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Assessment of the geogenic salinity conditions
in the hyporheic zone of the Moszczenica River
in the Rogdzno salt dome zone (Zgierz district)
based on radium isotopes
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Abstract: On the border of the Kujavian Anticlinorium and the £.6dz Synclinorium, the Rogdzno salt dome was
formed and broke through the overburden of Mesozoic formations. The groundwater circulating around them
leaches the salt body and, being saline, is subject to drainage in the Moszczenica valley. Previous measurements
of vertical hydraulic gradients and physicochemical analyses showed conditions favorable for the penetration of
aqueous solutions of Zechstein salt into the riverbed, which is particularly intensified at low surface water lev-
els. The main objective of this publication is to determine the origin of groundwater flowing into the hyporheic
zone (HZ) of Moszczenica using radium isotopes. Hydrochemical studies were carried out on deep groundwater
in the supply area, flow and drainage zones of the Groundwater Body, within the boundaries of which the salt
dome is located. The preliminary assessment of the hydrochemical specificity of HZ waters, carried out using the
EMMA method, showed that these are waters which, as a mixture, cannot be related to any of the end member
elements selected from the set of local groundwaters. Based on previous hydrochemical studies, the share of deep
groundwaters in the HZ was determined to be 22-33%. On this basis, the reconstruction of the sought mixing end
element was performed with the isotopic signature of the river water and the mixture of HZ waters. Using several
computational scenarios, it was indicated that these may be waters from deep parts adjacent to the salt diapir of
Cretaceous aquifers from the southwest.

Keywords: salt diapir, ascension, vertical hydraulic gradient, the £6dZ Synclinorium, EMMA method

historical sources. However, in the area that be-
came the object of this research, this type of tra-
dition does not occur. Despite its rich economic
history (Kaminski 1993), there is no evidence of

INTRODUCTION

The ascension of salty underground waters has
been known in central Poland since the times

of the first settled cultures (Bukowski 1963, Jod-
towski 1977). The local tradition of salt-making is
recorded in the names of today’s localities, which
date back to the oldest mentions in written

prehistoric salt production. The places of the oc-
currence of salt flats and salt-loving plants men-
tioned by Jaworski (1964) were the result of exten-
sive geological exploration works.
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Fig. 1. Location of the research area: A) on a national scale; B) outline of the salt dome and its clay-gypsum cap along with
the location of surface and groundwater testing points; C) hyporheic water testing site; D) location of the area of interest with-
in the boundaries of PLGW200063 (63); E) location of research wells in the PLGW200063 (63) recharge zone. Cartographic
backgrounds from the £6dz Voivodeship Geoportal and for the Ground Water Body from https://geolog.pgi.gov.pl/#name=19m-
vaoemxx. Markings: a - research well with a marking, b - place for sampling hyporheic waters, ¢ - place for collecting water sam-
ples from the Moszczenica River, d — well for medicinal waters (Kucharski et al. 2012), e - piezometer capturing groundwater,
f- VHG measurement profile in the Moszczenica riverbed with a marking, g - IMWM water gauge station (IMWM - Institute
of Meteorology and Water Management), h - marking of GWB, i - sub-Cenozoic extent of the salt dome body RogéZno accord-
ing to Debski et al. (1963), j - the extent of the clay-gypsum cap (ibid), k - the extent of the area where the chloride concentration
exceeds the requirements for drinking water (Meszczyniski & Szczerbicka 2002), | - groundwater flow direction (Meszczyriski &
Szczerbicka 2002, Szczerbicka & Meszczytiski 2002)
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They were carried out in the years 1949-1953 to
identify and document the rock salt deposit in the
Rogdzno diapir, piercing the overburden of Me-
sozoic deposits (Jaworski 1964). The local hydro-
geological conditions disturbed by these works
mean that brackish waters occur in this area just
below the surface, already in unconfined waters.
This was recognized especially in the northern
part of the area marked by the contour of the salt
dome on the surface (Meszczynski & Szczerbicka
2002) (Fig. 1). The modern Moszczenica riverbed
runs along the long axis of this contour, drain-
ing groundwater resources in the southwestern
part of PLGW200063 (Fig. 1D) (data card: https://
www.pgi.gov.pl/dokumenty-pig-pib-all/psh/zada-
nia-psh/jcwpd/jewpd-60-79/4423-karta-informa-
cyjna-jcwpd-nr-63/file.html), so it should be as-
sumed that the river can also receive deep saline
water from the underground catchment. Obser-
vations of vertical hydraulic gradients (VHG) be-
tween the hyporheic zone (HZ) and the Moszcze-
nica riverbed have shown that upwelling of deep
waters may occur in the river bottom (Marciniak
et al. 2022, Ziultkiewicz 2022).

The aim of the research was to identify deep
groundwaters forming a mixture with river wa-
ters in the HZ of Moszczenica. Therefore, re-
search was carried out in the field of:

— identification of the VHG size and direction on
the river bottom;

- hydrochemical tests to determine the presence
of saline waters in the immediate vicinity of the
riverbed, which required testing of groundwa-
ter occurring in the deep horizons around and
above the diapir, as well as groundwater from
the recharge area within PLGW200063, as well
as the river waters of the Moszczenica and its
hyporheic waters;

- isotope studies in the range of ***Ra and ***Ra
of the above-mentioned waters.

The origin of the salinity of the Moszczenica
hyporheic waters was determined by reconstruct-
ing the isotopic activity of hypothetical deep
groundwaters flowing into the HZ with the actual
isotopic activity of the river waters, and the isoto-
pic activity of the waters which are the product of
their mixing, i.e. waters from the HZ.

STUDY AREA

Within the Paleozoic platform, under the cov-
er of Mesozoic deposits, there is a thicker Zech-
stein deposit, developed in the salt-bearing series
(Dadlez 1998). The overburden of younger rocks,
which is many kilometers thick, plasticizes the
salt, which is pushed upwards through all kinds
of discontinuities in the overlying layers. A spe-
cial role is played by tectonic deformations that
occurred as a result of the Alpine orogeny move-
ments taking place in southern Poland, although
the fault zones in the Prezechstein basement indi-
cated by Krzywiec (2006, 2009) may be of crucial
importance in this respect. There is a dense net-
work of halokinetic structures in the L6dz region
(Sokotowski 1966), the most important of which
is the Gopto-Pone¢tow-Pabianice zone (Skorupa &
Dziewinska 1976). The series of diapirs developed
on its basis, as an anticlinal zone, separates its
north-eastern “bay” from the Mogilno-L6dz syn-
clinorium - the so-called the Small £6dZ Trough.
In its northern edge, on the border with the Kut-
no section of the Kuyavian embankment, the Ro-
gozno salt diapir was formed, which was the only
one in the region that broke through the overbur-
den of Mesozoic deposits. It is the second largest
salt dome in the country (Czapowski & Tarkowski
2018). The salt body was located within the zone of
active groundwater circulation and was subjected
to strong leaching through subrosion.

