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Ground wa ter rep re sents the pri mary source of drink ing wa ter in many Eu ro pean coun tries, mak ing the sus tain able use and
pro tec tion of this re source a stra te gic pri or ity. How ever, cli mate change, in ten sive ab strac tion, and con tam i na tion of aqui fers 
are in creas ingly neg a tively af fect ing them. Man aged Aqui fer Re charge (MAR) can en hance ground wa ter quan tity and qual -
ity, but its ef fec tive im ple men ta tion re quires a de tailed un der stand ing of the site’s hydrogeological char ac teri sa tion. This
study as sessed the geo log i cal frame work and hydrogeological con di tions of the Œwierczków well field in Tarnów, Po land, us -
ing Elec tri cal Re sis tiv ity To mog ra phy (ERT). Eight ERT pro files (54–315 m in length) were ac quired, al low ing the de ter mi na -
tion of subsurface struc tures at depths of 10–24 m. The data, jointly in ter preted with bore hole logs and ground wa ter
mon i tor ing re sults, en abled the de lin ea tion of three prin ci pal zones: an un sat u rated zone (40–200 Wm and 200–650 Wm), a
high-re sis tiv ity aqui fer (up to 1500 Wm), and a Mio cene aquitard (4–200 Wm). Spa tial elec tri cal re sis tiv ity vari a tions re flect
dif fer ences in li thol ogy and ground wa ter elec tri cal con duc tiv ity, sup port ing iden ti fi ca tion of zones in flu enced by MAR re -
charge and ar eas re ceiv ing in flow of more min er al ised na tive ground wa ter from the in dus trial zone. ERT re sults con trib uted
to op ti mis ing the place ment of new ob ser va tion wells and im prov ing the con cep tual and ground wa ter flow model of the site.
This re search in di cates that ERT is a re li able method sup port ing MAR sys tem man age ment.

Key words: Elec tri cal Re sis tiv ity To mog ra phy, near-sur face geo phys ics, Man aged Aqui fer Re charge, aqui fer char ac teri sa -
tion, in fil tra tion ditches, riv er bank fil tra tion.

INTRODUCTION

Ground wa ter in Eu rope is of stra te gic im por tance as the
main source of drink ing wa ter for the pop u la tion. Un for tu nately,
aqui fers are in creas ingly ex posed to pres sures from cli mate
change and hu man ac tiv i ties. A prom is ing ap proach to mit i gat -
ing these pres sures in volves the use of Man aged Aqui fer Re -
charge (MAR) tech niques. MAR re fers to the in ten tional re -
charge of aqui fers un der con trolled con di tions to achieve ben e -
fits for wa ter man age ment and/or the en vi ron ment, such as in -
creas ing ground wa ter avail abil ity or im prov ing and main tain ing
wa ter qual ity (Dillon et al., 2019, 2020; Sitek et al., 2025). More -
over, MAR rep re sents one of the prom is ing tools that can con -
trib ute to achiev ing the over arch ing ob jec tive of the EU Wa ter
Frame work Di rec tive, namely the im prove ment and main te -
nance of the good sta tus of sur face and ground wa ter bod ies
(Eu ro pean Com mis sion, 2025).

The suc cess of MAR im ple men ta tion and its proper func -
tion ing de pend on a wide range of tech ni cal and non-tech ni cal
fac tors, which may ul ti mately de ter mine whether a pro ject suc -
ceeds or fails (Imig et al., 2022; Sitek et al., 2023). There fore,
the de sign, op er a tion, and man age ment of MAR sys tems must
be based on the prin ci ples of sus tain able wa ter re sources man -
age ment, tak ing into ac count eco sys tem pro tec tion and so ci -
etal needs. This pro cess should also be pre ceded by a com pre -
hen sive cost–ben e fit anal y sis, an eval u a tion of hydrogeological 
con di tions, ap pro pri ate tech ni cal plan ning, and con tin u ous
mon i tor ing of ground wa ter qual ity and quan tity at all stages of
the MAR sys tem’s op er a tion (Zhang et al., 2020; Halytsia et al.,
2022; Ross, 2022; Zheng et al., 2023; Janik et al., 2025; Sitek
et al., 2025).

In re cent years, in creas ing at ten tion has been paid to the
ap pli ca tion of var i ous near-sur face geo phys i cal meth ods in
stud ies as sess ing the suit abil ity of lo ca tions for MAR pro jects
and eval u at ing their ef fec tive ness (Parker et al., 2022). One of
the most com monly used and prom is ing tech niques is Elec tri cal 
Re sis tiv ity To mog ra phy (ERT), which en ables de tailed char ac -
teri sa tion of subsurface hydrogeological struc tures such as the
lo ca tion and bound aries of per me able de pos its, con fin ing units, 
depth of bed rock, pref er en tial re charge zones and the pres -
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ence of wa ter zones with var i ous to tal dis solved sol ids (TDS)
(Sendrós et al., 2020a, b; Parker et al., 2022; Perzan et al.,
2023; Arboleda-Zapata et al., 2025; Mamud et al., 2025).

