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Aqui fers formed in the wet land area around the closed lac us trine chalk mine at Mierzyno (north ern Po land) are dis tin guished
by a spe cific ground wa ter flow sys tem, the main com po nent of which is lat eral flow and as cent seep age from the deep aqui -
fer to the ground sur face. In in ves ti gat ing the or i gin of the un con trolled ground wa ter out flows and the phe nom e non of pro -
gress ing spring pools, field and lab o ra tory work, as well as model stud ies of ground wa ter flow, al lowed as sess ment of
dam age to the soil and aque ous en vi ron ment. These oc curred due to de fec tive rec la ma tion of post-min ing ar eas, as a re sult
of which the nat u ral hy dro dy namic bal ance in the ground wa ter was dis turbed. Ar te sian pres sure in the deep aqui fer caused
layer in ter rup tion at the bound ary of the lac us trine chalk de posit. In con se quence, strong un con trolled out flow of ground wa -
ter oc curred, and the ac com pa ny ing spring pools are chang ing their po si tion as a re sult of headward ero sion. So far, the
amount of washed-out car bon ate sed i ment ex ceeds 5,600 m3.
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INTRODUCTION

Dur ing opencast min ing of nat u ral re sources, the nat u ral
en vi ron ment is most of ten de graded. The re sult ing dam age can 
largely be re paired at the stage of rec la ma tion of the post-min -
ing area, but im prop erly planned and car ried out rec la ma tion
may cause ad di tional dam age. Un de sir able hydrogeological
phe nom ena and ir re vers ible changes in the nat u ral en vi ron -
ment, of ten cat a strophic in na ture, may oc cur (Karmakar and
Das, 1991; Kachnic and Krawiec, 2008; Zhao et al., 2018, Jurys 
et al., 2018). This has been the case in the post-min ing ar eas of
lac us trine chalk, gyttja and peat in the Mierzyno re gion (north -
ern Po land). The wa ter logged mine work ings have been trans -
formed into fish breed ing ponds. How ever, the hydrogeological
con di tions were not ana lysed ef fec tively, and the spec i fic ity of
the ground wa ter cir cu la tion sys tem and the pos si ble as so ci ated 
hydrogeohazards were not taken into ac count dur ing the “rec la -
ma tion”. As a re sult, sev eral years af ter the ces sa tion of min ing
ac tiv i ties, there were strong ground wa ter out flows and dy nam i -
cally de vel op ing de pres sions and sink holes near the in ac tive
mine. Sur face wa ters be came de graded with sus pended ma te -
rial washed out from or ganic and min eral sed i ments, which sig -
nif i cantly lim ited the pos si bil ity of their eco nomic use.

The ground wa ter flow sys tem of wet land ar eas can be com -
plex and af fected by nat u ral as well as anthropogenic pro -
cesses (van Loon et al., 2009a, b; Grygoruk et al., 2011; Anibas 
et al., 2012; Gruszczyñski and Krogulec, 2012; Krogulec and
Zab³ocki, 2015; Low et al., 2018). Wetlands are of ten sit u ated in 
low lands ar eas, where ar te sian springs are formed. The lo ca -
tion and vol ume of ar te sian spring dis charge is con trolled by a
com bi na tion of top o graphic, geo log i cal and hydrogeological
con di tions (Mar ti nez-Santos et al., 2014). In terms of per for -
mance, ar te sian dis charge of ground wa ter is usu ally con sid er -
able and shows lit tle or no sea sonal fluc tu a tion (Carter et al.,
2001).

The pres ence of nat u ral ground wa ter out flows in ar eas of
lac us trine chalk and gyttia de pos its is a well-known phe nom e -
non (Jurys, 2005; Johansen et al., 2014; Schumann et al.,
2017). This may re sult from nat u ral en vi ron men tal con di tions of
the min eral de pos its and spe cific hydrogeological pro cesses, or 
be trig gered by the ex ploi ta tion of the de posit. How ever, it is
rare for the ef fects of min ing ac tiv i ties to be come ap par ent only
sev eral years af ter the end of min ing. There fore, due to the con -
sid er able lapse of time since the clo sure of the Mierzyno mine, it 
was dif fi cult to link the re sult ing haz ards with the min ing ac tiv i -
ties or rec la ma tion treat ments. With this in mind, the main goal
of the re search un der taken was to ex plain the or i gin of the
changes and the mech a nism of dam age to the soil and wa ter
en vi ron ment. On this ba sis, it is pos si ble to fore cast fu ture
changes and plan ap pro pri ate re me dial mea sures.
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STUDY AREA

The study cov ered an area lo cated near the in ac tive mine of 
lac us trine chalk, gyttja and peat at Mierzyno (Fig. 1), within the
Choczewo Up land mesoregion (Solon et al., 2018). The av er -
age an nual pre cip i ta tion, de ter mined on the ba sis of mea sure -
ments car ried out in the pe riod 1951-2020 at the Lêbork me te o -
ro log i cal sta tion is 703 mm and the av er age an nual tem per a -
ture is 8.0°C. Weather data were ob tained from In sti tute of Me -
te o rol ogy and Wa ter Man age ment – Na tional Re search In sti -
tute da ta base.

