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Large and me dium karstic springs in the Pol ish Tatra Mts. oc ca sion ally sam pled dur ing low flows ex hib ited lit tle scat ter of sta ble iso tope
com po si tion and dis tinct dif fer ences be tween par tic u lar sam pling sites. For ex treme sta ble iso tope val ues of four springs, the re charge al -
ti tudes were es ti mated by mak ing use of top o graphic and geo log i cal maps. The al ti tude ef fect found in that way served for de ter min ing
the re charge al ti tudes of other sam pled sites. The al ti tude-ef fect gra di ents found in that way are –0.21‰/100 m and –1.45‰/100 m for
d18O and d2H, re spec tively. In gen eral, large karstic springs (exsurgents) have the high est re charge al ti tudes whereas me dium spring and
deep wells are char ac ter ized by much lower al ti tudes. Tri tium data in ter preted with the aid of lumped pa ram e ter mod els yielded mean
ages of ca. 3 years for low flows in large karstic springs, ca. 10 years for me dium springs, and 50 to 100 years for deep wells, all with very
wide age dis tri bu tions. For four deep wells, the re gional hy drau lic con duc tiv ity es ti mated from tri tium ages (0.8 ´ 10–6 m/s) is about 20
times lower than the geo met ric mean found from pump ing tests (17 ´ 10–6 m/s) sug gest ing the ex is tence of ob sta cles to re gional flow.
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INTRODUCTION

The Tatra Mts. rep re sent the high est part of the West ern
Carpathians with its high est peak Gerlach (2655 m) in Slo -
vakia. They are built of gran ites, meta mor phic and sed i men tary 
rocks. Wa ter bear ing sed i men tary for ma tions are rep re sented
by High Tatra unit, Sub-Tatra unit, and car bon ate Eocene unit
(Fig. 1). High Tatra unit is mainly built of Ju ras sic sand stones,
lime stones and marls, Sub-Tatra unit is mainly built of Tri as sic
sand stones, lime stones and dolomites, Ju ras sic sand stones,
lime stones and marls, and car bon ate Eocene unit is mainly rep -
re sented by lime stones and dolomites (Fig. 2). All these for ma -
tions dip to the north, where thick flysh sed i ments cover them
in the Podhale Ba sin. The gen eral flow di rec tion is also to the
north, up to an im per me able ob sta cle of the Pieniny Klippen
Belt (be yond Fig. 1), which di vides the flow, di rect ing one
com po nent to south-west and the other to south-east, where
they omit the Tatra Mts. el e va tions and dis charge in the Dan -
ube wa ter shed. 

There are nu mer ous springs and sev eral deep wells within
the in ves ti gated area which cov ers the Zakopane aqui fer with
freshwaters in its ini tial part and ther mal wa ters in deeper parts
ex tend ing to the ther mal sys tem of the Podhale Ba sin (Figs. 1
and 2). The north ern bound ary of the Zakopane aqui fer was ar -
bi trarily as sumed by Kleczkowski ed. (1990), the west ern and
east ern bound aries were cho sen along the state bound ary
whereas the south ern bound ary is de fined by out crops of car -
bon ate for ma tions. The larg est springs and wells were spo rad i -

cally sam pled for 3H, d18O and d2H anal y ses un der dif fer ent
pro jects in the pe riod of 1977–2001. In most cases, springs
were sam pled only dur ing low flows. All the iso tope anal y ses
were per formed in the lab o ra tory of the Fac ulty of Phys ics and
Ap plied Com puter Sci ence, AGH-UST in Cra cow by mak ing
use of well es tab lished an a lyt i cal pro ce dures. Early sta ble iso -
tope data are given in re la tion to the SMOW stan dard whereas
later data in re la tion to V-SMOW, which for prac ti cal pur poses
is equal to the SMOW (Coplen, 1996). Tri tium con cen tra tions
are given in tri tium units (T.U.), where 1 T.U. = 1 tri tium atom
per 10–18 at oms of com mon hy dro gen.



The aim of the pres ent work is to sum ma rize all avail able
en vi ron men tal iso tope data and in ter pret them in terms of re -
charge al ti tudes and wa ter ages, be cause in an ear lier work re -
lated to the Podhale Ba sin (Ma³ecka and Nowicki, 2002) only
se lected iso tope re sults were given, with an es ti mate of tri tium
age per formed only for the Zakopane IG-1 well in an ap prox i -
mate way. 

