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The as sess ment of ground wa ter vul ner a bil ity is a cru cial part of plan ning and wa ter man age ment be cause it can iden tify ar -
eas where aqui fers are more sus cep ti ble to con tam i na tion. De pend ing on the vul ner a bil ity as sess ment method, the re sults
can dif fer sig nif i cantly. Con se quently, dif fer ent meth ods can pro vide am big u ous in for ma tion that could fur ther in flu ence de ci -
sion-mak ing pro cesses in plan ning or wa ter man age ment. For the Pliszka River catch ment, the in trin sic ground wa ter vul ner -
a bil ity of the up per most aqui fer was es ti mated us ing four dif fer ent meth ods: DRASTIC, GOD, and two meth ods that are
based on em pir i cal for mu las of wa ter res i dence time in an un sat u rated zone. The in put data in clude a se ries of the matic
maps sup ple mented by 1,322 shal low bore hole pro files and lab o ra tory tests of sam ples col lected in the course of field work.
The col lected data were pro cessed in GIS soft ware, and the re sults of each method were mapped in high res o lu tion. The re -
sult ing maps of ground wa ter vul ner a bil ity were then quan ti ta tively com pared to val i date their ap pli ca bil ity for the as sess ment 
of ground wa ter vul ner a bil ity in a typ i cal North Eu ro pean Low land river catch ment. The maps gen er ated by the DRASTIC and
GOD meth ods are dom i nated by ar eas with mod er ately high (54.6 and 48.4%, re spec tively) and mod er ate ground wa ter vul -
ner a bil ity (32.7 and 32.3%, re spec tively). No ar eas of high ground wa ter vul ner a bil ity are pres ent. One of the wa ter res i dence
time meth ods pro vides re sults sim i lar to the pre vi ous meth ods at the catch ment scale, and one method yields high ground -
wa ter vul ner a bil ity val ues for the ma jor ity of area.
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INTRODUCTION

Over the last 30 years, many meth ods have been pro posed
to de ter mine in trin sic ground wa ter vul ner a bil ity. Cer tain meth -
ods, such as GOD (Fos ter, 1987), DRASTIC (Aller et al., 1987)
and SINTACS (Civita, 1994), have sim ple struc tures and can
be used in any hydrogeological con di tions. Oth ers are lim ited to 
un con sol i dated sed i ments, e.g. AVI (Van Stempvoort et al.,
1993), or karst aqui fers, e.g. COP (Vías et al., 2006) and EPIK
(Doerfliger and Zwahlen, 1997). Ad di tion ally, nu mer i cal
hydrogeological mod el ling can be ap plied to as sess ground wa -
ter vul ner a bil ity. Re cently, nu mer ous more so phis ti cated meth -
ods have been de vel oped by mod i fy ing pre vi ous para met ric
meth ods (e.g., Lee, 2003; Dixon, 2005; Zuquette et al., 2009;
Hernández-Espriú et al., 2014; Makonto and Dippenaar, 2014). 
The op ti mal method de pends mainly on the data avail able and
the spe cific con di tions of the study area, so it re quires very de -

tailed geo log i cal sur vey ing. The dif fer ent meth ods take into ac -
count dif fer ent phys i cal prop er ties in the soil and dif fer ent
hydrogeological pa ram e ters in the un sat u rated and sat u rated
zone (cf., Gogu and Dassargues, 2000; Civita, 2010). In gen -
eral, the meth ods can be di vided into in dex meth ods, which
con sider the most sig nif i cant pa ram e ters for ground wa ter vul -
ner a bil ity as sess ment, and pro cess meth ods, which es ti mate
the travel time of con tam i na tion (Ligget and Talwar, 2009).

