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As so ci ate Ed i tor: Tatjana Solovey

We describe the hydrogeochemical and karstological ef fects of the ac ti va tion of wa ter cir cu la tion within a gyp sum quarry lo -
cated in the Prut River val ley in the north ern part of the Re pub lic of Moldova, just next to the bor der with Ukraine. The quarry,
lo cated near the vil lage of Criva, has been ex ploit ing a gyp sum de posit since 1946. Due to the al most com plete fill ing with
wa ter of the gyp sum layer, which is 25 metres thick, ground wa ter drain age has been car ried out. As a re sult of the deep en ing
of the quarry to 20 m, the up per part of the aqui fer has been drained. Anthropogenic ac ti va tion of karst pro cesses are vis i ble
within the rock mass and on the sur face, and since 1977, these have been ob served in the lab y rin thine Zoluszka Cave, ex -
posed by min ing works, which is 92 km long and has a vol ume of 0.65 mil lion m3. Based on the anal y sis of ar chi val ma te ri als
us ing poly no mial re gres sion anal y sis, the course of wa ter drain age in the quarry was re con structed for the years 1946–2023. 
In this pe riod of 77 years, 313,003,504 m3 of wa ter were pumped out of the quarry. In or der to model the course of vari a tion of
se lected char ac ter is tics over this time pe riod, a poly no mial re gres sion method based on a third-de gree equa tion was used.
This de ci sion was dic tated by the con sid er able fluc tu a tions in wa ter drain age lev els and the rel a tively small amount of em pir i -
cal data, es pe cially in the ini tial and fi nal time pe ri ods dur ing which the study was con ducted. On the ba sis of wa ter chem is try, 
tak ing into ac count the vol ume weight of gyp sum, the mass of gyp sum drained in the dis solved state and the vol ume of karst
voids formed were cal cu lated. They amount to 624,435.18 tons of dis solved rock and 328,948.12 m3 of newly formed karst
voids, re spec tively. The av er age an nual rate of chem i cal de nu da tion un der anthropogenic pres sure was 4,272 m3/year and
the rate of de nu da tion un der nat u ral con di tions was fre quently ex ceeded by an es ti mated 50 to 4,000 times on an an nual ba -
sis, de pend ing on the age as sess ments of the karst in the area. Cur rently, karst in the aer a tion zone in cludes the lab y rin thine
sys tem of karst voids of the Zoloushka cave (which are in part filled  with clayey de pos its of col lapsed and re sid ual or i gin),
and karst in the sat u ra tion zone in cludes the lower part of the gyp sum unit with a thick ness of 5 m, where new karst voids are
formed. The de vel op ment of karst fis sures in this lower part of the gyp sum, with a to tal vol ume un der the cave of 165,000 m3,
has caused de for ma tion of the clay bot toms of the pas sages and their set tle ment to a depth of 2–3 m. On the sur face, un der -
ground karst ac ti va tion is re flected in more than 150 karst sink holes, which be gan to form en masse in the quarry area af ter
1946. Nev er the less, the ob served trend of clear deg ra da tion of the aqui fer, small wa ter in flows to the quarry  and the ten -
dency to sta bi lize the aqui fer level are the pre mises for pre serv ing the quarry and con tin u ing its drain age af ter the gyp sum
ex ploi ta tion has ended. We rec om mend re claim ing the quarry and cre at ing a rec re ational and tour ist cen tre on its ba sis.
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INTRODUCTION

We de scribe an ex am ple of the hy dro dy namic and
hydrogeochemical ef fects of min ing in a karst area. An ear lier
ar ti cle (Andreychouk et al., 2021) dis cussed these is sues the -
mat i cally and ana lysed as pects of hydrogeochemical changes

ac com pa ny ing the deg ra da tion of the karst aqui fer fol low ing
pump ing of wa ter from the gyp sum quarry in Criva, Re pub lic of
Moldova. This quarry has been in full-scale op er a tion since
1954, al though gyp sum min ing be gan at the site (an open pit of
lo cal im por tance) in 1946. Cur rently, the quarry is leased by the
Ger man com pany Knauf, which op er ates the gyp sum mine.

The abun dant lit er a ture on re lated top ics in cludes: stud ies
of wa ter haz ards dur ing quar ry ing (Banzato et al., 2010;
Caselle et al., 2020); geo chem i cal in ter ac tions be tween wa ter
and rocks in karst rock quar ries (Eang et al., 2018;
Andreychouk et al., 2021); the ac ti va tion of karst pro cesses
(Andreychouk, 2007; Van den Eeckhaut et al. 2007; Sprynskyy
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et al., 2008; Rzonca and  Buczyñski, 2013;  Byle et al., 2024);
the use of quar ries drain ing gyp sum aqui fers as a source of wa -
ter sup ply (Van der Gaag, 2008); the man age ment of quarry
over bur den in karst en vi ron ments (Oggeri et al., 2019); and the
eco log i cal and land scape im pacts of quar ry ing on car bon ate
rocks (Mayes et al., 2005; Mouflis et al., 2008; Nita, 2013).

Dur ing min ing in the walls of the de scribed quarry, a gi gan tic 
sys tem (net work) of un der ground voids known as the
Zoloushka Cave was ex posed (Andreychouk, 2007). By 2007,
more than 90 km of un der ground pas sage ways de vel oped in a
24-metre thick layer of Mid dle Mio cene (Badenian) se quence of 
stromatolitic (microbialitic) gyp sum (Peryt, 1996) had been
mapped, with a to tal vol ume of ~0.65 mil lion m3 that places the
cave among the larg est gyp sum caves in the world
(Andreychouk and Klimchouk, 2017). Geo log i cal and
geomorphological stud ies in di cate that the ex posed cave lab y -
rinth is larger and is only a part (of un con strained size) of the ex -
ten sive karst sys tem that has de vel oped in this gyp sum de posit.

Due to its large size, the cave and its sur round ings (in clud -
ing the quarry) have be come a kind of “mag net”, at tract ing the
at ten tion not only of spe le ol o gists, but also of ge ol o gists, hydro -
geologists, and geomorphologists, and they are of great re -
search in ter est as re gards the course of karst, hydro geo -
chemical, geomicrobiological, geo log i cal-en gi neer ing and
other pro cesses. As a re sult of many years of re search in the
re gion, a num ber of pat terns have been re cog nised re gard ing
the evo lu tion of the karst wa ter ta ble and speleogenesis, and
sev eral in ter est ing dis cov er ies have been made in the fields of
min er al ogy and geomicrobiology (Andreychouk, 2007). As a re -
sult, both the cave and the quarry, which form a com pressed
min ing-geo log i cal-hydrogeological sys tem, are of great and
con tin u ing in ter est among a range of re search ers (in clud ing
those in volved in en vi ron men tal med i cine, bi ol ogy and re lated
top ics). At pres ent, re search into the re gion is on go ing and cov -
ers a di verse range of top ics.

How ever, there is a dan ger that in the com ing years the
quarry, along with the cave lab y rinth, will be over whelmed by
ground wa ter flood ing.  As a re sult, a min ing fa cil ity of much sci -
en tific in ter est will be closed, and the unique cave sys tem would 
fill with wa ter and be come in ac ces si ble to spe le ol o gists. This
sit u a tion is one rea son for con duct ing the re search we de scribe
here. Our im me di ate goal was to quan tify the chem i cal de nu da -
tion of the gyp sum rock mass by cal cu lat ing the amount of gyp -
sum re moved in a dis solved state dur ing quarry drain age and
its karstological con se quences – both in terms of the for ma tion
of new un der ground spaces and the ap pear ance of karst ac ti -
va tion at the sur face. We also de scribe the course and scale of
anthropogenically stim u lated wa ter cir cu la tion in the quarry,
and com pare its hydrogeochemical and karstological con se -
quences to those re sult ing from nat u ral pro cesses that took
place with out hu man in volve ment.

STUDY AREA – CRIVA GYPSUM QUARRY
 AND ZOLOUSHKA CAVE LABYRINTH

The quarry is lo cated in the north ern part of the Re pub lic of
Moldova, just next to the bor der with Ukraine and Ro ma nia
(Fig. 1). The dis tance of the quarry from the bor der with Ukraine 
is cur rently just over 0.2 km, and the dis tance to the bor der with
Ro ma nia, run ning along the Prut River, is ~1.2 km. The clos est
vil lages are Criva (on the Moldavian side) and Podvirne (on the
Ukrai nian side; Fig. 1).

Prior to gyp sum ex ploi ta tion in the late 1940s and early
1950s, both the gyp sum layer and the cave it self were al most
com pletely filled with wa ter and were char ac ter ised by con fined
hydrogeological con di tions and slower ground wa ter cir cu la tion.

Just be fore ex po sure, the hydrogeochemical en vi ron ment was
tran si tional be tween re duc ing and oxi dis ing, with min er al iza tion
of ~2.6–2.9 g/l. Un der nat u ral con di tions, wa ter from the gyp -
sum aqui fer drained into the chan nel of the Prut River, lo cated
~1 km from the quarry, and into the chan nel of the Pacak River,
which is a left trib u tary of the Prut flow ing near the quarry and
the cave (Fig. 1).