ISOTOPE DATA

The en vi ron men tal iso tope data of large springs, me dium
springs and deep wells are sum ma rized in Ta bles 1, 2 and 3, re -
spec tively. The re sults are prac ti cally free of the sea sonal iso -
tope ef fect be cause sam ples were taken dur ing low flow con di -
tions and the mean tri tium ages are not less than ca. 4 years, as
dis cussed fur ther. In such cases, the sea sonal ef fects are
strongly damped and im mea sur able in out flows. 

The sta ble iso tope data of sam pled sites lie gen er ally above
the World Me te oric Wa ter Line (WMWL) and above the pre -
cip i ta tion line de ter mined by Ró¿añski and Duliñski (1988) for
the Ornak Alp in the Koœcieliska Val ley from two years ob ser -
va tions, but in agree ment with sur face out flows re ported by
these au thors. There fore, their pre cip i ta tion given by Equa tion
[1] can not be re garded as rep re sen ta tive for a long term re -
charge of ground wa ter. An at tempt to ex plain the po si tion of all 
data above the WMWL was given by men tioned au thors.

d2H = (8.1 ± 0.2) d18O + (13.0 ± 2.1) [1]

The ground wa ter line shown in Fig ure 3 dif fers from Equa -
tion [1] only by the value of the free term equal to 14.5‰. Iso -
tope con tents of ther mal wa ters do not ex hibit any shift from
the gen eral line, which should be ex pected for en hanced iso to -
pic ex change of ox y gen with car bon ate min er als in el e vated
tem per a tures (e.g., Gat and Gonfiantini, 1981).
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Fig. 1. Sim pli fied geo log i cal map of the Pol ish Tatra Mts. and the po si tions of sam pling sites



The sta ble iso tope data of each sam pling site are lit tle scat -
tered, as seen in Ta bles 1 to 3, which means that they can be re -
garded as fairly rep re sen ta tive for con di tions of low flows,
whereas the me dian val ues of par tic u lar sites are dis tinctly dif -
fer en ti ated (Fig. 3). 

The tri tium se ries are in gen eral in com plete and too short
for unique age in ter pre ta tion. Spring and well wa ters ex hibit in
most cases sim i lar pat tern, with high tri tium con tents in late
sev en ties and eight ies and with ca. 10 T.U. at the be gin ning of
the new cen tury. 

ALTITUDES OF RECHARGE AREAS

The dif fer ences be tween me dian d-val ues of par tic u lar
sam pling sites can be re lated to the well known al ti tude ef fect
(e.g., Gat and Gonfiantini, 1981). In or der to de ter mine quan ti -
ta tively that ef fect, the al ti tudes of re charge ar eas of springs

with ex treme d-val ues were es ti mated on the ba sis of the al ti -
tudes of out flows, and the anal y sis of geo logic and
morphologic maps, which con strained the pos si ble ranges of
the sought val ues as in di cated by un cer tain ties shown in Ta -
ble 4. The lin ear re la tion ship was as sumed for other sam pled

sites hav ing in ter me di ate d-val ues with al ti tude un cer tain ties
re sult ing mainly from the un cer tain ties es ti mated for the ex -
treme val ues. The re sults of that in ter pre ta tion are rep re sented

by Equa tions [2] and [3], and shown in Fig ures 4 and 5 for d18O

and d2H, re spec tively (also see Ta ble 4). 

h18 (m a.s.l.) = –445.3 ´ d18O + 3704 [2]

h2 (m a.s.l.) = –69.1 ´ d2H + 4054 [3]

All the large karstic springs are in gen eral char ac ter ized by
the high est al ti tudes of re charge ar eas, whereas deep wells and
some me dium springs have their re charge ar eas at the low est al -
ti tudes, with the ex cep tion of the Zazadnia well, which is sit u -
ated in the east ern part of the in ves ti gated area and re charged at
the al ti tude com pa ra ble with some large springs. 