Ground wa ter vul ner a bil ity maps are used by Wa ter Man -
age ment Au thor i ties in the plan ning pro cess be cause they are
im por tant tools for ground wa ter pro tec tion. There fore, the maps 
should be clear and also treated as ini tial in for ma tion for de ci -
sion mak ers (Fos ter et al., 2013). How ever, de pend ing on the
used method, dif fer ent pa ram e ters will be taken into con sid er -
ation and the re sul tant maps can pro vide dif fer ent spa tial dis tri -
bu tions of vul ner a bil ity. More over, vul ner a bil ity maps pres ent
classes of ground wa ter vul ner a bil ity that re fer to a nu mer i cal in -
dex or the travel time re quired for the pol lu tion to en ter the aqui -
fer. Con se quently, these maps may not be com pa ra ble and can 
be con fus ing for de ci sion mak ers. The in dex meth ods pro vide a 
rel a tive in di ca tion of the vul ner a bil ity (Ligget and Talwar, 2009),
but they should also re fer to the travel time of po ten tial con tam i -
na tion through the un sat u rated zone. Nev er the less, in cer tain
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cases, these meth ods can still be mis lead ing be cause they do
not ana lyse all phys i cal pro cesses in aqui fers (Debernardi et al., 
2008). Vul ner a bil ity maps re flect the sen si tiv ity of aqui fers to
anthropogenic ac tions (Vrba and Zaporozec, 1994); this pa -
ram e ter could also be de scribed as the nat u ral abil ity of de pos -
its in the un sat u rated zone to pu rify wa ter through the fil tra tion
pro cess. Thus, a cru cial role is played by fac tors that in flu ence
the du ra tion of fluid per co la tion through the un sat u rated zone,
which in turn de pends on dif fer ent pos si ble feed backs or syn er -
gies be tween sev eral hydrogeological pa ram e ters. Vias et al.
(2005) com pared re sults ob tained from four in dex meth ods for
dif fuse flow in a car bon ate aqui fer and no ticed that they gen er -
ated maps that were dif fer ent but shared gen er ally sim i lar spa -
tial dis tri bu tions of vul ner a bil ity. How ever, in cer tain ar eas, dif -
fer ent meth ods may also pro vide thor oughly dif fer ent re sults,
ren der ing the re sults un re li able (Ravbar and Goldscheider,
2009).

The aim of this study is to as sess the in trin sic ground wa ter
vul ner a bil ity of a typ i cal North Eu ro pean Low land river catch -
ment us ing four dif fer ent as sess ment meth ods, in clud ing in dex
meth ods and pro cess meth ods. More over, this pa per at tempts
to quan ti ta tively com pare the re sults of ap plied ground wa ter
vul ner a bil ity meth ods in or der to val i date their ap pli ca bil ity.

STUDY AREA

The Pliszka River is lo cated in west ern Po land and is a sec -
ond-rank trib u tary of the sec ond-lon gest river in Po land, the
Odra River. The river is ap prox i mately 59.5 km long and orig i -
nates at Ma³cz Po³udniowy Lake at an el e va tion of 101.3 m a.s.l. 
The dif fer ence be tween its source and mouth is ap prox i mately
78 m, which means that its av er age slope is rel a tively high in re -
la tion to other Eu ro pean rivers at this lat i tude. How ever, the fi nal 
ap prox i mately 15 km fea tures sec tions of braided river and sec -

tions where the river and the val ley are wider and in clude ad ja -
cent swampy ar eas. The catch ment area of the Pliszka River is
ap prox i mately 441 km2. About 85% of the catch ment area is
cov ered by woods. Ad di tion ally, only small vil lages sur rounded
by ag ri cul tural ar eas are lo cated in the catch ment (Fig. 1).

The study area is fully cov ered by Qua ter nary de pos its that
rest on Neo gene clays and silts interbedded with lig nite. The
thick ness of the Qua ter nary de pos its is ap prox i mately 61 to
226 m, with an av er age thick ness of ca. 123 m (Sztromwasser,
2005). These de pos its are pri mar ily gla cial and flu vio gla cial
sed i ments de pos ited mainly dur ing the Weichselian Gla ci ation
but also in the Elsterian and Saalian glaciations. Con se quently,
the li thol ogy of the Qua ter nary de pos its is rep re sented mainly
by fine to coarse sands, tills and grav els. In cer tain lo ca tions,
silts and clays are also ob served. The up per most Qua ter nary
de pos its are dom i nated by flu vio gla cial (outwash) and gla cial
sands and grav els that cover ap prox i mately 80% of the area. In
the north east ern part of the area, the surficial li thol ogy is dom i -
nated by Weichselian till. Along the Pliszka River, the val ley bed 
is com posed of Ho lo cene flu vial sands and lo cal peats and lac -
us trine de pos its (Fig. 2; Sztromwasser, 2005).

