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Abstract: Accurate vulnerability assessment methods are essential for effective groundwater man-
agement and protection, allowing the identification of areas vulnerable to pollution. The widely
used DRASTIC method has been modified to improve groundwater vulnerability assessment in
regions where Quaternary sediments form a confining layer above the main useful aquifer. This
study applied the modified DRASTIC method to two study areas in Estonia with heterogenous
Quaternary sediments. The results were compared to the original DRASTIC method and a ground-
water vulnerability assessment method used formerly in Estonia. The results significantly improved
with the modified version compared to the original method. The modified method also exhibited
stronger correlations with nitrate concentration data, illustrating the higher accuracy of the modified
DRASTIC method in vulnerability assessment in regions with confined aquifers. The results highlight
the significance of modifying the vulnerability assessment methods according to regional geological
conditions to evaluate groundwater vulnerability accurately and support informed decision-making
in groundwater management and protection.
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1. Introduction

Groundwater is a crucial resource that plays a fundamental role in sustaining ecosys-
tems and supporting human activities. Precise groundwater vulnerability assessment is
needed for the management and protection of groundwater. Using groundwater vulner-
ability maps, areas most vulnerable to pollution can be delineated to support informed
decision making and protect the resource [1].

The DRASTIC method, developed by the U.S. Environmental Protection Agency [2],
is one of the most used techniques for assessing groundwater vulnerability. The DRASTIC
method uses seven parameters in order to determine the vulnerability: the depth to ground-
water table, net recharge, aquifer media, soil media, topography, impact of the vadose
zone, and hydraulic conductivity [2]. The original DRASTIC method has been applied by
many authors to create vulnerability maps [3-5], but the accuracy of the method has been
further improved through modifications [6-8]. Furthermore, additional parameters, e.g.,
the fractured media parameter [9], land use [8], and anthropogenic influence [10], have
been introduced to the DRASTIC vulnerability index calculation.

However, existing studies mainly focus on assessing groundwater vulnerability in
unconfined aquifers [4,11,12], while relatively few studies address the complex hydrogeo-
logical situation of confined aquifers [13-15]. In regions where the main useful aquifer is
confined, a modification to the DRASTIC method is needed to achieve an accurate vulnera-
bility assessment [13,15]. In regions where the aquifer is confined, an impermeable layer
is a natural shield against the influx of pollutants. In such areas, the modification of the
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DRASTIC method has a critical role, as the properties and the thickness of the confining
layer are the main factors in defining the vulnerability. The traditional DRASTIC method
has limitations when applied to confined aquifers, as these parameters are not considered.

Quaternary deposits often act as a confining layer covering the main useful aquifer in
Estonia. In some cases, the piezometric head is above ground level, leading to artesian areas
and spring outflows. Because of the higher level of hydraulic pressure in the first bedrock
aquifer, these areas are well protected. However, according to the original DRASTIC
method, these areas might be classified as unprotected, due to the piezometric head
near the ground surface. Furthermore, due to the heterogeneity of the deposits, areas
with Quaternary sediments are prone to water quality issues [16], causing a need for
precise vulnerability assessment methods to delineate regions most vulnerable to pollution.
Therefore, a new modified DRASTIC method has been proposed for a more accurate
assessment of the vulnerability in such areas [13,15]. Three parameters related to the
properties of the confining layer have been incorporated into the method.

In this paper, the modified DRASTIC for improved vulnerability assessment was
applied in Estonia. Two study areas with different Quaternary sediment cover types were
selected to highlight the heterogeneity of the sediments. For comparison, maps were
developed using the original DRASTIC method and the existing vulnerability maps using
a former methodology for local geological conditions. Additionally, nitrate concentration
data was used to validate the accuracy of the obtained maps.

2. Materials and Methods
2.1. The Study Area

Geologically, Estonia is located on the slope of the crystalline Baltic Shield, which
is composed of Paleoproterozoic gneisses and migmatites of the Svecofennian orogenic
complex and slopes southwards at about 34 m km™!. The basement rocks are overlain by
sedimentary rocks and Quaternary deposits. The sedimentary cover of Estonia is composed
of terrigenous and carbonate rocks belonging to the Ediacaran, Cambrian, Ordovician,
Silurian, and Devonian systems.

Quaternary deposits consist predominantly of glacial, glaciolacustrine, and glacioflu-
vial deposits of the Pleistocene Series formed during the last glaciation [17]. The continental
glacier retreated from the Estonian territory between 15 to 13 ka B.P. [18]. This period is
known for the widespread distribution and activity of glacial flows. Different landforms
and deposits were left behind by retreating glaciers, composed of glaciofluvial sands and
gravels, glaciolacustrine clays and sands, glacial moraine sediments, and alluvial sediments
and sediments of bogs [19]. The thickness of the Quaternary sediments is typically less than
5 m in northern Estonia and more than 10 m in southern Estonia. Exceptionally, they exceed
100 m in the Haanja and Otepéaa heights and the buried valleys. Hydrogeologically, terrige-
nous and carbonate Palaeozoic and Proterozoic rocks form five major aquifer systems in
Estonia (Cambrian—Vendian, Ordovician—-Cambrian, Silurian—Ordovician, Middle-Lower
Devonian, and Middle Devonian), which are separated from each other with aquitards.