The re search area com prises mainly wetlands, dis tin -
guished by a well-de vel oped hy dro graphic net work con sist ing
of drain age ditches, ca nals, rivers and wa ter res er voirs. The
main drain age wa ter course here is the Bychowska Struga,
which flows across the north ern part of the study area, to wards

Lake ¯arnowiec. It is also con nected by smaller wa ter courses
with Lake Salino and Lake Choczewo. The av er age wa ter dis -
charge (SSQ) in the Bychowka Struga drain age ba sin is
7.8 l/s/km2, and the ap prox i mate value of ground wa ter run off
(SQgr) is up to 5.9 l/s/km2 (Lidzbarski, 2000). This in di cates a
large con tri bu tion of ground wa ter run off to the to tal run off, of
~75%. The Bychowska Struga stream is fed by wa ter char ac ter -
ised by in creased tur bid ity, through a net work of drain age
ditches from nu mer ous spring ar eas in the south ern part of the
post-min ing area. The breed ing ponds lo cated in the
post-mining pits also have an in di rect con tact with the
Bychowska Struga. The wa ter ta ble in these ponds oc curs at an 
el e va tion of ~42.2 m a.s.l. How ever, sig nif i cant changes in its
po si tion were no ticed dur ing suc ces sive field in spec tions due to 
me te o ro log i cal con di tions, af fect ing the vol ume of wa ter in flow,
as well as the hy dro log i cal prac tice of pond man age ment.
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Fig. 1. Lo ca tion of the study area



The main el e ments of the study area re lief are up lands,
melt wa ter val leys, and subglacial chan nels, which de vel oped
dur ing the Pom er a nian phase of the Main Stadial of the North
Pol ish Gla ci ation (Skompski, 1982). The ma jor part of the re -
search area has been fi nally shaped in the Ho lo cene, when
swamp and lac us trine de po si tion took place in an ex ten sive
melt-out de pres sion. The lake ba sin area, ~5.0 km long and
0.5–1.5 km wide, is al most flat and de scends to the north, fol -
low ing the course of the Bychowska Struga val ley. The el e va -
tions in the re search area vary around 43.0 m a.s.l. Sig nif i cant
re lief vari a tions, reach ing ~50.0 m, can be ob served only on a
re gional scale be tween the val ley and up land ar eas.

HYDROGEOLOGICAL CONDITIONS

The oc cur rence and hy dro dy nam ics of ground wa ter in the
study area are di verse and re sult from the com plex geo log i cal
his tory of this re gion. This area is a lo cal ground wa ter drain age
base, which plays an im por tant role in drain ing the ad ja cent up -
lands. In the study area, two aqui fers have been iden ti fied,
which lo cally re main in hy drau lic con nec tion (Fig. 2).

An ex ten sive de pres sion in the near-sur face zone is filled
with Ho lo cene de pos its. These are mainly car bon ate de pos its
of lac us trine chalk and gyttja (cal car e ous and or ganic type)
(Gawlikowska et al., 2009; Seifert, 2017), over ly ing silt and clay. 
These sed i ments were formed as a re sult of cal cium car bon ate
pre cip i ta tion by physicochemical and bi o log i cal pro cesses tak -
ing place in the lake that ex isted in this area in the past. The de -
pos its of lac us trine chalk and gyttja range in thick ness from 0.4
to 9.4 m, but not all bore holes have pen e trated the full thick ness 
(Matuszewski, 1997, 2000, 2002, 2007, 2009). The val ley sur -
face is cov ered with peat rang ing from 0.5 to 3.4 m thick. Be low
are Pleis to cene de pos its of flu vio gla cial sand and till (Fig. 2).

The first, shal low wa ter ta ble aqui fer (Q1) oc curs on a lo cal
scale and is not us able (Sier¿êga et al., 2006). It is rep re sented
by Ho lo cene peats that over lie lac us trine chalk and gyttja or tills
and sands in the mar ginal zone of the val ley. The wa ter ta ble is
un con fined and oc curs at an el e va tion slightly greater than
42.0 m a.s.l., i.e. at a depth of 0.4 to 1.1 m b.g.l. in the cen tral
part.

Aqui fer Q1 is re charged pre dom i nantly by both rain wa ter in -
fil tra tion and as cend ing per co la tion from the deeper-ly ing Pleis -
to cene aqui fer. Drain age takes place mainly through a dense

net work of drain age ditches and ma jor wa ter courses
(Bychowska Struga, Salinka and a trib u tary from Lake
Choczewo), and post-min ing ponds (Fig. 1).

The sec ond aqui fer (Q2) is the us able aqui fer, shows a con -
tin u ous dis tri bu tion (re gional scale), and oc curs at greater
depths (Lidzbarski, 2000). It is an intermoraine aqui fer rep re -
sented by sandy de pos its that vary in grain size. In the val ley
area, it lies di rectly be neath ei ther a lac us trine de pos its or a
peat bed, while in the up land area it oc curs be neath tills. The
base of the aqui fer is lo cated at an el e va tion of ~30.0 m a.s.l.,
and it de scends and thick ens to wards the north; its thick ness
ranges from 20 to 40 m. In the area of the great est ac cu mu la -
tion of lac us trine de pos its (cen tral part of the area), its thick ness 
is up to 10 m. In the up land area, its wa ter ta ble is un con fined
and is lo cated at an el e va tion of ~50 m a.s.l. In the val ley, the
wa ter ta ble is ar te sian in na ture and sta bi lises up to 2.0 m a.g.l.,
i.e. ~45.0 m a.s.l. These con di tions re sult from the seal ing prop -
er ties of lac us trine chalk and gyttja, the per me abil ity of which
de creases with a de crease in po ros ity and an in crease in pore
wa ter pres sure (Dobak and Wyrwicki, 2000).

