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The assessment of groundwater vulnerability is a crucial part of planning and water management because it can identify ar-
eas where aquifers are more susceptible to contamination. Depending on the vulnerability assessment method, the results
can differ significantly. Consequently, different methods can provide ambiguous information that could further influence deci-
sion-making processes in planning or water management. For the Pliszka River catchment, the intrinsic groundwater vulner-
ability of the uppermost aquifer was estimated using four different methods: DRASTIC, GOD, and two methods that are
based on empirical formulas of water residence time in an unsaturated zone. The input data include a series of thematic
maps supplemented by 1,322 shallow borehole profiles and laboratory tests of samples collected in the course of fieldwork.
The collected data were processed in GIS software, and the results of each method were mapped in high resolution. The re-
sulting maps of groundwater vulnerability were then quantitatively compared to validate their applicability for the assessment
of groundwater vulnerability in a typical North European Lowland river catchment. The maps generated by the DRASTIC and
GOD methods are dominated by areas with moderately high (54.6 and 48.4%, respectively) and moderate groundwater vul-
nerability (32.7 and 32.3%, respectively). No areas of high groundwater vulnerability are present. One of the water residence
time methods provides results similar to the previous methods at the catchment scale, and one method yields high ground-
water vulnerability values for the majority of area.
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INTRODUCTION tailed geological surveying. The different methods take into ac-
count different physical properties in the soil and different

hydrogeological parameters in the unsaturated and saturated

Over the last 30 years, many methods have been proposed
to determine intrinsic groundwater vulnerability. Certain meth-
ods, such as GOD (Foster, 1987), DRASTIC (Aller et al., 1987)
and SINTACS (Civita, 1994), have simple structures and can
be used in any hydrogeological conditions. Others are limited to
unconsolidated sediments, e.g. AVI (Van Stempvoort et al.,
1993), or karst aquifers, e.g. COP (Vias et al., 2006) and EPIK
(Doerfliger and Zwahlen, 1997). Additionally, numerical
hydrogeological modelling can be applied to assess groundwa-
ter vulnerability. Recently, numerous more sophisticated meth-
ods have been developed by modifying previous parametric
methods (e.g., Lee, 2003; Dixon, 2005; Zuquette et al., 2009;
Hernandez-Espriu et al., 2014; Makonto and Dippenaar, 2014).
The optimal method depends mainly on the data available and
the specific conditions of the study area, so it requires very de-
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zone (cf., Gogu and Dassargues, 2000; Civita, 2010). In gen-
eral, the methods can be divided into index methods, which
consider the most significant parameters for groundwater vul-
nerability assessment, and process methods, which estimate
the travel time of contamination (Ligget and Talwar, 2009).
Groundwater vulnerability maps are used by Water Man-
agement Authorities in the planning process because they are
important tools for groundwater protection. Therefore, the maps
should be clear and also treated as initial information for deci-
sion makers (Foster et al., 2013). However, depending on the
used method, different parameters will be taken into consider-
ation and the resultant maps can provide different spatial distri-
butions of vulnerability. Moreover, vulnerability maps present
classes of groundwater vulnerability that refer to a numerical in-
dex or the travel time required for the pollution to enter the aqui-
fer. Consequently, these maps may not be comparable and can
be confusing for decision makers. The index methods provide a
relative indication of the vulnerability (Ligget and Talwar, 2009),
but they should also refer to the travel time of potential contami-
nation through the unsaturated zone. Nevertheless, in certain
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Fig. 1. Location of the Pliszka River catchment

The background presents the morphology of the study area; line A-B indicates location of the hydrogeological cross-section (Fig. 3)

cases, these methods can still be misleading because they do
not analyse all physical processes in aquifers (Debernardi et al.,
2008). Vulnerability maps reflect the sensitivity of aquifers to
anthropogenic actions (Vrba and Zaporozec, 1994); this pa-
rameter could also be described as the natural ability of depos-
its in the unsaturated zone to purify water through the filtration
process. Thus, a crucial role is played by factors that influence
the duration of fluid percolation through the unsaturated zone,
which in turn depends on different possible feedbacks or syner-
gies between several hydrogeological parameters. Vias et al.
(2005) compared results obtained from four index methods for
diffuse flow in a carbonate aquifer and noticed that they gener-
ated maps that were different but shared generally similar spa-
tial distributions of vulnerability. However, in certain areas, dif-
ferent methods may also provide thoroughly different results,
rendering the results unreliable (Ravbar and Goldscheider,
2009).