The resulting salt solutions could have moved
along faults and sedimentary discontinuities.
As a result of leaching 138 km” of salt, a clay-
gypsum cap with a volume of 3.93 km’ was
formed (Malecki & Ziutkiewicz 2019). The cap is
located at depths of 54.5-328.8 m, has a thick-
ness of 12.8-286.3 m (Czapowski & Tarkowski
2018), and in the northern part it is clearly thin-
ner than in the southern part. The clay-gypsum
type of cap sediments is distributed in the plan on
the edge of the salt structure, while gypsum-an-
hydrite sediments are concentrated in its central
part (Debski et al. 1963). Below the cap of the
diapir, there is a strongly tectonically disturbed
Zechstein salt series, in which the recognized
profile includes: Zuber, younger rock salt, main
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anhydrite, plate dolomite, gray salt clay, older
rock salt and older potassium salt (Czapowski &
Tarkowski 2018). Older formations occur in the
center of the diapir, they are internally folded and
most likely surrounded by younger Zechstein se-
ries formations. The younger salt series forma-
tions in the outer zones have undergone a strong
reduction. The diapir breaks through Mesozoic
rocks on the border of the Kuyavian Swell and
the Small £.6dZ Basin, hence Lower Cretaceous
sediments directly adjoin it from the north-west,
with Middle and Upper Cretaceous formations
on the western side of the diapir and Upper Ju-
rassic formations from the east and south (Marek
1957). The diapir cap is strongly dislocated as
a result of active halokinetics and sulfate karstifi-
cation. This is evidenced by the strong deforma-
tion of the overburden of Paleogene and Neogene
formations (Hycnar & Ratajczak 2019) and Pleis-
tocene clays (Kaminski 1993). The Paleogene and
Neogene in the overburden of the diapir and its
cap are composed of clays (sometimes carbonat-
ed), silts, quartz sands (also sometimes carbon-
ized), as well as brown coal seams surrounded
by clays. The thickness of Tertiary sediments is
variable - this is the result of the presence of
a number of washouts in the top of the diapir,
which are filled, among others, by Miocene de-
posits. In such places, their thickness reaches
up to 250 m. As a result of the sulfate karstifi-
cation of the cap, the depositional surface of the
diapir is slowly and evenly lowered. Its original
structure was disturbed, and denivelations ap-
peared on the ceiling surface, reaching several
dozen meters. They became a place of accumu-
lation of phytogenic matter, which led to the for-
mation - in addition to thin interlayers - of two
thick coal seams, an older one in the Oligocene
and a younger one in the Miocene. These coals
contain small amounts of chlorides, but signifi-
cant amounts of Na,O and K,O, which indicates
their salinity. A younger coal seam is not only
thicker, but also more uniform. It has a strongly
folded roof surface, which is evidence of the ac-
tivity of the Permian basement (Hycnar & Rataj-
czak 2019). In addition to leaching, halokinetics
was important in deforming the roof parts of the
dome, which could be activated by the transgres-
sion of ice sheets through changes in pressure on

the land surface. This is indicated by the research
of Piotrowski (1999) in the area of the Odra Lobe
and Molewski (2007) in the Kuyavian Upland.
The movement and presence of ice sheets over the
Rogézno diapir influenced the sedimentary re-
cord in Quaternary deposits. According to Jew-
tuchowicz (1967), this is evidenced by the number
of moraine clay levels found in the overburden of
the Rogozno diapir. There are four levels there,
and only one occurs in its immediate vicinity,
outside the outline of the diapir. They show clear
disturbances as a result of processes occurring in
the overburden of the diapir (Ziutkiewicz 2022).

Interglacial erosional cuts filled with sandy
formations are clearly visible at the top of individ-
ual moraine clay levels. According to Kaminski
(1993), the depth of these cuts, often up to 20 m,
refers to karst depressions in the clay-gypsum
cap. The total thickness of the Quaternary forma-
tions above the dome ranges from 2.6 to 241.6 m
(Debski et al. 1963, Charysz 1966). The youngest
series are the Moszczenica valley sediments, de-
posited in the erosional cutting of older forma-
tions, including the Warta clay: sands and grav-
els, flood mineral silts and organic sediments
filling the oxbow lakes (Kaminski 1993). The
modern course of the Moszczenica is the result
of the karstification processes of the clay-gypsum
cap and halokinesis. The degradation of the dia-
pir cap led to the formation of a longitudinal con-
cavity in the central part of the overburden, which
determined the course of the riverbed along the
longitudinal axis of the diapir contour (Fig. 1B).
Further north, below the gorge section near
Gieczno, where the river flows beyond the diapir,
the Moszczenica does not have a developed val-
ley, it flows in a bed formed in the recent past, as
indicated by, among others, the absence of a flood
terrace. Kaminski (1993) and Molewski (2014) are
consistent with Lencewicz’s concept (Jewtucho-
wicz 1967) that the river in this stretch changed
its course drastically. Originally, it flowed ac-
cording to the general slope of the surface to the
north-west, towards Leczyca, where it flowed into
the Bzura River. The creation of the Leczyca wa-
tershed in the Warsaw-Berlin ice-marginal val-
ley through the activity of the Izbica-Leczyca salt
anticline (Jewtuchowicz 1967) changed its course
northward, towards Pigtek.
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Nowadays, increased specific electrical con-
ductivity (SEC) values and chloride ion concen-
trations recorded in the bottom of the Moszczeni-
ca valley are found locally (Gérecki & Ziutkiewicz
2016), and the river in the section where it flows
over the Rogdzno diapir does not show any signs
of geogenic salinity (Goérecki 2017). However, re-
search carried out in 2017-2018 in the Moszcze-
nica riverbed near Gieczno showed that between
the river and the alluvia there are conditions fa-
vorable for intensive water exchange (Marciniak
et al. 2022). Attention was paid to the possibility
of ascensive inflows of deep water, which Macio-
szczyk (1988) considered as one of the important
factors determining the chemistry of river wa-
ters. Tests conducted in 2019-2023 of river wa-
ter and water collected directly from the bottom
of the Moszczenica River showed the presence of
hydrochemical types specific to geogenic salini-
ty and transitional types, indicating active mix-
ing of groundwater and river water. On this ba-
sis, the share of saline deep waters in the HZ was
determined to be 18-20% (Ziutkiewicz 2022) and
33% with a longer observation series (Ziutkiewicz
2024). It was also noticed that the ascension is es-
sentially in the central part of the bottom of the
riverbed, which confirms the concept of the spa-
tial structure of groundwater drainage in the riv-
erbed supplied by Winter (1998).

Among the markers proposed by Gooseft (2010)
used for the geochemical characterization of the
hyporheic zone in previous studies, ion and SEC
values were used (Ziutkiewicz 2022, 2024). Howev-
er, isotopes were not used, among which isotopes
of radium deserve special attention. They have
been widely used to describe the interactions oc-
curring between waters in the coastal zone (Moore
1996, 1999, 2003, Souza et al. 2010, Annett et al.
2013, Su et al. 2013), to identify the mixing of fresh
and salty groundwater (Moise et al. 2000, Stur-
chio etal. 2001), river and underground (Eikenberg
et al. 2001, Molina-Porras et al. 2020) and lake and
underground sources (Kraemer 2005).

Radium isotopes are created continuously
as a result of radiogenic changes **Th, **Th and
*Th, which belong to the series of decays of ura-
nium and thorium. Uranium and thorium are
widely distributed in nature, causing radium iso-
topes to continually form in all continental and

oceanic sediments (Webster et al. 1995). Two iso-
topes are of particular importance in the study of
river alimentation conditions and mixing process-
es: “°Ra generated in the series of decays of **U,
with a half-life ¢,,, = 1,600 years, and ***Ra gener-
ated in the series of decays of **Th, with a half-life
t,, = 5.75 years. The radium isotope ratio:
*?Ra/**Ra, originating from various sequences of
radiogenic transformations, should reflect the av-
erage Th/U ratio (**Th/*°Th) in rock formations
penetrated by groundwater (Porcelli & Swarzen-
ski 2003). The correlation between ***Ra and ***Ra
can be used to demonstrate the mixing of ground-
water and river water due to the almost constant
concentrations of both isotopes in each compo-
nent of such a mixture (Eikenberg et al. 2001). Ac-
cording to Molina-Porras et al. (2020), this can
also provide the basis for identifying the mixing
ratio of water masses in different environments.