To modify and test the DRASTIC methodology, two map sheets of the Estonian geo-
logical base map (Rapla and Voru; [20]) were selected as study areas, whereas groundwater
vulnerability maps have been previously compiled based on the mapping guidelines of
the Land Board [21]. Both areas were used to test the modified DRASTIC methodology
as they comprise various types and thicknesses of Quaternary sediments. In the Rapla
area, a thin sediment layer covers the Silurian-Ordovician aquifer system, consisting of
carbonate rocks. On the other hand, in the Voru region, thick Quaternary sediments are
spread, under which the terrigenous Middle Devonian aquifer system spreads. Thus, the
current study was performed in central and southeastern Estonia (Figure 1) within the
Rapla and Véru base map sheets (625 km?), representing different geological settings and
resulting groundwater vulnerability. The climate is moderately cool and humid in Estonia,
with the average annual precipitation around 500-750 mm. Net recharge varies from
10 to 300 mm/year [22].
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Figure 1. The location and the Quaternary sediments (Geological Survey of Estonia 2023) of the Rapla
and Voru study areas.

In the central part of Estonia, Quaternary deposits cover the limestones and dolomites
of the Ordovician and Silurian ages. Those carbonate rocks form the first bedrock aquifer
(Silurian—Ordovician aquifer system), which is widely utilised for water supply. The
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uppermost part of the aquifer forming limestones and dolomites is often fractured and
karstified to the depth of 30 m and, therefore, characterised by active water exchange. The
hydraulic conductivity of the aquifer system varies from 10 to 50 m/d, and the piezometric
head is 30-60 m.a.s.1. [23]. The Quaternary sediments have an average thickness of less than
5 m within the Rapla area. Areas with a thin layer of sediments (<1 m) make up about 16%
of the map sheet. Thicknesses up to 70 m are present in buried valleys [24]. In those areas
where the Quaternary cover is missing or thin, the phreatic groundwater in underlying
carbonate rocks is weakly protected against surface pollution [23]. In areas where the clayey
Quaternary sediments are thick, the groundwater in the bedrock aquifer is confined, the
piezometric head is above the bedrock surface, and the groundwater is less vulnerable.

The Devonian sand- and siltstones form the first bedrock aquifer in southern Estonia [23].
The Voru base map sheet represents the area where the first bedrock aquifer is the Middle
Devonian aquifer system, which is recharged by precipitation infiltrating through the
Quaternary aquifer, mainly from the Haanja, Karula and Otep&d highlands [25]. The
Quaternary cover of the Voru area consists mainly of moraines and glaciofluvial sediments
(Figure 1). The Voru valley is located in the central part and the Haanja upland on the
southern part of the map sheet. The Haanja upland represents a hilly moraine relief, where
on the flat roofs of the hills, the moraine is sometimes covered by glaciolimnical sands
and clays. In the northern part of the study area, on the moraine plain, sediments with a
thickness of 1-20 m are spread. The thickness of the Quaternary sediments is 100-190 m
in the highest part of the Haanja upland and decreases to 50-60 m on the slopes. In the
Voru valley, the Quaternary sediments have a thickness of 60-80 m [25]. In cases where the
piezometric head is higher than the bedrock surface, the aquifer is considered confined,
and this restricts the movement of contaminants into the aquifer. Within the Voru base
map sheet, the Middle Devonian aquifer system is overlain by a thick layer of moraine and
clays, making the groundwater confined in most of the study area.

2.2. Groundwater Vulnerability Assessment in Estonia

In Estonia, the Water Act [26] defines five groundwater vulnerability classes for the
first bedrock aquifer, the primary aquifer for water supply. Heterogenous Quaternary
sediments cover the main useful aquifer, and therefore, the assessment of groundwater
vulnerability relies on the thickness and properties of the deposits.

Areas classified as unprotected include karst regions and areas where up to 2 m thick
moraine or up to 20 m of sand/gravel covers the aquifer. Similarly, if the moraine layer
is 2-10 m thick, the sand/gravel 20-40 m, or the aquifer is covered by a clay layer up to
2 m, the region is considered weakly protected. Medium-protected areas are covered by
a moraine layer with a thickness of 10-20 m or a clay layer with a 2-5 m thickness. If
the moraine layer has a thickness of 10-20 m or if the clay layer is 2-5 m thick, the area
is delineated as relatively protected. In the Water Act, only locations where a regional
aquitard covers the aquifer are considered protected.