Ground wa ter flow takes place from the mo raine up lands to -
wards the val ley area and far ther to the val ley of Lake
¯arnowiec, which is the re gional ground wa ter drain age base in
this area. The intermoraine aqui fer is re charged pre dom i nantly
by lat eral in flow from the up land ar eas, wa ter per co la tion from
Aqui fer Q1, and rain wa ter in fil tra tion from the ground out side
the area of Aqui fer Q1. Ground wa ter drain age is as so ci ated
mainly with sur face wa ter courses in the Bychowska Struga val -
ley and with nu mer ous un con trolled ground wa ter out flows. Due
to the dif fi cult ac cess to the spring pools and the risk of land -
slides, it was im pos si ble to mea sure the wa ter flow rate. The
mea sure ments were made at a greater dis tance and the to tal
dis charge rate of the springs was es ti mated at 15–25 l/s.

CHARACTERISTICS OF THE DEPOSIT MINING

Lac us trine chalk, gyttja and peat were prob a bly mined in
this re gion from the early 1930s, as shown by a small ex ca va -
tion in the east ern part of the post-min ing area (Fig. 3). The first
geo log i cal sur veys to de ter mine the pro spec tive area for the
lac us trine chalk de posit were car ried out in 1986 (Olszewski,
1988). The lac us trine chalk re sources were es ti mated then at
2.5 mil lion tonnes in an area of ~90 ha be tween the lo cal i ties of
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Fig. 2. Hydrogeological cross-sec tion A–A’

 Q1 – lo cal aqui fer, Q2 – re gional aqui fer; for the cross-sec tion line lo ca tion see Figure 1



£êtowo, Perlino and Mierzyno (Fig. 1). Doc u ments show that
the main ex trac tion work was car ried out in this area in
1998–2005. An out put of 259,300 tonnes was re corded over
this time. Dur ing the min ing, the ex cess wa ter from ex ca va tions
was drained with the use of grav ity chan nels con nected with
streams. Drain age pumps were not used. How ever, there is no
com plete in for ma tion on the vol ume of drain age or on the to tal
ex trac tion of the re sources, which means that the ac tual
amount of raw ma te rial mined from the de posit may be greater.

The min ing re sulted in sig nif i cant changes to the con di tion
of the en vi ron ment and eco sys tems. Af ter the min ing ac tiv i ties
in the area of for mer grass lands and mead ows were aban -
doned, deep wa ter-flooded pits were formed, with an av er age
depth of 6.0 m. Un for tu nately, there is no knowl edge about the
con di tion of the min ing area af ter the ex trac tion was stopped.
How ever, af ter the min ing ac tiv i ties, the pri mary state of the
ponds changed. The treat ments ap plied in cluded con struct ing
cul verts and dykes di vid ing larger res er voirs, mak ing the res er -
voirs shal lower, seal ing the bot tom, damm ing or low er ing the
wa ter ta ble level in the ponds, and chang ing the wa ter flow di -

rec tion in sur face wa ter courses. Over time, some of the res er -
voirs were trans formed into open fish breed ing ponds, sep a -
rated by a dyke. Dur ing the first years af ter the end of min ing,
there was also a nat u ral pro cess of shallowing of the work ings
due to run off pres sure and suffosion (Jurys, 2005). The cur rent
depth of the res er voirs is ~2.0 m.

Trou ble some changes in the soil and aque ous en vi ron -
ment ap peared only a few years af ter ex trac tion fin ished
(Fig. 3). In 2005, the first au to matic, un con trolled ground wa ter
out flow was ob served at the south ern bound ary of the
post-min ing area, dam ag ing the slope of the ex ca va tion. The
pro gres sive dy nam ics of this pro cess re sulted in the ex pan -
sion of ground sub si dence to wards the south east. In 2008,
large spring pools formed in the area of nearby for ests and
mead ows, from which ground wa ter of in creased tur bid ity
flowed out. This pro cess in ten si fied in 2018–2019, when the
spring pools in creased in area sig nif i cantly, and the flow ing
wa ter washed away the lac us trine chalk and gyttja sed i ments
that had pol luted the Bychowska Struga.
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Fig. 3. Lo ca tion of sites of hydrochemical mea sure ments and of flow of high-tur bid ity wa ter from the spring pool area to wards
the Bychowska Struga



MATERIAL AND METHODS

The en vi ron men tal con di tions and pro cesses were ana -
lysed on the ba sis of map ping, geo log i cal doc u men ta tion of the
de posit, leg acy bore holes of the Cen tral Hydrogeological Data
Bank and Cen tral Geo log i cal Da ta base, a Dig i tal Ter rain Model, 
ar chived chem i cal anal y ses of wa ter, and pub lished lit er a ture.
The col lected ar chi val data were the ba sis for plan ning de tailed
hydrogeological field, lab o ra tory and mod el ling re search.