TRITIUM AGES

Lumped pa ram e ter mod els (Ma³oszewski and Zuber, 1982; 
Zuber, 1986) were used to in ter pret tri tium data with the aid of
the PCflow pro gram (Ma³oszewski and Zuber, 1996), when -
ever the re cords were suf fi ciently long for a re li able mod el ling.
When con sid er ing ages ob tain able from tracer data, it is nec es -
sary to re mem ber that in fis sured rocks the move ment of any
tracer is de layed in re la tion to the move ment of mo bile wa ter
due to the mo lec u lar ex change of mo bile wa ter and trac ers in
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Fig. 2. Sim pli fied geo log i cal cross-sec tion A–A’



fis sures with stag nant or quasi stag nant wa ter and trac ers in
microporous rock ma trix (Fos ter, 1975; Neretnieks, 1981;
Sudicky and Frind, 1982). In large time and/or space scales,
trac ers are usu ally evenly dis trib uted due to the mo lec u lar dif -
fu sion be tween fis sures and microporous ma trix. As a con se -
quence, their trans port along flow lines is as if it were tak ing
place in the whole wa ter vol ume, which means that tracer ages
rep re sent the to tal wa ter con tent in the mas sif, i.e. both mo bile
wa ter in fis sures and stag nant (or quasi stag nant) wa ter in the
ma trix. There fore, the tracer age (i.e. the age of wa ter de ter -

mined by tracer method) dif fers by the de lay fac tor (Rp) from
the age of mo bile wa ter de rived from Darcy’s Law. The de lay
fac tor is in a good ap prox i ma tion equal to the ra tio of to tal po -
ros ity to fis sure po ros ity (Ma³oszewski and Zuber, 1985; Zuber 
and Motyka, 1994).

The lon gest re cord of tri tium data ex ists for the Zakopane
IG-1 well. How ever, for that well, it was not pos si ble to fit any
model to the whole re cord. There fore, the dis per sion model
(DM) was fit ted to the early data with an ad di tional sought pa -
ram e ter (b1) rep re sent ing the frac tion of tri tium-free wa ter. The
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Name

Code
Al ti tude
[m a.s.l.] Date

d18OV-SMOW

[‰]

d2HV-SMOW

[‰]

Tri tium

[T.U.]

Bystrej

BY
1160

14.07.77 n.m. n.m. 103±4

15.12.86 –11.86 –79.9 42.9±1.9

27.08.87 –12.22 –81.9 33.7±1.6

13.12.87 –11.80 –81.9 n.m.

28.06.01 –11.92 –82.3 11.6±0.8

Me dian –11.89±0.11 –81.4±0.6 –

Goryczkowe

GO
1176

15.12.86 –11.51 –79.6 44.3±2.0

27.08.87 –11.92 –81.9 28.3±1.4

13.12.87 –12.01 –82.5 n.m.

28.06.01 –11.72 –81.2 11.4±0.7

Me dian –11.82±0.13 –81.55±0.7 –

Olczyskie

OL
1042

14.07.77 n.m. n.m. 104±4

11.12.86 –11.40 –75.6 41.8±1.9

27.08.87 –11.74 –79.7 30.6±1.5

13.12.87 –11.36 –80.8 n.m.

28.06.01 –11.48 –80.0 13.0±0.7

Me dian –11.42±0.10 –79.85±1.3 –

Chocho³owskie

CH
974

09.07.77 –11.7 –81.5 103±4

31.05.85 –11.66 –75.6 n.m.

06.02.85 –11.42 –77.0 42.6±2.0

27.08.87 –11.87 –81.2 27.5±1.3

03.08.88 n.m. n.m. 25.1±1.5

28.06.01 –11.30 –78.0 11.6±0.8

Me dian –11.66±0.11 –78.0±1.2 –

Lodowe

LO
974

15.10.84 –11.17 –73.8 n.m.

31.05.85 –11.66 –75.6 n.m.

01.02.85 –11.50 –77.2 43.2±2.0

31.07.85 –11.29 –74.8 n.m.

27.08.87 –11.72 –79.8 29.6±1.5

28.06.01 –11.41 –77.9 11.6±0.8

Me dian –11.45±0.11 –76.4±1.3 –

Koziarczyska

KO
942

13.12.86 –11.39 –75.6 45.1±2.0

26.08.87 –11.41 –77.5 33.9±1.6

03.08.88 –11.32 –79.2 31.8±1.5

22.08.01 –11.31 –77.5 12.9±0.7

Me dian –11.35±0.03 –77.5±0.9 –

n.m. — not mea sured

T a  b l e  1

Iso tope data of large springs and their al ti tudes
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Name

Code

Al ti tude

[m a.s.l.]
Date

d18OV-SMOW

[‰]

d2HV-SMOW

[‰]

Tri tium

[T.U.]