Pre vi ous hydrogeophysical stud ies con ducted in Po land
have dem on strated the use ful ness of mod ern, non-in va sive,
near-sur face geo phys ics meth ods for iden ti fy ing hydrogeo -
logical struc tures, re charge zones and ground wa ter qual ity
con trasts in Qua ter nary de pos its (Moœcicki et al., 2014; Oryñski 
et al., 2016; Olichwer et al., 2017). Re cent stud ies dem on strate
the use ful ness of ERT in im ag ing Qua ter nary po rous aqui fers
and flu vial de pos its, in clud ing de lin ea tion of sand–gravel aqui -
fers and iden ti fi ca tion of bur ied chan nel struc tures, as well as in
di ag nos ing hydrogeological het er o ge ne ity in hu man-im pacted
val ley en vi ron ments (Bania and WoŸniak, 2022). ERT has also
been suc cess fully used to as sess the im pact of ground wa ter
min er ali sa tion and anthropogenic con tam i na tion, where in cre -
ased porewater con duc tiv ity pro duces low-re sis tiv ity anom a lies 
that can be dis tin guished from lithological con trasts (Bania,
2018). More over, ERT sur veys per formed in river val ley
peatlands in Po land fur ther dem on strate that re sis tiv ity im ag ing
sup ports the in ter pre ta tion of ground wa ter–sur face wa ter in ter -
ac tions and shal low hydrostratigraphy in low land set tings
(Kaczmarek et al., 2024; Kowalczyk et al., 2025; Sinicyn et al.,
2025). This re gional body of work high lights that re sis tiv ity
ranges ob served in ground wa ter sys tems are strongly site-de -
pend ent and con trolled by both li thol ogy and ground wa ter
chem is try. There fore, they should be in ter preted against com -
pa ra ble hydrogeological an a logues and sup ported by com ple -
men tary datasets, at least based on bore hole data, as dem on -
strated by Mendecki et al. (2025) in coastal aqui fers af fected by
salt wa ter in tru sion.

The sub ject of this study is the Œwierczków well field, lo -
cated in Tarnów, Po land. The fa cil ity con sists of sev eral pro -
duc tion wells re charged pri mar ily through a sys tem of in fil tra tion 
ditches and, to a lesser ex tent, by riv er bank fil tra tion from the
River Dunajec. An ad di tional, mi nor in flow of na tive ground wa -
ter orig i nates from the east ern side, where an ex ten sive in dus -
trial zone is sit u ated (Fig. 1). To gether with the Kêpa Bogumi -
³owicka well field (Janik et al., 2024, 2025), the Œwierczków site
con sti tutes the main ground wa ter ab strac tion sys tem op er ated
by Wa ter works Tarnów, sup ply ing wa ter to the Tarnów ag glom -
er a tion. The Œwierczków well field ex em pli fies an in te grated
MAR sys tem that com bines the in fil tra tion ditches tech nique
with riv er bank fil tra tion, which poses spe cific chal lenges for op -
er a tion and mon i tor ing (Treichel et al., 2015; Sitek et al., 2023,
2025). 

The main aim of the study was to ap ply the ERT method to -
wards a de tailed char ac teri sa tion of the geo log i cal frame work
and hydrogeological con di tions within the well field area. Iden ti -
fi ca tion of lower-re sis tiv ity zones in the Qua ter nary, high-re sis -
tiv ity fresh wa ter aqui fer at the Œwierczków well field may also in -
di cate in flow of con tam i nated wa ter from the east ern in dus trial
area. Based on these ob jec tives, we dem on strate how the ap -
pli ca tion of the ERT method can sup port de ci sion-mak ing pro -
cesses re lated to the de sign, monitoring, and safe operation of
MAR systems.

In the con text of the in creas ing global im por tance of MAR in
ground wa ter re sources man age ment, and the grow ing re quire -
ments for qual ity con trol and per for mance mon i tor ing of such
sys tems (Dillon et al., 2019; Zheng et al., 2023), the use of di ag -
nos tic tools such as ERT of ten com ple mented by other meth -
ods, in clud ing en vi ron men tal trac ers and nu mer i cal mod el ling
(Sitek et al., 2025), may be cru cial for their ef fec tive and safe
man age ment.

STUDY SITE

The Œwierczków well field is lo cated in the north west ern part 
of Tarnów (south ern Po land), be tween the right bank of the
River Dunajec to the west and a flood bank to the east, within a
flat al lu vial ter race that gently rises south wards (Fig. 1). 

 The subsurface struc ture of the re search area con sists of
Qua ter nary flu vial and glaciofluvial de pos its un der lain by Mio -
cene clays and mudstones. The un con fined Qua ter nary aqui fer
com prises mainly me dium to coarse sands and grav els with
peb ble ad mix tures. This re gion’s only aqui fer forms a highly
per me able layer up to 6–12 m in thick ness. The aqui fer is over -
lain by 1–4 m of semipermeable sandy loams, loams, silts and
or ganic silts, which pro vide lim ited pro tec tion from sur face con -
tam i na tion. Within the Œwierczków well field it self, data from all
bore hole logs re veal a con sis tent lithostratigraphy com pris ing
con sis tently low-per me abil ity sur face sandy loams, un der lain
by a sandy gravel aqui fer with peb bles, and the Miocene beds,
which act as a regional aquitard.

Un der nat u ral con di tions, the ground wa ter flow di rec tion is
from the east and south-east to wards the River Dunajec. Now a -
days, these flow pat terns are sig nif i cantly mod i fied by the op er -
a tion of pump ing wells and MAR fa cil i ties at the Œwierczków
well field. The ground wa ter ta ble at the well field ranges from
183 m a.s.l. in the north-west to 185.5 m a.s.l. in the south-east.
The Œwierczków well field in cludes 17 ab strac tion wells, of
which 15 are cur rently in op er a tion, and four in fil tra tion ditches
(Fig. 1). The site has a long his tory of ground wa ter use. The first 
wells were con structed in 1910. The most re cent mod erni sa tion
in cluded the drill ing of seven re place ment wells in 2012 and
nine ob ser va tion wells in 2021. Cur rent ground wa ter ex trac tion
av er ages 6,500–7,000 m3/d, rep re sent ing 76–82% of the per -
mit ted wa ter vol ume. Wa ter from the pro duc tion wells is sup -
plied through two si phon pipe lines to a col lec tor cais son lo cated 
be hind the flood bank (Treichel et al., 2015; Sitek et al., 2023,
2025).