The aim of this study is to assess the intrinsic groundwater
vulnerability of a typical North European Lowland river catch-
ment using four different assessment methods, including index
methods and process methods. Moreover, this paper attempts
to quantitatively compare the results of applied groundwater
vulnerability methods in order to validate their applicability.

STUDY AREA

The Pliszka River is located in western Poland and is a sec-
ond-rank tributary of the second-longest river in Poland, the
Odra River. The river is approximately 59.5 km long and origi-
nates at Matcz Potudniowy Lake at an elevation of 101.3 ma.s.l.
The difference between its source and mouth is approximately
78 m, which means that its average slope is relatively high in re-
lation to other European rivers at this latitude. However, the final
approximately 15 km features sections of braided river and sec-

tions where the river and the valley are wider and include adja-
cent swampy areas. The catchment area of the Pliszka River is
approximately 441 km?. About 85% of the catchment area is
covered by woods. Additionally, only small villages surrounded
by agricultural areas are located in the catchment (Fig. 1).

The study area is fully covered by Quaternary deposits that
rest on Neogene clays and silts interbedded with lignite. The
thickness of the Quaternary deposits is approximately 61 to
226 m, with an average thickness of ca. 123 m (Sztromwasser,
2005). These deposits are primarily glacial and fluvioglacial
sediments deposited mainly during the Weichselian Glaciation
but also in the Elsterian and Saalian glaciations. Consequently,
the lithology of the Quaternary deposits is represented mainly
by fine to coarse sands, tills and gravels. In certain locations,
silts and clays are also observed. The uppermost Quaternary
deposits are dominated by fluvioglacial (outwash) and glacial
sands and gravels that cover approximately 80% of the area. In
the northeastern part of the area, the surficial lithology is domi-
nated by Weichselian till. Along the Pliszka River, the valley bed
is composed of Holocene fluvial sands and local peats and lac-
ustrine deposits (Fig. 2; Sztromwasser, 2005).

The Quaternary hydrogeological unit contains three aqui-
fers that are separated by low-permeability tills and silts. The
lowest Quaternary aquifer is composed of fluvioglacial sands
and gravels of the Elsterian Glaciation and Holstenian intergla-
cial period. This unit has discontinuous characteristics and is
recognized only locally in erosional troughs and in sandy
lenses. The intermediate Quaternary aquifer is composed of
Eemian sands and gravels and has an average thickness of ap-
proximately 15 m. The highly permeable sediments of this layer
are often interbedded with low-permeability silts and clays. The
uppermost aquifer occurs along river valleys in fluvial and flu-
vioglacial deposits and in outwash sediments associated with
the Weichselian Glaciation. The thickness of this aquifer is be-
tween 2 and 40 m (Fig. 3). The water table depth is from 0.5 m
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Fig. 3. Hydrogeological cross-section (for location see Fig. 1)

to several metres below surface level in areas where it is uncon-
fined, and several tens of metres (to the top of aquifer) in areas
where the aquifer is confined by low-permeability sediments
(primarily Weichselian till). The aquifers are directly recharged
by infiltration from the surface or through inter-aquifer flow.