Dur ing grad ual gyp sum un cov er ing, quarry ex ploi ta tion, and 
as so ci ated pump ing of the ground wa ter to the sur face (at a rate
of 8–25,000 m3/day), the wa ter ta ble was low ered, by 18 m, to
the bot tom of the gyp sum bed. In this way, most of the gyp sum
layer and cave sys tem was dewatered (Fig. 2), al low ing spe le ol -
o gists to phys i cally en ter the cave in 1977. The cave was then
mapped, and re search stud ies and ob ser va tions were con -
ducted. Ap prox i mately 4–6 m of un ex ploited gyp sum floor re -
mained sat u rated with wa ter (Fig. 3).

Dur ing the low er ing of the ground wa ter ta ble and the for ma -
tion of the cone of de pres sion, a for merly con tin u ous karst aqui -
fer, in clud ing the part that was vis i ble in the cave lab y rinth,
started to split into in di vid ual res er voirs con trolled by the mor -
phol ogy of dif fer ent parts of the karst sys tem, and these be gan
to fill with clay sed i ments. As the wa ter ta ble was low ered, the
aqui fers shrank and more iso lated mini-aqui fers (cave “lakes”)
formed (Andreychouk and Klimchouk, 2017; Fig. 4). In the
1950s, deg ra da tion of the aqui fer led to the for ma tion of doz ens
of  cave “lakes” lo cated in the low er most parts of the cave.

The cur rent ex trac tion of gyp sum from the quarry takes
place at two lev els (Fig. 5A). The base of the lower level is wa -
ter-bear ing and pro tects against ver ti cal seep age into the
quarry of wa ter from the lower aqui fer in the Cenomanian sand -
stone strata (Cre ta ceous), which are sep a rated from the gyp -
sum by a layer of poorly per me able marly de pos its. The wa ter in 
the quarry bot tom (Fig. 5A, B) rep re sents a strongly drained
aqui fer in the karst gyp sum. The wa ter is dis charged from the
quarry (Fig. 5C) to the Pacak River bed ad join ing the quarry to
the south-west (Fig. 1) through a pump ing sta tion (white build -
ing in Fig. 5D). The quarry also re ceives (in lim ited amounts)
wa ter from the over ly ing strata, in clud ing from ter race river de -
pos its as well as via rain fall. These is sues are dis cussed in de -
tail in the Meth ods sec tion.

WATER CIRCULATION WITHIN 
THE CRIVA QUARRY

Wa ter in flow to the quarry and its cir cu la tion are in flu enced
by the fol low ing fac tors: the li thol ogy of the hard rock of the gyp -
sum de posit and of the sur round ing loose de pos its; the
hydrogeological pa ram e ters of the rocks (per me able ver sus
poorly per me able); the strong de vel op ment of karst phe nom -
ena; the na ture of the com pact bed rock and of the frac tured
rock ly ing di rectly be neath the gyp sum; the blocky na ture of the
tec ton ics; the (cur rently ab sent) hy drau lic re la tion ship be tween
the wa ters of the Pacak stream and the wa ters of the res er voir
level as well as with the frac tured aqui fer con fined un der pres -
sure that lies di rectly be neath the de posit; the amount of pre cip -
i ta tion (~650 mm/year), the du ra tion of min ing (70 years), the
depth of the quarry (25–45 m) and the area of the quarry
(0.08 km2).

The wa ters cir cu lat ing within the quarry and cave have di -
verse or i gins, di rec tions, flow rates and hydrochemical pa ram e -
ters. They can be di vided into wa ters flow ing into the quarry
from the out side (un der ground, from the karst aqui fer and the
aqui fer in the ter raced Qua ter nary de pos its, and rain wa ter), and 
wa ters oc cur ring (cir cu lat ing) in side the cave, drained by the
open-pit mine (Fig. 6).
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Fig. 1. Lo ca tion of the Criva gyp sum quarry on maps of the Re pub lic of Moldova (A) and the gen eral re gion (B) and the lo ca tion
of the quarry against the lo cal back ground of Ukraine and Moldova (C), to gether with the neigh bor ing vil lages of Criva and

Podvirne (A – Internet, B, C – Google Earth)

The en trance to the cave is shown in C. The yel low line shows the bor der be tween Ukraine and Moldova
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Fig. 2. Hydrogeological con di tions in the Criva gyp sum quarry area in the pre-quar ry ing pe riod (up per scheme) and their
changes due to quar ry ing (lower scheme)

The ar rows in di cate the di rec tion of ground wa ter flow, the dot ted ar rows show slug gish forced flow, and the curved ar rows in di cate
nat u ral con vec tion (Andreychouk and Klimchouk, 2017)

Fig. 3. Photo of the quarry in the early 1970s

The vis i ble part of the gyp sum layer is ~18–19 m thick. The non-vis i ble lower 4–5 m of the
gyp sum layer (be low the dashed line) is sat u rated with wa ter. The sur face of the lake in di -
cates the ar ti fi cially main tained wa ter level in the quarry. In the wall of the up per part of the
gyp sum layer, sev eral en trances to the un der ground karst sys tem are vis i ble. The photo is
taken from a geo log i cal re port from 1975 as sess ing the con di tions of gyp sum ex ploi ta tion in
the quarry and its sur round ings (free ac cess to ma te ri als)

https://doi:10.1007/978-3-319-53348-3_24/
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Fig. 4. Parts of the de graded karst aqui fer, with cave “lakes” vis i ble at the bot tom of cave cor ri dors

A – Frag ment Lake, B – Vystavochnyi (Expositional) Lake, C – Dalekoschidne (Far-East ern) Lake, D –  Nau ti lus Lake, E – Krokodyla
(Croc o dile) Lake, F – Zelenyi Labirynt (Green Lab y rinth) Lake, G – Syfon (Si phon) Lake, H – Filipcovo Lake (pho tos by O. Klimov, I.

Teleshman)



The el e ments of the wa ter cir cu la tion within the quarry -
cave sys tem (marked on Fig. 6) make dif fer ent con tri bu tions to
the ac cu mu la tion of wa ter on the quarry floor and its chem i cal
com po si tion. Some of them (the com po nents of “in ter nal” cir cu -
la tion – 2, 3, 4, 7, 8, 9, 10, 11, 12, 13, 14 – see Fig. 6) par tic i pate 
in di rectly and their im por tance is neg li gi ble and dif fi cult to quan -
tify. The fol low ing com po nents of the bal ance should be con sid -
ered in more de tail: the flow into the quarry of ground wa ter
(from the karst aqui fer and sub-gyp sum wa ters), pre cip i ta tion
(rain and snow) and the seep age of deep wa ter from un con sol i -
dated Qua ter nary de pos its.

The main com po nent of the wa ter flow ing into the quarry is
ground wa ter. Of sec ond ary im por tance are rain wa ter and see -
p age wa ter from the Qua ter nary over bur den. The amount of
pre cip i ta tion in the study area, ac cord ing to data from me te o ro -
log i cal sta tions in Lipkani (Moldova) and Botoºani (Ro ma nia),
var ies be tween 520 and 790 mm/year and av er ages ~650 mm.
The quarry re charge area is 0.2x0.4 km, or 0.08 km2, hence the
to tal at mo spheric wa ter sup ply is 52,000 m3 per year.

The wa ter sup ply from the aqui fer in the Qua ter nary de pos -
its is dif fi cult to es ti mate. Some of the wa ter, ac cu mu lat ing in su -
pra-gyp sum ter race de pos its, un der goes un der ground drain -
age, in fil trat ing through sink hole chim neys filled with loose de -
pos its (ac cu mu lat ing dur ing the de vel op ment of the sink hole
chim neys to wards the sur face). In the area oc cu pied by the
cave (~1.0 km2), sev eral in stances of the seep age of wa ter
from the col lapse cone were ob served. The larg est seep age

was in the form of a spring with a ca pac ity of ~0.05 l/s (the
so-called “Spring of Life” in the Cham ber of Chernivtsi Cav -
erns). This spring func tioned for sev eral years and dis ap peared
as a re sult of dis tur bance of the col lapse ma te rial. If we as sume
that, within the cave bound aries, the in flow of in fil tra tion wa ter
(in clud ing hid den wa ter) is 0.05–0.5 l/s, the to tal amount of wa -
ter en ter ing the cave can be es ti mated at 1,500–15,000 m3 per
year.

 The sur face drain age is def i nitely greater. At many points
along the walls of the quarry, where ter raced sandy-gravel de -
pos its were ex posed ly ing on poorly per me able Baden (su -
pra-gyp sum) clay strata, we ob served 1–2 out flows of wa ter,
com bin ing into streams flow ing down to the quarryThe out put of 
such springs usu ally ranges from 0.1 to 0.3 l/s and is highly vari -
able de pend ing on at mo spheric con di tions. In to tal, the amount
of wa ter seep ing from the over bur den into the quarry may be
3,000–9,000 m3 per year for out flows with a ca pac ity of 0.1 l/s
and 9,000–27,000 m3 for out flows with a ca pac ity of 0.3 l/s. In
to tal, ~10,000–40,000 m3 of wa ter per year flows into the quarry
from the un der ground and sur face drain age of the Qua ter nary
level.

 The es ti mated val ues quoted above are small com pared to
ground wa ter in flows from the karst aqui fer of sev eral thou sand
m3 per day (see be low). On an an nual ba sis, pre cip i ta tion and
wa ter from Qua ter nary for ma tions ac count for only 0.1–0.3% of
the to tal amount of wa ter dis charged from the quarry. Due to the 
small in flow and low min er al iza tion (580 mg/l on av er age) of
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Fig. 5. Gen eral view of the Criva Quarry (A) with a lake at the bot tom (B) whose wa ters are di rected to a pump ing sta tion 
(C and D; pho tos by V. Andreychouk)



Qua ter nary-de rived wa ters and wa ters from pre cip i ta tion, their
con tri bu tion was ig nored in cal cu la tions of the chem i cal de nu -
da tion within the quarry.