The Qua ter nary hydrogeological unit con tains three aqui -
fers that are sep a rated by low-per me abil ity tills and silts. The
low est Qua ter nary aqui fer is com posed of flu vio gla cial sands
and grav els of the Elsterian Gla ci ation and Holstenian inter gla -
cial pe riod. This unit has dis con tin u ous char ac ter is tics and is
rec og nized only lo cally in ero sional troughs and in sandy
lenses. The in ter me di ate Qua ter nary aqui fer is com posed of
Eemian sands and grav els and has an av er age thick ness of ap -
prox i mately 15 m. The highly per me able sed i ments of this layer
are of ten interbedded with low-per me abil ity silts and clays. The
up per most aqui fer oc curs along river val leys in flu vial and flu -
vio gla cial de pos its and in outwash sed i ments as so ci ated with
the Weichselian Gla ci ation. The thick ness of this aqui fer is be -
tween 2 and 40 m (Fig. 3). The wa ter ta ble depth is from 0.5 m
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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)



to sev eral metres be low sur face level in ar eas where it is un con -
fined, and sev eral tens of metres (to the top of aqui fer) in ar eas
where the aqui fer is con fined by low-per me abil ity sed i ments
(pri mar ily Weichselian till). The aqui fers are di rectly re charged
by in fil tra tion from the sur face or through inter-aqui fer flow.

METHODS

The most com monly used method de vel oped for eval u a tion 
of ground wa ter vul ner a bil ity is DRASTIC (Aller et al., 1987),
which has been ap plied to a num ber of ground wa ter bas ins
through out the world. This method is based on seven pa ram e -

ters of pri mary im por tance in terms of po ten tial for ground wa ter
pol lu tion: depth to wa ter (D), net re charge (R), aqui fer me dia
(A), soil me dia (S), to pog ra phy (T), im pact of the vadose zone
(I), and hy drau lic con duc tiv ity (C). Each pa ram e ter has an as -
signed weight (Dw, Rw, Aw, Sw, Tw, Iw and Cw, re spec tively) rep -
re sent ing its im por tance, and each one is sub di vided into
ranges (Dr, Rr, Ar, Sr, Tr, Ir and Cr, re spec tively) which re flect the
po ten tial of con tam i na tion (Ta ble 1; for de tails see Aller et al.,
1987). With the re quired data, the vul ner a bil ity in dex (VIDR),
which dif fer en ti ates ar eas of vary ing ground wa ter pol lu tion po -
ten tial, is ex pressed as fol lows:

VIDR = DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw [1]
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Fig. 2. A simplified geological map of the Pliszka River catchment

Fig. 3. Hydrogeological cross-section (for location see Fig. 1)



An other method used in this study to eval u ate ground wa ter
vul ner a bil ity is the GOD method (Fos ter, 1987). This model in -
volves three main pa ram e ters: ground wa ter hy drau lic con fine -
ment (G), li thol ogy and con sol i da tion of the over ly ing strata (O),
and depth to wa ter (D). For each pa ram e ter, the rat ing should
be as sessed based on the rat ing method (Fig. 4; for de tails see
Fos ter, 1987). Then, the vul ner a bil ity in dex (VIGOD) is cal cu lated 
as fol lows:

VIGOD = GOD [2]

The cru cial is sue in terms of in trin sic ground wa ter vul ner a -
bil ity is the time re quired for wa ter to in fil trate from the sur face
through the un sat u rated zone to the wa ter ta ble. If the in trin sic
ground wa ter vul ner a bil ity is con sid ered, the in fil tra tion time re -
flects ar rival of com pound to the ground wa ter pol lu tion po ten -
tial. The in fil tra tion time (t) can be cal cu lated as fol lows:

t
m

l n

=
q [3]

where: m – depth to the wa ter ta ble (thick ness of un sat u rated zone),

q – mois ture con tent, and In – net in fil tra tion (Bachmat and Collin,
1987; Schwartz, 2006).

Equa tion [3] pro vides a rel a tively fast and sim ple method for 
as sess ing in trin sic ground wa ter vul ner a bil ity. This for mula as -
sumes only a pis ton-flow model when cal cu lat ing the mean fluid 
travel time. In the lit er a ture, other for mu las that can de ter mine
the po ten tial travel time of pol lu tion from the sur face to the
ground wa ter-sat u rated zone ex ist, but they are of ten mod i fi ca -
tions of equa tion [3]. Fur ther more, these for mu las some times
re quire more in put data and yield a more com plex ap proach.