HYDROCHEMICAL MEASUREMENTS

Field stud ies were car ried out dur ing four ses sions from Au -
gust 3 to No vem ber 13, 2019. Ba sic mea sure ments of phys i cal
and chem i cal prop er ties of wa ter (tem per a ture, pH, elec tri cal
con duc tiv ity – EC) were per formed us ing por ta ble de vices with
spe cial ised sen sors (Slandi SC300, Slandi SP300, Hanna
HI98194). Nine sam ples of sur face wa ter were also col lected
for de tailed lab o ra tory tests. These were taken from pre-se -
lected sites on the in flow and out flow paths from the min ing area 
(Fig. 3). The scope of lab o ra tory anal y sis in cluded ma jor ions
(HCO3

–, SO4
2–, Cl-, Ca2+, Mg2+, Na+, K+), tur bid ity, to tal dis -

solved sol ids (TDS) and to tal sus pended sol ids (TSS). Lab o ra -
tory tests were car ried out at the chem i cal lab o ra tory of the Pol -
ish Geo log i cal In sti tute – Na tional Re search In sti tute.

GROUNDWATER FLOW MODEL

The mod el ing work was car ried out for an area of ~13 km2

(Fig. 1) us ing the MODFLOW-2005 com pu ta tional code
(Harbaugh, 2005) and GMS 8.3 soft ware (Ground wa ter Mod el -
ing Sys tem). The MODFLOW-2005 soft ware en ables nu mer i -
cal cal cu la tions us ing the fi nite dif fer ence method to solve the
gov ern ing equa tion of ground wa ter flow:
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where: Kxx, Kyy, Kzz – val ues of hy drau lic con duc tiv ity along the x, y
and z axes (LT-1); h – to tal head (L); W – sources and sinks of wa ter
(LT-1); Ss – spe cific stor age (L–1); t – time (T)

Sim u la tions of steady state were per formed and the aim
was to de ter mine the hy dro dy namic con di tions for three sce nar -
ios rep re sent ing the state of the study area at var i ous de vel op -
men tal stages:

• vari ant I – mid-ex trac tion state (no spring pools);

• vari ant II – post-ex trac tion state, af ter shallowing of the
res er voirs (no spring pools);

• vari ant III – cur rent state (pres ence of spring pools).
A ground wa ter flow model was con structed based on the

hydrogeological cross-sec tions, bore hole logs, geo log i cal doc -
u men ta tion of the de posit, and in for ma tion from hydro -
geological and geo log i cal maps at the scale of 1:50,000,
Choczewo sheet (Skompski, 1982; Lidzbarski, 2000; Sier¿êga
et al., 2006). The ter rain sur face was mapped on the ba sis of a
dig i tal el e va tion model ob tained us ing LIDAR data sup plied by
the Pol ish Head Of fice of Ge od esy and Car tog ra phy. Hy drau lic
con duc tiv ity val ues for the in di vid ual lay ers are based on both
re sults of pump ing tests in lo cal ground wa ter in takes and pub -
lished data (Döll and Schnei der, 1994; Marciniak et al., 1999;
Dobak and Wyrwicki, 2000; Kellner, 2007). The set val ues of
the hy drau lic con duc tiv ity were as fol lows: for the first layer of

the model 1.00 10–5 m/s, for the sec ond layer 1.11 10–8 - 1.39
10–6 m/s, and for the third layer 2.64 10–4 m/s.

DISCRETIZATION

Trans for ma tion of the con cep tual model into a three-di men -
sional dis crete model was per formed us ing a rect an gu lar grid.
The rect an gu lar grid gen er ated con sists of 3 lay ers, 441 rows
and 640 col umns. The to tal num ber of cells was 846,720, of
which 311,747 re main ac tive. The spac ing in the hor i zon tal di -
rec tion was uni form for all lay ers and equal to 10 m. The 3 lay -
ers were de fined as fol lows: (I) first aqui fer oc cur ring lo cally,
mainly in peat (Q1), (II) low-per me abil ity de pos its (till, lac us trine 
chalk, gyttja), (III) inter-mo raine aqui fer in flu vio gla cial sand
(Q2; Fig. 2).

BOUNDARY CONDITIONS

The bound aries of the area cov ered by the model re search
were de fined us ing the as sumed bound ary con di tions. The type 
I bound ary con di tion (H = const) was adopted only for the third
layer of the model, at its south-west ern bor der. The hy drau lic
head el e va tion was de rived from a hydrogeological map. The
type II bound ary con di tion (Q = const) with the as sump tion of no 
wa ter flow was adopted for the first layer of the model at the
bound ary of the aqui fer oc cur rence, with the ex cep tion of two
sec tions in the vi cin ity of a trib u tary from Lake Choczewo and
from the Bychowska Struga. For the third layer of the model,
this con di tion was set at the northeast ern and northwest ern
edges of the model on the de lin eated course of a neu tral flow
path. The type II bound ary con di tion was also taken into ac -
count as the set value of re charge from the ter rain sur face
within the en tire study area. The type III bound ary con di tion [Q = 
f (H)] was set as ex ter nal and in ter nal. For the first layer of the
model, this con di tion was set on two sec tions in the re gion of
the trib u tary from Lake Choczewo and the Bychowska Struga. It 
was de fined at these places by us ing the GHB-type pack age
that al lows fig ur ing out the amount of lat eral in flow/out flow
to/from the model, tak ing into ac count the con stant value of the
ground wa ter ta ble el e va tion at its edge. On the other hand, the
in ter nal type III bound ary con di tion was set for wa ter courses
(river), ca nals and drain age ditches (drain), as well as wa ter
res er voirs (GHB).