Waksmundzkie

WA
1075

26.08.87 –11.34 –77.0 26.3±1.3

12.12.87 –11.12 –78.2 n.m.

23.06.01 –11.18 –76.9 12.8±0.7

Me dian –11.18±0.07 –77.0±0.4 –

Kiry

KI
920

27.08.87 –10.76 –74.4 35.1±1.6

12.12.87 –10.58 –74.7 n.m.

28.06.01 –10.59 –72.9 13.5±0.9

Me dian –10.59±0.07 –74.4±0.6 –

Pod Capkami

CA
915

11.12.86 –10.71 –73.1 37.8±1.7

11.06.87 –10.86 –72.7 37.4±1.7

26.08.87 –10.88 –73.8 34.6±1.7

12.12.87 –10.85 –74.7 n.m.

26.06.88 –10.87 –74.7 33.6±1.6

19.06.01 –10.94 –75.1 12.6±0.7

Me dian –10.87±0.04 –74.25±0.6 –

Babtystów

BAB
915

11.12.86 –11.27 –75.3 57.4±2.5

11.06.87 –11.24 –76.6 47.7±2.1

26.08.87 –11.00 –74.8 51.3±2.2

03.08.88 –11.24 –77.8 47.8±2.1

Me dian –11.12±0.06 –75.95±0.8 –

Barany

BAR
919

11.12.86 –11.27 –76.2 60.0±3.0

27.08.87 –11.13 –75.5 51.3±2.3

19.06.01 –10.79 –74.0 13.3±0.8

Me dian –11.13±0.16 –75.5±0.7 –

Staników ¯leb

ST,

Well, 95–110 m 

967

11.06.87 –11.20 –73.6 38.0±1.7

24.06.01 –10.90 –75.9 13.2±0.9

Me dian –11.05±0.15 –74.75±1.2 –

Przyporniak

PR
950 03.08.88 –11.08 –75.5 34.8±1.7

Ex pla na tion as in Ta ble 1

T a  b l e  2

Iso tope data of me dium springs and a shal low well, and their al ti tudes

Fig. 3. Sta ble iso tope com po si tion of groundwa ters in the Pol ish Tatra
Mts. and their ap prox i mate line are shown in com par i son with World
Me te oric Wa ter Line (WMWL) and lo cal me te oric line (Ornak Alp)

Sam ple codes are given in Ta bles 1–4

Fig. 4. Al ti tudes of re charge ar eas es ti mated on the ba sis of d18O
data for known ex treme al ti tudes of Bystrej (BY) and Goryczkowe

(GO) springs, and for Pod Capkami (CA) and Kiry (KI) springs

Sam ple codes are given in Ta bles 1–4
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Name/Code/Temperat./Dis tance to
the Tatra

Al ti tude/Roof/Wa ter level
[m a.s.l.] Date d18OV-SMOW

[‰]
d2HV-SMOW

[‰]
Tri tium
[T.U.]

Hruby Regiel IG-2/HR/10°C/525 m 935/536/928

11.06.87 –10.98 –72.2 44.3±2.0

27.08.87 –10.84 –74.2 41.0±1.8

03.08.88 n.m. n.m. 40.0±1.5

24.06.01 –10.92 –75.1 14.8±0.9

Me dian –10.92±0.05 –74.2±1.0 –

Skocznia IG-1/SK/16.8°C/720 m 883/329/915

14.12.86 –10.70 –73.3 n.m.

11.06.87 –10.55 –73.3 n.m.