An other for mula for es ti mat ing the in fil tra tion time through
the un sat u rated zone in cludes the thick ness of un sat u rated
zone (m), mois ture con tent (q), net in fil tra tion rate (In) and ver ti -
cal hy drau lic con duc tiv ity (K’), and is ex pressed as fol lows
(Macioszczyk, 1999):

t
m

l Kn

=
q

23 '

[4]

The DRASTIC and GOD meth ods rep re sent in dex-based
meth ods in which the con sid ered pa ram e ters rep re sent phys i cal
prop er ties ob served in the study area. The vul ner a bil ity in dex is
cal cu lated and then trans formed into cat e go ries of vul ner a bil ity.
The two meth ods that are based on em pir i cal for mu las [equa -
tions 3 and 4] are ex am ples of pro cess-based meth ods which
use de ter min is tic ap proaches to es ti mate in fil tra tion times
through the un sat u rated zone (Liggett and Talwar, 2009). Con -
se quently, a time in stead of an in dex value is cal cu lated, and the
ob tained val ues must be linked to a qual i ta tive vul ner a bil ity in -
dex. To com pare maps of in trin sic ground wa ter vul ner a bil ity,
each vul ner a bil ity method was di vided into 5 classes with pre -
scribed re la tion ships (Ta ble 2). The in fil tra tion travel-time
classes are dif fer ently di vided in lit er a ture: from 1 week to 1 year
(Debernardi et al., 2008); from 0 years to >10,000 years (Anornu
and Kabo-bah, 2013); from 0 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 val ues are given in 
the text, such as years, re sults re main com pa ra ble.

Each of the equa tions de scribed here rep re sents a dif fer ent
method for as sess ing the in trin sic ground wa ter vul ner a bil ity.
The eval u a tion of in trin sic ground wa ter vul ner a bil ity re quires
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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)

Pa ram e ter Weight Rat ing

D Depth to wa ter 5 1–10

R Net re charge 4 1–10

A Aqui fer me dia 3 1–10

S Soil me dia 2 1–10

T To pog ra phy 1 1–10

I Im pact of the vadose zone 5 1–10

C Hy drau lic con duc tiv ity 3 1–10

T a  b l e  1

Rat ing val ues of the vul ner a bil ity pa ram e ters for the DRASTIC 
method



the col lec tion of sig nif i cant amounts of data which are used di -
rectly or pro cessed fur ther de pend ing on the as sess ment
method. This study de cided to com pare four dif fer ent as sess -
ment meth ods. There fore, nu mer ous map sheets were col -
lected: 4 geo log i cal maps; 7 gen eral hydrogeological maps; 4
hydrogeological maps of the up per most aqui fer; 6 hy dro graphic 
maps (all at a scale of 1:50,000); 2 soil maps at a scale of
1:100,000; a map of land de vel op ment, and a dig i tal ter rain
model. The data ob tained from these maps were sup ple mented 
by 1,322 bore hole pro files pro vided by the Pol ish Geo log i cal In -
sti tute. More over, in the field, 40 hand au ger bor ings up to 2 m
deep were made (Fig. 5), and 80 sam ples of soils and sed i -
ments from the un sat u rated zone were col lected. The sam ples
were tested in the lab o ra tory to de ter mine the grain-size dis tri -
bu tion, hy drau lic con duc tiv ity and mois ture con tent. The data
were in ter po lated on a grid of rect an gles, in which each cell is
50 ´ 50 m, and the fi nal grid con tains 175,801 nodes. GIS soft -
ware was used to pro cess the col lected data to per form over lay
anal y ses, which are very use ful in ex am in ing spa tial pat terns
(e.g., Wang et al., 2007; Khan et al., 2014).

RESULTS

The spa tial dis tri bu tion of each pa ram e ter used for the
DRASTIC and GOD meth ods were mapped in or der to show
the vari abil ity in the pa ram e ters. Ad di tion ally, when com pared
with the vul ner a bil ity maps, the pa ram e ter maps pro vide in for -
ma tion about the sig nif i cance of the pre sented fac tors.

DRASTIC METHOD

The DRASTIC method re quires in for ma tion on the seven
pri mary pa ram e ters that af fect the ground wa ter pol lu tion po ten -
tial (Ta ble 1). The re sults of the pa ram e ters map ping are dis -
cussed be low.