U contents and Th/U ratios are usually higher
inigneous rocks and in sedimentary detrital rocks
formed as a result of their erosion than in carbon-
ate rocks, because they contain significant con-
centrations of U and very little Th (low Th/U ra-
tio) (Molina-Porras et al. 2020). The contents of
**Ra and ***Ra are usually related to each other
and most often small amounts of ***Ra are accom-
panied by small amounts of ***Ra (and vice versa).
In waters occurring within carbonate and meta-
morphic sedimentary rocks, the content of radi-
um isotopes is insignificant. In waters occurring
in weathered igneous rocks, clayey sandstones
and brines, this content is usually much higher
(Chau & Kopec¢ 2010). In the case of sandstones,
according to Vinson et al. (2012), what may be
important for determining the activity of radium
isotopes is not the basic matrix of the quartz sand-
stone, but the carbonate binder, such as calcite and
dolomite cement.

According to Chau and Kope¢ (2010), the in-
crease in the content of radium isotopes in wa-
ter is caused by the leaching of radium isotopes
from water-bearing rocks, the decay of precursors
(thorium isotopes) contained in the water, and the
alpha-recoil process in relation to isotopes locat-
ed close to the water-rock boundary, although in
general, long-lived isotopes of radium are main-
ly introduced into water due to the dissolution
of rocks, while short-lived Ra isotopes are in the
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alpha recoil process (Krishnaswami et al. 1982,
Porcelli 2008). The reduction in the activity of ra-
dium isotopes is the result of their precipitation
from water on the surfaces of aquifers and the de-
cay of these isotopes.

In zones where there are strong changes in
groundwater salinity, radium may be deposited on
the surfaces of aquifers. According to Moise et al.
(2000), combination of upward flow and continu-
al mixing of groundwaters causes a gradual build-
up of a radium lining on the aquifer walls and
a steady-state surface activity is established. Web-
ster (1995) notes that where there is a strong salin-
ity gradient in estuarine river sediments, radium
isotopes desorb due to ion exchange competition
with major cations present in seawater. Porcelli
and Swarzenski (2003) report that when radium
isotopes are short-lived, they usually adapt to lo-
cal conditions more quickly and over shorter dis-
tances. *“Ra, with a much longer half-life, re-
quires a significantly greater distance to travel
along the flow line to reach a given concentration
in groundwater. Therefore, concentration gradi-
ents of **Ra can be found over greater distances
than in the case of the short-lived ***Ra isotopes.

METHODS

In order to identify zones of saline water drain-
age into the Moszczenica bed, hydraulic gradient
measurements were carried out at its bottom. At-
tention was focused on the stretch of the river lo-
cated in the area where, according to Meszczynski
and Szczerbicka (2002), chloride concentrations
in groundwater exceed those required for drink-
ing water (Fig. 1B). A gradientometer was used for
the measurements (Marciniak & Chudziak 2015).
This device was also used to collect water samples
from the hyporheic zone to determine its physi-
cochemical parameters as well as chemical and
isotopic composition. The methodology for col-
lecting water samples from HZ was used in pre-
vious research work carried out in the L6dzZ re-
gion (Ziutkiewicz et al. 2021, 2023, Ziutkiewicz
2022, 2024, Krogulec et al. 2024, Ziutkiewicz &
Grulke 2024).

VHG measurements and sampling to identi-
ty hydrochemical conditions in the Moszczenica
HZ in the Gieczno area have been ongoing since

November 2018 (Ziulkiewicz 2022). When start-
ing isotope research, the zone of inflow of saline
waters was known. In order to select a place from
which to obtain a hyporheic water sample for iso-
tope determinations, it was necessary to: identi-
ty the upwelling and obtain the highest measured
EC value in such a place (Fig. 1C). Such work was
carried out for the first time on March 3, 2021. On
that day, parameters were measured and samples
of river water and groundwater collected by deep
wells were taken in the zone above and around
the diapir (Fig. 1B, C) as well as in the supply
zone of PLGW200063 (Fig. 1E) (https://www.pgi.
gov.pl/dokumenty-pig-pib-all/psh/zadania-psh/
jewpd/jewpd-60-79/4423-karta-informacyjna-
jewpd-nr-63/file.html) (Table 1). The tests of water
from the HZ and river waters were repeated after
two years, i.e. on March 21, 2023, and were supple-
mented with the measurement of parameters and
sampling of groundwater from the P-2 piezometer
previously installed in the immediate vicinity of
the Moszczenica riverbed (Fig. 1C). The work was
accompanied by measurements of the flow rate of
the Moszczenica River and the recording of wa-
ter levels in the river at the Institute of Meteorol-
ogy and Water Management (IMWM) station in
Gieczno (Fig. 1C).

Measurements of physicochemical parame-
ters of water were carried out with electrodes and
sensors from Eurosensor (Poland) using the uni-
versal ELMETRON CX-742 meter (Poland), and
in the piezometer and wells they were carried out
using the Eijkelkamp overflow cell (Netherlands).
Water samples were collected in PE containers.
Chemical analyzes of water in terms of salinity
measures: mineral substances (TDS), concentra-
tions of chlorides (CI"), sulfates (SO;) and sodium
cation (Na") were performed in the laboratory of
the Department of Geology and Geomorphology
of the Faculty of Geography Sciences of the Uni-
versity of Lodz and the Laboratory of Computer
Analytical Techniques of the Faculty of Biology
and Environmental Protection of the University
of Lodz according to the standards recommend-
ed by Witczak et al. (2013). On the basis of the hy-
drochemical elements determined, the percentage
share of saline deep water in the HZ mixture was
established according to the proposals of Malard
(2003) and Battin et al. (2003).
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Table 1

Characteristics of research points in the Rogézno salt dome zone and in the recharge zone of PLGW200063

Geographical Depth Filtering
. . Number
No. Object Acronym | coordinates of well [m] / compart- In use
of well* .
N/E Age of aquifer ment [m]
Water intake in former 51957127 8"
1. agricultural cooperative BN o 5900325 103/Jurassic 69.5-103.0 no
C e . 19°29'28.5
in Biesiekierz Nawojowy
Water intake in former 5195842 6"
2. milkcollection GO P 5900394 | 41/Quaternary 36.0-39.0 no
P 19°28'57.7
in Gieczno
Gleczynslfa former 51959'27.6" .
3. water intake GCZ 19°25733.0" 5900348 241.4/Jurassic | 238.5-241.4 no
in Wypychow )
Community water intake 51°58'06.1"
4. in Kotowice (no. 2) KO 19°26/22.0" 5900594 | 53.1/Quaternary | 31.3-50.0 yes
Community water intake 51°50'40.6"
5. in Dobieszkéw DO 19°36'14.1" 5910179 98/Quaternary 81.0-93.6 yes
Community water intake 51°48'59.9"
6. in Dabrowa (no. 2) Dw 19°33'42 4" 6280377 48/Quaternary 41.0-47.0 yes
Community water intake 51°48'09.3"
7. in Natolin (no. 2) NT 19°37'43.7" 6280363 | 30.7/Quaternary | 88.6-101.5 yes
Community water intake 51°54'05.4" .
8. in Strykéw (H-1) STR 19°36/59.2" no data 204/Jurassic 72.0-204.0 yes
. . 51°59'49.4"
9. Moszczenica River MCA 19°26/35.5" - - - -
. 51°59'51.9"
10. Hyphorheic zone HYPO 19°26'36.0" - 0.2/Quaternary | 0.18-0.20 -
. 51°59'52.45"
11. Piezometer P-2 P2 19°26'36.12" - 4.7/Quaternary 2.2-4.5 -

* According to HY DRO Bank of Polish Geological Institute — Research Institute.