2.3. The DRASTIC Method

The DRASTIC method is one of the most popular methods to assess groundwater
vulnerability to pollution [2]. The DRASTIC method uses seven parameters in order to
determine the vulnerability of groundwater (Table 1): the depth to groundwater table,
net recharge, aquifer media, soil media, topography, impact of the vadose zone, and
hydraulic conductivity [2].

Each parameter is assigned to a range or sediment types based on the influence
on contamination potential. The rating ranges from 1 to 10, with 1 being the lowest
vulnerability and 10 the highest [2]. The DRASTIC vulnerability index is a result of a sum
of all seven parameters multiplied by their weights to balance their significance [1]:

D; = le(W] X R]'), (1)
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where Di presents the vulnerability index for a mapping unit, Wj stands for the weight
of parameter j, and Rj represents the rating of parameter j. A higher vulnerability index

indicates a greater risk of groundwater contamination.

Table 1. DRASTIC method parameters, descriptions, and weights.

Parameter Method Weight Description
DRASTIC 5 The vertical distance from the ground surface to the piezometric head
affects the pollution risk: the risk is lower when the water table is deeper.
Depth to groundwater
table (D) Modified The relative position of the piezometric head and the bedrock surface is
5 compared: the pollution risk is higher if the piezometric head is below
DRASTIC i
the bedrock surface and vice versa.
The transportation of the contaminants into the aquifer depends on the
Net recharge (R) DRASTIC 4 amount of the infiltrating water. The higher the recharge through the
vadose zone, the higher the contamination potential.
. . More fractures and larger grain sizes of the sediments forming the
Aquifer media (A) DRASTIC 3 aquifer lead to higher permeability and lower attenuation capacity.
The presence of clays and organic material in the soil lowers the potential
Soil media/ DRASTIC 2 for contaminant migration.
Quaternary sediment — - -
type () Modified 5 The Quaternary sediments above the aquifer regulate the extent of water
DRASTIC infiltrating into the ground.
The amount of potential pollutant infiltration or runoff depends on the
Topography (T) DRASTIC ! topography of the land surface, especially on its slope gradients.
The unsaturated zone above the water table is crucial in determining the
Impact of the vadose DRASTIC > degree of contaminant attenuation.
zone (I)/Thickness of
the Quaternary Modified The vertical distance from the ground surface to the bedrock surface
sediments DRASTIC 5 influences the vulnerability of the aquifer: higher risk is caused by a thin
layer of sediments.
Hvdraulic Higher hydraulic conductivity means a higher ability of the aquifer to
Y DRASTIC 3 transmit water and move contaminants, leading to a higher

conductivity (C)

contamination risk.

Classifications for the resulting vulnerability indexes are established based on their
values, e.g., divided into five classes which have equal intervals [11,27,28]. Hamza et al. [9]
propose a categorisation by dividing the vulnerability index values into five equal classes
using the percentage range: “very low” (10.00-28.99), “low” (29.00—46.99), “medium”
(47.00-64.99), “high” (65.00-82.99) and “very high” (83.00-100).

2.4. The Modified DRASTIC Method

In regions where the main useful aquifer is covered by a confining layer, e.g., in areas
with a Quaternary sediment cover, a modification to the DRASTIC method is needed, as
the original method does not consider the characteristics and thickness of the confining
layer [13,15]. Additionally, the method does not take into account the relationship between
the piezometric head and the confining layer [15]. The aquifer is confined when the
piezometric surface is above the bedrock, preventing the movement of the contaminant to
the aquifer.

The modified DRASTIC method was developed in order to enhance the accuracy of
vulnerability maps within regions characterised by a confining layer [15]. The method
incorporates modified versions of three parameters of the DRASTIC method, specifically
those influenced by the Quaternary layer: the depth to groundwater table (D), the soil
type (S), and the impact of the vadose zone (I) parameters. However, it is worth noting
that the net recharge (R), aquifer media (A), topography (T), and hydraulic conductivity
(C) parameters remain unchanged, as they are universally applicable and not influenced
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by specific geological conditions. The original and modified parameters, along with their
respective weights, are detailed in Table 1, while Table 2 provides information on the
parameter ranges and ratings.

Table 2. Original [2] and modified DRASTIC parameters [15].