METHODS

The most commonly used method developed for evaluation
of groundwater vulnerability is DRASTIC (Aller et al., 1987),
which has been applied to a number of groundwater basins
throughout the world. This method is based on seven parame-

ters of primary importance in terms of potential for groundwater
pollution: depth to water (D), net recharge (R), aquifer media
(A), soil media (S), topography (T), impact of the vadose zone
(N, and hydraulic conductivity (C). Each parameter has an as-
signed weight (Dy, Rw, Aw, Sw, Tw, Iw and C,, respectively) rep-
resenting its importance, and each one is subdivided into
ranges (D, R, A, S, T,, Irand C,, respectively) which reflect the
potential of contamination (Table 1; for details see Aller et al.,
1987). With the required data, the vulnerability index (Vlpg),
which differentiates areas of varying groundwater pollution po-
tential, is expressed as follows:

VIDR = Der + RrRW + ArAw + Srsw + TrTw + Irlw + CrCW [1]
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Table 1
Rating values of the vulnerability parameters for the DRASTIC
method
Parameter Weight Rating
D Depth to water 5 1-10
R Net recharge 4 1-10
A Aquifer media 3 1-10
S Soil media 2 1-10
T Topography 1 1-10
| Impact of the vadose zone | 5 1-10
C Hydraulic conductivity 3 1-10

Another method used in this study to evaluate groundwater
vulnerability is the GOD method (Foster, 1987). This model in-
volves three main parameters: groundwater hydraulic confine-
ment (G), lithology and consolidation of the overlying strata (O),
and depth to water (D). For each parameter, the rating should
be assessed based on the rating method (Fig. 4; for details see
Foster, 1987). Then, the vulnerability index (V/sop) is calculated
as follows:

Vlgop = GOD [2]

The crucial issue in terms of intrinsic groundwater vulnera-
bility is the time required for water to infiltrate from the surface
through the unsaturated zone to the water table. If the intrinsic
groundwater vulnerability is considered, the infiltration time re-
flects arrival of compound to the groundwater pollution poten-
tial. The infiltration time (f) can be calculated as follows:

(3]

where: m — depth to the water table (thickness of unsaturated zone),
6 — moisture content, and I, — net infiltration (Bachmat and Collin,
1987; Schwartz, 2006).

Equation [3] provides a relatively fast and simple method for
assessing intrinsic groundwater vulnerability. This formula as-
sumes only a piston-flow model when calculating the mean fluid
travel time. In the literature, other formulas that can determine
the potential travel time of pollution from the surface to the
groundwater-saturated zone exist, but they are often modifica-
tions of equation [3]. Furthermore, these formulas sometimes
require more input data and yield a more complex approach.

Another formula for estimating the infiltration time through
the unsaturated zone includes the thickness of unsaturated
zone (m), moisture content (0), net infiltration rate (/,) and verti-
cal hydraulic conductivity (K’), and is expressed as follows
(Macioszczyk, 1999):

mo

The DRASTIC and GOD methods represent index-based
methods in which the considered parameters represent physical
properties observed in the study area. The vulnerability index is
calculated and then transformed into categories of vulnerability.
The two methods that are based on empirical formulas [equa-
tions 3 and 4] are examples of process-based methods which
use deterministic approaches to estimate infiltration times
through the unsaturated zone (Liggett and Talwar, 2009). Con-
sequently, a time instead of an index value is calculated, and the
obtained values must be linked to a qualitative vulnerability in-
dex. To compare maps of intrinsic groundwater vulnerability,
each vulnerability method was divided into 5 classes with pre-
scribed relationships (Table 2). The infiltration travel-time
classes are differently divided in literature: from 1 week to 1 year
(Debernardi et al., 2008); from 0 years to >10,000 years (Anornu
and Kabo-bah, 2013); from O years to >30 years (Krogulec,
2006); from <5 years to >100 years (Witczak et al., 2007); from
<1 year to > 25 years (Schwartz, 2006). If real values are given in
the text, such as years, results remain comparable.