26.08.87 –10.85 –72.0 31.8±1.6

Me dian –10.70±0.10 –73.3±0.5 –

Zakopane IG-1/IG-1/35.5°C/1680 m 865/-675/866

08.69 n.m. n.m. 12

08.70 n.m. n.m. 110

08.71 n.m. n.m. 190

08.72 n.m. n.m. 170

08.73 n.m. n.m. 120

10.12.86 –10.87 –74.6 23.4±1.2

11.06.87 –10.99 –71.9 23.9±1.2

26.08.87 –10.79 –73.0 20.2±1.1

03.08.88 –10.75 –72.1 20.3±1.1

24.06.01 –10.91 –74.4 10.6±0.8

Me dian –10.87±0.05 –73.0±0.5 –

Zakopane 2/Z-2/26.4°C/1600 m 868/-196/898

10.12.86 –11.02 –71.8 59.5±3.0

11.06.87 –11.15 –73.4 54.4±2.4

26.08.87 –10.98 –75.2 46.2±2.1

03.08.88 –10.83 –73.4 47.7±2.2

24.06.01 –10.96 –73.1 19.8±1.2

Me dian –10.98±0.06 –73.4±0.5 –

Zazadnia/ZAZ/22°C/1550 m 855/-190/945

13.12.86 –11.35 –75.8 55.2±2.4

11.06.87 –11.70 –76.0 54.2±2.4

27.08.87 –11.49 –77.9 52.0±2.3

03.08.88 –11.40 –78.4 49.4±2.2

24.06.01 –11.42 –78.3 16.2±1.0

Me dian –11.42±0.07 –77.9±0.5 –

T a  b l e  3

Iso tope data of deep wells, their al ti tudes, roofs of wa ter bear ing lay ers, tem per a tures and free wa ter lev els

Fig. 5. Al ti tudes of re charge ar eas es ti mated on the ba sis of d2H data
for known ex treme al ti tudes of Bystrej (BY) and Goryczkowe (GO)

springs, and for Pod Capkami (CA) and Kiry (KI) springs

Sam ple codes are given in Ta bles 1–4



val ues of pa ram e ters ob tained from the in ter pre ta tion pro ce -
dure are given in Fig ure 6 and Ta ble 4. The b1 value ob tained
means that the model rep re sents only the 17%-frac tion of wa ter 
(1 – b1 = 0.17). The re main ing late tri tium data were cor rected
by sub tract ing tri tium con tents re sult ing from the tail part of the 
first model, i.e. the pres ence of tri tium in the fast com po nent
can be ig nored. To the data cor rected in that way, an other
model was fit ted un der an as sump tion that mea sur able tri tium

is pres ent only in the 83% frac tion of wa ter (1 – b2 = 0.83). The
re sults ob tained in di cate the pres ence of two dis tinctly dif fer ent 
flow paths to the Zakopane IG-1 well. The fast flow path of ca.
9 years with lit tle dis per sion is prob a bly re lated to a sin gle
karstic chan nel char ac ter ized by low dispersivity. That chan nel
sup plies only 17% of ab stracted wa ter with the mean age (t1) of 
ca. 9 years whereas the re main ing part of 83% is char ac ter ized
by very wide dis tri bu tion of flow times with the mean age
(t2) of 100 years. The age dis tri bu tions (tracer flow times) of
both flows yielded from fit ted mod els are shown in Fig ure 7,
and the to tal mean age (tto tal) is given by Equa tion [4]:

tto tal = (1 – b1) ´ t1 + (1 – b2) ´ t2 =

= 0.17 ´ 8.8 + 0.83 ´ 100 = 84.5 yrs

[4]

The mean tri tium age for the Zakopane IG-1 well con sid er -
ably dif fers from the value of 12 years given by Ma³ecka and
Nowicki (2002). For three other wells, the tri tium re cords are
much shorter but the fit ted mod els yield mean ages of the same
or der as in the case of the Zakopane IG-1 well (Fig. 8) whereas
a sin gle tri tium de ter mi na tion for the Skocznia well is not suf fi -
cient for ob tain ing a quan ti ta tive age in ter pre ta tion.

Quan ti ta tive in ter pre ta tion of tri tium data for springs is
less re li able due to vari able out flows though sam ples were
rather taken dur ing low flows when there were no flows
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Name/Code
Model/

b — older frac tion

Age

[years]

PD

[–]
h

[–]

h18

[m a.s.l.]

h2

[m a.s.l.]

Bystrej/BY n.d. – – – 1574±207a 1574±207a

Goryczkowe/GO n.d. – – – 1581±200a 1581±200a

Olczyskie/OL n.d. – – – 1381 1464

Koziarczyska/KO EM/0 6.5 – 1.00 1350 1301

Chocho³owskie/CH
DM/0

DM/0 (?)

3

5(?)