The map of the depth to wa ter ta ble (Fig. 6A) shows that al -
most a quar ter (24.7%) of the catch ment area’s wa ter ta ble is at
a depth be tween 1.5 and 4.5 m. More over, in 35.9% of the study 
area, the wa ter ta ble is at a depth of 4.5 m. Such shal low wa ter
ta ble depths oc cur along the Pliszka River val ley and its trib u tar -
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Vul ner a bil ity class DRASTIC in dex (-) GOD in dex (-) In fil tra tion time (years)

High >200 0.71–1.00 <5.0

Mod er ately high 161–200 0.51–0.70 5.0–25.0

Mod er ate 131–160 0.31–0.50 25.1–50.0

Mod er ately low 101–130 0.11–0.30 50.0–100.0

Low <100 0.0–0.10 >100.0

T a  b l e  2

Ground wa ter vul ner a bil ity classes and their re la tion ships to the in dexes 
and wa ter in fil tra tion times

Fig. 5. Spatial distribution of the boreholes used in this study



ies, re flect ing the gen eral mor phol ogy of the study area. In al -
most 5% of the area, the depth to wa ter is >30 m. These con di -
tions in di cate lon ger travel times of po ten tial pol lu tion from the
ground sur face and, con se quently, lower ground wa ter vul ner a -
bil ity. The net re charge val ues were ob tained mul ti ply ing the
mean an nual pre cip i ta tion value for the study area and ef fec tive 
in fil tra tion co ef fi cient de pend ing on types of sed i ments in the
un sat u rated zone (Witczak et al., 2007). For the ma jor ity of the
area (87.1%), the net re charge is es ti mated to be be tween 100
and 180 mm/a (Fig. 6B), and these val ues cor re spond to the ar -
eas with highly per me able sands and grav els. Lower net re -
charge val ues oc cur pri mar ily in ar eas where the aqui fer is con -

fined by a low-per me abil ity till. In the study area, only un con sol i -
dated sed i ments act as aqui fers. These sed i ments were di -
vided into flu vial and flu vio gla cial sands and grav els and ae -
olian sands and grav els. This di vi sion al lowed us to dis tin guish
two types of aqui fer me dia (Fig. 6C). The catch ment area is
dom i nated by aqui fers con sist ing of flu vial and flu vio gla cial sed -
i ments (60.8%). Five dif fer ent types of soil me dia were dis tin -
guished in the study area (Fig. 6D). The pre dom i nant type is
sandy soil which cov ers >72% of the area. The pre dom i nance
of this soil me dia in di cates a po ten tially rapid ver ti cal move ment 
of con tam i na tion. To pog ra phy de ter mines the sur face run off
po ten tial and has the low est weight among the DRASTIC pa -
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Fig. 6. DRASTIC pa ram e ter maps: (A) depth to wa ter ta ble, (B)
net re charge, (C) aqui fer me dia, (D) soil me dia, (E) to pog ra phy,
(F) im pact of vadose zone, (G) hy drau lic con duc tiv ity



ram e ters. In this case, ap prox i mately 50% of the study area is
dom i nated by slopes be tween 2 and 6% (Fig. 6E). The char ac -
ter is tics of the vadose zone have a sig nif i cant in flu ence on the
in fil tra tion of me te oric wa ter, and the li thol ogy of the vadose
zone in the study area shows great po ten tial for wa ter in fil tra -
tion. Ap prox i mately 75% of the area is com posed of sands and
grav els (Fig. 6F). An other pa ram e ter that em pha sizes the wide -
spread oc cur rence of highly per me able sed i ments is hy drau lic
con duc tiv ity (Fig. 6G). More than 80% (ap prox i mately 353 km2)
of the study area fea tures an es ti mated hy drau lic con duc tiv ity
greater than 5 ´ 10–4 m/s, and al most half of this area fea tures
val ues greater than 1 ´ 103 m/s.

The fi nal vul ner a bil ity in dex val ues cal cu lated us ing the
DRASTIC method for the grid of rect an gles (50 ´ 50 m) range
from 66 to 196. No ar eas are il lus trated where the in dex value
in di cates a high vul ner a bil ity of the up per most aqui fer (in dex
value >200). The fi nal map shows that the mod er ately high vul -
ner a bil ity zone oc curs prin ci pally along the Pliszka River and its
trib u tar ies. This re gion cov ers ap prox i mately 54.6% of the area
(ap prox i mately 241 km2; Ta ble 3). The mod er ate ground wa ter
vul ner a bil ity zone oc curs in the north ern and east ern parts of
the study area. This zone cov ers al most 33% of the area (ap -
prox i mately 144 km2; Ta ble 3). The mod er ately low and low vul -
ner a bil ity zones were to gether es ti mated to cover ap prox i -
mately 56 km2 (ap prox i mately 36 and 20 km2, re spec tively) and
are lo cal ized mainly in the north east ern por tion of the catch -
ment, al though the mod er ately low class is also ob served in the
west ern part. The low vul ner a bil ity class is al most com pletely
ab sent.