Two com ple men tary MAR tech niques are em ployed at the
Œwierczków well field: in fil tra tion ditches and in duced riv er bank
fil tra tion. These tech niques were in tro duced to en hance
ground wa ter re sources and to mit i gate the in flow of con tam i -
nated ground wa ter orig i nat ing from the neigh bour ing in dus trial
zone, sit u ated di rectly east of the flood bank (Fig. 1). His tor i cal
con tam i na tion of the shal low aqui fer is a leg acy of de cades of
in dus trial and chem i cal ac tiv i ties, in clud ing fer ti liser pro duc tion
and waste dis posal. The neigh bour ing in dus trial zone (Fig. 1)
be gan de vel op ment about a de cade af ter the Œwierczków well
field. The pri mary chem i cal works in the Tarnów–Moœcice area
was es tab lished in the late 1920s, with sub se quent ex pan sion
over the fol low ing de cades. Given the fa cil ity’s stra te gic im por -
tance, de tailed time se ries of his tor i cal emis sion in ten sity or
pro duc tion-cy cle sea son al ity are not avail able within the scope
of this study; there fore, we did not at tempt to quan tify sea sonal
con tam i nant load ing. Nev er the less, the ground wa ter pol lu tion
caused by chem i cal plant op er a tions can be pri mar ily linked to
his tor i cal in dus trial ac tiv ity. The cur rently ob served el e vated
lev els of ions are as so ci ated with con cen tra tions of dis solved
in or ganic con stit u ents: ma jor ions and ni tro gen com pounds
(Wojtal, 2013; Sitek, 2022). The com pany places strong em -
pha sis on en vi ron men tal pro tec tion by mini mis ing the im pact of
its ac tiv i ties, im ple ment ing waste man age ment and re cy cling
prac tices, en sur ing le gal com pli ance, and adopt ing in te grated
man age ment sys tems in ac cor dance with ISO stan dards.
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Fig. 1. Re gional con text (A1–A2), lo cal hydrogeological set tings (B), and de tailed map of the Œwierczków well field (C)



The in fil tra tion ditches, lo cated along the east ern and north -
ern bound aries of the well field (Fig. 1), are sup plied with sur -
face wa ter from the River Dunajec at an av er age rate of
4,300 m3/d. The main tained high wa ter level in the ditches cre -
ates a hy drau lic mound that serves as a hy drau lic bar rier,
thereby lim it ing the in flow of pol luted ground wa ter from the ad -
ja cent in dus trial area. Ar ti fi cial re charge through the ditch beds
im proves both the quan tity and qual ity of the ground wa ter, sup -
port ing the sustainability of the wa ter sup ply. At the Œwierczków
wellfield, a com ple men tary MAR method to the in fil tra tion
ditches is in duced bank fil tra tion. Riv er bank fil tra tion oc curs in
the west ern part of the well field near the riv er bank. Pump ing
the wells sit u ated near the River Dunajec low ers the lo cal
ground wa ter ta ble and gen er ates a hy drau lic gra di ent that pro -
motes river-to-aqui fer in fil tra tion. The in ten sity of riv er bank fil -
tra tion de pends on both pump ing rates and river stage fluc tu a -
tions, which in the Dunajec are highly vari able and re spon sive
to rain fall and snowmelt events (Janik et al., 2025; Sitek et al.,
2025). Chem i cal anal y ses con firm that ground wa ter re charged
via MAR shows sig nif i cantly im proved qual ity com pared with
nat u rally inflowing ground wa ter from the in dus trial side. Mon i -
tor ing con ducted un der the DEEPWATER-CE pro ject
(2019–2022) in di cated sig nif i cant re duc tions in ni tro gen spe -
cies (Sitek et al., 2023, 2025). 

MATERIALS AND METHODS

ERT METHODOLOGY

The mea sure ments were per formed us ing the LUND elec -
tri cal im ag ing sys tem (Fig. 2) with a Terrameter SAS 1000/4000 
pro duced by ABEM Mal¯ (Guide line Geo). The in stru ment
mea sures volt age re sponses (be tween two po ten tial elec -
trodes) cre ated by the trans mit ter cur rent (be tween two cur rent
elec trodes) while re ject ing both DC volt age and noise. The
LUND elec tri cal im ag ing sys tem con sists of 41 elec trodes,

each of which is used as a cur rent and po ten tial elec trode. The
ra tio V/I is au to mat i cally cal cu lated, dis played and re corded by
the Terrameter. The trans mit ter was op er at ing at 500 mA with
res o lu tion of 0.02 mW for a sin gle read ing. The me dian value
from four stackings was used for the sin gle re sis tiv ity mea sure -
ment. Dur ing the field ac qui si tion a lim ited num ber of neg a tive
ap par ent re sis tiv ity val ues were ob served. These data points
were iden ti fied as non-phys i cal anom a lies oc cur ring in the vi cin -
ity of un der ground in fra struc ture. Fol low ing stan dard data pro -
cess ing pro to cols, these out li ers were re moved from the
dataset prior to the in ver sion pro cess to en sure the re li abil ity of
the fi nal mod els. The mea sure ments were sup ple mented us ing
the Wenner-Schlumberger elec trode con fig u ra tion with 3 m
elec trode sep a ra tions. This par tic u lar ar ray was cho sen be -
cause it is mod er ately sen si tive to both hor i zon tal and ver ti cal
struc tures, and of fers better hor i zon tal cov er age and sig nal
strength com pared to other ar rays. 

Eight ERT pro files, from 54 m up to 315 m in length, de -
pend ing on the area con di tions, were car ried out dur ing the
field work in De cem ber 2019 (Fig. 1 and Ta ble 1). The data were 
in ter preted with RES2DINV soft ware (Geotomo Soft ware)
which uses an it er a tive smooth ness-con strained least-squares
method to cre ate a model of re sis tiv ity of the subsurface. The
re sult ing mod els were based on 112–330 points for the shorter
pro files (ERT4, ERT5, ERT8) and 539–1035 points for the lon -
ger pro files (Ta ble 1). The root-mean-squared er ror (RMS),
which in di cates the dif fer ences be tween the cal cu lated and
mea sured val ues of ap par ent re sis tiv ity in the model, var ied
from 2.4 to 6.1% for the 5th it er a tion (Ta ble 1). 