IDENTIFICATION

Dur ing model iden ti fi ca tion, cal i bra tion was per formed pre -
dom i nantly on the val ues of hy drau lic con duc tiv ity of the lay ers
de ter mined in the model, as well as on the pa ram e ters of bot -
tom sed i ments of sur face wa ters. Due to a small num ber of ob -
ser va tion points (6) within the mod elled area, the wa ter flow
mea sure ments in sur face wa ter courses and the pat tern of hy -
drau lic head con tour lines in the hydrogeological map were also 
used to ver ify the re sults ob tained (Lidzbarski, 2000). Flow ve -
loc ity in wa ter courses was mea sured us ing an OTT MF pro
hydrometric mill.

There was good agree ment of the hy drau lic head level
mea sured in the field with the re sults of model cal cu la tions
(mean er ror 0.25 m, mean ab so lute er ror 0.63 m, stan dard er ror 
0.70 m). And, the amount of wa ter out flow from the breed ing
ponds (28.8 m m3/h) and through the spring pools (82.8 m3/h),
de ter mined in the field, is com pa ra ble with the val ues ob tained
on the ba sis of sim u la tions: 27.1 m3/h (breed ing ponds) and
70.3 m3/h (spring pools). The model has thus been con structed
ad e quately to the ex ist ing data and it en ables mak ing of the as -
sumed vari ant sim u la tions.
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RESULTS

HYDROCHEMICAL MEASUREMENTS

Field mea sure ments of the ba sic phys i cal and chem i cal
prop er ties of wa ter in the post-min ing area were car ried out at
78 points lo cated within drain age ditches, ponds, and spring
pools (Fig. 3). The pond wa ter has an av er age tem per a ture of
20.6°C, the pH is 8.28, and the EC is 391 µS/cm. In turn, the av -
er age wa ter tem per a ture in drain age ditches is much lower -
11.7°C, the pH is 7.98, and the PEW is 392 µS/cm. The wa ter
pa ram e ters mea sured in the spring pools are as fol lows: av er -
age tem per a ture 13.6°C, pH ~7.89, EC 388 µS/cm. The de ter -
mi na tions of the ba sic phys i cal and chem i cal pa ram e ters of wa -
ter show the de pend ence of the spa tial dis tri bu tion of their val -
ues. The low est wa ter tem per a tures were re corded in the
ditches lo cated in the spring pool area (9.0°C), which in crease
to the north on mov ing away from the out flows stud ied. The
high est tem per a tures (23.0°C) were found in a pond in the
north ern part of the post-min ing area. The pH val ues in the
study area are dis trib uted sim i larly. The low est val ues of this
pa ram e ter (7.70) were also re corded in the vi cin ity of spring
pools, ditches and ponds lo cated in the south ern part of the
post-min ing area, at the bot tom of which there are vis i ble signs
of ground wa ter out flows. The pH val ues in crease on mov ing
away from these places to wards the north and west, where a
value of 8.62 was re corded in the ponds. The spa tial ori en ta tion
of the val ues mea sured is not so clear in case of the EC pa ram -
e ter. Its high est val ues (574 µS/cm) were re corded in the ponds 
lo cated in the east ern part of the study area, which formed likely 
due to ex ploi ta tion of the de posit in the 1930s (Ta ble 1).

Within all the sam ples col lected, the an ions con cen tra tions
ranged from 196 to 224 mgHCO3/l for bi car bon ate, from 35.0 to
37.0 mgSO4/l for sul phate and from 7.9 to 15.2 mgCl/l for chlo -
ride. The cat ion con cen tra tions of cal cium, mag ne sium, so dium 
and po tas sium were in the range of 63.8–77.2 mgCa/l,
6.4–8.4 mgMg/l, 5.2–6.0 mgNa/l and 0.9–1.4 mgK/l, re spec -
tively. The wa ter sam pled is of HCO3-Ca type. The re sults for
the ma jor chem i cal com po nents do not show any sig nif i cant dif -
fer ences be tween the wa ter sam ples. They do not ex ceed the
val ues typ i cal of nat u ral wa ters (Macioszczyk and Dobrzyñski,
2007) and of the hydrogeochemical nat u ral back ground spec i -
fied for the re gion (Lidzbarski, 2000).The wa ters from the spring 
pool area were char ac ter ised by slightly higher min er ali sa tion
(TDS = 372 mg/l) than the wa ters col lected in other places
(TDS from 321 to 350 mg/l), which could be as so ci ated with the
oc cur rence of ground wa ter out flows.