GOD METHOD

In the GOD method, three pa ram e ters with pre scribed rat -
ings are taken into con sid er ation (Fig. 4), and they are mul ti -
plied to yield ground wa ter vul ner a bil ity val ues.

The up per most aqui fer is un con fined across >76% of the
study area (ap prox i mately 336 km2). In greater than 15% of the
area, the aqui fer is con fined or semi-con fined (Fig. 7A); these
ar eas are usu ally as so ci ated with the lo ca tions of till (Fig. 2).
The de gree of con fine ment is strictly linked to the hy drau lic con -
duc tiv ity of the till, which can vary by sev eral or ders of mag ni -
tude de pend ing on the sand and gravel con tents and the pres -
ence of frac tures (e.g., Allred, 2000). These fac tors sig nif i cantly 
in flu ence the amount of ef fec tive re charge (Fitzsimons and
Misstear, 2006). The lithological char ac ter is tics of the aqui fer’s
over ly ing strata (Fig. 7B) are sim i lar to the map that il lus trates
the im pact of the vadose zone in the DRASTIC method
(Fig. 6F). How ever, in this case, fewer types of lithologies are
con sid ered. Nev er the less, this map again shows that the over -
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Vul ner a bil ity class
Per cent age of the study area

DRASTIC GOD Bachmat and Collin (1987; eq. 3) Macioszczyk (1999; eq. 4)

High   0.0   0.0 49.4 95.2

Mod er ately high 54.6 48.4 37.3   4.7

Mod er ate 32.7 32.3   3.9   0.1

Mod er ately low   8.1   7.5   4.6   0.0

Low   4.5 11.9   4.8   0.0

T a  b l e  3

Per cent ages of the study area rep re sented by dif fer ent vul ner a bil ity classes based on the dif fer ent
meth ods

Fig. 7. GOD parameter maps: (A) groundwater hydraulic
confinement, (B) lithology and consolidation of overlying

strata, (C) depth to water



ly ing strata are dom i nated by flu vio gla cial sands and grav els.
The depth to ground wa ter is also one of the pa ram e ters used in
the DRASTIC method, but the dis tin guished ranges dif fer
slightly; con se quently, the ob tained map of this pa ram e ter also
dif fers slightly (Fig. 7C).

The fi nal vul ner a bil ity map de rived us ing the GOD method
(Fig. 8B) shows in trin sic ground wa ter vul ner a bil ity con di tions
that are sim i lar to those shown in the map pro duced us ing the
DRASTIC method. The mod er ately high vul ner a bil ity zone cov -
ers ap prox i mately 48% (213 km2) of the study area (Ta ble 3).
The mod er ate and mod er ately low vul ner a bil ity zones were es -
ti mated to cover ap prox i mately 32% (142 km2) and 7% (33 km2) 
of the area, re spec tively. Al most iden ti cal val ues were es ti -
mated us ing the DRASTIC method (Ta ble 3). The low ground -
wa ter vul ner a bil ity zone cov ers ap prox i mately 52 km2 and is lo -
cal ized in the east ern and west ern por tions of the catch ment.

PROCESS-BASED METHODS

Cal cu lated us ing equa tions [3] and [4], the in fil tra tion times
through the un sat u rated zone were also clas si fied into five
ground wa ter vul ner a bil ity classes ac cord ing to Ta ble 2.

Us ing equa tion [3], ap prox i mately 49% of the area fea tures
in fil tra tion times of <5 years; thus, the ground wa ter vul ner a bil ity
is de scribed as high (Fig. 8C). The mod er ately high class cov -
ers ap prox i mately 37% of the area. These val ues sug gest that
rel a tively high ground wa ter vul ner a bil ity zones (i.e., the high
and mod er ately high classes) dom i nate the Pliszka River catch -
ment. The mod er ate, mod er ately low, and low vul ner a bil ity
classes cover only ap prox i mately 3.9, 4.6 and 4.8%, re spec -
tively (Ta ble 3). In this case, the lo ca tion of the high ground wa -
ter vul ner a bil ity zone cor re sponds to the lo ca tion of the mod er -
ately high vul ner a bil ity zone ob tained us ing the DRASTIC
method.