1.50

0.005
– 1491 1335

Lodowe/LO – n.d. – – 1394 1225

Kiry/KI EPM/0 74 – 1.00 1012±46a 1012±46a

Pod Capkami/CA
DM/0

DM/0 (?)

11

141(?)

2.00

1.5

–

–
1146±115a 1146±115a

Barany/BAR EM/0 11.4 – 1.08 1252 1163

Babtystów/BAB n.d. – – – 1247 1194

Waksmundzkie/WA n.d. – – – 1274 1267

Staników ¯leb/ST n.d. – – – 1217 1111

Przyporniak/PR n.d. – – – 1230 1163

Hruby Regiel/HR DM/0 102 1.30 – 1350 1301

Skocznia IG-1/SK n.d. – – – 1061 1011

Zakopane IG-1/IG-1 DM/0.83 + EPM/0.17
8.8

100

0.007

–

–

1.27
1136 990

Zakopane 2/Z-2 DM/0 55 0.50 – 1176 997

Zazadnia IG-1/ZAZ DM/0 50 1.00 – 1381 1329

a — in de pend ently es ti mated al ti tudes and their un cer tain ties (see text); (?) — model yield ing doubt ful re sults; n.d. — not de ter mined due to
in suf fi cient num ber of tri tium data; DM — dis per sion model; EM — ex po nen tial model; EPM — ex po nen tial pisto-flow model

T a  b l e  4

Mod els fit ted to tri tium data and mean al ti tudes of re charge ar eas

Fig. 6. Tri tium data of the Zakopane IG-1 well and lumped pa ram e -
ter mod els fit ted to the early and late data sets



through karstic chan nels from ponors to springs. Con se -
quently, the fol low ing age con sid er ations are mainly re lated
to the flows drain ing the fis sure and ma trix po ros i ties. In
spite of the lon gest re cord avail able for the Chocho³owskie
spring, the ob tained fit is far from sat is fac tory. There fore,
both dis per sion mod els ob tained from the fit ting pro ce dure

(Fig. 9) can not be re garded as very re li able. They yielded
greatly dif fer ent val ues of the dis per sion pa ram e ter
(PD = 1.50 and 0.005), and rel a tively close mean ages of 3
and 5 years, re spec tively, though quite dif fer ent age dis tri bu -
tions shown in Fig ure 10. The val ues of the dis per sion pa -
ram e ters are be yond the most typ i cal range, say 0.02¸0.5,
whereas the model with the mean age of 3 years and PD = 1.5
is much more re li able due to a re al is tic dis tri bu tion of ages
char ac ter ized by pre vail ing low age val ues and a long tail re -
sult ing from slow drain age of small fis sures and some
micropores. The tri tium data of other large springs shown in
Ta ble 1 sug gest that they can prob a bly be de scribed by sim i -
lar mod els.

Three ex am ples of mod els fit ted to the tri tium data of two 
me dium springs (Barany and Pod Capkami) are shown in
Fig ure 11. The mean ages of these springs are ev i dently
greater than those of large karstic springs though much
lower than those of deep wells. Two dif fer ent mod els
equally well fit ted to the data of the Pod Capkami spring ex -
em plify the lack of unique so lu tions, which to a high de gree
re sults from the lack of sys tem atic sam pling sched ules and
too short re cords. In that par tic u lar case, the larger value of
the mean age seems to be un re al is tic. 
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Fig. 8. Tri tium data of three deep wells and their 
lumped-pa ram e ter mod els

Fig. 9. Tri tium data of the Chocho³owskie Spring 
and two fit ted lumped-pa ram e ter mod els

Fig. 10. Age dis tri bu tions (weight ing func tions) of the mod els fit ted
to the Chocho³owskie Spring tri tium data

Fig. 11. Tri tium data of two me dium springs and three 
lumped-pa ram e ter mod els fit ted to these data

Fig. 7. Age dis tri bu tions (weight ing func tions) of the mod els fit ted in
Fig ure 6 to the tri tium data of the Zakopane IG-1 well



HYDROGEOLOGIC PARAMETERS

Un der fa vour able con di tions, the tracer age in the sat u rated
zone (tts) can serve for de ter min ing some hydrogeologic pa -
ram e ters. For in stance, if the to tal in ter con nected po ros ity (n),
the mean flow dis tance (x), and the mean hy drau lic gra di ent
(Dh/Dx) are known or can re li ably be es ti mated, the re gional
value of the hy drau lic con duc tiv ity (K) can be cal cu lated from
Equa tion [5] (Zuber and Motyka, 1994).