The im pact of wa ters flow ing out of the springs stud ied on
sur face wa ters is best de ter mined by the mea sured val ues of

tur bid ity and to tal sus pended sol ids. Wa ter tur bid ity is caused
by dis persed col loi dal par ti cles and sus pen sions, which in clude
clay-silt par ti cles, iron hy drox ides, car bon ates, in sol u ble or -
ganic com pounds, higher mi cro or gan isms, etc. (Witczak et al.,
2013). The high est tur bid ity was mea sured near the springs
ana lysed (407.0 NTU), and the low est in the Bychowska Struga
(~1.6 km from the post-min ing area) near the lo cal ity of Perlino
(21.5 NTU). In a drain age ditch on the trib u tary to the
Bychowska Struga, the wa ter tur bid ity was 317.0 NTU. The
con cen tra tions of TSS at these sites were 383 mg/dm3,
13 mg/dm3 and 396 mg/dm3, re spec tively.

The spec i fied chem i cal com po si tion of the wa ters sam pled
does not show typ i cal or sim i lar val ues of in di vid ual pa ram e ters
char ac ter is tic of the wa ters of Ho lo cene car bon ate de pos its
(lac us trine chalk and gyttja), which are con spic u ous in their high 
min er ali sa tion level (>1 g/l), high con cen tra tions of cal cium
(263.5–709.9 mgCa/l) and sulphates (500.0–2,131.9 mgSO4/l), 
and pH<7 (¯urek-Pysz, 1989; Wyrwicki, 2003). The low vari -
abil ity and rel a tively low val ues of in di vid ual pa ram e ters of the
study area wa ters re sult mainly from the short time of wa ter cir -
cu la tion in the aqui fer ana lysed, largely due to the in ten si fied
drain age of ground wa ter and the mix ing of outflowing ground -
wa ter and sur face wa ter.

GROUNDWATER FLOW MODEL

To iden tify the or i gin of ground wa ter out flow ac ti va tion and
to es ti mate the vol ume of wa ter flow ing out from spring pools, a
nu mer i cal ground wa ter flow model has been de vel oped.

On the ba sis of the mod el ling stud ies, it has been de ter -
mined that the ground wa ter re sources in the study area (cur rent 
state) are shaped as a re sult of lat eral in flow of wa ters from the
south west (72.3%), pre cip i ta tion in fil tra tion (25.7%), and in fil tra -
tion of sur face wa ters (2.0%). Ground wa ter run off from the
aqui fer sys tem is mainly due to drain age by sur face wa ters
(99.9%) that in clude breed ing ponds (5.3%), spring pools
(12.6%), drain age ditches and ca nals (58.4%), rivers (21.6%)
and other wa ter bod ies (2.0%). Lat eral out flow plays a mi nor
role in the to tal wa ter out flow from the study area (0.1%). The
con tri bu tion of Aqui fer Q1 to the for ma tion of ground wa ter re -
sources within the study area bound aries is small and amounts
to ~10%.

The el e va tion of hy drau lic head in Aqui fer Q2 at the
south-west ern bound ary of the study area is cal cu lated at
~51.5 m a.s.l., de scend ing to wards the val ley to 45.0 m a.s.l.
(Fig. 4). The vari ant sim u la tions show con sid er able dif fer ences
in its bal ance, which must be linked with the state of the study
area at its dif fer ent de vel op men tal stages. The re charge rate of
ground wa ter in Aqui fer Q2 dur ing the three pe ri ods dis cussed
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Pa ram e ter De ter mi na tion site Num ber of de ter mi na tions Range Av er age

Tem per a ture

[°C]

ponds 51 18.6–23.0 20.6

ditches 23   9.0–17.4 11.7

spring pools   4 10.7–17.9 13.6

pH

[-]

ponds 51 7.84–8.62     8.28

ditches 23 7.70–8.14     7.98

spring pools   4 7.86–7.98     7.89

EC

[µS/cm]

ponds 51 338–574 391

ditches 23 367–463 392

spring pools   4 378–399 388

T a b l e  1

Re sults of field de ter mi na tions of ba sic phys i cal and chem i cal prop er ties of the wa ter



did not show any sig nif i cant changes. The val ues of pre cip i ta -
tion in fil tra tion were in the range of 73.19–74.01 m3/h, the sur -
face wa ter in fil tra tion was 6.86–7.00 m3/h, the de scend ing flow
from Aqui fer Q1 was 25.35–25.99 m3/h, and the lat eral in flow
was 394.64–407.63 m3/h (Ta ble 2).

There are clear dif fer ences in the pro por tion of in di vid ual
com po nents of wa ter drain age of the aqui fer Q2 be tween the
three vari ants con sid ered. Dur ing the ex ploi ta tion of the de posit
(Vari ant I), the ex ca va tions that were formed at that time
drained a sig nif i cant amount of ground wa ter from Aqui fer Q2

(~101.29 m3/h). The amount of sur face wa ters was 240.28 m3/h 
and the as cend ing flow rate to Aqui fer Q1 was 169.59 m3/h. Af -
ter the ex ploi ta tion was aban doned (Vari ant II), the drain age
base was largely blocked due to the shallowing of the res er voirs 
and their trans for ma tion into fish breed ing ponds, re duc ing the
ground wa ter run off through the breed ing ponds by more than a
half (41.60 m3/h). As a re sult, ground wa ter run off from Aqui fer
Q2 in creased due to both drain age through the re main ing sur -
face wa ters (265.70 m3/h) and the as cend ing flow to Aqui fer Q1
(192.39 m3/h). It has been cal cu lated that the breed ing ponds
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Bal ance com po nent Vari ant I [m3/h] Vari ant II [m3/h] Vari ant III [m3/h]