The re sults of the geo phys i cal sur vey were shown to gether
with sim pli fied logs of the three ob ser va tion wells (DW-2g,
DW-6, DW-7) and four pro duc tion wells (W-1, W-3, W-4BIS,
W-6BIS) pres ent in the re search area (Figs. 3 and 4). The bore -
hole logs pro vided de tailed data on the li thol ogy and thick ness
of the un sat u rated and sat u rated zones as well as in for ma tion
on the top of the aquitard (Mio cene bed). 
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Fig. 2. LUND elec tri cal im ag ing sys tem with a Terrameter SAS 1000/4000 (ABEM Mal¯) used for the
ERT mea sure ments

The LUND elec tri cal im ag ing sys tem con sists of an in stru ment, an elec trode se lec tor, two multielectrode
ca bles, elec trodes, ca ble-elec trode joints and a bat tery
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ELECTRICAL CONDUCTIVITY MEASUREMENTS

EC was mea sured in situ over a 1-year mon i tor ing pe riod at
a monthly sam pling fre quency. Prior to sam pling, ob ser va tion
wells were pumped to re move stag nant wa ter from the cas ing
and to en sure that the mea sure ments re flect for ma tion ground -
wa ter. EC mea sure ments were then con ducted di rectly in the
field us ing cal i brated por ta ble EC-me ters (Elmetron CC-401).
Ground wa ter mean EC val ues at the Œwierczków well field
ranged from ~324 µS/cm in in fil tra tion ditches to 1001 µS/cm in
ob ser va tion well U14. Ad di tion ally, in se lected wells, au to matic
EC dataloggers were in stalled, pro vid ing con tin u ous, high-tem -
po ral-res o lu tion re cords of ground wa ter con duc tiv ity. All EC val -
ues re ported in this study cor re spond to mea sure ments taken
at a sin gle depth within the screened in ter val of each well. No
ver ti cal EC pro fil ing was per formed.

RESULTS

The ERT mea sure ments al lowed track ing of the subsurface 
struc ture to depths of 10–13 m for pro files ERT_8 and ERT_5,
and to ~24 m for the re main ing pro files (Figs. 3 and 4; Ta ble 1).
In ad di tion, the fol low ing zones were dis tin guished in each pro -
file: the un sat u rated zone, the sat u rated zone, and the top of the 
aquitard (Mio cene de posits).

The un sat u rated (aer a tion) zone in the re search area is rep -
re sented by a soil layer 0.5 m thick, un der lain mainly by sandy
loam, loam, or silt. The un sat u rated zone has an elec tri cal re sis -
tiv ity of 44–200 Wm and is ~4.5 m thick in the south ern part of
the re search area. In the north ern part, the un sat u rated zone is
thin ner and more re sis tive ER: 200–650 Wm, and 2.5 m thick
(Ta ble 1). This con trast is clearly vis i ble on the pro files
ERT_1–ERT_2 (Fig. 3) and re flects the ge ol ogy of the area: the
lower val ues of elec tri cal re sis tiv ity are con nected with the
thicker layer of sandy loam and loam com pared to the thin ner
layer oc cur ring in the north ern part (Fig. 3). The layer of soil and
loam or silt is un der lain by the layer of grav els with peb bles and

sands, which has an elec tri cal re sis tiv ity of 200–1500 Wm; it lies 
at a depth of 2.5–4 m and is 3 m (i.e. ERT_3) to 9 m (i.e.
ERT_1) thick (Fig. 3).

The elec tri cal re sis tiv ity of the sat u rated zone is closely as -
so ci ated with the high re sis tiv ity of peb bles, which are pres ent
through out the aqui fer. It is also re lated to the amount of sub -
stances dis solved in wa ter, as in di cated by chem i cal anal y ses,
where the av er age val ues of elec tri cal con duc tiv ity of the wa ter
in the wells range from ~350 µS/cm in W-3a to 1780 µS/cm in
DW-3. In ar eas where in fil tra tion from sur face wa ters orig i nat -
ing from in fil tra tion ditches and the river is sub stan tial, the re sis -
tiv ity val ues of the aqui fer tend to be higher (i.e. ERT_1, ERT_2, 
ERT_4). Gen er ally, the sat u rated zone forms a con tin u ous,
high-re sis tiv ity layer be tween the low-re sis tiv ity un sat u rated
zone (200–650 Wm) and the low-re sis tiv ity aquitard, rep re -
sented here by silty clay (4–200 Wm; Figs. 3 and 4). The wide
range of elec tri cal prop er ties in the ver ti cal pro file is due to the
con sid er able di ver sity of the de pos its.

Be cause elec tri cal re sis tiv ity is con trolled by mul ti ple fac -
tors, in clud ing po ros ity, li thol ogy, wa ter sat u ra tion, TDS, tem -
per a ture, clay con tent and grain size dis tri bu tion (Stasierski et
al., 2025), an in te grated in ter pre ta tion ap proach was ap plied.
To mini mise un cer tainty, the ERT re sults were ana lysed to -
gether with ar chi val stud ies, lithological logs, ground wa ter EC
data, chem i cal trac ers and nu mer i cal mod el ling re sults (Wojtal,
2013; Treichel et al., 2015; Sitek, 2022; Sitek et al., 2023,
2025).