Each of the equations described here represents a different
method for assessing the intrinsic groundwater vulnerability.
The evaluation of intrinsic groundwater vulnerability requires

[4]
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Fig. 4. Aquifer vulnerability components and rating values of the vulnerability parameters

for the GOD method (Foster and Hirata, 1988 —

modified, after Gogu and Dessargues, 2000)
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Table 2

Groundwater vulnerability classes and their relationships to the indexes
and water infiltration times

Vulnerability class | DRASTIC index (-) | GOD index (-) | Infiltration time (years)
High >200 0.71-1.00 <5.0
Moderately high 161-200 0.51-0.70 5.0-25.0
Moderate 131-160 0.31-0.50 25.1-50.0
Moderately low 101-130 0.11-0.30 50.0-100.0
Low <100 0.0-0.10 >100.0

the collection of significant amounts of data which are used di- RESULTS

rectly or processed further depending on the assessment
method. This study decided to compare four different assess-
ment methods. Therefore, numerous map sheets were col-
lected: 4 geological maps; 7 general hydrogeological maps; 4
hydrogeological maps of the uppermost aquifer; 6 hydrographic
maps (all at a scale of 1:50,000); 2 soil maps at a scale of
1:100,000; a map of land development, and a digital terrain
model. The data obtained from these maps were supplemented
by 1,322 borehole profiles provided by the Polish Geological In-
stitute. Moreover, in the field, 40 hand auger borings up to 2 m
deep were made (Fig. 5), and 80 samples of soils and sedi-
ments from the unsaturated zone were collected. The samples
were tested in the laboratory to determine the grain-size distri-
bution, hydraulic conductivity and moisture content. The data
were interpolated on a grid of rectangles, in which each cell is
50 x 50 m, and the final grid contains 175,801 nodes. GIS soft-
ware was used to process the collected data to perform overlay
analyses, which are very useful in examining spatial patterns
(e.g., Wang et al., 2007; Khan et al., 2014).

The spatial distribution of each parameter used for the
DRASTIC and GOD methods were mapped in order to show
the variability in the parameters. Additionally, when compared
with the vulnerability maps, the parameter maps provide infor-
mation about the significance of the presented factors.

DRASTIC METHOD

The DRASTIC method requires information on the seven
primary parameters that affect the groundwater pollution poten-
tial (Table 1). The results of the parameters mapping are dis-
cussed below.

The map of the depth to water table (Fig. 6A) shows that al-
most a quarter (24.7%) of the catchment area’s water table is at
a depth between 1.5 and 4.5 m. Moreover, in 35.9% of the study
area, the water table is at a depth of 4.5 m. Such shallow water
table depths occur along the Pliszka River valley and its tributar-

@® hand auger borings
® borehole profiles

...:s
yo

..:g'.

Fig. 5. Spatial distribution of the boreholes used in this study
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ies, reflecting the general morphology of the study area. In al-
most 5% of the area, the depth to water is >30 m. These condi-
tions indicate longer travel times of potential pollution from the
ground surface and, consequently, lower groundwater vulnera-
bility. The net recharge values were obtained multiplying the
mean annual precipitation value for the study area and effective
infiltration coefficient depending on types of sediments in the
unsaturated zone (Witczak et al., 2007). For the majority of the
area (87.1%), the net recharge is estimated to be between 100
and 180 mm/a (Fig. 6B), and these values correspond to the ar-
eas with highly permeable sands and gravels. Lower net re-
charge values occur primarily in areas where the aquifer is con-

Fig. 6. DRASTIC parameter maps: (A) depth to water table, (B)
net recharge, (C) aquifer media, (D) soil media, (E) topography,
(F) impact of vadose zone, (G) hydraulic conductivity

fined by a low-permeability till. In the study area, only unconsoli-
dated sediments act as aquifers. These sediments were di-
vided into fluvial and fluvioglacial sands and gravels and ae-
olian sands and gravels. This division allowed us to distinguish
two types of aquifer media (Fig. 6C). The catchment area is
dominated by aquifers consisting of fluvial and fluvioglacial sed-
iments (60.8%). Five different types of soil media were distin-
guished in the study area (Fig. 6D). The predominant type is
sandy soil which covers >72% of the area. The predominance
of this soil media indicates a potentially rapid vertical movement
of contamination. Topography determines the surface runoff
potential and has the lowest weight among the DRASTIC pa-
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Table 3
Percentages of the study area represented by difif.ergnt vulnerability classes based on the different
methods
- Percentage of the study area