MATERIALS AND METHODS

In or der to eval u ate the chem i cal de nu da tion, as ex pressed
in the load of dis solved sub stances in wa ter pumped out of the
quarry, and its karstological con se quences, it was nec es sary to
ob tain data on:

1. The amount of ground wa ter flow ing into and out of the
quarry.

2. The chem i cal com po si tion of the pumped-out wa ter.
3. In for ma tion on ex og e nous pro cesses oc cur ring within

the quarry and in its vi cin ity, es pe cially the for ma tion of
new sink holes, which can be con sid ered a con se quence 
of the anthropogenic ac ti va tion of wa ter cir cu la tion in the 
karst rock mass.

In re la tion to (1), it is not pos si ble to ob tain de tailed and reg -
u lar data on the pump ing of wa ter from the quarry for the en tire
pe riod of its op er a tion. Data from the pe riod 1946–1991, in the
form of pump ing logs and en ergy con sump tion, have been lost.
Later, af ter the po lit i cal tran si tion, pump ing ob ser va tions were
car ried out ir reg u larly. It was only af ter the Ger man Knauf

Group took over the min ing plant that the amount of wa ter
pumped out of the quarry be gan to be doc u mented con sis -
tently. We were able to ob tain de tailed data for a pe riod of 9
years (2003–2011; Ta ble 1).

Re gard ing the ear lier years (1946–2002), and the later pe -
riod (2012–2024), se lected data found in geo log i cal re ports and 
a few ar chi val doc u ments were used. In the Dis cus sion, we at -
tempt to es ti mate the miss ing val ues based on some fac tual
and the o ret i cal pre mises. The data avail able to us served as
base val ues for the prep a ra tion of a multi-year curve (model)
de scrib ing the amount of pumped wa ter and the re sult ing
hydrochemical cal cu la tions of de nu da tion and the for ma tion of
un der ground voids in the “quarry-cave” sys tem.

For (2), the chem i cal com po si tion of wa ter from the gyp sum
aqui fer is pro vided on the ba sis of our pre vi ous stud ies. Spe cif i -
cally it is de rived from hydrogeochemical stud ies of the wa ter
from the quarry’s cre vasse sys tem (Andreychouk, 2007) and
the wa ter cir cu lat ing in the Zoloushka Cave sys tem, which is
drained by the quarry (Andreychouk, 2007; Andrejchouk et al.,
2009, 2021). The re sults of these stud ies are very con sis tent,
hence av er aged val ues of con stit u ent con cen tra tions in wa ter
pumped from the quarry were adopted for chem i cal de nu da tion
stud ies. The av er age con cen tra tions of se lected com po nents in 
the wa ter, stud ied in 2020, were: TDS 2.646 g/l, Ca 0.543 g/l,
SO4 1.439 g/l.
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Fig. 6. Cir cu lat ing wa ter within the gyp sum mas sif un der con di tions of min ing ac tiv ity

1 – pre cip i ta tion, 2 – sur face run off, 3 – wa ter in ter race de pos its above the gyp sum, 4 – wa ter in fil trat ing into the cave)] via col lapse tubes
and bore holes, 5 – out flows of wa ter from Qua ter nary de pos its in the quarry wall, 6 – run off of wa ter from Qua ter nary de pos its into the quarry,
7 – seep age of in fil tra tion wa ters into cave “lakes”, 8 – out flow of in fil tra tion wa ter in the form of small springs, 9 and 10 – in fil tra tion of wa ter
into cave de pos its and lakes, 11 and 12 – evap o ra tion of wa ters from the sur face of cave lakes and de pos its in the bot toms of pas sages, 13 –
ac cu mu la tion of wa ter vapour in cave air, 14 – nat u ral drain age of mois ture from the cave into the quarry (through fis sures)

https://doi:doi: 10.7306/gq.1610


With re spect to (3), in for ma tion on the ex og e nous pro -
cesses oc cur ring in and around the quarry is in com plete, as
there was no mon i tor ing of sink hole for ma tion dur ing the study
pe riod. Each newly formed sink hole was back filled with ma te rial 
from the over bur den and its place of for ma tion was not re -
corded on min ing maps. Andreychouk (2007), who has been
study ing the Zoloushka cave re gion since 1976, doc u mented
tens of newly formed sink holes. Be cause the quarry has been
in op er a tion since the 1950s, the to tal num ber of sink holes cre -
ated in that pe riod is sig nif i cantly higher than be fore min ing ac -
tiv ity started. Hence, the de scrip tion of the ef fects of sur face
karst ac ti va tion gov erned by min ing ac tiv i ties is mainly qual i ta -
tive. The de vel op ment of sub ter ra nean karst, on the other
hand, has been doc u mented quan ti ta tively (see Dis cus sion
sec tion).

Geo log i cal and ex plo ra tion re ports found in the ar chives of
the geo log i cal in sti tu tions of Chernivtsi, Kyiv and Chisinau
proved to be very help ful as sources of data from the early pe ri -
ods of quar ry ing. These in clude re ports from 1946, 1975, 1976
and 1991 (see Ref er ences).

Fol low ing the ac qui si tion of se lected data on the quan ti ties
stud ied, i.e., wa ter drain age, CaSO4 con tent and vol ume of
newly formed karst voids in the gyp sum rock mass, re gres sion
mod els based on a third-de gree poly no mial func tion were de -

vel oped. This type of func tion ac cu rately cap tures the vari abil ity
of the re sults, where large fluc tu a tions can be ob served, which
is dif fi cult to re flect with tra di tion ally used func tions (Mor ton and
Henderson, 2008; Keshtegar et al., 2019; Inforsato and De
Jong van Lier, 2021). Be cause the goal was to ob tain a uni fied
fore cast ing model, and not to have too many re sults for dif fer ent 
time in ter vals, a model based on fold ing func tions of dif fer ent
types for dif fer ent sub-pe ri ods was aban doned. Sim i lar meth -
ods were also used for the other hy dro log i cal char ac ter is tics
(Kelleners and Chaudhry, 1998; Elgama et al., 2021; Zawawi et
al., 2022).

RESULTS

The more or less reg u lar ac qui si tion of reg u lar data, the re -
sults of many years of re search, as well as in ter po la tions made
on the ba sis of this data, al lowed us to re con struct the course of
the pump ing of wa ter from the quarry (Fig. 7), and to carry out
cal cu la tions of the amount of dis solved ma te rial re moved from
the rock mass (chem i cal de nu da tion) in the pe riod 1956–2023
(Figs. 8, 9 and Ta bles 2–4).

Based on the data, a third-de gree poly no mial re gres sion
was de rived with the gen eral equa tion:
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Year/
month

2003 2004 2005 2006 2007

month day month day month day month day month day

01 253,770 8,186 265,898 8,577 208,879 6,738 280,688 9,054 311,968 10,063

02 256,990 9,178 243,151 8,385 255,417 9,122 280,203 10,007 277,402 9,907

03 267,981 8,645 222,228 7,169 239,400 7,723 294,000 9,484 313,120 10,101

04 261,500 8,717 230,301 7,677 231,000 7,700 284,128 9,471 231,000 7,700

05 254,243 8,201 190,168 6,134 188,013 6,065 289,002 9,323 212,100 6,842

06 244,360 8,145 209,748 6,992 229,530 7,651 286,440 9,548 214,200 7,140

07 269,598 8,697 207,629 6,698  219,139 7,069 274,514 8,855 157,000 5,065

08 223,522 7,210 226,800 7,316 255,150 8,231 270,900 8,739 165,000 5,323

09 240,834 8,028 250,904 8,363 264,857 8,829 271,320 9,044 132,000 4,400

10 219,866 7,092 193,007 6,226 252,000 8,129 248,466 8,015 169,000 5,452

11 208,230 6,941 235,444 7,848 274,207 9,140 293,712 9,790 173,000 5,767

12 227,949 7,353 224,129 7,230 288,628 9,311 313,320 10,107 166,000 5,355

An nual
total/daily 
av er age

2,928,843 8,024 2,699,407 7,375 2,906,220 7,962 3,386,693 9,279 2,521,790  6,909

Year/
month

2008 2009 2010 2011

month day month day month day month day

01 204,395 6,593 357,157 11,521 277,407 8,949 460,303 14,848

02 166,828 5,753 300,920 10,747 231,193 8,257 401,722 14,347

03 168,000 5,419 352,130 11,359 255,679 8,248 380,035 12,259

04 231,000 7,700 275,533 9,184 252,373 8,412 291,736 9,725

05 138,600 4,471 343,270 11,073 240,236 7,750 353,940 11,417

06 142,810 4,760 270,000 9,000 265,020 8,834 287,727 9,591

07 205,800 6,639 280,132 9,037 265,020 8,549 272,704 8,797

08 419,513 13,533 267, 880 8,641 503,506 16,242 271,271 8,751

09 276,448 9,215 256,200 8,540 347,430 11,581 216,859 7,229

10 240,167 7,747 282,790 9,122 293,996 9,484 265,719 8,572

11 231,725 7,724 237,300 7,910 238,533 7,951 303,804 10,127

12 357,464 11,531 126,470 4,080 295,510 9,533 376,950 12,160

An nual
to tal/daily 
av er age

2,782,750 7,603 3,349,782 9,177 3,465,903 9,496 3,882,770 10,638

T a  b l e  1

Ground wa ter drain age at Criva gyp sum quarry, Moldova in 2003–2011 (m3)
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y = at3 + bt2 + ct + d

For the vari able “drain age”, the model shown in Fig ure 7
was ob tained.