DISCUSSION

ELECTRICAL RESISTIVITY SIGNATURES
 IN MAR-AFFECTED AQUIFERS

Elec tri cal re sis tiv ity in MAR set tings shows highly di ag nos tic 
con trasts be tween the vadose zone, the fresh wa ter-sat u rated
zone, and the un der ly ing low-per me abil ity lay ers, al low ing ERT
to ef fec tively track in fil tra tion and re charge dy nam ics. The
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vadose zone is typ i cally char ac ter ised by high re sis tiv ity, com -
monly 100–1000 Wm. How ever, higher elec tri cal re sis tiv ity val -
ues are as so ci ated with lower vol u met ric wa ter con tent and
higher air sat u ra tion, which can be ob served in coastal and al lu -
vial MAR sys tems (Ulusoy et al., 2015; Tesfaldet and Put -
tiwongrak, 2019). In con trast, the sat u ra tion zone typ i cally ex -
hib its mod er ate re sis tiv ity (10–300 Wm), with val ues de pend ent
on porewater sa lin ity and sed i men tary tex ture, as dem on stra -
ted in coastal MAR ex per i ments in Spain and It aly (García-
 Menéndez et al., 2018; Greggio et al., 2018). Where MAR sys -
tems in ter act with brack ish or sa line aqui fers, re sis tiv ity may fall
be low 10–50 Wm, pro vid ing a strong con trast that al lows fresh -
wa ter re charge bub bles to be eas ily dis tin guished from sa line
in tru sion (Nenna et al., 2014). The im per me able or clay-rich
lay ers con sis tently show very low elec tri cal re sis tiv ity from 1 to
50 Wm due to high cat ion ex change ca pac ity and low hy drau lic
con duc tiv ity, form ing re sis tive bound aries that con strain in fil tra -
tion path ways (Haaken et al., 2016). Over all, these char ac ter is -
tic re sis tiv ity sig na tures make ERT one of the most pow er ful
non-in va sive geo phys i cal meth ods for mon i tor ing MAR per for -
mance, eval u at ing re charge ef fi ciency, and quan ti fy ing the spa -
tial dis tri bu tion of in fil trat ing wa ter in het er o ge neous subsurface

en vi ron ments. Against this gen eral back ground, the re sis tiv ity
pat terns ob served at the Œwierczków well field show some
site-spe cific fea tures that merit more de tailed dis cus sion. 

ORIGIN OF HIGH RESISTIVITY IN THE SATURATED QUATERNARY
GRAVEL AQUIFER

The rel a tively high elec tri cal re sis tiv ity val ues (up to
1000–1500 Wm) ob served within the sat u rated Qua ter nary
aqui fer at the Œwierczków well field re quire in ter pre ta tion in the
con text of lo cal lithological and hydrogeochemical con di tions. In 
this set ting, the aqui fer is com posed pre dom i nantly of coarse-
 grained sands and grav els, in clud ing peb bles that in crease in
size and abun dance with depth. The de pos its are char ac ter ised 
by a very low clay frac tion and high hy drau lic con duc tiv ity (K »
10–3 m/s), as con firmed by bore hole logs and pump ing tests
(Wojtal, 2013; Sitek et al., 2025). Such lithological con di tions
limit sur face con duc tion and re sult in high bulk re sis tiv ity even
un der fully sat u rated con di tions. 

Sim i lar ob ser va tions have been re ported in other
coarse-grained al lu vial aqui fers. Karloviæ et al. (2025) linked re -
sis tiv ity val ues of 500–1600 Wm to coarse gravel de pos its
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Fig. 3. In ver sion re sults of ERT_1–ERT_3 mea sure ments and bore hole logs near the ERT pro files

For all ERT pro files, the dot ted line in di cates the bound ary be tween the un sat u rated and the sat u rated zone; the dashed line in di cates the
bound ary be tween the sat u rated zone and the aquitard. A uni form elec tri cal re sis tiv ity col our scale was ap plied to all pro files. The hatched ar -
eas on the bore holes from the top sig nify re spec tively for: DW-7 (soil; sandy loam; gravel, sand, and peb bles; silty clay); DW-6 (soil; sandy
loam; gravel, sand and peb bles; silty clay); W-1 (soil; sandy loam; gravel with sand and peb bles); W-3 (soil; sandy loam; gravel with sand and
peb bles); W-4BIS (soil, silt/sandy loam; sandy gravel and peb bles, silt), W-6BIS (soil, silt/sandy loam; sandy gravel and peb bles, silt); DW-2g 
(soil; sandy loam; sand, gravel and peb bles; silty clay); U-14 (soil, silty loam; sandy gravel and peb bles; silty clay)
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within the Varaždin al lu vial aqui fer in the west ern part of the
Drava River val ley (north ern Croatia). Like wise, Moœcicki et al.
(2014), based on geo phys i cal in ves ti ga tions in clud ing ERT
con ducted on the Vistula floodplain near Czernichów vil lage,
iden ti fied a layer of al lu vial sands and grav els char ac ter ised by
even higher resistivities ex ceed ing 2000 Wm.

In con trast, the over ly ing un sat u rated de pos its at the Œwier -
cz ków site con sist mainly of sandy loams and silts in the up per
part (thick ness: 1.5–2.0 m) and sand and gravel in the lower
part (thick ness: 0.5–2.5 m). These de pos its ex hibit lower re sis -
tiv ity val ues due to their higher clay con tent and en hanced sur -
face con duc tiv ity.

Ground wa ter elec tri cal con duc tiv ity data pro vide ad di tional
sup port for this high elec tri cal re sis tiv ity in ter pre ta tion. A con sis -
tent in verse re la tion ship be tween ground wa ter EC and bulk re -
sis tiv ity is ob served across the mon i tor ing wells, with the high -
est re sis tiv ity val ues (>1000 Wm) cor re spond ing to zones dom i -
nated by low-min er al ised MAR-de rived wa ter (EC »
350–400 µS/cm), and lower re sis tiv ity val ues (<600 Wm) as so -
ci ated with in flow of more min er al ised na tive ground wa ter from
the east ern in dus trial area. 