Vulnerability class e aASTICT GOD | Bachmat and Collin (1987; eq. 3) | Macioszczyk (1999; eq. 4)

High 0.0 0.0 49.4 95.2

Moderately high 54.6 48.4 37.3 4.7

Moderate 32.7 32.3 3.9 0.1

Moderately low 8.1 7.5 4.6 0.0

Low 45 11.9 4.8 0.0
rameters. In this case, approximately 50% of the study area is A —
dominated by slopes between 2 and 6% (Fig. 6E). The charac- e CWF;,;]&"ea m C T o %
teristics of the vadose zone have a significant influence on the |5 (1.0 Unconfined 76.1 o ‘* S i _
infiltra.tion of meteoric water, and the Iitho!ogy of the \{adose E gggg Uncanfined (coverad) 8.7 - I g ?
zone in the study area shows great potential for water infiltra- I (0-2) Confined 86 o : JU
tion. Approximately 75% of the area is composed of sands and _ ig 7\' S B /'
gravels (Fig. 6F). Another parameter that emphasizes the wide- A ™
spread occurrence of highly permeable sediments is hydraulic  |" ™~ ,n,—\.«'l -( ] St o
conductivity (Fig. 6G). More than 80% (approximately 353 km?) Rl "k ; , . R
of the study area features an estimated hydraulic conductivity ™ . P I,"'

greater than 5 x 10~ m/s, and almost half of this area features
values greater than 1 x 10® m/s.

The final vulnerability index values calculated using the
DRASTIC method for the grid of rectangles (50 x 50 m) range
from 66 to 196. No areas are illustrated where the index value
indicates a high vulnerability of the uppermost aquifer (index
value >200). The final map shows that the moderately high vul-
nerability zone occurs principally along the Pliszka River and its
tributaries. This region covers approximately 54.6% of the area
(approximately 241 km? Table 3). The moderate groundwater
vulnerability zone occurs in the northern and eastern parts of
the study area. This zone covers almost 33% of the area (ap-
proximately 144 km?; Table 3). The moderately low and low vul-
nerability zones were together estimated to cover approxi-
mately 56 km? (approximately 36 and 20 km?, respectively) and
are localized mainly in the northeastern portion of the catch-
ment, although the moderately low class is also observed in the
western part. The low vulnerability class is almost completely
absent.

GOD METHOD

In the GOD method, three parameters with prescribed rat-
ings are taken into consideration (Fig. 4), and they are multi-
plied to yield groundwater vulnerability values.

The uppermost aquifer is unconfined across >76% of the
study area (approximately 336 km?). In greater than 15% of the
area, the aquifer is confined or semi-confined (Fig. 7A); these
areas are usually associated with the locations of till (Fig. 2).
The degree of confinement is strictly linked to the hydraulic con-
ductivity of the till, which can vary by several orders of magni-
tude depending on the sand and gravel contents and the pres-
ence of fractures (e.g., Allred, 2000). These factors significantly
influence the amount of effective recharge (Fitzsimons and
Misstear, 2006). The lithological characteristics of the aquifer’'s
overlying strata (Fig. 7B) are similar to the map that illustrates
the impact of the vadose zone in the DRASTIC method
(Fig. 6F). However, in this case, fewer types of lithologies are
considered. Nevertheless, this map again shows that the over-
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Fig. 7. GOD parameter maps: (A) groundwater hydraulic
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lying strata are dominated by fluvioglacial sands and gravels.
The depth to groundwater is also one of the parameters used in
the DRASTIC method, but the distinguished ranges differ
slightly; consequently, the obtained map of this parameter also
differs slightly (Fig. 7C).