(D) Depth to (D) Depth to Groundwater
Growr&;g;e;l;l"able Ta%le (Modified) (R) Net Recharge (Original) (A) Aquifer Media (Original) (S) Soil Media (Original)
Depth of the
piezometric head
Range (m) Rating compared to the Rating Range (mm/y) Rating Type Rating Type Rating
bedrock surface ?
(m)
0-1.5 10 <-10 10 0-50 1 Massive shale 1-3 Thin/absent 10
1.5-5 9 —10...-5 9 50-100 3 Metamorphic/igneous 2-5 Gravel 10
5-10 7 5.1 7 100175 6 Weathered metamor- 35 Sand 9
phic/igneous
10-15 5 -1...0 6 175-250 8 Glacial till 4-6 Peat 8
Bedded sandstone, .
15-20 3 0...1 5 >250 9 limestone 59 Shrinking clay 7
20-30 2 1...3 3 Massive sandstone 4-9 Sandy loam 6
>30 1 3...5 2 Massive limestone 4-9 Loam 5
>5 1 Sand and gravel 4-9 Silty loam 4
Basalt 2-10 Clay loam 3
Karst limestone 9-10 Muck 2
No shrinking 1
clay
(S) Quaternary O Im . . -
h i pact of the Vadose (I) Thickness of the Quaternary (C) Hydraulic Conductivity
Sediment Type (T) Topography (Original) Zone (Original) Sediments (Modified) (Original)
(Modified)
Type Rating Slope (%) Rating Type Rating Range (m) Rating Range (m/d) Rating
Clay 1 0-2 10 Confining layer 1 0-2 10 0.04—4 1
Gyttja 2 2-6 9 Silt/clay 3 2-5 9 4-12 2
Silt 6 6-12 5 Shale 3 5-10 7 12-28 4
Peat 6 12-18 3 Limestone 6 10-20 5 28-40 6
Till 7 >18 1 Sandstone 6 20-40 3 40-80 8
Fine/coarse Bedded lime-
sand, gravel 8 stone/sandstone 6 >40 1 >80 10
Cobbles, 9 Sand, gravel with 6
boulders silt, clay
Bedrock 10 Metamorphic/ 4
outcrop igneous
Karst field 10 Sand and gravel 8
Basalt 9
Karst limestone 10

Note:  piezometric head below the bedrock surface is indicated by a negative value.

The modified D-parameter characterises the piezometric surface of the main useful
aquifer in relation to the bedrock surface. A piezometric head above the bedrock surface
prevents pollutants’ movement and increases the area’s protection. The vulnerability rating
of the parameter is lower if the piezometric head is above the bedrock and higher if below
the bedrock surface. Table 2 shows the ranges to assess the modified D-parameter.

The modified S-parameter represents the Quaternary sediment types and their effect
on the pollution potential. A new weight of 5 was incorporated for the parameter to
enhance its importance. The modified I-parameter replaces the properties of the vadose
zone parameter and describes the Quaternary sediments’ thickness. The assessment ranges
for the new S- and I-parameters are shown in Table 2.

The natural vulnerability index of the aquifer covered by a Quaternary layer can be
calculated using the Equation (2) [15]:

Di=Dx54+Rx44+AX34+S5S%x54+Tx1+1Ix54+Cx3 )

where Di represents the vulnerability index for a specific mapping unit, with the following
variables: D for the depth to groundwater, R for net recharge, A for aquifer media, S
for Quaternary sediment type, T for topography, I for the thickness of the Quaternary
sediments, and C for hydraulic conductivity.

2.5. Data Sources

The Estonian Geological Base Map 1:50,000 [20] was the main geodatabase used for the
assessment of groundwater vulnerability for most of the parameters (depth to groundwater
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table, aquifer media, soil media/Quaternary sediment type, and impact of the vadose
zone/thickness of the Quaternary). The net infiltration map of Estonia [22] was used for
the net infiltration parameter. Digital elevation models (DEM) with a resolution of 10 m
from Lidar data [29] were used for the topography parameter. The coordinate system for
the collected data is the Estonian Coordinate System of 1997.

2.6. Defining Vulnerability Classes

The final values of the modified DRASTIC method’s vulnerability index (Di) resulted
in a range from 51 to 225. The values were classified into five quantile classes (Table 3)
using the method by Hamza et al. [9], which was aligned with the regulation defined in the
Estonian Water Act [26]. The adjustment included assigning the lowest vulnerability class
to values from 0% to 10% of the vulnerability index values. “Relatively well protected”
received values from 10% to 28%, “moderately protected” from 29% to 46%, “weakly
protected” from 47% to 64%, and “unprotected” from 65% to 100%.

Table 3. Vulnerability index (Di) values classification.

Vulnerability Class Percentage of the Di Range (51-225) Di Values
Well protected 0-10 51-101
Relatively well protected 10-28 102-133
Moderately protected 29-46 134-164
Weakly protected 47-64 165-195
Unprotected 65-100 196-225

2.7. Validation

The Spearman correlation coefficient was used to assess the extent of correlation
between the vulnerability assessment outcomes derived from the DRASTIC method and the
nitrate concentration. The Spearman’s rank correlation coefficient stands as a nonparametric
statistical metric that quantifies the strength of the relationship between two datasets [29]
and is calculated using Equation (3):

n 1 d2
=1- = 3
where p is the Spearman’s rank correlation coefficient, d represents the difference between
the two ranks of each observation, and n is the number of observations. For validation with
the nitrate concentration, nitrate concentration data from 59 wells in Rapla and 193 wells in
Voru were used from the Estonian Nature Information System database [30]. R Studio was
used to calculate Spearman’s correlation coefficient [31].