The quarry wa ter drain age val ues pre dicted from the model
are shown in Ta ble 2.

When con sid er ing the amount of chem i cal de nu da tion, it is
nec es sary to take into ac count the amount of wa ter cir cu lat ing
in the aqui fer sys tem, the hydrochemical data and the geo -
chem i cal com po si tion of the gyp sum rocks. The cal cu la tion as -
sumes that the av er age bulk weight of gyp sum is 2.32 t/m3. The
bulk grav ity of gyp sum from the Criva Quarry was mea sured in
1975 at the quarry lab o ra tory us ing 4 sam ples. 2 sam ples of
coarse crys tal line gyp sum had vol u met ric weights of 2.29 t/m3

and 2.33 t/m3, and 2 sam ples of fine gyp sum had vol u met ric
weights of 2.31 t/m3 and 2.34 t/m3. Av er ag ing the re sults from
the 4 sam ples gives a value of 2.32 t/m3.

The av er age con tent of the main com po nent in the gyp sum
of the de posit ex ploited – CaSO4 ́  2H2O – is 97.38%. The in sol -
u ble and barely sol u ble res i due is 2.62%. The main im pu rity in
the gyp sum rock is CaCO3 (0.3–2.0%). The con tent of SiO2 var -
ies from 0.10 to 0.80%, that of Fe2O3 from 0.02 to 0.09%, and
that of MgO from 0.0 to 0.5%. The con tent of im pu ri ties in the

ver ti cal pro file of the gyp sum unit var ies. The gyp sum showed
high chem i cal pu rity through out the pro file (Andreychouk,
2007).

For the load of CaSO4 re moved from the quarry with the
pumped wa ter, the model shown in Fig ure 8 was ob tained.

The val ues of CaSO4 load re moved with pumped wa ter pre -
dicted from the model are shown in Ta ble 3.

For the “space equiv a lent” vari able, the model shown in Fig -
ure 9 was ob tained.

The “space equiv a lent” val ues pre dicted from the model are 
shown in Ta ble 4.

The fit ted poly no mial model is of good qual ity, as cor rob o -
rated by the high value of the R2 co ef fi cient of de ter mi na tion,
which is ~89%. This means that the model re flects the nat u ral
vari abil ity of the es ti mated vari ables with cor re spond ing ac cu -
racy, so 11% re mains a ran dom com po nent. The high qual ity of
the model pa ram e ters is also in di cated by their sig nif i cance lev -
els. All pa ram e ters of the model turned out to be sta tis ti cally sig -
nif i cant at the 5% level. The sig nif i cance value for free ex pres -
sion is sta tis ti cally less rel e vant.

The choice of the poly no mial model stemmed from the es ti -
mated ran dom vari ables that showed changes de pend ing on
the pe riod con sid ered. One can see a clear in crease in the val -
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De pend ent vari able: drain age – year scale [m3]; con fi dence level: 95.0% (alfa = 0.050)

Rat ing Stan dard er ror Value t
df = 10 p Lower 

con fi dence limit
Up per 

con fi dence limit

a 157 35.0 4.49590 0.001150 79 235

b –21,733 3,734.4 –5.81950 0.000168 –30,053 –13,412

c 766,007 115,408.7 6.63734 0.000058 508,860 1,023,153

d –296,740 980,516.4 –0.30264 0.768368 –2,481,467 1,887,987

Drainage = 157.28t3 – 21,733t2 + 766,007t – 296,740 

R2 = 88.52%

Fig. 7. Vari abil ity of the amount of wa ter pumped out of the Criva gyp sum quarry for the pe riod 1956–2023



10 Viacheslav Andreychouk et al. / Geo log i cal Quar terly, 2025, 69, 5

Year Drain age [m3] Year Drain age [m3] Year Drain age [m3]

1957 447,691.28 1980 7,743,458.72 2003 4,026,673.44

1958 1,149,600.24 1981 7,727,810.00 2004 3,792,673.76

1959 1,809,930.56 1982 7,692,287.28 2005 3,560,504.72

1960 2,429,625.92 1983 7,637,834.24 2006 3,331,110.00

1961 3,009,630.00 1984 7,565,394.56 2007 3,105,433.28

1962 3,550,886.48 1985 7,475,911.92 2008 2,884,418.24

1963 4,054,339.04 1986 7,370,330.00 2009 2,669,008.56

1964 4,520,931.36 1987 7,249,592.48 2010 2,460,147.92

1965 4,951,607.12 1988 7,114,643.04 2011 2,258,780.00

1966 5,347,310.00 1989 6,966,425.36 2012 2,065,848.48

1967 5,708,983.68 1990 6,805,883.12 2013 1,882,297.04

1968 6,037,571.84 1991 6,633,960.00 2014 1,709,069.36

1969 6,334,018.16 1992 6,451,599.68 2015 1,547,109.12

1970 6,599,266.32 1993 6,259,745.84 2016 1,397,360.00

1971 6,834,260.00 1994 6,059,342.16 2017 1,260,765.68

1972 7,039,942.88 1995 5,851,332.32 2018 1,138,269.84

1973 7,217,258.64 1996 5,636,660.00 2019 1,030,816.16

1974 7,367,150.96 1997 5,416,268.88 2020 939,348.32

1975 7,490,563.52 1998 5,191,102.64 2021 864,810.00

1976 7,588,440.00 1999 4,962,104.96 2022 808,144.88

1977 7,661,724.08 2000 4,730,219.52 2023 770,296.64

1978 7,711,359.44 2001 4,496,390.00

1979 7,738,289.76 2002 4,261,560.08

T a  b l e  2

Pre dicted an nual av er age val ues of wa ter pumped from the Criva gyp sum quarry in the pe riod 1957–2023

CaSO4 = 0.3118t3 – 43.086t2 + 1,518.5t – 589.08

R2 = 88.51%

Model: v17=a*v1^3+b*v1^2+c*v1+d (Data - year scale, de pend ent vari able: CaSO4 [kg] Con fi dence level: 95.0% (alfa = 0.050)

Rat ing Stan dard er ror Value t
df = 10 p Lower 

con fi dence limit
Up per 

con fi dence limit

a 0.312 0.069 4.49569 0.001151 0.16 0.466

b –43.086 7.405 –5.81855 0.000169 –59.59 –26.587

c 1,518.495 228.843 6.63554 0.000058 1,008.60 2,028.389

d –589.081 1,944.257 –0.30299 0.768110 –4,921.15 3,742.992

Fig. 8. Vari abil ity in the amount of the CaSO4 load re moved with pumped wa ter from the Criva Quarry for the pe riod 1956–2023
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Model: v3=a*v5^3+b*v5^2+c*v5+d de pend ent vari able: CaSO4 – space equiv a lent [m3] Con fi dence level: 95.0% (alfa = 0.050)

Rat ing Stan dard er ror Value. t df = 9 p Lower con fi dence limit Up per con fi dence limit

a 0.266 0.0516 5.15543 0.000599 0.15 0.383

b –28.902 4.3508 –6.64285 0.000095 –38.74 –19.060

c 845.831 100.1506 8.44559 0.000014 619.27 1,072.387

d –607.864 655.5867 –0.92721 0.378014 –2,090.90 875.176

Fig. 9. Vari abil ity in the vol ume of newly formed karst voids in the gyp sum rock mass for the pe riod 1956–2023

Year CaSO4 [Mg] Year CaSO4 [Mg] Year CaSO4 [Mg]

1957 886.6458 1980 15,347.71 2003 7,975.457

1958 2,278.07 1981 15,316.55 2004 7,511.362

1959 3,587.065 1982 15,245.98 2005 7,050.892

1960 4,815.499 1983 15,137.89 2006 6,595.92

1961 5,965.245 1984 14,994.13 2007 6,148.316

1962 7,038.173 1985 14,816.58 2008 5,709.95

1963 8,036.153 1986 14,607.12 2009 5,282.695

1964 8,961.058 1987 14,367.61 2010 4,868.419

1965 9,814.756 1988 14,099.92 2011 4,468.995

1966 10,599.12 1989 13,805.92 2012 4,086.293

1967 11,316.02 1990 13,487.49 2013 3,722.183

1968 11,967.33 1991 13,146.5 2014 3,378.538

1969 12,554.91 1992 12,784.8 2015 3,057.226

1970 13,080.64 1993 12,404.29 2016 2,760.12

1971 13,546.4 1994 12,006.83 2017 2,489.09

1972 13,954.04 1995 11,594.28 2018 2,246.006

1973 14,305.44 1996 11,168.52 2019 2,032.741

1974 14,602.47 1997 10,731.42 2020 1,851.163

1975 14,847.01 1998 10,284.85 2021 1,703.145

1976 15,040.92 1999 9,830.689 2022 1,590.557

1977 15,186.07 2000 9,370.795 2023 1,515.269

1978 15,284.34 2001 8,907.045

1979 15,337.6 2002 8,441.309

T a  b l e  3

Pre dicted an nual val ues of re moved CaSO4 load with wa ter pumped from the Criva gyp sum quarry in the pe riod 1957–2023



ues of the vari ables in the ini tial pe riod, while there was a de -
crease in the 1990s. Af ter that, a slight in crease can be ob -
served again, and in the last pe riod a clear de crease can be ob -
served. Thus, the vari abil ity has a ten dency that can be col lo -
qui ally de scribed as a “sine wave” of vari able am pli tude, and
this kind of re la tion ship can be most eas ily ap prox i mated by
poly no mial equa tions. The ac cu racy of the model se lec tion is
con firmed by mea sures of its qual ity of fit, which al lows re li able
as sess ments of all vari ables es ti mated.