Determination of **Ra and **Ra were car-
ried out in the Laboratory of Isotopic Methods
at the Institute of Applied Radiation Chemis-
try at Lodz University of Technology. For radio-
metric analysis using a unique low-background
spectrometry system consisting of a high-purity
germanium (HPGe) detector (30% relative effi-
ciency; CANBERRA). For analysis both isotopes
radiochemical procedure of radiochemical pre-
cipitation has been applied based on instruction
LMI-IN-RA2268W-02. Laboratory of Isotopic
Methods apply radiochemical methods accord-

Ra was analyzed on the base Ac-228 isotope
(911.2 and 969.0 keV peak energy line).

The results of the activity analysis of isotopes
*?Ra and ***Ra were used to determine the compo-
sition of the groundwater mixture in the hyporheic
zone based on the method proposed by Eikenberg
et al. (2001). If two different aquifers of composi-
tions (A) and (B) interact to form a mixed compo-
nent (M), the following relationship holds, provided
that two isotopes with different concentrations and
isotopic ratios are available, i.e. in the case of Ra:

ing norm ISO 17025. In radiochemical proce- *Ray = ""Ra, f+ *'Ra (1 - f) )
dure chemical recovery of the method was con-
trolled based '“Ba isotope. ***Ra isotope was 25Ra,, = 2*Ra, f+ *Ra, (1 - f) )

analyzed based on its two progenies **Bi (609.3,
1,120.3 and 1,764.5 keV peak energy lines) and
*“Pb (2,95.2 and 351.9 keV peak energy lines).

where f is the fractional proportion (or “mixing
factor”).
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In order to hydrochemically identify the mix-
ing of water from different aquifers occurring in
the zone around the diapir and overlying the di-
apir was used the EMMA model, which relies on
the assumptions of linearity of the mixing pro-
cess, the conservative behavior of tracers, and the
time invariance of end member compositions.
End-members represent the chemical composi-
tions of source waters existing within a catchment
that undergo physical mixing only during travel
time to the stream channel. An alternative inverse
approach where eigenvector and residual analysis
of observed stream water chemistry estimates the
number contributingend-members. End-members
characterized by direct sampling in the field are
then screened for their ability to fit into the mixing
space created by the analysis of observed stream
water chemistry (James & Roulet 2006). For these
purposes, principal component analysis (PCA) is
applied. Principal component analysis is general-
ly used in problems where the variation in a set of
many, correlated variables needs to be described
by a new set of few, uncorrelated variables. The
new set of variables, also called the components,
is sorted in decreasing order of importance, i.e.,
by the amount of the variation that each compo-
nent explains. The general goal of PCA is to iden-
tify a small number of components that can ex-
plain a substantial portion of the variation of the
original variables resulting in a lower dimensional
space that explains most of the variation. The de-
cision of how many components to retain remains
subjective and is influenced by the number of in-
put variables (Barthold et al. 2011).

According to Chistophersen and Hooper
(1992), PCA is an example of “reverse” analysis
because the number and composition of end ele-
ments from different environments are sought in
a mixture, which in our case is hyporheic water.

Table 2

RESULTS

Mixing of groundwater
in the area of the Rogozno salt dome

The mixing identification of water from different
aquifers was based on the results of physicochemi-
calanalyzes were obtained from the HYDRO Bank
of the Polish Geological Institute and are data re-
garding water obtained from the first pumping of
the wells; they date from 1962-2007 and include
124 shots (Table 2, Fig. 2). They are the only avail-
able hydrochemical material that can be subjected
to statistical processing to identify the end mem-
ber mixing elements in the Rogézno salt dome
zone and its immediate surroundings. It was as-
sumed that, despite limited reliability and repre-
sentativeness, statistical analysis of a large data-
set to identify general regional patterns, would to
some extent limit the significance of such imper-
fections.

Due to the different scope of chemical data
contained in the archival materials, a set of hydro-
chemical elements was used for the statistical anal-
ysis, which was, on the one hand, numerous, and,
on the other hand, enabled access to the largest set
of groundwater intakes. The selected hydrochem-
ical elements are: pH reaction (H'), total hardness
(TH), oxidizability (COD-Mn), sulfates, chlorides,
nitrates, nitrites, ammonium ion, iron and man-
ganese. Purposefulness of PCA was assessed using
the Bartlett and Kaiser-Meyer-OlKkin tests (calcu-
lation results accordingly: p < 0.0000001, 0.751).
Substitute variables were selected as main com-
ponents, and their significant number was deter-
mined by Kaiser’s rule. Factors were rotated using
the VARIMAX method. The composition of sub-
stitute variables is summarized in Table 3; hydro-
chemical elements with high correlation (R > 0.7)
with replacement variables were distinguished.

Characteristics of groundwater intakes, the data of which were used to identify potential mixing end elements in the hyporheic

zone of the Moszczenica River

Aquifer Number of wells Tmtl}el:erzztg: of Intak[;ilefgt.lll. ]range Depth[ r‘:lf l:f;lll.]screen
Upper Cretaceous 5 1965-1999 36.0-132.0 29.0-120.6
Upper Jurassic 40 1966-2007 30.0-152.0 12.7-154.0
Teritiary 27 1962-2005 26.0-321.3 18.2-173.4
Quaternary 49 1962-2007 10.6-64.5 7.5-59.5
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Fig. 2. Spatial range of the area where wells are located, the data of which were used for PCA. The location of the wells selected
as representatives of the final elements of the groundwater mixing process in the area of the Rogézno salt dome was indicated.
Markings: a - selected well with marking, b - contour of salt dome, c - the area where the wells subjected to statistical analysis
are located

Table 3
Principal components extracted from the hydrogeochemical data set of the Rogézno salt dome area

Parameter PC-1 PC-2 PC-3 PC-4
H* -0.014 -0.197 -0.705 —-0.164
Total hardness 0.469 0.204 0.692 0.107
NO; —-0.060 —-0.404 0.089 0.031
NO, 0.204 0.389 -0.627 0.154
NH; —-0.088 0.066 0.130 0.843
SO} 0.768 -0.252 0.234 0.051
Clr 0.735 0.160 -0.134 0.093
Total Fe* 0.034 0.787 0.265 -0.027
Total Mn** —-0.168 0.656 0.100 0.206
COD-Mn 0.314 0.007 -0.019 0.709
Eigenvalue 2.133 1.498 1.295 1.022
e i g |21

* Total Fe = Fe** + Fe’*.
** Total Mn = Mn*" + Mn*",
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The obtained substitute variables reflect the
specificity of geochemical diversity of water in
terms of:

— their interactions with the salt dome and the
clay and gypsum cap (PC-1);

- migration conditions of iron and manganese
in an organic-rich environment in the forma-
tions of the Warsaw-Berlin ice-marginal valley
and the Neogene coal levels in the overburden
of the salt dome (PC-2);

- differentiation of water from Mesozoic car-
bonate rocks and their Cenozoic overburden
(PC-3);

- differentiation of coal and non-carbon envi-
ronments (PC-4).