The final vulnerability map derived using the GOD method
(Fig. 8B) shows intrinsic groundwater vulnerability conditions
that are similar to those shown in the map produced using the
DRASTIC method. The moderately high vulnerability zone cov-
ers approximately 48% (213 km?) of the study area (Table 3).
The moderate and moderately low vulnerability zones were es-
timated to cover approximately 32% (142 km?) and 7% (33 km?)
of the area, respectively. Almost identical values were esti-
mated using the DRASTIC method (Table 3). The low ground-
water vulnerability zone covers approximately 52 km? and is lo-
calized in the eastern and western portions of the catchment.

PROCESS-BASED METHODS

Calculated using equations [3] and [4], the infiltration times
through the unsaturated zone were also classified into five
groundwater vulnerability classes according to Table 2.

Using equation [3], approximately 49% of the area features
infiltration times of <5 years; thus, the groundwater vulnerability
is described as high (Fig. 8C). The moderately high class cov-
ers approximately 37% of the area. These values suggest that
relatively high groundwater vulnerability zones (i.e., the high
and moderately high classes) dominate the Pliszka River catch-
ment. The moderate, moderately low, and low vulnerability
classes cover only approximately 3.9, 4.6 and 4.8%, respec-
tively (Table 3). In this case, the location of the high groundwa-
ter vulnerability zone corresponds to the location of the moder-
ately high vulnerability zone obtained using the DRASTIC
method.

The results of equation [4] suggest that the infiltration time
for any given point in the study area is <28 years. The infiltration
times for the entire area range between 18 days and 28 years.
Moreover, >95% of the area features infiltration times of
<5 years. Therefore, the groundwater vulnerability map is domi-
nated by high-vulnerability areas (Fig. 8D). In the remaining ar-
eas, the vulnerability is estimated to be moderately high (4.7%)
and moderate (0.1%). No areas with moderately low or low vul-
nerability classes were observed (Table 3).

DISCUSSION

Evaluation of groundwater vulnerability has been done
based on four different methods. Moreover, these methods are
based on different parameters that can be used to calculate a
vulnerability index or a fluid travel time through the unsaturated
zone, both of which aim to assess groundwater vulnerability.
These parameters variously influence the final result, and one
parameter can dominate over the others in certain cases, lead-
ing to particular results.

The obtained maps of groundwater vulnerability differ from
each other, but general similarities also exist. These similarities
are especially noticeable in the maps generated by the
DRASTIC and GOD methods (Fig. 8A, B). The spatial distribu-
tion of vulnerability classes is also similar in the map produced
by the process method based on equation [3], which was pro-
posed by Bachmat and Collin (1987; Fig. 8C). Similar observa-
tions, i.e. the same distribution of spatial variability of vulnerabil-
ity, were reported by Vias et al. (2005), but that study compared
only index methods.

A thoroughly different map was obtained using equation [4]
(Macioszczyk, 1999). This map shows the high groundwater
vulnerability class covering the majority of the study area
(Fig. 8D). According to this map, even in the northeastern part
of the area where the aquifer is confined by at least 15 m of ill,
the water travel time from the surface to the confined water ta-
ble is <25 years, resulting in an assignment of moderately high
vulnerability. This travel-time value is rather unrealistic, even
considering the wide range of hydraulic conductivity values for
till, which vary in the range of 107'°~10™° m/s (e.g., Davis, 1969;
Domenico and Schwartz, 1998) depending on the sand con-
tent. Other unrealistic values are also observed throughout the
area, which suggests that this method yields misleading infor-
mation. However, we do not discredit this method because it
may be applicable in certain specific areas or conditions which
were not analysed in this study. In this case though, it is unreli-
able and is excluded from further discussion.