The mod els and cal cu la tions gen er ated show that dur ing
the 67-year pe riod of op er a tion con sid ered, a to tal of
313,003,504 m3 of wa ter was pumped out of the quarry. Along
with the karst wa ters pumped out of the quarry, 620,947.5 tons
of gyp sum rock was re moved, which is equiv a lent to
269,548.21 m3 of newly formed karst voids.

How ever, at this point we should make some cor rec tion re -
gard ing the last value (vol ume). In the above cal cu la tions, we
took into ac count the con tent of only the CaSO4 com po nent in
the gyp sum rock, ig nor ing the vol ume of the 2 wa ter mol e cules
that gyp sum con tains as min eral, i.e. we counted as if it was the
an hy drous form anhydrite. How ever, these two re lated min er als 
have dif fer ent den si ties due to the pres ence of wa ter in gyp -
sum. In the case of gyp sum from the de posit de scribed here, it
is 2.32 g/cm3 (2.32 Mg/m3), while in the case of anhydrite it is
2.95 g/cm3 (2.95 Mg/m3). The dif fer ence is 0.63 g/cm3

(21.36%). This is the amount of un der es ti ma tion (rel a tive to
gyp sum) of the vol ume of rock per 2 wa ter mol e cules in the gyp -
sum for mula. There fore, it is nec es sary to add it to the to tal
value of the vol ume of voids formed dur ing the study pe riod.

With its con tri bu tion (269,548.21 m3 + 21.36% of 269,548.21 m3

i.e. 57,575.50 m3), the to tal vol ume of voids formed is es ti mated 
at 327,712,371 m3.

DISCUSSION

HYDROGEOLOGICAL CHARACTERISTICS OF THE GYPSUM DEPOSIT
AND WATER INFLOWS

Mine hydrogeology clas si fies de pos its ac cord ing to the
com plex ity of the hydrogeological con di tions. De pos its in Po -
land are di vided into those with sim ple and com pli cated
hydrogeological con di tions (Dowgia³³o et al., 2002). The gyp -
sum de posit in Criva may be as signed to the cat e gory of de -
pos its with sim ple hydrogeological con di tions based on its
poor wa ter-bear ing ca pac ity (in flow to the mine of less than
600 m3/h). How ever, it may also be as signed to the cat e gory of 
de pos its with com pli cated hydrogeological con di tions due to
its wa ter-bear ing ca pac ity in com pact rock with de vel oped
karst fea tures. The cri te ria for clas si fy ing open-pit mined de -
pos its into in di vid ual de grees of wa ter haz ard are in cluded in
the (Or di nance of the Min is ter of the En vi ron ment, 2021)
based on nat u ral haz ards in min ing plants. Large-scale
open-pit mines are vul ner a ble to in creased in flows of wa ter
due to the pos si bil ity of ex ceed ing the ca pac ity of the drain age
sys tem, with haz ards posed by ground wa ter flow ing into the
pits, sur face wa ter courses, and rain wa ter as so ci ated with pro -
longed or sud den and heavy rain fall.
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Year Space equiv a lent
[m3] Year Space equiv a lent

[m3] Year Space equiv a lent
[m3]

1957 382.35 1980 6,675.75 2003 3,450.96

1958 988.83 1981 6,661.50 2004 3,248.59

1959 1,559.33 1982 6,630.07 2005 3,047.85

1960 2,094.66 1983 6,582.28 2006 2,849.56

1961 2,595.65 1984 6,518.96 2007 2,654.54

1962 3,063.11 1985 6,440.91 2008 2,463.61

1963 3,497.84 1986 6,348.96 2009 2,277.59

1964 3,900.69 1987 6,243.92 2010 2,097.28

1965 4,272.45 1988 6,126.62 2011 1,923.52

1966 4,613.96 1989 5,997.86 2012 1,757.12

1967 4,926.03 1990 5,858.48 2013 1,598.90

1968 5,209.47 1991 5,709.27 2014 1,449.67

1969 5,465.10 1992 5,551.07 2015 1,310.25

1970 5,693.75 1993 5,384.69 2016 1,181.46

1971 5,896.22 1994 5,210.95 2017 1,064.12

1972 6,073.34 1995 5,030.67 2018 959.05

1973 6,225.93 1996 4,844.66 2019 867.06

1974 6,354.80 1997 4,653.74 2020 788.97

1975 6,460.77 1998 4,458.73 2021 725.60

1976 6,544.66 1999 4,260.45 2022 677.76

1977 6,607.28 2000 4,059.72 2023 646.29

1978 6,649.46 2001 3,857.35

1979 6,672.01 2002 3,654.16

T a  b l e  4

Pre dicted val ues of vol umes of newly formed karst voids in the gyp sum rock mass for the pe riod 1957–2023
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The Criva de posit has a rel a tively high de gree of wa ter haz -
ard. Al though in tense pre cip i ta tion has never di rectly con trib -
uted to flood ing in the quarry, the as so ci ated hy dro log i cal sys -
tem clearly re sponds to pre cip i ta tion. On sev eral oc ca sions,
wa ter from the Pacak River has bro ken into the quarry pit
through karst fun nels in the riverbed, caus ing dis ap pear ing of
the river. Wa ter flow ing from the slopes or bot tom of the open
pit, how ever, poses lit tle dan ger to its op er a tion.

The for ma tion of mine wa ter in flows is in flu enced by the fol -
low ing fac tors: time, mine depth, mine area, and min ing of the
de posit as a func tion of the in crease in mined area (Rogoz,
2004). The prac tice of open pit min ing shows that as the de posit 
is ex ploited, ac com pa nied by ac tive drain age of inflowing
ground wa ter, reg u lar changes oc cur in the in flow of wa ter to the
pits. Three phases of trib u tary de vel op ment can be dis tin -
guished (Fig. 10).

In Phase I, in tense de ple tion of static re sources in the vi cin -
ity of ac cess pits usu ally takes place, form ing a nar row and
deep de pres sion fun nel. In flows in crease rap idly, and in flow
from dy namic re sources is small. In Phase II, there is a grad ual
de crease in in flows due to flat ten ing and wid en ing of the fun nel
of de pres sion, a small in crease in the area of mine work ings,
and a grad ual in crease in the pro por tion of in flows from dy namic 
re sources. In Phase III, the ex pan sion of the fun nel of de pres -
sion is pro por tional to the in crease in the area of mine work ings,
in flow from static re sources is ap prox i mately con stant, in flow
from dy namic re sources may in crease slightly, and there is sta -
bi li za tion and pro gres sive re duc tion of in flows.

The pat tern of de ple tion of karst aqui fer re sources es tab -
lished for the Criva gyp sum de posit (Fig. 7) gen er ally re peats
the gen eral trend shown in Fig ure 10. A com par i son of the two
fig ures shows that the aqui fer drained by the Criva Quarry is
cur rently in the third phase of de vel op ment of mine wa ter in -
flows.

WATER DRAINAGE DURING THE QUARRY OPERATION PERIOD

The mod els pre sented above and the re sult ing ta bles can
be used to es ti mate chem i cal de nu da tion over a pe riod of 67
years (1957–2023), for which ir reg u lar but re li able mea sure -
ments were avail able. The cal cu la tion of quarry wa ter drain age
and chem i cal de nu da tion for 1946–1956 is shown be low.

Ac cord ing to the 1975 geo log i cal re port, the quarry’s gyp -
sum be gan to be ex ploited on an in dus trial scale only in 1954. In 
1946–1948 there was only a small pit, where raw ma te rial was
ex tracted from the up per re li able part of the gyp sum with a
thick ness of 3–5 m. A pump with a ca pac ity of 3 m3/hr
(72 m3/day) was in stalled in the cast ing pit, which was un able to
pump out the inflowing wa ter, given the heavy rain fall.

 In 1947–1948, geo log i cal and tech ni cal works were car ried
out to ex am ine the ex ploi ta tion of the de posit and to as sess its
re sources. In 1948–1953, the quarry was deep ened, new drain -
age pumps were in stalled and the drain age of ground wa ter in -
creased. In the pe riod 1948–1954, the in flow of wa ter to the
quarry in creased pro gres sively. In 1957, it reached 1,000 m3/day 
(with a range of fluc tu a tions of 750–1,250 m3/day). Based on the
gen eral trend (Fig. 7), it can be as sumed that in 1954, at the start
of the in dus trial ex ploi ta tion of raw ma te ri als, the pump ing ca pac -
ity could have al ready amounted to 750 m3 per day (min i mum
value in 1957). Dur ing the pre pa ra tory min ing works, in
1948–1954, the pump ing level in creased from 72 m3/day to 750
m3/day. Ac cord ingly, it can be as sumed that from 1954 to 1957,
the drain age of wa ter from the quarry in creased from 750 to
1,000 m3 per day. Ta ble 5 shows the in ferred vol ume of wa ter
drain age, cor re spond ing to the in ferred drain age of dis solved
gyp sum and the vol ume of newly cre ated un der ground voids.