The contribution of principal components to
explaining the variance of the hydrochemical data
matrix indicates that it is difficult to identify two
clearly dominant hydrogeochemical conditions in
this set. On the basis of the projection of the factor
values onto the three-dimensional space defined
by the first three principal components, a poten-
tial indication of the end member mixing ele-
ments taking place in the salt dome zone between
aquifers containing normal and saline waters in

No.22 3¢

PC-1(+/-)

No.122

the Mesozoic basement and the Cenozoic over-
burden was obtained (Fig. 3).

A significant number of wells are located on the
line running between wells nos. 64 and 22. Well
no. 22 takes water from the Upper Jurassic forma-
tions to the north-west of the diapir, and well no. 64
from the Quaternary aquifer far to the south-east
of the diapir (Fig. 2). The location of the intakes se-
lected as the representation of the final elements
refers to the direction of groundwater flow in
PLGW200063, from the recharge zones in the area
of the L6dz Heights towards the regional drain-
age zone in the Warsaw-Berlin ice-marginal val-
ley (Bierkowska 2002, Meszczynski & Szczerbicka
2002, Szczerbicka & Meszczynski 2002). The hy-
porheic waters of the Moszczenica are located
at the top of the trapezoid, which is the projection
of the end elements on the XY plane determined by
PC-1 and PC-2. The statistical and hydrochemical
characteristics of potential end-members and hy-
porheic waters are summarized in Table 4 in the
order related to the direction of groundwater flow.
It is related to changes in the size of PC-1 and TH.
Hyporheic waters exceed end-element thresholds
for PC-1 and chloride, total Mn, and H".

No.45

Fig. 3. The arrangement of points representing wells in a space whose dimensions are the first three principal component. Po-
tential end member mixing elements have been highlighted and a point (red) representing the hyporheic waters of Moszczenica
River in Gieczno is marked. Note: The orientation of the chart has been optimized to make it easier to read the set of points

arranged in space
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Table 4

Characteristics of selected potential end member mixing elements

Well number/ Principal components Mean value of hydrochemical compounds

I;I-Il;nll)b;z)a];;:lg PC-1 PC-2 PC3 [rfl(g))i L] [n::gl/ L] T[E:Z} Ilj]e TB:;/%“ reaIlIt-Iion [m'Ie‘(IIJ/ L]
No. 64/5910059 -1.8272 | -0.2541 | -0.3528 4.0 12 2.00 0.10 7.40 2.70
No. 122/5900348* | 2.1153 1.3529 -3.9162 0.8 412 0.21 0.03 7.48 3.99
No. 22/5530345 2.1758 -0.4036 2.0421 221.0 120 1.18 0.12 6.64 8.72
No. 45/5520195 2.5543 3.4296 2.1941 44.8 518 10.00 0.20 6.80 12.20
HYPO 3.4370 0.7343 -1.1399 118.4 725 1.47 0.27 7.49 8.03

*No. 3 in Table 1.

Hyporheic zone of the Moszczenica River

Measurements of the magnitude and direction
of the VHG between the hyporheic zone and the
riverbed were carried out on March 3, 2021 and
March 21, 2023. The stage of the Moszczenica at
the IMWU water gauge in Gieczno was 123 cm
on the first date and 133 cm on the second date,
with the Moszczenica flows being 0.655 m’/s and
0.832 m’/s, respectively.

Both research dates are separated by a period
of low stages in 2022 (Fig. 4), but above the aver-
age low stage, which for the water gauge in Giecz-
no was determined to be 120 cm (Szczepanski
1995-1996).

In the studied profiles, the inflow of water from
the hyporheic zone (upwelling) absolutely domi-
nates (Fig. 5). The average VHG in the first period
was slightly higher than the gradient in the second
period (0.054 and 0.048 cm/cm).
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Fig. 4. Hydrometeorological conditions in the study area: average monthly water stages in the Moszczenica Rriver at the IMWM
water gauge in Gieczno and monthly rainfall totals at the IMWM rainfall station in Lu¢mierz. The months in which water
samples were taken are marked. Data: https://danepubliczne.imgw.pl/
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Fig. 5. Distribution of VHG values in the measurement sections of the Moszczenica riverbed at both research dates and measured
EC values: A) 3.03.2021; B) 21.03.2023. Note: the asterisk indicates the places where water samples were collected for chemical

analyses

The results of chemical and isotopic analyzes
of the tested waters are presented in Table 5.

The highest **Ra activities occurred in hypor-
heic water (HYPO) and in the Jurassic formations
surrounding the diapirs (BN and GCZ), signifi-
cantly lower activities away from the diapir (STR),
and the lowest in Quaternary intakes (DB, NT,
DB, KO). In the case of ***Ra, the highest activity
was recorded in saline Quaternary waters in the
vicinity of the research site (GO) and in the water

near Moszczenica (HYPO), and the lowest in mu-
nicipal intakes, while no activity of the short-lived
isotope was detected in the Jurassic formations
away from the diapir (STR) and in one Quaterna-
ry intake in the supply zone (DW). It is notewor-
thy that the activity of both isotopes in the hypor-
heic zone was much higher than in river water and
groundwater (P2).

The mutual relationship between the activity
coeflicients of both isotopes is shown in Figure 6A.
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Table 5

Values of hydrochemical elements and activities of radium isotopes in the tested waters and their activity coefficients

Element BN GO GCZ KO DB DW NT STR MCA* | HYPO* P2**
TDS 532.0 700.0 1,060.0 | 267.0 382.0 192.0 155.0 528.0 387.0 1,480.0 -
[mg/L] +95.1 +105.4 | +188.3 | +42.6 +64.8 +34.5 +25.6 +94.4 241.0 2,158.0 | 1,094.0
Cl 55.5 268.2 219.6 3.0 4.2 8.2 9.5 5.8 435 587.3 -
[mg/L] +54 +29.1 +24.1 +0.3 +0.4 +0.8 +0.9 +0.6 32.0 862.4 285.6
SO 13.8 11.1 0.8 9.7 15.2 22.2 28.0 134 38.9 147.3 -
[mg/L] +2.7 +2.0 +0.1 +1.9 +2.7 +4.0 +5.5 +2.7 40.9 89.5 107.0
Na* 404 159.7 251.7 5.9 5.0 5.7 6.6 6.3 20.5 340.5 -
[mg/L] +2.8 +11.2 +17.6 +0.4 +0.3 +0.4 +0.5 +0.4 18.5 491.5 69.4
26Ra 414 40.9 43.1 22.6 19.8 13.7 19.1 29.3 22.0 44.4 -
[mBq/L] +5.7 +4.8 +5.1 +2.9 +2.3 +1.5 +2.3 +3.7 18.6 45.3 14.4
*%Ra 6.2 31.6 15.3 8.4 5.7 0.0 8.4 0.0 3.8 264 -
[mBq/L] +0.9 +4.1 +1.7 +0.9 +0.8 : +1.3 ’ 0.5 28.2 9.4
2287y , /226 0.17 0.60 -

Ra/*Ra 0.15 0.77 0.36 0.37 0.29 0.00 0.44 0.00 0.03 0.62 0.66
226 45.55 22.54 -
1/°°Ra 24.17 24.48 23.20 44.25 50.57 72.70 52.48 34.14 53.92 2208 69.43

* In the numerator the result from 3.03.2021, in the denominator the result from 21.03.2023.

