling; Climate change; Geostatistic;
Coastal aquifer; Finland
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1. Introduction

A shallow permeable low-lying coastal sand aquifer in southern Finland surrounded by the
Baltic Sea is vulnerable to the climate change, sea-level rise and human activities [1]. Under future
climate change, a rise in sea-level would cause some parts of the aquifer and the water intake well to
be under seawater. Together with the predicted increase in precipitation, would enhance
groundwater recharge and raise the water table, consequently contributing to the potential
deterioration of groundwater quality or potential flooding in the low-lying aquifer area [2-3]. The
study area is located in the shallow aquifer in Santala, southern Finland (Figure 1). The aquifer area
is part of the First Salpausselkd ice-marginal formation, deposited during the Weichselian and
Holocene deglaciation of the Scandinavian Ice Sheet [4]. It is an important drinking water resource
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and the main production of water supply to the town Hanko and local industries. The total yield of
the aquifer in Santala area is 7000 m?/d [5]. However, the aquifer area is highly vulnerable to the
contamination and the climate change. The aquifer area has been treated by many groundwater risk
sources (e.g. industry contaminants, gravel extraction, de-icing road salt). Groundwater levels have
rapidly responded to recharge from the spring snowmelt and rainfall and in many places
groundwater table is close to ground surface. The aquifer extends to sea shore and the water
pumping was often below sea water level [2,6]. Under climate change scenarios A1B and sea-level
rise A1B (highly regionalized), 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. by the end of the 21st century [2]. 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, will be vulnerable to coastal flooding. An information on geological and
hydrogeological characteristics of the aquifer for the climate change adaptation plan including the
possible new locations of water intake wells and the flood prone area was needed for the local
authorities, land users and land-use managers to support the groundwater resources management,
and land-use planning and management in the study area.

The objective of this study was to construct a three-dimensional (3D) geological model and
evaluate heterogeneity of the shallow aquifer in Santala, to provide a geological framework for
groundwater flow model and the assessment of groundwater vulnerability, as well as to provide the
data to support the water supply protection and groundwater management plan in the future. The
methods used consisted of the deterministic and stochastic-geostatistical methods in order to
identify the distribution of the aquifer medias based on the sediment descriptions from from drilled
wells. In addition, an aerial light detection and ranging (LiDAR)-derived digital elevation model
(LiDAR DEM) with the pixel size of 2 m x 2 m and vertical resolution 0.3 m from the National Land
Survey of Finland was utilised to to identify the potential flood prone area in in the low-lying coastal
aquifer area.

+ Observation well e / vﬁ" %
WA @;@

Sweden Exposed geological unit S
- — > >
> I Bedrock Finesand | | Land fill \ ":'i-. )

i I sitt [7] Unmapped area ’@,

65°0'0°N

Yoo

I Gravel&Sand [l Clay
Sand "+ Peatlands,

z . o 008

Baltic Sea ~ Estonia
20'00°E

Baltic Sea . 3 A3 Baltic Sea

Figure 1. Location and Quaternary geological deposit map of the study area in Santala, south
Finland.
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2. Results
2.1. Three-dimensional (3D) geologcial model

Figure 2 presents the 3D visualisation of bedrock surface, groundwater table and drilled wells
in Santala, presented with the four main soil types: gravel, sand, silt & clay. A thickness map of the
Quaternary deposit is presented in Figure 3. The Quaternary deposit represents all unconsolidated
sediments deposit between the bedrock surface and the topographic surface (LiDAR DEM). Once
the bedrock surface is identified, the thickness of the Quaternary deposit is determined by
subtracting the interpolated bedrock surface from the topographic surface. The bedrock surface
shows highly undulated with low terrain bedrock in the east (zero t010 m a.s.l. in average) and a
buried bedrock valley in the NE-SW direction conforms the first Salpausselka formation (-5 to < -25
m a.sl. in average). This causes the variations in thickness of the Quaternary deposit which vary
between less than one meter and up to 75 m thick, with the mean thickness of 21 m (Figure 3). The
3D visualisation of the bedrock surface and the main depositional units in Santala - Hanko aquifer
area: 1) the primary deposit — sand and gravel; 2) silt and clay layer; and 3) the littoral sand and
gravel deposits, is presented in Figure 4. A cross-section along West-East direction (line A-A’, Figure
1), presenting the spatial distribution of aquifer materials in Santala generated by transition
probability (T-PROGS) / Markov geostatistical approach [7, 8] is showed in Figure 5.

West (A) East (A")

Santala
Groundwater table

Figure 2. The 3D visualisation of drilled wells in Santala, presented with the four main soil types:
gravel, sand, silt & clay.
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98 Figure 4. The 3D visualisation of the bedrock surface and the main depositional units in Santala -
99 Hanko aquifer area: 1) the primary deposit — sand and gravel; 2) silt and clay layer; and 3) the littoral

100 sand and gravel deposits.
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102 Figure 5. A cross-section along West-East direction (line A-A’, Figure 1), presenting the spatial
103 distribution of aquifer materials generated by transition probability (T-PROGS) / Markov
104 geostatistical approach.