Where re sis tiv ity ranges of the un sat u rated zone and the
sat u rated aqui fer lo cally over lap, the sep a ra tion be tween these
units re mains ro bust when ERT re sults are in ter preted jointly
with bore hole li thol ogy and in de pend ently ob served ground wa -
ter ta ble depths. Taken to gether, the re sis tiv ity val ues ob served 
at the Œwierczków well field in di cate that the fresh wa ter gravel
aqui fer is not anom a lous, but rather re flects site-spe cific litho -
logical and hydrochemical con trols.

IMPLICATIONS FOR MAR SYSTEM DESIGN, OPTIMISATION 
AND MONITORING

One of the main ob jec tives of the geo phys i cal sur vey con -
ducted in the study area was to char ac ter ise the ge om e try and
thick ness of the high-re sis tiv ity fresh wa ter gravel aqui fer. The

re search area is char ac ter ised by the oc cur rence of an aqui fer
with very high hy drau lic con duc tiv ity pa ram e ters, but its thick -
ness is rel a tively small. There fore, in for ma tion on lo ca tions
where the top of the aqui fer is closer to the ground sur face, as
well as on lo cal de pres sions of its bed, is of par tic u lar im por -
tance.

ERT pro files pro vided a valu able ba sis for iden ti fy ing the
most suit able lo ca tions for new wells at the Œwierczków well
field. In lo ca tions where aqui fer thick ness is the high est, while
main tain ing the tech ni cal and en vi ron men tal con straints re -
quired dur ing well de sign, wells can be drilled deeper, al low ing
ground wa ter to be ex tracted un der greater op er a tional draw -
down and thus in creas ing wa ter pro duc tion. The ERT tech -
nique there fore, ap pears to be a highly suit able method for op ti -
mis ing well-sit ing, con trib ut ing to cost mini mi sa tion (Alao and
Abubakar, 2025). More over, ERT mea sure ments are some -
times com ple mented by other geo phys i cal tech niques, which
fur ther en hance the iden ti fi ca tion of prom is ing aqui fer zones for
MAR site se lec tion (Behroozmand et al., 2019; Parker et al.,
2022; Szõcs et al., 2024).

In for ma tion on the vari abil ity in the depth to the top of the
aqui fer, and con se quently on the thick ness of the low-per me -
abil ity near-sur face sed i ments, is also of im por tance for the po -
ten tial ex pan sion of the in fil tra tion ditch sys tem at the
Œwierczków well field. Fur ther more, data on the per me abil ity of
sed i ments be neath the bot toms of in fil tra tion ditches or ponds
al low for the es ti ma tion of po ten tial in fil tra tion ca pac i ties. At the
Œwierczków well field, the proper func tion ing of the in fil tra tion
ditches is of stra te gic im por tance not only be cause it sig nif i -
cantly in creases the ground wa ter re sources ex ploited by the 15 
ex trac tion wells, but also be cause, in the case of the lon gest
ditch in the east (Fig. 1), the in ten sive re charge through the
ditches forms a ground wa ter mound be neath it, which im pedes
the in flow of con tam i nated ground wa ter from the in dus trial area
(Sitek et al., 2025). Uhlemann et al. (2022) successfully in ves ti -
gated the hy drau lic con duc tiv ity of sed i ments un der ly ing in fil tra -
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Fig. 4. In ver sion re sults of ERT_4 – ERT_8 mea sure ments and bore hole logs near the ERT pro files

Red ar row: lo ca tion of the con tact with un der ground in fra struc ture. Other ex pla na tions are pro vided in the Figure 3 cap tion
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tion ponds us ing the ERT method, while Mawer et al. (2016)
high lighted the role of ERT in op ti mis ing MAR sys tems based
on spread ing tech niques by con strain ing pa ram e ters con trol -
ling in fil tra tion rates.

Data from eight ERT pro files en abled de tailed map ping of
the aqui fer in the vi cin ity of the Œwierczków well field, which was 
sub se quently used in the de vel op ment of a de tailed nu mer i cal
ground wa ter flow model for this area (Sitek et al., 2025). In ad -
di tion to pro vid ing a de tailed subsurface geo log i cal im age, the
ERT re sults also de liv ered data on the depth to the ground wa -
ter ta ble and, in di rectly, on the ver ti cal vari abil ity of sed i ment
per me abil ity. As emphasised by Parker et al. (2022), un like
con ven tional ground wa ter mon i tor ing data from wells and ob -
ser va tion wells, which pro vide point mea sure ments such as
ground wa ter ta ble el e va tions, ERT pro files al low for the visu ali -
sa tion of these pa ram e ters along an en tire cross-sec tion. In this 
way, ERT data com ple ment bore hole ob ser va tions by pro vid ing 
ad di tional hydrogeological in for ma tion that sup ports the con -
struc tion of nu mer i cal ground wa ter flow mod els, en ables a
more ac cu rate rep re sen ta tion of the aqui fer sys tem and re -
duces model un cer tainty (Teatini et al., 2020; Lévesque et al.,
2023). At the Œwierczków site, the ground wa ter level is in flu -
enced by the lo ca tion of the in fil tra tion ditches. There fore, west
of the lon gest in fil tra tion ditch and south of the other three in fil -
tra tion ditches, the im ages on the ERT pro files in di cate a no -
tice ably shal lower oc cur rence of the ground wa ter ta ble be low
the sur face than in the other parts of the pro files (Fig. 3).