The re sults of equa tion [4] sug gest that the in fil tra tion time
for any given point in the study area is <28 years. The in fil tra tion
times for the en tire area range be tween 18 days and 28 years.
More over, >95% of the area fea tures in fil tra tion times of
<5 years. There fore, the ground wa ter vul ner a bil ity map is dom i -
nated by high-vul ner a bil ity ar eas (Fig. 8D). In the re main ing ar -
eas, the vul ner a bil ity is es ti mated to be mod er ately high (4.7%)
and mod er ate (0.1%). No ar eas with mod er ately low or low vul -
ner a bil ity classes were ob served (Ta ble 3).

DISCUSSION

Eval u a tion of ground wa ter vul ner a bil ity has been done
based on four dif fer ent meth ods. More over, these meth ods are
based on dif fer ent pa ram e ters that can be used to cal cu late a
vul ner a bil ity in dex or a fluid travel time through the un sat u rated
zone, both of which aim to as sess ground wa ter vul ner a bil ity.
These pa ram e ters var i ously in flu ence the fi nal re sult, and one
pa ram e ter can dom i nate over the oth ers in cer tain cases, lead -
ing to par tic u lar re sults.

The ob tained maps of ground wa ter vul ner a bil ity dif fer from
each other, but gen eral sim i lar i ties also ex ist. These sim i lar i ties
are es pe cially no tice able in the maps gen er ated by the
DRASTIC and GOD meth ods (Fig. 8A, B). The spa tial dis tri bu -
tion of vul ner a bil ity classes is also sim i lar in the map pro duced
by the pro cess method based on equa tion [3], which was pro -
posed by Bachmat and Collin (1987; Fig. 8C). Sim i lar ob ser va -
tions, i.e. the same dis tri bu tion of spa tial vari abil ity of vul ner a bil -
ity, were re ported by Vías et al. (2005), but that study com pared
only in dex meth ods.

A thor oughly dif fer ent map was ob tained us ing equa tion [4]
(Macioszczyk, 1999). This map shows the high ground wa ter
vul ner a bil ity class cov er ing the ma jor ity of the study area
(Fig. 8D). Ac cord ing to this map, even in the north east ern part
of the area where the aqui fer is con fined by at least 15 m of till,
the wa ter travel time from the sur face to the con fined wa ter ta -
ble is <25 years, re sult ing in an as sign ment of mod er ately high
vul ner a bil ity. This travel-time value is rather un re al is tic, even
con sid er ing the wide range of hy drau lic con duc tiv ity val ues for
till, which vary in the range of 10–12–10–6 m/s (e.g., Da vis, 1969;
Domenico and Schwartz, 1998) de pend ing on the sand con -
tent. Other un re al is tic val ues are also ob served through out the
area, which sug gests that this method yields mis lead ing in for -
ma tion. How ever, we do not dis credit this method be cause it
may be ap pli ca ble in cer tain spe cific ar eas or con di tions which
were not ana lysed in this study. In this case though, it is un re li -
able and is ex cluded from fur ther dis cus sion.

Al though the ob tained maps are gen er ally sim i lar in their
spa tial dis tri bu tion, the ac tual spa tial cor re la tion of the as -
sessed vul ner a bil ity classes were ana lysed be tween the maps
(Ta ble 4). The anal y sis as sumed per fect cor re la tion if, at the
par tic u lar point of the study area, ground wa ter has the same
class or cor re spond ing class of vul ner a bil ity (i.e., the high est
es ti mated class in GOD cor re sponds to the high est class in pro -
cess-based meth ods). The ob tained val ues show rel a tively
good cor re la tion (0.8) be tween the DRASTIC and GOD meth -
ods. The cor re la tion co ef fi cients are also sat is fac tory be tween
the Bachmat and Collin (1987) method [equa tion 3] and the
DRASTIC and GOD meth ods (0.7 and 0.8, re spec tively). The
dif fer ence be tween these three meth ods is due to the pre -
scribed vul ner a bil ity classes but not their spa tial vari abil ity. The
lo ca tions of the mod er ately high vul ner a bil ity class in the in dex
method maps (Fig. 8A, B) cor re spond to the high vul ner a bil ity
class in the pro cess method map (Fig. 8C). The other vul ner a -
bil ity classes also co in cide in these maps. The cor re la tion val -
ues would change if the travel time pre scribed to the high vul -
ner a bil ity class was changed from 2 years to 5 years. Thus,
these re sults em pha size the in dic a tive na ture of ground wa ter
vul ner a bil ity maps and their abil ity to iden tify ar eas where fur -
ther in ves ti ga tions are needed at the stage of de ci sion mak ing.
These find ings agree with Fos ter’s et al. (2013) re marks.