Based on Ta ble 5, chem i cal de nu da tion in the pe riod
1946–1956 can be es ti mated at 3,487.68 tons of gyp sum dis -
charged in a dis solved state, which cor re sponds to a spa tial
equiv a lent of 1,503.31 m3. In to tal, in the pe riod 1946–2023,
chem i cal de nu da tion was es ti mated at 624,435.18 tons of gyp -
sum dis charged in dis solved state, which cor re sponds to
271,051.52 m3 of newly formed karst spaces.  We cor rect this
value by 21.36% (57,896.60 m3 - un der es ti mated vol ume due
to the pres ence of bound wa ter in the gyp sum - see above) and
ob tain a cor rected to tal of 328,948.12 m3.

Con sid er ing that af ter the dis so lu tion of each m3 of gyp sum
rock in the karst sys tem, ~0.06 Mg of in sol u ble res i due (2.62%)
re mains, it should be as sumed that with the sig nif i cant in crease
in the vol ume of the karst sys tem, ~16,263 tons of car bon -
ate-clay terrigenous sed i ments were de pos ited within it, which
cor re sponds to a vol ume of ~8,130 m3. At the same time, how -
ever, some car bon ates were dis solved, hence the amount of
the re sid ual sed i ment may be smaller.
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Fig. 10. Gen eral curve of de vel op ment of mine wa ter in flows (Wilk, ed., 2003)



CHEMICAL DENUDATION RANGE

It is in ter est ing to com pare the rate of chem i cal de nu da tion
in the study area in nat u ral con di tions and in the time of hu man
in flu ence. The gyp sum cave in the study area be gan to de velop
in the Mid dle Pleis to cene (Andreychouk, 2007). This was as so -
ci ated with the ero sive dis sec tion of the Badenian–Ceno -
manian aqui fer sys tem fol low ing de po si tion of the third ter race
of the Prut River. It is es ti mated that the wa ter cir cu la tion in this
aqui fer sys tem was ini ti ated at that time, com pris ing as cent of
wa ter from the un der ly ing marls and sand stones through the
frac tured gyp sum unit to wards the layer of frac tured lime stone
above the gyp sum, within which these wa ters were trans ported
to the higher part of the Prut. This means that the for ma tion of
the karst sys tem with a vol ume of 650,000 m3 took ~700,000
years. The av er age rate of un der ground chem i cal de nu da tion
was ~0.9 m3/year within the cave field, whose area was 2.5 km2. 
The av er age rate of de nu da tion for the pe riod of anthropogenic
ac ti va tion of the karst aqui fer (1946–2023) for the cave area is
4,272 m3/year, as sum ing that the to tal vol ume of voids formed
over the 77-year pe riod was 328,948.12 m3. This means that
the rate of chem i cal de nu da tion in anthropogenically ac ti vated
con di tions was al most 4,000 times higher than that oc cur ring
through nat u ral karst pro cesses (Andreychouk, 2007).

This re sulted from the sig nif i cant ac ti va tion of wa ter cir cu la -
tion in the aqui fer sys tem drained by the quarry and from the
high sol u bil ity of gyp sum rocks. For com par i son: in the case of
car bon ate karst de vel op ment in nat u ral and anthropogenically
mod i fied min ing con di tions, the geo log i cal and geomorpholo -
gical ef fects would be smaller (the sol u bil ity would be one or der
of mag ni tude lower; Ró¿kowski and Ró¿kowski, 2014). In the
case of salt karst, how ever, due to the very high sol u bil ity of salt
(two or ders of mag ni tude higher than that of sul phate rocks),
the ef fects of anthropogenic karst ac ti va tion take on a cat a -
strophic char ac ter in a very short pe riod of time (Andreychouk,
1996, 2002; Molenda and Kidawa, 2022; Molenda et al., 2023).

 The de vel op ment of the un der ground karst was not uni -
form, but took place ex po nen tially. The lab y rinth sys tem de vel -
oped more rap idly with the in crease in vol ume, the in crease in
the amount of cir cu lat ing wa ter and the in crease in the wa -
ter-rock con tact sur face. The cur rently ob served size of the
cave cor ri dors is the re sult of sev eral thou sand years of de vel -
op ment, dur ing which the Prut riverbed be gan to cut into the
gyp sum ceil ing, which fa cil i tated the up wards drain age of the
karst aqui fer, lead ing to the ac ti va tion of wa ter cir cu la tion and
the ac cel er a tion of karstification. If we as sume that the en tire
vol ume of the cave sys tem is the re sult of the ac tiv ity dur ing the
Ho lo cene Ep och, then the av er age rate of nat u ral chem i cal de -

nu da tion in the karst sys tem (65 m3/year) turns out to be about
66 times lower than de nu da tion in anthropogenic con di tions,
cal cu lated for the last 77 years (4,272 m3/year).

The quoted amount of chem i cal de nu da tion dur ing the pe -
riod of anthropogenic ac ti va tion of wa ter cir cu la tion is lower
than pre vi ously in ferred. The first at tempt to as sess the ex tent
of de nu da tion can be found in the cal cu la tions given in Voropay
et al. (1985), which showed a rate of 6,500 m3/year. This num -
ber is about one and half times as high as that re sult ing from our 
cal cu la tions. This is be cause we made cal cu la tions based on
the wa ter pump ing reach ing its max i mum ef fi ciency at that time
(see Fig. 7 and Ta ble 2). A lower value of de nu da tion (4,861
m3/year) was in ferred by Andreychouk (2007), whose cal cu la -
tions also re ferred to the max i mum drain age ef fi ciency, but who
did not have data for the en tire pe riod.

SPATIAL VARIABILITY OF DENUDATION

Gyp sum dis so lu tion pro cesses oc cur un der anthropogenic
in flu ence in the lower, wa ter-filled part of the gyp sum layer with
a thick ness of 4–6 m. It is here that new anthropogenically con -
di tioned voids were cre ated. Spaces cre ated in nat u ral con di -
tions in the mid dle and up per part of the gyp sum pro file are lo -
cated higher, in the aer a tion zone. Now let us con sider the re la -
tion ship be tween the newly cre ated space and the to tal vol ume
of the wa ter-bear ing layer, i.e. its cur rent de gree of karsti -
fication. Ac cord ing to Andreychouk (2007), the area of the
quarry’s in flu ence, within which karst pro cesses have been sig -
nif i cantly ac ti vated, is at least 5 km2, hence with an av er age
thick ness of wa ter-fill ing zone (5 m), we ob tain a max i mum vol -
ume of the aqui fer of 25 mil lion m3. Be yond the in flu ence of min -
ing drain age, as one moves away from the quarry, the thick ness 
of the wa ter-bear ing layer grad u ally in creases. Com par ing the
cal cu lated vol ume of new rock voids (328,948.12 m3) and the
vol ume of the aqui fer within the range of the quarry’s im pact
(25 mil lion m3), we ob tain a vol u met ric karstification in dex of the
rock mass of 1.3%. Out side the range of the quarry’s im pact, it
will be sig nif i cantly lower.

In the lower part of the gyp sum layer, dur ing the pe riod of
the quarry’s op er a tion, empty space has de vel oped at a rate of
~4,272 m3/year. The area of the cave sur face cur rently ex -
plored is ~2.5 km2, which is half the area of the es ti mated range
of the quarry’s im pact, cor re spond ing to half the vol ume of rock
voids (164,474,06 m3). As sum ing part of the void space is filled
with re sid ual sed i ment (in the amount of 8,130 m3 / 2 =
4,065 m3), we ob tain a fig ure of 164,469,99 m3 of empty space
in the wa ter-sat u rated gyp sum zone un der the cave. What is the 
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Year 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957

Drain age
[m3/day] 72 72 72 ~ 200 ~ 310 ~ 420 ~ 530 ~ 640 ~750 ~835 ~920 1000

Drain age
[m3/year] 26,280 26,280 26,280 73,000 113,150 153,300 193,450 233,600 273,750 304,775 335,800

CaSO4
load [Mg]
per year

52.09 52.09 52.09 144.69 224.26 303.84 383.42 463.00 542.57 604.06 665.56

Chem i cal
denuda-
tion [m3]
per year

22.45 22.45 22.45 62.37 96.66 130.97 165.27 199.57 233.87 260.37
286.88

T a  b l e  5

Doc u mented and es ti mated amounts of wa ter dis charged from the quarry and the ac com pa ny ing chem i cal de nu da tion in the
pe riod 1946–1956

https://doi.org/10.1007/s10230-022-00887-2
https://doi:10.24425/jwld.2024.150276
https://doi.org/10.1201/b17085


re la tion ship be tween the newly formed voids in the lower part of
the aqui fer and the voids in the aer a tion zone, cov ered by the
cave? The in ter ac tions be tween them are re flected in the sub si -
dence in the clay de pos its fill ing the bot toms of the cave cor ri -
dors. The pro cesses of  de for ma tion of the cor ri dor bot toms are
con tin u ous phe nom ena and have a di verse char ac ter (Fig. 11).