2.8. Sensitivity Analysis

Sensitivity analysis is used to assess the contribution of the input parameters to the
modelling outcomes. In the assessment of parameters within the DRASTIC method, two
approaches are used: single parameter [32] and map removal sensitivity analysis [33].

Within the scope of the single parameter sensitivity analysis, each parameter’s influ-
ence on the overall vulnerability index calculation is analysed. The theoretical weight of
the parameter is compared to the calculated effective weight. For each pixel of the map, the
effective weight (Wy,;) is computed by Equation (4):

W, = PRfPW x 100 @)

pt Dz

where P,; is the rating, Py; is the weight of the parameter, P, assigned to the pixel, i, and Di
is the vulnerability index.

Map removal sensitivity analysis evaluates the vulnerability map’s response to remov-
ing one or more parameters from the analysis [33]. This analysis determines the necessity of
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incorporating each of the DRASTIC parameters. The sensitivity measure, S, of a parameter
is computed using Equation (5):

v_ v
N n

S — x 100 ®)

where V is the original vulnerability index, and V’ represents the perturbed index; N and n
are the number of parameters employed to calculate V and V', respectively. The original
vulnerability index is calculated using all seven parameters of the DRASTIC method, while
the perturbed one is computed with fewer parameters.

3. Results and Discussion
3.1. Vulnerability Maps

Therefore, in this paper, the modified DRASTIC method for improved vulnerability
assessment was applied in Estonia. Two study areas with different Quaternary sediment
cover types were selected to highlight the heterogeneity of the sediments. For comparison,
maps were developed using the original DRASTIC method and the existing vulnerabil-
ity maps using a former methodology for local geological conditions. Thirdly, nitrate
concentration data was used to validate the accuracy of the obtained maps.

The modified DRASTIC method was used for the vulnerability assessment of the
first bedrock main useful aquifer in two regions in Estonia: Rapla and Voru. In addition,
for comparison, maps were developed using the original DRASTIC method. Thirdly,
the existing vulnerability maps by a former methodology of groundwater vulnerability
assessment in Estonia were used for comparison. The percentages of the five vulnerability
classes of the resulting maps are given in Table 4.

Table 4. Percentages of the vulnerability classes in the resulting maps.

Rapla Modified Rapla Original Rapla Estonian Voru Modified  Voru Original = Voru Estonian

DRASTIC DRASTIC Method DRASTIC DRASTIC Method

Well protected 0.5 0.0 - 12.6 7.4 26.1

Relatively 8.1 0.1 0.2 53.8 46.8 375
protected

Moderately 30.7 16.6 46 274 405 20.7
protected

Weakly 421 69.5 526 59 5.2 15.0
protected

Unprotected 18.5 13.8 42.6 0.2 0.1 0.7

The vulnerability map generated using the modified DRASTIC method for the Rapla
area indicates that approximately 0.5% of the area is classified as well protected, areas
characterised by more than 15 m of Quaternary sediments and by clays, offering protection
to the aquifer (Figure 2). Relatively well-protected areas make up 8.1% of the study area,
consisting of more than 10 m of Quaternary sediments, often including clays. Additionally,
the modified method delineates areas of artesian overflow as well protected or relatively
well protected. The area is covered by moderately protected areas in 30.7%, consisting
of either peat or more than 5 m of moraine sediments. Weakly protected areas cover
42.1% of the Rapla area in areas, with less than 5 m of moraine and sands, which offer
limited protection to the aquifer. Lastly, 18.5% of the study area is unprotected and highly
vulnerable, characterised by less than 2 m of moraine.
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Figure 2. Vulnerability assessment results of the Rapla study area. (A) Vulnerability map produced
using original DRASTIC; (B) vulnerability map produced using modified DRASTIC; (C) vulnerability
map produced using the Estonian method for groundwater vulnerability assessment.

In contrast, the assessment using the original DRASTIC method shows that 0.1% of
the study area is relatively well protected. These areas consist of clay and have deeper
groundwater levels. Moderately protected areas, which are also in areas with clayey
sediments, cover 16.6% of the area. Weakly protected areas make up 69.5% of the area. In
these areas, the groundwater level is near the surface, and Quaternary sediments consist of
moraine or peat. A smaller area of 13.8% is unprotected, where the Quaternary sediment
layer is less than 1 m.

Furthermore, the Estonian vulnerability assessment method identifies 0.2% of the area
as relatively well protected, 4.6% moderately protected, 52.9% as weakly protected, and
42.6% as unprotected.

Secondly, the vulnerability assessment using the modified DRASTIC method was
conducted in the Voru study area (Figure 3). Well-protected areas make up 12.5% of the



Water 2023, 15, 3585

10 of 17

27°F

study area, characterised by artesian overflow and more than 15 to 20 m of Quaternary
sediments. Relatively well-protected areas cover 53.8% of the area, where Quaternary
sediment cover consists of thick layers of sand. Moderately protected regions account for
27.4% of the area. Weakly protected areas, consisting of less than 5 m of clay, make up
5.9% of the area. Only a small portion, 0.2% of the area, is unprotected, with only a thin
Quaternary sediment layer covering the aquifer.