RESISTIVITY CONTRASTS AS INDICATORS OF MAR-DERIVED 
AND NATIVE GROUNDWATER

Re sults from nu mer i cal mod el ling and tracer stud ies for the
Œwierczków well field (Sitek et al., 2025) dem on strated that in -
ten sive re charge through in fil tra tion ditches leads to the per sis -
tence of a dis tinct ground wa ter lens char ac ter ised by low elec -
tri cal con duc tiv ity val ues sim i lar to those of the Dunajec. This
phe nom e non is clearly re flected in the ERT re sults, par tic u larly
in pro files ERT_1 and ERT_2, where the mea sured elec tri cal
re sis tiv ity in the cen tral and north ern parts of the sec tions is
high est and dis tinctly dif fer ent from that ob served in the south -
ern parts of the aqui fer (Fig. 3). The de crease in elec tri cal re sis -
tiv ity val ues in the south ern sec tions is at trib uted to the in flow of
con tam i nated na tive ground wa ter from the in dus trial zone,
which in creases ground wa ter con duc tiv ity, thereby low er ing the 
mea sured elec tri cal re sis tiv ity.

Based on ar chi val hydrochemical data from the Œwierczków 
well field (Wojtal, 2013; Sitek, 2022), ground wa ter con tam i na -
tion in the east ern part of the study area is pri mar ily as so ci ated
with el e vated con cen tra tions of dis solved in or ganic con stit u -
ents re lated to his tor i cal in dus trial ac tiv ity. These in clude in -
creased to tal dis solved sol ids, ma jor ions, and ni tro gen com -
pounds, re sult ing in higher ground wa ter elec tri cal con duc tiv ity.
From a hydrogeophysical per spec tive, such con tam i na tion is
there fore ex pected to re duce bulk elec tri cal re sis tiv ity rather
than pro duce dis tinct re sis tiv ity anom a lies linked to spe cific
con tam i nant spe cies.

Semi-quan ti ta tively, the elec tri cal re sis tiv ity of the con tam i -
nated sat u rated zone ranged from 200–630 Wm, whereas val -
ues in the un con tam i nated zone were no ta bly higher, fall ing be -
tween 630 and 1500 Wm. These ranges are con sis tent with the
ob served ERT re sults and mea sured ground wa ter EC val ues
from the mon i tor ing net work. It is emphasised that ERT does
not al low di rect iden ti fi ca tion of con tam i nant types; there fore,
the in ter pre ta tion re lies on the in te grated anal y sis of geo phys i -
cal data, ground wa ter elec tri cal con duc tiv ity mea sure ments,
hydrochemical in di ca tors, and prior site in ves ti ga tions.

The pro posed in ter pre ta tion is con sis tent with both the
ground wa ter flow paths ob tained from the ground wa ter flow
model (Fig. 1) and the re sults of en vi ron men tal tracer anal y ses
used to de ter mine the mix ing ra tios be tween na tive ground wa -
ter and in fil tra tion wa ter in the pro duc tion wells (Sitek et al.,
2025). Wells W-1 and W-2 re ceive rel a tively the high est pro por -
tion of na tive ground wa ter, whereas mov ing north wards to ward
well W-7BIS, the con tri bu tion of MAR wa ter from the in fil tra tion
ditches be comes dom i nant. As a re sult, the re sis tiv ity val ues
there are the high est among all the ERT pro files. Hence, the ap -
pli ca tion of the ERT method can also serve as a tool for eval u at -
ing the long-term ef fec tive ness of MAR op er a tions, as well as
for de ter min ing the in fil tra tion dy nam ics and the spa tial ex tent of 
ar ti fi cial re charge in flu ence on the aqui fer.

Pro nounced spa tial vari abil ity in elec tri cal re sis tiv ity val ues
within the aqui fer was uti lised dur ing the es tab lish ment of the
ground wa ter mon i tor ing net work for the well field in 2021 and in -
formed de ci sions re gard ing the lo ca tion of ob ser va tion wells.
For this pur pose, ob ser va tion wells such as DW-1 and DW-2g
(lo cated in the east ern part of the well field to mea sure in flow of
na tive, con tam i nated ground wa ter) and DW-6 and DW-7 (lo -
cated in the cen tral part of the well field to as sess the ef fec tive -
ness of ar ti fi cial re charge) were in stalled (Fig. 1). The EC of
ground wa ter mea sured in these ob ser va tion wells shows an in -
verse re la tion ship with the elec tri cal re sis tiv ity val ues ob tained.
Where the piezometer DW-2g cap tures na tive ground wa ter
con tam i nated by in dus trial ac tiv ity in the ad ja cent area, elec tri -
cal re sis tiv ity val ues range be tween 426–622 Wm. In con trast,
where the pro por tion of MAR-de rived wa ter in creases, such as
near DW-7 (up to 850 Wm) and par tic u larly at DW-6
(>1000 Wm), the mean EC val ues de crease to 575 µS/cm for
DW-7 and 372 µS/cm for DW-6, com pared to 818 µS/cm for
DW-2g.

LIMITATIONS, UNCERTAINTY AND PERSPECTIVES 
FOR TIME-LAPSE ERT

The anal y sis con ducted for the Œwierczków well field dem -
on strated that ERT mea sure ments pro vide valu able in for ma -
tion for the de sign of new MAR fa cil i ties and the op ti mi sa tion of
ex ist ing ones, thereby sup port ing sus tain able ground wa ter re -
sources man age ment. How ever, de spite its wide ap pli ca bil ity,
the ERT method has in her ent lim i ta tions that con trib ute to un -
cer tainty in the re sults (Parker et al., 2022; Alao and Abubakar,
2025). To re duce these un cer tain ties, it is es sen tial to in te grate
ERT data with ad di tional geo log i cal and hydrogeological in for -
ma tion, which in the case of the site in ves ti gated was ob tained
from mon i tor ing and field stud ies car ried out be tween 2019 and
2022 within the DEEPWATER-CE pro ject (Sitek, 2022), as well
as from an anal y sis of ar chi val ma te ri als. For the Œwierczków
site, iden ti fy ing the lay out of un der ground in fra struc ture was
also cru cial, as in di cated by pro files ERT_6 and ERT_7, which
show that such struc tures can lo cally dis turb the ac tual elec tri -
cal re sis tiv ity of the subsurface.