In flow

Rain wa ter in fil tra tion 73.68 73.19 74.01

Sur face wa ter in fil tra tion 6.96 6.86 7.00

De scend ing flow from Aqui fer Q1 25.99 25.35 25.58

Lat eral in flow 404.89 394.64 407.63

To tal in flow 511.52 500.04 514.22

Out flow

As cend ing flow to Aqui fer Q1 169.59 192.39 172.82

Drain age:

• through breed ing ponds
• through spring pools
• other

(341.57)

101.29

0.00

240.28

(307.30)

41.60

0.00

265.70

(341.04)

27.09

70.34

243.61

Lat eral out flow 0.35 0.36 0.35

To tal out flow 511.51 500.05 514.21

T a  b l e  2

The ground wa ter flow bal ance for Aqui fer Q2

Fig. 4. Hy drau lic head con tour lines of Aqui fer Q2 for the cur rent state (Vari ant III)



can cur rently re ceive ~24.09 m3/h of wa ter, while ground wa ter
flows out of the spring pools that formed at the south ern edge of 
the mine at about 70.34 m3/h. The drain age rate in sur face wa -
ters de creased to 243.61 m3/h, and the as cend ing flow from
Aqui fer Q2 to Q1 is 172.82 m3/h (Ta ble 2).

Due to the in com plete knowl edge of hydrogeological con di -
tions and of the geo log i cal struc ture, the re sults should be
treated as ap prox i mate val ues. How ever, they al lowed con -
straints on changes in this phe nom e non.

DISCUSSION

Lac us trine chalk and gyttja are char ac ter ised by high sus -
cep ti bil ity to the wash ing out of fine soil par ti cles by flow ing
ground wa ter, as well as to the loos en ing and liq ue fy ing of the
soil by the pres sure act ing on soil par ti cles in the di rec tion of
wa ter per co la tion through the soil. This is due to their spe cific
phys i cal and me chan i cal prop er ties (Rybicki and ¯urek-Pysz,
1989) and their min eral com po si tion (¯urek-Pysz, 1989; Dobak
and Wyrwicki, 2000; Wyrwicki, 2003).

The na ture of the min ing and rec la ma tion op er a tions re -
sulted in sig nif i cant dis tur bances of the soil and aque ous en vi -
ron ment in the area of the for mer mine, which sub se quently re -
sulted in dis tur bances in the nat u ral hy dro dy namic sys tem of
ground wa ter in this area. The changes in ground wa ter per co la -
tion con di tions led to hy drau lic pip ing, i.e. soil dis place ment to
form con duits (chan nels), cre at ing pre ferred ground wa ter flow
zones. This phe nom e non may re sult from ei ther ex ces sive ex -
ploi ta tion of the raw ma te rial or im proper rec la ma tion op er a -
tions and ma te ri als used to shal low the res er voirs. Pre sum ably, 
these ac tiv i ties ini ti ated the con di tions con du cive to the for ma -
tion of the first spon ta ne ous and un con trolled out flows of
ground wa ter at the south ern edge of the mine area, and then at
the edge of the de posit, where the seal ing sed i ments have the
small est thick ness. Dur ing min ing op er a tions, the dif fer ence in
the wa ter level be tween the bot tom of the ex ca va tion and the
sur round ings ex erts run off pres sure on the soil, which re duces
its vol u met ric weight at the bot tom (Wi³un, 1976). This state
causes the soil to loosen (in crease in vol ume), which in turn
trans lates into an in crease in the wa ter flow rate, which, at crit i -
cal val ues, causes the soil to liq uefy and ini ti ates the suffosion
pro cess. Due to the lack of full doc u men ta tion of the de posit, we 
can not rule out that re con nais sance op er a tions car ried out in
the past, as well as the drill ing of ex plor atory wells and their in -
ap pro pri ate aban don ment, also con trib uted to the ac ti va tion of
the out flows un der study.

The suc ces sive leach ing of the sed i ment led to the en large -
ment of pore chan nels in poorly per me able sed i ments and to
the in crease in out flow ef fi ciency, which re sulted in the break ing 
of the dyke to flood the area. In the next phase, soil loos en ing

took place in the op po site di rec tion to the wa ter move ment, hav -
ing a rhe o log i cal na ture of vol u met ric flow, and the sub se quent
sink ing of the ground sur face. The ter rain sur face and the static
ground wa ter ta ble of the aqui fer be came in ter sected, which re -
sulted in a change in the piezometric pres sure lines, an in -
crease in hy drau lic gra di ent, and a sig nif i cant sink ing of the ter -
rain around the form ing spring pool area. The pro gres sive ex -
pan sion of the area of out flow sites, ac com pa nied by on go ing
headward ero sion of the outflowing wa ter, led to a grad ual col -
lapse of the ter rain to wards the south east and to the de vel op -
ment of a spring pool, i.e. a small amphitheatral de pres sion with 
steep slopes, which has formed around the springs area
(Mazurek, 2017). Ground wa ter out flows can also be ob served
at the bot tom of the breed ing ponds and ad ja cent ditches.
Sche matic di a grams of ground wa ter flowpaths within the study
area for the min ing stage and for the cur rent stage are shown in
Fig ure 5.