7°10'E 27°20°E 2% 27°10'E 27°20'E
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Figure 3. Vulnerability assessment results of the Voru study area. (A) Vulnerability map produced
using original DRASTIC; (B) vulnerability map produced using modified DRASTIC; (C) vulnerability
map produced using the Estonian method for groundwater vulnerability assessment.

Using the original DRASTIC method, 7.4% resulted as well protected, 46.8% relatively
well protected, 40.5% moderately protected, 5.2% weakly protected, and 0.1% unprotected.
Comparatively, the Estonian method identified 26.1% of the area as relatively well protected,
37.5% as moderately protected, 52.9% as weakly protected, and 42.6% as unprotected.
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The vulnerability assessment results obtained by the modified and original DRASTIC
methodologies demonstrate a significant improvement with the modified version. Both
in the Rapla and Voru study area, the modified DRASTIC method categorises a higher
percentage of areas as well protected and relatively well protected, with 8.6% in Rapla and
66.4% in Voru, compared to the original method, which shows 0.1% and 54.2%, respectively
(Table 4). This outcome is caused by the Quaternary sediments protecting the first bedrock
aquifer and making it confined.

Additionally, the modified method identifies more unprotected areas in Rapla (18.5%)
compared to the original method (13.8%), and the trend can also be seen on the Estonian
method map (42.6%). Moreover, the modified groundwater vulnerability map shows a
higher resemblance to the map by the former Estonian vulnerability assessment method,
indicating improved accuracy in representing the vulnerability in the region.

3.2. Validation by Using Nitrate Values

To validate the modified DRASTIC method, the nitrate concentration (NOs) in ground-
water was used (Figure 4). Nitrate concentration serves as a vital indicator of groundwater
pollution, as elevated nitrate levels are associated with contamination resulting from an-
thropogenic and agricultural activities [34]. Therefore, nitrate concentration is a reliable
and commonly used parameter for validating groundwater vulnerability assessment re-
sults [7,27,28]. In Estonia, monitoring nitrate concentration is a crucial aspect of national
groundwater quality assessment. Therefore, it is both a practical and relevant parameter
for validating groundwater vulnerability assessments in the Estonian context. In addition
to Estonia, nitrogen pollution is a pressing issue in the other Nordic and Baltic countries,
therefore being a subject to extensive research and monitoring [35-37].
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Figure 4. Nitrate concentration and selected wells in the Rapla and Véru areas.

The extent of correlation between the vulnerability indices and the nitrate concentra-
tion was assessed using the Spearman correlation coefficient, due to the nonparametric
nature of the data. The Spearman’s rank correlation coefficient is resistant to the influence
of outliers and can capture various types of correlations, both linear and nonlinear. For
the analysis, nitrate concentration data from 59 wells from Rapla and 193 wells from Voru
were used to examine the relationship between calculated indices and nitrate concentration
values. In Rapla, wells up to a depth of 20 m were chosen from the most cavernous upper
part of the aquifer, where the hydraulic conductivity is the highest [23]. In Voru, wells
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up to a depth of 80 m were chosen, based on the thicker Quaternary sediments leading to
predominantly deeper wells in the area.

The vulnerability maps of Rapla and Voru using the modified DRASTIC method were
evaluated using the Spearman correlation method (Table 5). The results show a stronger
correlation between the nitrate concentration and the modified DRASTIC map than the
original DRASTIC map. However, it is worth emphasising that all the correlations observed
in the analysis are relatively low in comparison with findings by other researchers [28,38,39].
Firstly, it can be attributed to lower pollution levels in both the Rapla and Voru regions,
with only 43.6% of the area being used for agriculture, according to Corine Land Cover
data [40]. Secondly, Estonia typically has a background level of zero nitrates in groundwater.
Any detectable nitrate concentration is considered an anthropogenic input, making nitrate
concentration an especially sensitive pollution indicator in this context. Thirdly, as the
nitrate concentration is extensively monitored in Estonia, the database of observations is
high, which contributes to the high level of points in areas where the vulnerability index
indicates a higher level of vulnerability, yet no nitrate pollution is present.

Table 5. The relationship between nitrate concentration and groundwater vulnerability maps.