** Only results from 21.03.2023.

The 1/**Ra coefficient allows us to distin-
guish the groups of Jurassic waters around the di-
aphragm (BN and GCZ), saline Quaternary wa-
ters near the polygon (GO) and hyporheic waters
(HYPO). The second coefficient does not provide
grounds for the separation of groups, but shows
the growing role of the short-lived isotope in the
tested waters, with its activity culminating in the
hyporheic zone and in the groundwater in its im-
mediate surroundings (deep groundwaters - GO
and unconfined groundwaters — P2) — the differ-
ence in the isotopic characteristics of water from
the piezometer is noteworthy.

The relations of isotopic activity measures and
hydrochemical elements presented in Figure 6
show the studied hydrogeological environment
as significantly diversified, yet subject to some or-
dering. The amount of mineral substances shows
strong covariation with **Ra activity (Fig. 6B).
In this picture, hyporheic waters represent the
boundary conditions of the relationship, and the
other boundary is marked by Quaternary deep
waters from the PLGW200063 recharge zone in
the area of £.6dz Hills (DW). The relations seem to
be disturbed by the case of groundwater (P2), with
too high an activity coefficient value considering
the amount of minerals present in these waters. In
turn, the activity ratio shows a strong relation with
the sulphate index, considered to be a measure of

conditions in aquifers (Pazdro & Kozerski 1990).
Large amounts of sulphates may be the result of
leaching of the gypsum parts of the salt diapir cap
and the reduction and oxidation conditions pre-
vailing in the underground flow path. Chlorides
are the result of leaching of the salt mass. Only two
of the examined cases, i.e. GCZ and GO, obtained
a sulphate index value below 10, in the remaining
cases, including hyporheic waters, the values are
much higher. This index reached high values in
waters in which the ***Ra isotope is not active (DW
and STR). However, when it is active and this ac-
tivity increases relative to **Ra, the sulfate index
decreases. The case of GO waters corresponds to
the highest value of the ***Ra/***Ra ratio and one of
the two lowest values of the sulphate index. At the
two opposite “poles” of the relationship there were
Quaternary deep waters from the PLGW200063
recharge zone (i.e. DW) and saline Quaternary
waters in the overlying parts, included in the im-
mediate vicinity of the examined section of Mosz-
czenica, i.e. GO (Fig. 1C). Between these extreme
cases there are waters from Quaternary intakes
in the supply area of PLGW200063 (DB, NT) and
the non-saline overburden of the salt dome (KO),
which constitute a completely separate group of
objects. They are characterized by a low chloride
content, but unlike others of the same type (DW
and ST), the active isotope ***Ra.
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Preliminary assessments of the groundwa-
ter representation in the studied hyporheic zone
indicated that groundwater has a share in HZ of
22%, with the rest being river waters (Ziutkiewicz
2022). Observations from the period 23.02.2023-
6.03.2024 showed that this share is 33% (Ziulkie-
wicz 2024). Taking these shares as valid, the hypo-
thetical activity of radium isotopes in deep waters
was calculated on the basis of isotopic data from
river and hyporheic waters at both research dates
(Bl and B2) (Table 6). In other scenarios (B3 and
B4), it was assumed (Ziutkiewicz 2024) that water
from Neogene formations directly in contact with
the karstified clay-gypsum cap with a known chlo-
ride and TDS content flows into the immediate
vicinity of the Moszczenica riverbed (Kucharski
etal. 2012). TDS and the concentration of chloride
ion in river and hyporheic waters from both dates
of sampling for isotope determinations were used
to calculate hypothetical mixing proportions un-
der the bottom of the Moszczenica River (Table 7).

The activities of radium isotopes and the coeffi-
cients **Ra/***Ra and 1/**°Ra for the B component

Table 6

of the hyporheic water mixture clearly differ from
the size range of the tested groundwater - see Ta-
ble 3. To obtain a broader reference, the simulation
results were compared with literature data regard-
ing geothermal waters of Poddebice and Uniejow
(Grabowski 2012, Chau et al. 2021), waters from
the Lower Cretaceous formations of the Small
L.6dz Trough (Grabowski et al. 2010) and other
waters from the Mid-Polish Anticlinorium, Up-
per Silesia and the Carpathian region (Figs. 7, 8,
Table 8).

The sought-for B component, in terms of its
characteristics, does not have a direct equivalent
in groundwater in the country, although it can be
related to the waters of Iwonicz.

The graphic image of the mixing ratio in the
hyporheic zone of Moszczenica with hypothetical
water “B” places it between the Lower Cretaceous
waters of the Mogilno-L6dz Trough, more pre-
cisely, between ordinary waters taken near £6dz
for water supply purposes and geothermal waters
drawn from the Lower Cretaceous formations in
Uniejow (Fig. 8).

Calculation of the activity of isotopes **Ra and ***Ra in deep groundwaters (B component) flowing into the hyporheic zone of

the Moszczenica riverbed in the groundwater salinity zone

Mixture M Riverine element Deep groundwaters element B
(HYPO) (MCA) f X)
Scenario 26R, 28R, 26R, 28R, 26R, 28R, 28R4 /26Ra 1/**Ra
[mBq/L] [-] [mBq/L] [-] [-]
B1A 0.22 123.8 106.5 0.86 8.08
444 26.4 22.0 3.8
B1B 0.33 80.9 72.3 0.80 11.13
B2A 0.22 140.1 126.2 0.90 7.14
45.3 28.1 18.5 0.5
B2B 0.33 99.7 84.3 0.85 10.03
B3 444 26.4 22.0 3.8 0.13 194.3 177.6 0.91 5.15
B4 45.3 28.1 18.5 0.5 0.20 152.5 138.7 0.91 6.57
Table 7

Calculation the river waters share in the hyporheic zone based on analytical data of river and hyporheic waters and archival

data of saline deep water according to Kucharski et al. (2012)

Chlorides [mg/L] TDS [mg/L]
Data f f
River HZ Deep River HZ Deep
groundwaters groundwaters
3.03.2021 43.5 587.3 4,264 0.87 387 1,480 9,072 0.87
21.03.2023 32.0 862.4 4,264 0.80 241 2,158 9,072 0.79
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Fig. 7. Map of chloride mineral waters and brines used as examples from literature in Table 8
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Fig. 8. Water analysis in relation to radium isotope indices with reference to regional literature data (according to Table 8) and

hypothetical underground water according to various reconstruction scenarios (see Table 6)
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Table 8

Comparison of the isotopic characteristics of the B component with literature data of Cl-Na type mineral waters and brines