Bot tom de for ma tion struc tures cover the en tire cave. Their
in ten sity and na ture (size, shape, rate of for ma tion) are lo cally
vari able in the re gion and de pend on lo cal fac tors – the mor -
phol ogy of the cave cor ri dor, its width, the de gree of fill ing with
cave de pos its, etc. Within wide cor ri dors, there is bot tom sub si -
dence across their en tire width (Fig. 11A, B); within large cave
cham bers, there is mainly the for ma tion of crat ers (Figs. 11E, F

and 12A). A char ac ter is tic fea ture of bot tom de for ma tion in ar -
eas with smaller cor ri dors is the un even, com plex na ture of de -
for ma tion along the cor ri dors – in tact seg ments change sud -
denly or stepwise into can yons sev eral metres deep (Fig. 11A).
The depth of sub si dence ranges from 0.5 to over 3.0 m. In the
ar eas of the cave where there are wide cor ri dors, sub si dence
oc curs com monly, while in the ar eas where the cor ri dors are
smaller, sub si dence is of a non-uni form na ture, as shown in
Fig ure 11B (the larger de for ma tion struc tures are marked on
the plan). The sit u a tion shown in Fig ure 12B rep re sents the
state of the cave in 1986. Cur rently the scale and na ture of sub -
si dence are greater and more di verse.
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Fig. 11. Se lected ex am ples of cave cor ri dor bot tom sub si dence above the wid en ing, cor roded cracks at their bot tom
 (pho tos by V. Andreychouk)



COURSE OF DENUDATION IN THE SHORT TERM

The re gime used to pump wa ter from the quarry is de ter -
mined by both nat u ral fac tors (pre cip i ta tion, wa ter in flow) and
tech ni cal fac tors (pump ef fi ciency, pump fail ures, etc.). Nat u ral
fac tors are mostly cy cli cal (sea sonal); how ever, dur ing the
course of the quarry’s ac tiv ity, cat a strophic events have oc -
curred, such as flood ing as a re sult of the in tru sion of wa ter from 
the Pacak River in fil trat ing through karst sink holes formed in its
bed. The rapid in crease in the in ten sity of ground wa ter in flow to
the quarry was par tially caused by floods on the Prut River, with
the river level ris ing by 5–9 m, and in tense re gional rain fall. Ac -
ci den tal fac tors in cluded drain age pump fail ures.

The pro cesses shap ing wa ter in flow to the quarry are com -
plex, as seen in the course of cli ma tic and hy dro log i cal ep i -
sodes in the pe riod 05–07.1976 shown in Fig ure 13 (based on
the geo log i cal re port from 1976). A num ber of ep i sodes can be
dis tin guished, re veal ing the rapid re sponse (1–2 days) of the
karst aqui fer in the gyp sum and the Pacak River to in creased
rain fall re charge and the hy drau lic bond be tween the drained
aqui fer and the Pacak River, as well as wa ter es capes into the
karstified Pacak River bed at in creased flow rates in the river:

1. 22–25/05/1976 rain fall of 15 mm (22–23/05), com bined
with an in crease in wa ter drain age (Q) in the quarry
(from an av er age of 820 to a max i mum of 910 m3/h on
May 23), an in crease in flow rate (Q) in the Pacak River
(22–25/05 with 130 to a max i mum of 410 m3/h on May
24);

2. 28–29/05 – rain fall 8 mm (28/05), then an in crease in
the flow rate (Q) in the Pacak River (29–30/05 from 170
to a max i mum of 250 m3/h on 29/05);

3. 03–13/06 – con se quence: rain fall (up to 18 mm
03–04/06), a sharp in crease in the flow rate in the Pacak 
River from 120 m3/h on 03/06 to a max i mum of
1,020 m3/h on June 4 and a drop to 0 m3/h on 06/06 –
then wa ter es capes into sink holes in the Pacak River
(06–07/06), a de crease in wa ter drain age (Q) from the
quarry, prob a bly as a re sult of pump fail ures (from
875 m3/h on June 4 to 400 m3/h on June 5, and then a

sharp in crease in drain age wa ter from the quarry to
1450 m3/h on 05/06/06 and fur ther de crease to
1,070 m3/h on 08/09/06).

4. 14–17/06 – in crease in drain age of wa ter from the
quarry from 1,080 m3/h to 1,440 m3/h. com bined with
light rain fall Wed. 2–5 mm, pre ceded by wa ter es capes
from the Pacak River (12–13/06), which con tin ued on
15–17/06, with in creased wa ter in flows to the quarry of
1,150–1,200 m3/h;

5. 20/06 – break in quarry drain age from 9 a.m. to 11 a.m.
on June 20, 1976 (pump fail ure) and then on June
21–22, a sud den in crease in quarry drain age from
715 m3/h to 1,340 m3/h (June 21) (prob a ble par tial flood -
ing of the quarry);

6. 27–29/06 – in crease in quarry drain age from 910 to
1,410 m3/h (28/06); cor re la tions with wa ter es capes
from the Pacak River (27–29/06 and 30/06);

7. dur ing the rainless pe riod 02–07/07 there was a de -
crease in the drain age of wa ter from the quarry from
1,115 to 875 m3/h and min i mum flow rates in the Pacak
River of 10–30 m3/h, which  doc u ments the clear dom i -
nance of un der ground flows in the karst dur ing the
rainless pe riod;

8. 08–12/07 – an in crease in rain fall last ing 5 days to
48 mm on 10/07 and then an in crease in the flow rate in
the Pacak River (9–15/07) from ~40 m3/h, ex ceed ing
100 m3/h (with max i mum on 12/07 – 420 m3/h) in the pe -
riod 10–14/07; at the same time wa ter in flows to the
quarry show a de creas ing ten dency from 1,015 m3/h on
08/07 to 865 m3/h on 15/07/1976.

KARST ACTIVATION ON THE SURFACE

The re flec tions of un der ground de nu da tion and karst at the
ground sur face are sink hole forms (Fig. 14). Due to the lack of
mon i tor ing of these phe nom ena, we have only lim ited data. In
the case of sink hole for ma tion, min ing ser vices in the quarry
elim i nated sink holes by fill ing them with ma te rial from heaps of
over bur den of the gyp sum de posit.
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Fig. 12. Ex am ples of de for ma tion in the bot tom of cor ri dors as of 1986 (Andreychouk, 2007)

A – sub si dence and sink hole forms in the An cient Hall: 1 – col lapses, 2 – pile cones, 3 – sink hole forms and sub si dence troughs, 4 –
slopes of sink hole cones; B – sub si dence on the bot toms of cor ri dors filled with clay de pos its in the Wesely area



The au thors’ many years of field ob ser va tions al low us to
draw the fol low ing con clu sions re gard ing newly formed sink -
holes.

1. The for ma tion of new sink holes is re lated to the be gin ning 
of de posit ex ploi ta tion and the low er ing of the karst wa ter level.
The num ber of sink holes formed in the pe riod 1954–2023 is es -
ti mated at over 150. This num ber is com pa ra ble to the to tal
num ber of sink hole-type karst forms mapped and de scribed at
the ground sur face be fore ex ploi ta tion be gan, which was 140.

2. The new sink holes mostly re late to the sur face of the
flood ter race of the Pacak River and the Prut River and to the
sur face of the I ter race of the Prut River. They of ten form in
groups of sev eral in di vid ual forms. Lo cally they also oc cur at the 
foot of the II ter race of the Prut (Fig. 14A), but only very spo rad i -
cally within the higher ter races (II, II and III). In the case of the
high ter races, they are lo cated at the bot tom of pre-ex ist ing
karst forms (as re-ac ti va tion of karst forms).

3. Small forms with a di am e ter of 2–5 m and a depth of
1–5 m dom i nate among the newly formed sink holes. The
shapes of the sink holes formed within the flood ter race and ter -

race I are ir reg u lar (Fig. 14B), while the sink holes from ter race II 
and higher ter races are cir cu lar (Fig. 14D) and are usu ally
deeper.

IMPLICATIONS AND APPLICATION OF RESEARCH RESULTS

Our re search al lows a num ber of use ful con clu sions, that
can be con sid ered in sci en tific (the o ret i cal), meth od olog i cal and 
prac ti cal per spec tives.

From a sci en tific point of view, we show, us ing a spe cific ex -
am ple, how sig nif i cant the in flu ence of an anthropogenic min ing 
fa cil ity, such as a quarry, can be on the course of de nu da tion
pro cesses. They also de scribe the dy nam ics of these pro -
cesses within the con text of the long-term evo lu tion of the karst
aqui fer, i.e. its deg ra da tion un der the in flu ence of ground wa ter
pump ing. The trends es tab lished, show ing deg ra da tion of the
aqui fer and sta bi li za tion of its level, along with a rad i cal de -
crease in the amount of pumped wa ter, show a clear de crease
in un der ground de nu da tion and of the rate of for ma tion of new
voids. This fact opens up some new pos si bil i ties re gard ing the
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Fig. 13. Ep i sodes re veal ing re sponse of the gyp sum karst aqui fer and the Pacak River to in creased rain fall re charge (1976)



fu ture fate of the quarry and cave (see be low). The cal cu lated
val ues of de nu da tion can serve var i ous pur poses, both sci en -
tific and prac ti cal. The de vel op men tal pat terns es tab lished un -
doubt edly are of more than lo cal scope and may have uni ver sal
as pects, con sti tut ing valu able com par a tive ma te rial for other
re search ers deal ing with sim i lar prob lems.