Original DRASTIC Modified DRASTIC Original DRASTIC Modified DRASTIC

Rapla Rapla Voru Voru
Spearman 0.272 0.424 —0.023 0.225
p-value 0.0372 0.000807 0.7491 0.00167
3.3. Sensitivity of the DRASTIC Method
Table 6 shows a statistical overview of the parameters which were used in the modified
DRASTIC method calculations in Rapla and Voru. The statistical summary revealed that
the primary contributors to the groundwater contamination risk are the topography (T),
the aquifer media (A), and the thickness (I) and type (S) of the Quaternary parameters.
Table 6. Statistical overview of the DRASTIC method parameters used in the vulnerability assessment
in Rapla and Voru.
Rapla D R A S T I C
Min 1 1 9 1 1 5 8
Max 10 3 10 10 10 10 8
Mean 48 1.6 9.2 6.6 9.7 9.2 8
SD 25 0.9 0.4 2.6 0.8 1.1 0
Coefficient of variation (%) 52.1 56.3 43 394 8.2 12.0 0.0
Voru D R A S T I C
Min 1 1 5 1 1 1 2
Max 10 9 10 10 10 10 8
Mean 3.6 4.8 6.2 7.3 7.8 3.6 2.2
SD 3.4 25 1.1 2.0 2.8 25 1.1
Coefficient of variation (%) 944 52.1 17.7 27.4 35.9 69.4 50.0

According to the coefficient of variation (CV%) analysis, the depth to groundwater
table (D) parameter has the largest contribution to the variation in the overall index in
Voru (94.4%). This emphasises the need to modify the parameter to ensure a precise
vulnerability assessment, especially in complex hydrogeological areas, with an occasionally
confined aquifer. In Rapla, the depth to groundwater table (D) parameter also significantly
contributes to the variation (52.4%), supporting the need for modifications. Furthermore,
in Rapla, the greatest variation in the vulnerability index is due to the net recharge (R)
parameter (56.3%), which can be attributed to the low-resolution data available. The
second highest contribution in Voru (69.4%) is due to the thickness of the Quaternary layer,
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highlighting the significance of modifying the method to account for the specific properties
of the overlying Quaternary aquifer.

3.3.1. Single-Parameter Sensitivity Analysis

A single-parameter sensitivity analysis was conducted to assess each parameter’s
influence. This analysis compares the effective weight (using Equation (4)) assigned in
the study area to each parameter to the theoretical weight assigned to the parameters by
the modified DRASTIC method in Equation (2). By looking at the effective weights in
relation to their theoretical weight, we gain a better understanding of which parameters
have the highest influence on the vulnerability of the study area. The results (Table 7)
reveal that certain parameters have higher weights compared to the theoretical contributing
to the vulnerability index in the study area. Specifically, in Rapla, the thickness of the
Quaternary (I) parameter has a substantial weight (27.3%) because the thickness of the
layer is thinner, and therefore the mean effective weight of the I-parameter is higher than
the theoretical weight. Conversely, in Voru, the sediment layer is thicker and makes the
area more protected, and therefore the mean effective weight of the I-parameter is lower
than the theoretical weight. Additionally, in V6ru, the Quaternary sediments (S) parameter
shows a significant weight (29.6%), which emphasises the heterogeneous nature of the
Quaternary sediments in the regions.

Table 7. Single-parameter sensitivity analysis results in Rapla and Voru.

Theoretical Effective Weight (%)
Rapla . o

Weight (%) Min Max Mean SD
D 19.2 2.9 27.8 13.4 5.7
R 154 1.9 10.6 3.8 2.2
A 11.5 12.1 28.4 16.5 2.8
S 19.2 3.0 33.3 18.8 6.3
T 3.8 0.5 10.0 5.8 1.1
1 19.2 16.5 41.7 27.3 3.1
C 11.5 10.6 25.3 14.4 2.4
; Theoretical Effective Weight (%)

Voru Weight (%) Min Max Mean SD
D 19.2 3.0 48.4 13.1 11.0
R 15.4 3.1 48.0 15.7 8.2
A 11.5 7.8 35.6 15.3 3.4
S 19.2 3.3 50.6 29.6 8.5
T 3.8 0.5 15.9 6.5 2.7
1 19.2 2.5 46.9 14.5 9.1
C 11.5 3.0 21.5 54 2.1

Remarkably, both the Rapla and Voru vulnerability maps have a theoretical weight
higher than the depth to groundwater table (D) parameter’s effective weight. This observa-
tion suggests the abundance of regions where the piezometric head is making the aquifer
confined and protected against pollution by being above the bedrock surface. In Rapla, the
effective weight of the net recharge parameter is substantially lower than the theoretical,
due to the low recharge rate in the area.

High variation in the effective weights in both the parameters describing Quaternary
sediments indicates the highly varying nature of the sediments. This emphasises that in the
DRASTIC calculation, it is important to consider detailed information about the Quaternary
deposits. The modified DRASTIC method’s ability to account for such variability is a
notable improvement, as it enables the assessment of vulnerability in areas where the
Quaternary layer confines the aquifer. In these cases, the properties of the confining
layer define the vulnerability, which further justifies the necessity for the modification of
the DRASTIC method. As illustrated by the obtained vulnerability maps, the modified
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DRASTIC method aligns more accurately with the underlying geological map, which
enhances the method’s reliability and underscores its capacity to provide a more precise
representation of vulnerability patterns within the study area.