Although the obtained maps are generally similar in their
spatial distribution, the actual spatial correlation of the as-
sessed vulnerability classes were analysed between the maps
(Table 4). The analysis assumed perfect correlation if, at the
particular point of the study area, groundwater has the same
class or corresponding class of vulnerability (i.e., the highest
estimated class in GOD corresponds to the highest class in pro-
cess-based methods). The obtained values show relatively
good correlation (0.8) between the DRASTIC and GOD meth-
ods. The correlation coefficients are also satisfactory between
the Bachmat and Collin (1987) method [equation 3] and the
DRASTIC and GOD methods (0.7 and 0.8, respectively). The
difference between these three methods is due to the pre-
scribed vulnerability classes but not their spatial variability. The
locations of the moderately high vulnerability class in the index
method maps (Fig. 8A, B) correspond to the high vulnerability
class in the process method map (Fig. 8C). The other vulnera-
bility classes also coincide in these maps. The correlation val-
ues would change if the travel time prescribed to the high vul-
nerability class was changed from 2 years to 5 years. Thus,
these results emphasize the indicative nature of groundwater
vulnerability maps and their ability to identify areas where fur-
ther investigations are needed at the stage of decision making.
These findings agree with Foster’s et al. (2013) remarks.

The strongest influence on the final results in the index
methods is the lithology of the sediments overlying the aquifer.
This pattern is particularly well noticeable in the northeastern
part of the study area (Fig. 8A, B). The second most important
parameter is the depth to the water table. These two parame-
ters are most important in terms of the fluid travel time from the
surface to the water table because they are responsible for the
retention capacity of the unsaturated zone, and increase time
for remedial actions (Maxe and Johansson, 1998; Healy, 2010).
Similarly, the Bachmat and Collin (1987) formula employs thick-
ness of the unsaturated zone as well as moisture content
[eq. 3], important factors in the process of water movement in
the unsaturated zone (e.g., Hiscock and Bense, 2014) and the
fate of contaminants (Bakesi and McConchie, 2000). These pa-
rameters are also crucial in terms of the recharge coefficient,
which can be used to calculate the recharge and is of primary
importance for groundwater vulnerability (Misstear et al., 2009).
This discussion suggests that a very simplified but applicable
method could use only the thickness of the unsaturated zone
and its hydrogeological properties, which reflect the rate at
which fluids move downward through the medium.

Even though the groundwater vulnerability maps were as-
sessed using a large quantity of data and mapped at high reso-
lutions, the scale of this study prohibits detailed investigations.
For example, the heterogeneity of the geological strata was not
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Table 4

Correlation coefficients between vulnerability classes based on different
assessment methods

ot ety | ovssro | coo | B [ Ve
DRASTIC 1 - - —
GOD 0.8 1 - —
Bachmat and Collin (1987) 0.7 0.8 1 -
Macioszczyk (1999) 0.4 0.3 0.4 1

taken into consideration. This matter is especially important in
areas where the geology features Quaternary glacial sediments
(Klint et al., 2013), such as in the Pliszka River catchment. In
certain locations, the aquifer is covered by the till that is likely
fractured in its uppermost part. This till undoubtedly causes
spatial variations in the recharge and geochemical conditions
(Jorgensen et al., 2004).

CONCLUSIONS

The intrinsic groundwater vulnerability of a typical European
Lowland river catchment, the Pliszka River catchment, was as-
sessed using the DRASTIC and GOD methods. These meth-
ods primarily identified areas of moderately high (54.5 and
48.4%, respectively) and moderate vulnerability (32.7 and
32.3%, respectively), with no areas of high groundwater vulner-
ability. In the same area, the process method based on
Bachmat and Collin’s (1987) formula identified chiefly high
(49.4%) and moderately high (37.3%) groundwater vulnerability

areas. The infiltration travel time through the unsaturated zone
estimated on the basis of Macioszczyk’s (1999) formula indi-
cated high groundwater vulnerability for the majority of the area,
which appears to be unrealistic. Therefore, the latter method’s
applicability is questionable.

Correlation coefficients calculated based on the spatial rep-
resentation of the assessed groundwater vulnerability indicate
that relatively strong correlations exist between three out of the
four applied methods. Although the resultant maps obtained by
the DRASTIC, GOD, and Bachmat and Collin’s (1987) formula
show different vulnerability classes for certain areas, the applica-
bility of these methods is unquestionable for water management
at the catchment scale, but may be misleading at more detailed
scales. This finding emphasizes the indicative nature of the vul-
nerability maps, and they should be thoroughly analysed and val-
idated in each application before decisions are made.
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