Scenario TDS Hydrochem- YRa* Ra/”"Ra* | 1/*°Ra*
lg] ical type [mBgq/L] [-] [-]
B1A (f=0.22) 5.35 - 230.3 0.860 8.08
B1B (f=0.33) - - 162.2 0.800 11.13
B2A (f=0.22) 8.95 - 266.3 0.901 7.14
B2B (f=0.33) - - 184.0 0.850 10.03
According to the proportions calculated in Table 5
B3 (f=0.13) 8.79 - 3719 0.914 5.15
B4 (f=0.20) 8.95 - 291.0 0.911 6.57
Groundwater intakes
1. | Kotowice M-1 (Kucharski et al. 2012) 9.07 Cl-Na 54.0 - -
2. g‘:&‘x;‘;&g Raand “Ra - - 806.2 0.559 1.93
3. Egj&‘xs—kgﬁ';ma and *Ra - - 1,045.5 0.571 1.54
4. | Uniejow PIG/AGH-2 (Chau et al. 2021) 6.77 Cl-Na 1,157 1.066 1.78
5. | Ustron U3A (Chau et al. 2021) 117.00 Cl-Na-Ca 83,700 0.268 0.015
6. (Tgﬁ;ﬁ ;’rfirlil;’;%:’)ater sin the Upper Silesia 85.35 - 8,500 0.146 0.29
7. gg‘;ﬂfv‘vﬁz Lf;}_(;(ﬁro‘;mec 1999, 79.0 Cl-Na" 4,330 1.00 0.46
8. (Cz)‘;f)};:i;i: ‘1’919‘; Eer:g‘jwski 2012) 443 Cl-Na? 1,777 0.664 0.936
9. | Sol: Warzelnia Spring (Chau et al. 2016) 41.37 Cl-Na 2,520 0.968 0.78
10. | Debowiec D-2 (Kozlowska 2010) 32.0 - 2,270 1.12 0.93
11. | Rabka IG-2 (Chau et al. 2021) 23.06 Cl-Na 1,178 0.938 1.64
12. | Helena (Chau et al. 2016) 17.4 Cl-Na 433 0.781 4.11
13. | Warzelnia (Chau et al. 2016) 13.1 Cl-Na 453 0.841 4.06
14. | Iwonicz: Elin (Chau et al. 2016) 5.44 Cl-Na 242 0.551 6.41
15. | Iwonicz: Emma (Chau et al. 2016) 4.28 Cl-Na 256 0.641 6.41
16. (szﬁf,};?:iiilf ?9199831 Gf;gizgﬁaz o12) 33 Cl-Na” 81.5 0.487 18.18
17. | Siary (Chau et al. 2016) 2.7 Cl-Na 299 0.769 591
18. | Iwonicz: Iza 19 (Chau et al. 2016) 0.832 Cl-Na 101 0.232 12.19

* Where not specified, it was determined independently.

Water from the Jurassic formations of Strykéw,
Wypychéw (GCZ) and Ciechocinek (“Krystynka”)
are located on the extension of the proportionali-
ty line of both activity indicators. The relationship
between the depth of these intakes and the activ-
ity coeflicients of their waters (Fig. 9) shows that
the B component could come from a depth of ap-
prox. 850-1,200 m.

With the hypothetical total mineralization
(TDS) of these waters, ranging from 5.5-9.0 g/L,
the hydrogeochemical gradient ranges from
0.46 g/100 m to 0.72 g/100 m, depending on the
scenario. These are the lowest values in the range
(0.5-26.0 g/100 m) given by Dowgiallo after
Pazdro and Kozerski (1990) for Mesozoic deposits
of Lowland Poland.
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Fig. 9. The relationship between the depth of intakes in the £6d% region and the activity coefficients of radium isotopes in water
coming from them: A) for 1/°°Ra; B) for ***Ra/”°Ra. Explanation of points as in Figure 8

DISCUSSION

The **°Ra activity of the tested waters ranges from
13.7 to 45.3 mBq/L, and two distinct groups of
objects can be distinguished. The first one con-
sists of waters with low activity — Moszczenica,
groundwater from the valley bottom (P2), Qua-
ternary municipal intakes in the recharge zone
(DB and NT) and in the overburden of the salt
dome (KO). The second group with almost twice
as much activity — waters of the hyporheic zone,
the Cenozoic saline input (GO) and groudwaters
existing close to the diapir in Jurassic formations

(BN and GCZ). Between these groups there are
waters from the Jurassic intake in Strykow (STR).
However, these are all activities much lower than
those recorded by Chalupnik (2004) in the Up-
per Silesan brines (3,400 mBq/L), located in
the lower part of the **Ra activity range of wa-
ters flowing from the mine in the Kowary area
(Chau et al. 2011), lower than those reported by
Czop et al. (2013) for the Carpathian chloride wa-
ters (67-1,340 mBq/L), by Przylibski et al. (2014)
for waters from the Sudetes (50-1,770 mBq/L) and
Carpathians (190-620 mBq/L) and lower than
in the brines of Ciechocinek (Grabowski 2012):
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54.8-1,691.0 mBq/L, Grudzigdz (Kozltowska
et al. 2010): 2,160 mBg/L and Sopot (Koztow-
ska et al. 2010): 470 mBq/L. Chruscielewski and
Kaminski (1999) report **Ra activities in vari-
ous aquifers taken for the needs of the L6dz wa-
terworks. For the Upper Cretaceous, the range
is 10-13 mBq/L, for the Lower Cretaceous:
10-50 mBq/L, and for the Jurassic of the Kujawy
embankment: 10-23 mBg/L. Groudwaters exist-
ing close to the diapir in Jurassic formations (BN
and GCZ) has **°Ra activity almost twice as high
as the one reported, but the one recorded in water
intake of Strykéw is comparable.

The activity of **Ra in Moszczenica is low-
er than that of the Vistula at the level of Plock:
271 mBq/L (Grabowski 2012) and Krakow:
35 mBq/L (Chatupnik et al. 2001), it is within the
activity range of Kowary streams (Chau etal. 2011):
4.4-40.8 mBq/L, but it is higher than that of
the Ner waters in Poddebice (Grabowski 2012):
1.20-4.68 mBq/L, or Warta in Uniejow (Grabow-
ski 2012): 1.56-4.10 mBq/L.

The activities of ***Ra are lower than **Ra in
the tested waters, which corresponds to the situa-
tion observed by Chau et al. (2016) in Carpathian
chloride-type mineral waters.

The highest ***Ra activities were recorded in
oversaltdome waters in the Quaternary aquifer
(GO) and in the hyporheic zone. Half the activi-
ty was found in the groundwater located close to
the diapir in Jurassic formations (GCZ) and an-
other half lower in the remaining tested waters,
with the exception of the Jurassic formations of
the Strykow region (ST) and the Quaternary sup-
ply zone (DW), in which the ***Ra isotope was not
active. The ***Ra activity of groundwater in the
Rogdzno salt dome area is much lower than the
Upper Silesian brines (Chalupnik 2004): 5,100-
34,700 mBq/L, but is within the lower range found
in water flowing from the mine in the Kowary
area (Chau et al. 2011): 14.7-6,87.0 mBq/L and the
range characterizing Carpathian chloride waters
(Czop et al. 2013): 8-1,240 mBq/L. However, in re-
lation to other types of Carpathian waters (Chau
et al. 2016), the tested waters most closely match
the lower part of the range (or even below) giv-
en for bicarbonate waters: 12-171 mBq/L. In rela-
tion to the Ciechocinek brines (Grabowski 2012):

26.7-1,796.0 mBq/L, the waters of the Rogdzno re-
gion also correspond to the lower part of this range
and are well below the ***Ra activity in the brines
of Grudziagdz (Kozlowska 2010): 2,170 mBgq/L
and Sopot (Koztowska 2010): 1,020 mBgq/L. The
activity of **Ra in Moszczenica is clearly low-
er than the streams in the Kowary area (Chau
et al. 2011): 17.1-21.3 mBqg/L, but is at the level
of the Vistula in Ciechocinek (Grabowski 2012):
2.4 mBq/L, the Warta in Uniejéw: 3.4-5.9 mBq/L
and the Ner River in Podde¢bice (Grabowski 2012):
3.0-10.2 mBq/L.