3.3.2. Map Removal Sensitivity Analysis

In order to conduct the map removal sensitivity analysis for the modified DRASTIC
model, one parameter layer was excluded at a time (Table 8). In Rapla, the parameter
showing the most substantial variation was the thickness of the Quaternary sediments layer
(I), with a 2.16% variation. This variation can be attributed to the relatively thin Quaternary
layer contributing to a high contamination risk. Conversely, in Voru, the highest variation
index (2.74%) was contributed by the Quaternary sediment type (S) parameter, due to
the presence of sands with a higher contamination risk. These results emphasise the role
played by the parameters describing the attributes of the Quaternary sediments overlying
the aquifer in determining the vulnerability.

Table 8. Map removal sensitivity analysis results in Rapla and Voru (one parameter removed).

Rapla—Parameter Variation Index (%)

Removed Min Max Mean SD
D 0.00 2.25 0.83 0.48
R 0.61 2.07 1.75 0.36
A 0.00 2.36 0.43 0.40
S 0.00 3.17 1.19 0.49
T 0.07 3.06 141 0.23
I 0.36 456 2.16 0.52
C 0.00 1.83 0.31 0.26
Voru—Parameter Variation Index (%)
Removed Min Max Mean SD
D 0.00 5.68 1.66 0.79
R 0.00 5.62 1.10 0.85
A 0.00 3.55 0.46 0.38
S 0.00 6.05 2.74 0.99
T 0.00 2.29 1.31 0.45
I 0.00 5.42 1.27 0.84
C 5.79 1.88 1.50 0.28

Additionally, the parameters with the least variability were excluded, one at a time,
in accordance with the findings of the map removal analysis conducted individually for
each parameter. This process resulted in inconsistent outcomes (Table 9), demonstrating
the significance of each parameter in the assessment process. Excluding parameters could
potentially lead to incomplete and inaccurate vulnerability maps.

Table 9. Map removal sensitivity analysis results in Rapla and Voru (parameters used).

Variation Index (%)

Rapla—Parameters Used

Min Max Mean SD

D,R,ASTI 0.00 1.83 0.31 0.26
D,R,STI 2.14 5.02 0.81 0.79
R,ST1 0.00 4.03 0.82 0.66

R, TI1 0.00 5.89 2.18 1.13
R,1 0.00 8.57 1.65 1.47

I 2.18 27.28 12.97 3.14
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Table 9. Cont.

Variation Index (%)

Voru—Parameters Used

Min Max Mean SD

D,R,ASTI 0.00 3.55 0.46 0.38
D,R,STI 0.00 8.72 1.38 1.19
R,S,T,1 0.00 9.33 1.64 1.28

R TI1 0.00 10.52 2.61 2.24
R,1 0.00 20.60 7.46 4.05

I 0.00 36.28 16.44 5.93

4. Conclusions

The present study aimed to apply the improved vulnerability assessment, the modified
DRASTIC method, to accurately estimate groundwater vulnerability in areas with confined
aquifers due to overlying Quaternary sediments in Estonia. The paper focuses on two
distinct study areas with different Quaternary sediment cover types, highlighting the
heterogeneous nature of the sediments.

The results demonstrate a significant improvement in groundwater vulnerability
mapping using the modified version of the DRASTIC method compared to the original
version. In both the Rapla and Voéru study areas, the modified method categorised a
higher percentage of areas as well protected and relatively well protected than the original
method. This outcome was attributed to the protective nature of the Quaternary sedi-
ments, making the first bedrock aquifer confined and therefore contributing to improved
groundwater protection.

Additionally, the modified method identified more unprotected areas in Rapla than the
original method, even more so when compared to the vulnerability map generated using a
methodology for local geological conditions. The modified groundwater vulnerability map
also demonstrated a higher alignment with the map using the previous Estonian vulnera-
bility assessment method, illustrating its improved accuracy in representing vulnerability
in the region.

Furthermore, the correlation analysis between the nitrate concentration and vulner-
ability maps generated using the modified and original DRASTIC methods revealed a
higher correlation with the modified version. However, it is important to note that all the
observed correlations were relatively low, primarily due to the lower pollution levels in
both the Rapla and Voru regions. With 43.6% of the area being used for agriculture, areas
with a higher vulnerability index might not necessarily include nitrate pollution.

In conclusion, the application of the modified DRASTIC method demonstrated its effec-
tiveness in achieving a more accurate assessment of groundwater vulnerability, particularly
in areas with confined aquifers in Estonia. The results highlight the significance of mod-
ifying the vulnerability assessment methods according to regional geological conditions
to evaluate groundwater vulnerability accurately and support informed decision-making
in groundwater management and protection. The findings of this study contribute to
improving groundwater vulnerability assessment methods in areas with a confined aquifer.
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