The meth od ol ogy de scribed can be ef fi ciently used to mon i -
tor the vari abil ity of se lected fea tures through time. In our study
there was a lim ited amount of data avail able to es ti mate drain -
age, CaSO4 con tents and their equiv a lent, mak ing it dif fi cult to
ob tain a re li able sim u la tion. The se lec tion of poly no mial re gres -
sion was not ran dom. Other typ i cal func tions used for re gres -
sion, like lin ear, ex po nen tial, log a rith mic or hy per bolic ones
were not good enough to show the em pir i cal course of the data
through time. This kind of func tion can be used ef fi ciently, es pe -
cially in cases where sig nif i cant and of ten quite ran dom
changes oc cur (Ostertagová, 2012). This al lows tak ing into
con sid er ation all the char ac ter is tic points and lo cal am pli tudes
through the en tire pe riod of time ana lysed. How ever, hav ing
more data, es pe cially from the pe riod be tween 1957-2000
would  cer tainly al low better con straint of the func tion ob tained,
not only for the known val ues but also for the pre dicted ones.
Such sim u la tion  is a source of po ten tial pro cess ex pla na tion,
and may be used in var i ous datasets where sig nif i cant amounts 
of data are miss ing.

The highly ac tive dis so lu tion pro cesses and their con se -
quences in the form of ac tively de vel op ing de for ma tion of the
cave cor ri dor floors and the for ma tion of sink holes on the
ground sur face should be taken into ac count in the scope of fur -
ther ex ploi ta tion of the quarry and use of the sur round ing ar eas,
as well as of the cave it self. While the es tab lished pro gres sive
deg ra da tion of the karst aqui fer cre ates fa vour able con di tions
for the con tin u a tion of gyp sum ex trac tion (lower wa ter pump ing, 
lower en ergy costs, etc.), the ac ti va tion of karst and the for ma -
tion of new voids in the gyp sum con trib ute to the se ri ous deg ra -
da tion of the cave, which has been un der le gal pro tec tion since
1981, and the deg ra da tion of the ar eas around the quarry. It
also cre ates a se ri ous geo log i cal and en gi neer ing threat (sink -
hole for ma tion) for ex ist ing build ings in the vil lages of Podvirne
and Criva and for trans port in fra struc ture, both road and rail.
Com pre hen sive mon i tor ing of the pro cesses and phe nom ena
tak ing place is needed, both at the sur face and in the cave, and
re li able documention of the vol ume of wa ter pumped out of the
quarry. Par tic u lar at ten tion should be paid to the south-east ern
wall of the quarry (from the Prut River side), where large wa ter
in flows, in clud ing river in flows (from the Prut River bed), may
oc cur, which threaten to cause a min ing di sas ter, with flood ing
of the quarry and cave. The Pacak River bed should also be
sub ject to pe ri odic in spec tion. The for ma tion of sink holes at its
bot tom or in the im me di ate vi cin ity (usu ally they de velop in
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Fig. 14. Some ex am ples of new karst sink holes ap pear ing spo rad i cally within the Criva Quarry area

A, B – sink holes on the slope (A) and floodplain (B) of the Pacak River val ley (a left trib u tary of the Prut River); C – sink hole on the
bor der pas sage be tween Ukraine and Moldova sit u ated 1.0 km from the quarry; D – sink hole just near the rail way with fresh clay infills

(0.8 km from the quarry) (pho tos by V. Andreychouk)

https://doi.org/10.1016/j.proeng.2012.09.545


stages – see Andreychouk 1991, 2007) poses a risk of the
stream dis ap pear ing and wa ter in gress, which may cause the
quarry to flood. Such events have al ready been ob served in the
past, dur ing quarry ex ploi ta tion.

Among these im pli ca tions, one can not ig nore the  re search
into the cave, which is an ob ject of ex cep tional sci en tific and po -
ten tially prac ti cal im por tance. For sev eral de cades, the cave
has been a unique re search ground for spe le ol o gists, min er al o -
gists, ge ol o gists, hydrogeologists, en gi neer ing ge ol o gists, geo -
phys i cists, geo chem ists, bi ol o gists and mi cro bi ol o gists, med i -
cal re search ers and other spe cial ists. Sev eral tens of sci en tific
ar ti cles, two mono graphs and sev eral chap ters in mono graphic
stud ies, have been pub lished on the cave. Nev er the less, there
re main many un solved re search prob lems, and so it is im por -
tant to con tinue multi-facetted sci en tific re search into the cave.

The ex is tence of the cave in a form ac ces si ble to spe le ol o -
gists and sci en tists is, how ever, de pend ent on the ex ploi ta tion
of gyp sum in the quarry and the pump ing out of ground wa ter.
The ob served trend of clear deg ra da tion of the aqui fer (Fig. 7),
small wa ter in flows to the quarry (Ta ble 2) and the ten dency to
sta bi lise the aqui fer level (Figs. 7 and 10) are rea sons for pre -
serv ing the quarry and con tin u ing its drain age af ter gyp sum ex -
ploi ta tion has fin ished. We ad vise re claim ing the quarry and
cre at ing a rec re ational and tour ist cen tre on its ba sis. Rec re -
ational ser vices may use the cave by cre ation of a tour ist route,
pe riph eral ar eas with a high (2–5%) CO2 con tent may be used
for med i cal and speleological pur poses, with or ga ni za tion of un -
der ground mon i tor ing points in te grated into an ex ter nally  man -
aged sys tem. In ad di tion, the quarry it self would be come very
at trac tive ob ject, with a lake at the bot tom, a swim ming area,
view ing plat forms, a geo log i cal/speleological mu seum, and ser -
vice points. The lo ca tion of the ob ject at the bor der of 3 coun -
tries, the high pop u la tion den sity of in the area, good trans port
ac ces si bil ity (close to na tional road and rail way lines con nect ing 
Lviv, Kishinev and Odessa) would un doubt edly en sure great
tour ist pop u lar ity of this ob ject.

Voropay et al. (1985) showed that the karst wa ters pumped
out of the quarry have balneological prop er ties and can be used 
for this pur pose. Hydrogeochemical stud ies in di cate a high con -
tent of ther a peu ti cally ac tive ions in the wa ter, with con cen tra -
tions higher than in sul phate wa ters in fa mous health re sorts
such as Krainka and Nizhneivkino (Rus sia), Likenaj (Lith u a nia)
or Baldone (Lat via). The wa ters from the Criva Quarry do not
con tain toxic com pounds, are not pol luted – it is an ag ri cul tural
and for ested area, with iso la tion of the gyp sum by over ly ing
clay-rich de pos its), are char ac ter ized by low (< 1 mg/l) con tents
of or ganic com pounds, high min er al iza tion and high con cen tra -

tions of al ka line earth met als. Due to these prop er ties, these
wa ters have choleretic, re lax ing and anti-in flam ma tory prop er -
ties, which qual i fies them for the treat ment of gas tric prob lems,
gas tric and du o de nal ul cers, chronic co li tis, other in tes ti nal dis -
eases, gout, kid ney stones, and chronic in flam ma tory pro -
cesses of the liver and gall blad der.

CONCLUSIONS

Opencast ex ploi ta tion of the Criva gyp sum de posit has be -
come a sig nif i cant fac tor in the ac ti va tion of lo cal karst, which is
de vel op ing dy nam i cally in the gyp sum unit. The ef fects of this
ac ti va tion in clude an in crease in the vol ume of un der ground
voids de vel oped in the gyp sum and the for ma tion of new sink -
hole forms in the ar eas ad ja cent to the quarry. The rate of de -
vel op ment of both un der ground voids and sink holes sig nif i -
cantly ex ceeds the rate of karst de vel op ment prior to the com -
mence ment of gyp sum de posit ex ploi ta tion (re spec tively:
3,520 m3/year and 65 m3/year). The main fac tor ac cel er at ing
the de vel op ment of karst is min ing ac tiv ity – spe cif i cally, the
pump ing of wa ter from the quarry – which has sig nif i cantly in -
creased the dy nam ics of wa ter flow in the karst sys tem, dis solv -
ing gyp sum and re mov ing sub stances dis solved in wa ter from
the rock mass.

We ana lysed the data via poly no mial re gres sion based on a 
third-de gree func tion. The meth od ol ogy ap plied ef fec tively re -
flects the ir reg u lar na ture of vari abil ity for the quan ti ties stud ied,
this be ing cor rob o rated by the sat is fac tory level of the de ter mi -
na tion co ef fi cient R2 and the sta tis ti cal sig nif i cance of the equa -
tion pa ram e ters at the 0.05 level. Thus, the mod els de vel oped
can be con sid ered a source of re li able fore casts for the years
for which em pir i cal data are not avail able and can be used to
pre dict the level of the quan ti ties stud ied in sub se quent years.

The pat terns of karst de vel op ment shown, ac cel er ated by
min ing ac tiv ity, are known from many other karst ar eas. The
unique ness of our re search lies in the pres ence of one of the
larg est ac ces si ble cave sys tems in the world, Zoloushka, within
the ex ploited gyp sum de posit, al low ing for the ob ser va tion of
the course of karst pro cesses and other physicochemical pro -
cesses within the cave sys tem.

The quan ti ta tive and mor pho log i cal ef fects of karst de vel -
op ment (both in terms of the size of un der ground voids and the
num ber of karst forms at the sur face) for 700,000 years in nat u -
ral con di tions and for only 70 years in anthropogenically mod i -
fied con di tions are com pa ra ble (in re la tion to the re sult ing
voids: 650,000 m3 and 328,948.12 m3, re spec tively).
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