To cap ture the tem po ral changes as so ci ated with pe ri ods of 
in ten sive re charge, mod i fi ca tions of the ERT tech nique, re -
ferred to in the lit er a ture as time-lapse elec tri cal re sis tiv ity to -
mog ra phy (TL-ERT), are em ployed. TL-ERT en ables the study
of time-de pend ent changes in the subsurface re sis tiv ity pat tern. 
This ap proach has been ap plied, for in stance, to as sess the ef -
fects of MAR tests in pre-Al pine aqui fers and to val i date mod els
un der tran sient con di tions (Teatini et al., 2020). Arboleda-
 Zapata et al. (2025) used TL-ERT to im age the prop a ga tion of
the wet ting front from a drywell MAR ex per i ment in Cal i for nia’s
Cen tral Val ley. These ex am ples high light the prom is ing po ten -
tial of fu ture ap pli ca tions of TL-ERT at the Œwierczków well field, 
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for in stance, to as sess the ef fects of pos si ble op ti mi sa tion of
MAR meth ods, to mon i tor de creases in in fil tra tion ef fi ciency
due to clog ging de vel op ment, or to de tect the in flow of con tam i -
nated ground wa ter. Stud ies re lated to the use of elec tri cal re sis -
tiv ity to mog ra phy im ag ing for these pur poses are well-doc u -
mented (Gasperikova et al., 2012; Sendrós et al., 2020b; Alao
and Abubakar, 2025).

CONCLUSIONS

The ERT sur vey con ducted at the Œwierczków well field pro -
vided valu able in sights into subsurface con di tions that may di -
rectly sup port the op ti mi sa tion of the two MAR tech niques ap -
plied in this area. Vari a tions in elec tri cal re sis tiv ity within the
Qua ter nary aqui fer ana lysed en abled the iden ti fi ca tion of zones 
where in flow of con tam i nated na tive ground wa ter from the in -
dus trial area reaches the well field, as well as the de lin ea tion of
the cur rent ex tent of sur face wa ter in fil trat ing from the ditches.
Higher elec tri cal re sis tiv ity val ues in the cen tral and north ern
parts of the well field cor re sponded to zones dom i nated by in fil -
trated wa ter from sur face wa ter sources, whereas lower val ues
in the south ern sec tions re flected the pres ence of na tive
ground wa ter with sig nif i cantly higher TDS val ues. Based on this 
in for ma tion, it was eas ier to choose the lo ca tion for the new ob -
ser va tion wells, which re vealed the spa tial vari abil ity of the qual -
i ta tive con di tions at the well field, dem on strat ing an ap proach
trans fer able to other re charge schemes seek ing to op ti mise
mon i tor ing net works.

The geo phys i cal re sults en abled de tailed map ping of high-
 re sis tiv ity fresh wa ter gravel aqui fer thick ness and the depth of
low-per me abil ity sur face sed i ments, al low ing for the iden ti fi ca -
tion of lo ca tions most fa vour able for fu ture well-sit ting and im -
proved ad just ment of in fil tra tion ditch lay outs. These find ings
are es pe cially rel e vant for en hanc ing in fil tra tion ef fi ciency,
maxi mis ing drink ing wa ter pro duc tion, and en sur ing the long-
 term sta bil ity of the MAR sys tem.

De spite its clear ad van tages, ERT has some meth od olog i -
cal lim i ta tions that war rant care ful in te gra tion with com ple men -
tary datasets on land use, ge ol ogy, and hydrogeology. This
study con firmed that ERT data may be lo cally af fected by un -
der ground in fra struc ture, which must be con sid ered dur ing in -
ter pre ta tion. Our re sults were con sis tent with nu mer i cal flow
mod el ling and en vi ron men tal tracer mix ing anal y ses, dem on -
strat ing that ERT may be a pow er ful tool for as sess ing the spa -
tial im pacts of MAR tech niques world wide.

The study pro vides both meth od olog i cal and prac ti cal con -
tri bu tions rel e vant to re search ers and prac ti tio ners work ing on
aqui fer char ac teri sa tion and MAR op ti mi sa tion and con firms
that ERT is a highly ef fec tive tool for sup port ing the de sign, op ti -
mi sa tion, and long-term eval u a tion of MAR. The dem on strated
sen si tiv ity of elec tri cal re sis tiv ity to spa tial vari a tions in MAR
pro cesses al lows us to rec om mend time-lapse ERT for fu ture
ex tended mon i tor ing of in fil tra tion ef fi ciency, clog ging de vel op -
ment, and shifts in the bal ance be tween riv er bank fil trate, re -
charge from ditches and na tive ground wa ter, both at this site
and in com pa ra ble en vi ron ments glob ally.

Ac knowl edge ments. This re search took place within the
frame work of the pro ject “De vel op ing an in te grated im ple men -
ta tion frame work for Man aged Aqui fer Re charge so lu tions to fa -
cil i tate the pro tec tion of Cen tral Eu ro pean wa ter re sources en -
dan gered by cli mate change and user con flict (the
DEEPWATER-CE pro ject, No. CE1464). This re search was
also co-funded by the Min is try of Ed u ca tion and Sci ence of Po -
land un der grant agree ment “PMW” No. 5016/INTERREG
CE/2019/2. The au thors would like to thank Tarnów Wa ter -
works, for al low ing us to con duct re search at the Œwierczków
well field and for pro vid ing ar chi val data, as well as our col -
leagues from the In sti tute of Earth Sci ences for their as sis tance
with field work.
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