The stron gest in flu ence on the fi nal re sults in the in dex
meth ods is the li thol ogy of the sed i ments over ly ing the aqui fer.
This pat tern is par tic u larly well no tice able in the north east ern
part of the study area (Fig. 8A, B). The sec ond most im por tant
pa ram e ter is the depth to the wa ter ta ble. These two pa ram e -
ters are most im por tant in terms of the fluid travel time from the
sur face to the wa ter ta ble be cause they are re spon si ble for the
re ten tion ca pac ity of the un sat u rated zone, and in crease time
for re me dial ac tions (Maxe and Johansson, 1998; Healy, 2010). 
Sim i larly, the Bachmat and Collin (1987) for mula em ploys thick -
ness of the un sat u rated zone as well as mois ture con tent
[eq. 3], im por tant fac tors in the pro cess of wa ter move ment in
the un sat u rated zone (e.g., Hiscock and Bense, 2014) and the
fate of con tam i nants (Bakesi and McConchie, 2000). These pa -
ram e ters are also cru cial in terms of the re charge co ef fi cient,
which can be used to cal cu late the re charge and is of pri mary
im por tance for ground wa ter vul ner a bil ity (Misstear et al., 2009). 
This dis cus sion sug gests that a very sim pli fied but ap pli ca ble
method could use only the thick ness of the un sat u rated zone
and its hydrogeological prop er ties, which re flect the rate at
which flu ids move down ward through the me dium.

Even though the ground wa ter vul ner a bil ity maps were as -
sessed us ing a large quan tity of data and mapped at high res o -
lu tions, the scale of this study pro hib its de tailed in ves ti ga tions.
For ex am ple, the het er o ge ne ity of the geo log i cal strata was not
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taken into con sid er ation. This mat ter is es pe cially im por tant in
ar eas where the ge ol ogy fea tures Qua ter nary gla cial sed i ments 
(Klint et al., 2013), such as in the Pliszka River catch ment. In
cer tain lo ca tions, the aqui fer is cov ered by the till that is likely
frac tured in its up per most part. This till un doubt edly causes
spa tial vari a tions in the re charge and geo chem i cal con di tions
(JÝrgensen et al., 2004).

CONCLUSIONS

The in trin sic ground wa ter vul ner a bil ity of a typ i cal Eu ro pean 
Low land river catch ment, the Pliszka River catch ment, was as -
sessed us ing the DRASTIC and GOD meth ods. These meth -
ods pri mar ily iden ti fied ar eas of mod er ately high (54.5 and
48.4%, re spec tively) and mod er ate vul ner a bil ity (32.7 and
32.3%, re spec tively), with no ar eas of high ground wa ter vul ner -
a bil ity. In the same area, the pro cess method based on
Bachmat and Collin’s (1987) for mula iden ti fied chiefly high
(49.4%) and mod er ately high (37.3%) ground wa ter vul ner a bil ity 

ar eas. The in fil tra tion travel time through the un sat u rated zone
es ti mated on the ba sis of Macioszczyk’s (1999) for mula in di -
cated high ground wa ter vul ner a bil ity for the ma jor ity of the area, 
which ap pears to be un re al is tic. There fore, the lat ter method’s
ap pli ca bil ity is ques tion able.

Cor re la tion co ef fi cients cal cu lated based on the spa tial rep -
re sen ta tion of the as sessed ground wa ter vul ner a bil ity in di cate
that rel a tively strong cor re la tions ex ist be tween three out of the
four ap plied meth ods. Al though the re sul tant maps ob tained by
the DRASTIC, GOD, and Bachmat and Collin’s (1987) for mula
show dif fer ent vul ner a bil ity classes for cer tain ar eas, the ap pli ca -
bil ity of these meth ods is un ques tion able for wa ter man age ment
at the catch ment scale, but may be mis lead ing at more de tailed
scales. This find ing em pha sizes the in dic a tive na ture of the vul -
ner a bil ity maps, and they should be thor oughly ana lysed and val -
i dated in each ap pli ca tion be fore de ci sions are made.

Ac knowl edge ments. We would like to thank Prof.
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Ground wa ter vul ner a bil ity
as sess ment method

DRASTIC GOD Bachmat and
Collin (1987)

Macioszczyk
(1999)

DRASTIC 1   – – –
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T a  b l e  4

Cor re la tion co ef fi cients be tween vul ner a bil ity classes based on dif fer ent 
as sess ment meth ods
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