105 2.2. The coastal flood prone area

106 The study area has experienced the highest sea-level rise at +1.24 m a.s.l. during the storm surge
107 0on9.01.2005 base on data from 1887. Possible maximum sea-level rise due to storm surge by the end
108  of the 21st century could reach 1.75 m a.s.l. [2]. The area below the 1.75 m a.s.l. contour line was
109  defined as a coastal flood prone area due to the sea-level rise and storm surge (Figure 6). This includs
110 the current water intake well location, which is located approximately 60 m from the coastline.
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112 Figure 6. The elevation (LiDAR DEM) map of Santala area. The red contour line indicates a possible
113 maximum sea-level rise at 1.75 m a.s.]1 due to storm surge by the end of 2100. (Topographic LiDAR
114 DEM Database © National Land Survey of Finland 2016; Groundwater area © SYKE)

115 3. Discussion and conclusions

116 The characterisation of the shallow aquifer from the First Salpausselkd formaton in Santala is
117  significant for the groundwater resources and land use management and planning. The
118  deterministic approach was useful information to identify the aquifer boundary and the
119  distributions of the major depositional units in the aquifer. However, in the complex aquifer area the
120 3D geological model showing the distributions of different soil types constructed by the transition
121 probability (T-PROGS) geostatistical approach provides a better characterization of the
122 heterogeneity of the aquifer and improved reliability of subsequent groundwater flow model and
123 vulnerability assessment in the aquifer area. The LIDAR DEM data provide more accurately details
124 of the ground surface and identification of the flood prone areas, especially in the low-lying area
125  than the previous version of the DEM data.

126 Under future climate change scenarios, the major changes in the water supply does not need to
127 be conducted if the water consumption of the municipality and the industry will be reduced and the
128  pumping efficiency is improved. However, location of the water intake well in Santala shoreline is at
129 risk due to the future sea-level rise and the storm surge. To secure the future water supplies in
130  Santala, two proposed new locations of water intake wells, based on the integration of the
131  hydrogeological data with the groundwater risk areas, were provided to the local authorities for
132 groundwater management in future (Figure 7): Location 1- the water intake well is recommended to
133 move further inland above the flood prone area; Location 2- to the eastern part of the aquifer area,
134 where the aquifer body consist of a large part of permeable sand and gravel.

135
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137 Figure 7. A thickness map of silt and clay layers presenting the proposed new locations of water
138  intake wells. (Groundwater area © SYKE)

139 4. Materials and Methods

140 The methods used in this study consist of the deterministic and stochastic-geostatistical
141  approaches [7,8] incorporated with groundwater flow model to predict the distributions of the
142 superficial layers of a heterogeneous aquifer and to identify the distributions of the aquifer medias
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(sand and gravel) as well as groundwater flow system. This study applied the results of Luoma and
Okkonen [2] on the groundwater flow model and the impact of climate change on groundwater
resources in this area. In addition, the LiDAR-based digital elevation model (LiDAR-DEM) from the
National Land Survey of Finland was utilized to define the flood prone areas under climate change
scenarios.

The deterministic approach consist of the bedrock surface interpretation and the Quaternary
deposit characterizations. Same like the other parts of Finland, shallow aquifer is found in the
Quaternary sediments deposit above the crystalline Precambrian formation. The contrast between
the crystalline Precambrian bedrock and the unconsolidated Quaternary sediments are large,
gravimetric survey normally provides good indication of the bedrock surface. Bedrock surface
topography was interpreted by utilizing all available geological and geophysical data that contain
the top depth bedrock data. Figure 8 presents the data used in this study. All available top depth
bedrock data were interpolated by using ArcGIS/ArcMap (version 9.3) by using kriging and inverse
distance weight (IDW) interpolation methods. The bedrock surface data were then transferred into
Groundwater Modeling Software (GMS) (version 9.2) for the 3D geologic modelling and
visualization. The Quaternary deposit represents all unconsolidated sediments deposit between the
bedrock surface and the topographic surface. Once the bedrock surface is identified, the Quaternary
thickness is determined by subtracting the interpolated bedrock surface from the topographic
surface (LiDAR DEM). In the bedrock exposed area, the thickness of unconsolidated sediment is
zero. A 3D geological modelling was constructed for the bedrock surface and the main depositional
units in Santala - Hanko aquifer area: 1) the primary deposit — sand and gravel; 2) silt and clay layer;
and 3) the littoral sand and gravel deposits.

In the stochastic-geostatistical approaches, the distribution of the aquifer medias based on the
soil descriptions from 149 drilled holes was simulated by utilising the transition probability
geostatistics (T-PROGS) software run under the computer graphic of GMS (version 9.2). Figure 9
presents the Markov chain analysis of vertical-direction transitions based on the information of soil
types from those drilled holes. The Markov chains analysis in the strike and dip directions was
simulated based on the information depositional environment of the First Salpausselka formation.
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Figure 8. A map presenting the data used in this study. (Groundwater area © SYKE)
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Figure 9. Matrix of vertical (z)-direction transition probabilities showing measured data from drilled wells

(dash lines) and the Markov chain model (solid lines). The diagonal elements represent auto-transition

probabilities within a category, and the off-diagonal elements represent cross-transition probabilities between

categories.
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