K = n ´ x/[(Dh/Dx) ´ (tts)] [5]

where: n — sum of the ma trix (np), fis sure (nf), and karstic chan nel (nk) po -
ros i ties. 

Usu ally np can re place n in Equa tion [5] be cause it sig nif i -
cantly ex ceeds both nf and nk (Zuber and Motyka, 1998). Ma -
trix po ros ity, though is eas ily mea sur able on rock sam ples, re -
mains un known for the Tatra car bon ates, ex cept for the Eocene 
car bon ates where 5 sam ples yielded the mean value of 0.016
(Motyka, pers. comm.).

For tri tium, the age is the sum of the tracer ages in the un sat -

u rated and sat u rated zones (tt = ttu + tts). There fore, the travel
time (age) of tri tium through the un sat u rated zone should be
sub tracted from the age ob tained from the lumped-pa ram e ter
mod el ling to ob tain the age in the sat u rated zone which is ap pli -
ca ble in Equa tion [5]. When no data are avail able for the es ti -
ma tion of the age in the un sat u rated zone, and the to tal age is
put into Equa tion [5], the hy drau lic con duc tiv ity ob tained rep -
re sents the low est pos si ble value. 

For the fol low ing es ti ma tion of the hy drau lic con duc tiv i -
ties, the ma trix po ros ity of 0.02 was as sumed whereas flow dis -
tances and hy drau lic gra di ents were es ti mated from the maps
for the wa ter lev els and re charge al ti tudes given in Ta bles 3
and 4, re spec tively. For the Zakopane IG-1, the mean dis tance
was es ti mated to be 3000 m and the hy drau lic gra di ent 0.066.
These val ues used in Equa tion [5] to gether with the mean age

of 85 years yielded K = 0.34 ´ 10–6 m/s. For the Zakopane 2,
Zazadnia and Hruby Regiel IG-2 wells, the fol low ing K-val ues

were ob tained: 0.90 ´ 10–6, 0.63 ´ 10–6 and 2.5 ´ 10–6 m/s, re -
spec tively. The pump ing tests per formed in these four wells

yielded: 0.23 ´ 10–6, 3.2 ´ 10–4, 1.5 ´ 10–5 and 8.3 ´ 10–6 m/s,
re spec tively (Chowaniec, pers. comm.). The val ues of re gional
hy drau lic con duc tiv i ties ob tained for par tic u lar wells from tri -
tium ages are dis tinctly lower than the lo cal val ues ob tained

from pump ing tests. The geo met ric mean val ues are 0.8 ´

10–6 m/s and 17 ´ 10–6 m/s, re spec tively. 
For the Chocho³owskie spring, the mean dis tance of 1500 m

and the mean hy drau lic gra di ent of 0.167 were es ti mated. These
val ues used in Equa tion [5] with the to tal age of 3 years yielded

K = 1.9 ´ 10–6 m/s. If the travel time through the un sat u rated
zone is of the same or der as the travel through the sat u rated zone, 
the true hy drau lic con duc tiv ity can be two times larger. 

The vol ume of wa ter in the ground wa ter sys tem drained by
spring is given as the prod uct of the vol u met ric flow rate and
age, whereas the vol ume of rock oc cu pied by that wa ter is
given as the ra tio of wa ter vol ume to the to tal po ros ity. If the
age of 3 years is ac cepted for large springs as that cor re spond -

ing to the base flow of 200 to 500 L/s, the wa ter vol ume of each

large spring sys tem is (19 to 48) ́  106 m3. This value di vided by 

0.02 yields the rock vol ume of (0.95 to 2.4) ´ 109 m3, which
seems to be def i nitely too large for the in volved drain age ar eas
and thick ness of wa ter bear ing for ma tions. These es ti ma tions
sug gest the to tal po ros ity of rocks drained by large springs to be 
con sid er ably larger than 0.02. 