Af ter the ex ploi ta tion of lac us trine chalk ceased, clear hy -
dro dy namic changes in Aqui fer Q2 can be ob served (Fig. 6A).
The great est changes oc curred in the south ern part of the ex ca -
va tion that was formed at that time - the ground wa ter ta ble rose
by 2.00 m and was ar te sian in na ture. On the wa ter in flow path,
in the area of fu ture spring pools, hy dro static pres sures in -
creased from 0.75 to 1.25 m.

Ac ti va tion of ground wa ter out flows re sulted in a sig nif i cant
de pres sion of the area around the spring pools (Fig. 6B), where
the ground wa ter ta ble of Aqui fer Q2 de creased by ~1.8 m.
Based on the cal cu la tions per formed with the use of GIS tools,
the amount of the washed-out sed i ment (land loss) within the
spring pools at the south ern edge of the post-min ing area is es -
ti mated at 5,611 m3. On the other hand, the ground wa ter ta ble
in the area of post-min ing ex ca va tions is still ar te sian, al though
the pres sure de creased by 1.0 m in re la tion to the post-min ing
pe riod. The shape of the cone of de pres sion that has formed
around the spring pools is quite reg u lar and spreads mainly in
the di rec tion of ground wa ter flowpath over an av er age dis tance
of 500 m, where the de pres sion is ~2.0 m. Hy dro dy namic
changes of lower val ues reach much fur ther (up to ~1.0 km). On 
the other hand, the ex tent of the cone of de pres sion to the north
is highly lim ited and ranges to the south ern dyke of the ponds,
which sep a rates them from the for est ar eas (~180 m).

Re gard less of nat u ral fac tors (e.g., the amount of wa ter re -
charge to the aqui fer, a change in the hy drau lic gra di ent), hy -
dro log i cal mea sures ap plied in the post-min ing area may also
have a sig nif i cant im pact on the fur ther de vel op ment of the
spring pools. These com prise mainly con struct ing cul verts and
dykes that di vide larger res er voirs, mak ing the res er voirs shal -
lower, in ter fer ing with the ground wa ter ta ble level in ponds by
rais ing or low er ing it, and chang ing lo cal wa ter flow di rec tions in
sur face wa ter courses.
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Fig. 5. Sche matic di a gram of ground wa ter flowpaths in the post-min ing area 
(A – dur ing ex ploi ta tion; B – cur rent state, ac ti va tion of out flows)

For ex pla na tions see Figure 2

https://gq.pgi.gov.pl/article/view/8672


CONCLUSIONS

We have iden ti fied a ground wa ter flow sys tem in a wet land
and dem on strated the or i gin of ground wa ter out flow ac ti va tion.

The min ing and rec la ma tion op er a tions car ried out in the
area of an in ac tive mine of lac us trine chalk at Mierzyno dis -
turbed the nat u ral hy dro dy namic ground wa ter sys tem. In con -
se quence, due to ar te sian pres sure changes in the deep aqui -
fer there were ground wa ter out flows at the edge of post-min ing
ex ca va tions and the for ma tion of spring pools in the ad ja cent
area. The outflowing ground wa ter is char ac ter ised by in creased 
tur bid ity, which is be lieved to be as so ci ated with the wash ing
away of silt-clay par ti cles from lac us trine chalk and gyttja. The
amount of sed i ment washed out in the area of the spring pools
is ~5,611 m3. How ever, based on the model sim u la tions, the
dis charge rate of the springs has been es ti mated at
~70.34 m3/h.

Hy dro log i cal prac tice ap plied within the post-min ing ar eas
may have a sig nif i cant im pact on the fur ther de vel op ment of
spring pools and the in ten sity of out flow of wa ter with in creased
tur bid ity. In con sid er able ac tions, such as back fill ing of the

spring pools, or fill ing or de com mis sion ing of the ponds, may
bring tem po rary ben e fits, but in the fur ther fu ture, they may con -
trib ute to an in crease in both geodynamic haz ards and dam age
to the nat u ral en vi ron ment. To im prove en vi ron men tal con di -
tions and in hibit the un de sir able ef fects of un con trolled ground -
wa ter out flows we rec om mend deep en ing of the breed ing
ponds in or der to in crease the vol ume of drain age of the deeper 
aqui fer that will al low lim it ing of spring pools ex pan sion. The
phe nom e non ana lysed should be sub ject to quan ti ta tive and
chem i cal hydrogeological and hy dro log i cal mon i tor ing. This will
al low pre dic tion of un wanted changes in the en vi ron ment. We
also rec om mend ap pro pri ate mea sures for the pu ri fi ca tion of
wa ter flow ing out the post-min ing area.

Ac knowl edge ments. The au thors are grate ful to the re -
view ers for their valu able re marks and sug ges tions that al lowed 
im prove ment of the manu script. This re search was funded by
the Pol ish Hydrogeological Sur vey, in the frame work of the task
no. 33: Con duct ing ac tiv i ties by re search team for iden tify ex -
ten sion of pol lu tion caused by in ci den tal events, ac ci dents or
ca tas tro phes.
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