DISCUSSION AND CONCLUSIONS

The sta ble iso tope com po si tion of ground wa ter in the Pol -
ish Tatra Mts. is dis tinctly dif fer en ti ated due to the al ti tude ef -
fect. Al ti tudes of re charge ar eas of par tic u lar springs and ab -

strac tion wells ob tained from the in ter pre ta tion of the d18O and

d2H val ues give a better in sight into the flow pat tern within the
Zakopane aqui fer and should also serve for a better in ter pre ta -
tion of the iso tope data in the whole Podhale Ba sin. 

The tri tium ages of par tic u lar sam pling sites com bined with
the mean al ti tudes of re charge ar eas ob tained from the sta ble iso -
tope data served for the es ti ma tion of re gional val ues of the hy -
drau lic con duc tiv ity, which are char ac ter ized by low scat ter.
How ever, they are dis tinctly lower than those re sult ing from
pump ing tests, which sug gest gen er ally lower flow rates than
those es ti mated from the hy drau lic in ves ti ga tions. The dis crep -
ancy be tween the hy drau lic con duc tiv i ties found in both ways is
too large to be ex plained by in ac cu rate es ti ma tion of the po ros ity. 
Most prob a bly, the dis crep ancy re sults from the ex is tence of ob -
sta cles to flow, which can be caused by fault planes. A large scat -
ter of the hy drau lic con duc tiv ity ob tained from pump ing tests re -
sults from a stron ger de pend ence on lo cal con di tions, whereas
the re gional hy drau lic con duc tiv ity de ter mined from tri tium ages 
is much less in flu enced by lo cal con di tions. The un cer tainty of
the hy drau lic con duc tiv i ties ob tained from tri tium ages can be re -
duced when better es ti ma tion of ages, flow dis tances, hy drau lic
gra di ents and po ros ity are ob tain able.

The rock vol umes of sys tems drained by large karstic springs 
es ti mated from the tri tium ages are def i nitely too large, which
most prob a bly re sults from the in ad e quate es ti ma tion of the to tal
po ros ity for the up per parts of the High Tatra unit drained by
these springs. If the to tal po ros ity dis tinctly ex ceeds the value of
0.02 used within this work, the rock vol ume drained by large
spring is much lower and the hy drau lic con duc tiv ity of that part
of the High Tatra unit is much larger than the value es ti mated

from the tri tium age, i.e. 1.9 ´ 10–6 m/s. Fur ther works on tracer
ages and the po ros ity of the in ves ti gated for ma tion should lead to 
more re li able val ues of both pa ram e ters.

The ar chi val re cords of the tri tium data were sat is fac to rily
com plete only for some sam pling sites to be in ter preted quan ti -
ta tively in terms of wa ter ages. Un for tu nately, the pres ent tri -
tium con cen tra tions are not suf fi ciently dif fer en ti ated in the in -
ves ti gated area to be prom is ing for more re fined age de ter mi na -
tions by that tracer. Per haps other tran sient trac ers such as
freons and SF6 (IAEA, 2006) may be come use ful in near fu ture
for a better age iden ti fi ca tion of spring wa ters. 

Low 14C con tents ob served in a num ber of deep wells
within the ba sin re ported by Ma³ecka and Nowicki (2002) were 
cor rectly in ter preted by these au thors as re sult ing from iso to pic
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ex change with car bon ate min er als, which is par tic u larly ef fec -
tive in microporous ma trix and un der el e vated tem per a tures
(Ma³oszewski and  Zuber, 1991). It seems that for the wells sit -
u ated fur ther than wells in ves ti gated within the pres ent study,
the 4He dat ing method should yield re li able age es ti ma tions
whereas the tri tium ages ob tained for wa ters close to the re -
charge area can prob a bly be used to cal i brate the 4He ex cess
con cen tra tions in or der to es ti mate 4He ages. For in stance,
com bined in ter pre ta tion of 4He ex cess con cen tra tions and other 

trac ers ap peared to be use ful for the Malm lime stones in the
Cra cow re gion (Zuber et al., 2004) and for Tri as sic car bon ates
in the north ern part of the Up per Silesia Coal Ba sin (Zuber et
al., 2005) where 14C dat ing was ev i dently un re li able. Judg ing
from that ex pe ri ence, 4He de ter mi na tions com bined with tri -
tium data of young wa ters should also be very use ful for age de -
ter mi na tions of ther mal wa ters in the whole Podhale Ba sin.
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