Although the tested waters represent differ-
ent aquifers, including surface waters, a posi-
tive covariation of radium isotope activity with
the determined salinity measures was observed
among them. This is consistent with the obser-
vations of, among others, Krishnaswami et al.
(1991), Moise et al. (2000), Sturchio et al. (2001),
Chau and Kope¢ (2010), Walencik et al. (2010),
Czop et al. (2013), Tomita et al. (2014), Chau et al.
(2016), and Chau and Nowak (2021). The most de-
viating from the identified relationships (Fig. 6B
and C) were unconfined groundwater (P2) and
groundwater from Quaternary municipal in-
takes in the recharge zone (DB, NT) and the zone
above the diapir (KO). In the first case, the de-
viations consist in a higher value of the activity
coefficient **°Ra, considering the amount of min-
eral substances dissolved in the tested groundwa-
ter. The second case refers to waters with a low
chloride content relative to sulfate concentrations
and with an active isotope ***Ra, which for such
anomalies is consistent with the observations of
Tomita et al. (2014).

The activity ratio ***Ra/?*Ra (AR - activi-
ty ratio) in groundwater is an important instru-
ment for estimating the genesis of Ra isotopes in
groundwater (Tomita et al. 2014). At steady state,
supplying radium isotopes to water through the
dissolution and weathering of radium-containing
minerals results in lower ARs than the **Th/**U
activity rates of the parent aquifers due to the dif-
ference in half-lives of the two nuclides. In con-
trast, the delivery of Ra isotopes through the
alpha-recoil process linked to the decay of Th iso-
topes (*°Th and **Th) located on the rock sur-
face has the same AR magnitudes as the **Th/**U
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activity coeflicients of the parent aquifer rocks.
Unfortunately, a serious difficulty in carrying
out these interpretations is, as noted by Chau and
Nowak (2021), the lack of data on the content of
parent isotopes in Mesozoic deposits in the Pol-
ish Lowlands. Grabowski (2012) documented that
in the geothermal waters of Poddebice, the factor
determining radium activity is the process of its
dissolution in the surrounding rocks. It should be
mentioned that the value of the ***Ra/***Ra coeffi-
cient for these waters is 1.85, which is significant-
ly higher than the tested waters (Table 6). At the
same time, the ratio of ?*Ra/**Ra in the tested
waters is much higher than 1, which, according to
Chau and Kope¢ (2010), excludes the adsorption
of isotopes. Therefore, if it is not dissolution and
adsorption, then the mechanism that determines
the high activity of radium isotopes in the tested
waters, especially hyporheic waters, is desorption.
Given the strong gradients of Eh and the concen-
trations of Fe’* and Mn*" between the hyporheic
zone and river water (Ziutkiewicz 2022), it should
be assumed that in the bottom sediments of
Moszczenica there are conditions favorable to the
sorption of radium isotopes arriving in deep wa-
ter on metal oxides and hydroxides (Krishnaswa-
mi et al. 1982, Porcelli et al. 2014). However, the
effectiveness of sorption may be significantly lim-
ited by the salinity of the hyporheic zone. Webster
(1995) observed that where there is a strong salin-
ity gradient in estuarine river sediments, radium
isotopes desorb due to ion exchange competition
with the major cations present in seawater. Tomi-
ta et al. (2014) reports that in a matrix solution
with high ionic strength, the adsorption of diva-
lent elements (Ra*") on the mineral surface is pre-
vented by greater competition with monovalent
elements (Na").

Relative differences between AR values can
be used to determine the lithology of aquifers.
Kraemer (2005), Vinson et al. (2012), Molina-
Porras et al. (2017, 2020) note that low AR values
are characteristic of carbonate environments and
higher for clastic environments. In the case of the
studied waters, the lowest AR values are shown by
waters from Jurassic carbonate formations (STR,
BN, GCZ; average 0.17), higher from Quaterna-
ry sandy formations (DW, DB, KO, NT, P2, GO;

average 0.37). However, a more distinct boundary
runs between waters with high chloride content
(HYPO, GO, P2, GCZ) and low chloride content
(DB, NT, KO, STR, BN). The average AR for the
first group is 0.6, and for the second 0.21. Mosz-
czenica with an AR of 0.03-0.17 belongs to a less
salty environment; these are also values specific to
river waters (Moore & Edmond 1984, Kraemer &
Curwick 1991, Moore & Shaw 2008).

Comparisons of hydrochemical properties
with the activities of isotopes ***Ra and ***Ra show
that hyporheic waters are clearly similar to waters
in Quaternary over diapir and Jurassic formations
close to the diapir, but low compared to river wa-
ters (Fig. 6A, Table 3). It was assumed that repre-
sentatives of both geochemical environments mix
in the HZ. However, due to the fact that the sa-
linity and isotope activity indices of hyporheic
waters (HYPO) are higher than those of the test-
ed groundwater, the second mixing element was
not revealed by the tests. It was assumed, follow-
ing Ziutkiewicz (2022, 2024), that these could be
deep Oligocene aquifer in contact with the karsti-
fied gypsum-clay cap. Such mixing was simulated
in order to determine the isotope activity of the
hypothetical B component. Calculations were car-
ried out in several scenarios (Table 6), which, after
comparing the obtained results, indicated the pos-
sibility of the existence of such waters in the Low-
er Cretaceous formations of the Mogilno-Lodz
Trough (Figs. 8, 9), and on a national scale - in
brackish and saline Carpathian waters from Iwo-
nicz and Rabka (Table 8).

The determined depth from which the sought
B component of mixing with river water could
originate, i.e. 850-1,200 m in the artesian basin.
However, according to the research of Grabow-
ski (2012) from Ciechocinek, where changes in
the activity of the long-lived isotope of radium
with depth were recognized in the local medici-
nal water intakes, the activity of the **Ra B com-
ponent calculated in the simulation (at the level
of 140-195 mBq/L) could represent water from
a depth of approximately 110-180 m (Fig. 10).
These are the approximate depths in the exam-
ined section of the Moszczenica valley the foot-
wall parts of Neogene formations covering the
gypsum-clay cap of the Rogdzno salt diapir.
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Fig. 10. Relation of the calculated ***Ra activity for B component to the changes of this isotope in the groundwaters of Ciechocinek

intakes (Grabowski 2012) and simulation for B component

CONCLUSION

The hydrogeological conditions prevailing in the
overlying and surrounding area of the Rogdzno
structure are more complex than in the adjacent
areas. Groundwater flowing from the southeast
encounters a barrier that determines the change
in direction of movement towards the region-
al drainage base. The Moszczenica takes part in
the drainage of groundwater communities, as ev-
idenced by the presence in its hyporheic zone of
waters characterized by increased mineralization
and hydrochemical types typical of waters leach-
ing the salt structure and its gypsum cap. These
changes in the chemistry of groundwater occur
mainly around salt dome zone.

The limited number of wells available in this
area seriously limits the possibility of identifying
the environments from which saline water flows
into the Moszczenica. This is an intriguing re-
search task because it transpired that HZ waters
are more saline than the mixing end elements in-
dicated in EMMA.

The reconstruction of the waters co-forming
this mixture in the HZ with river waters did not
supply unambiguous results. The obtained isotopic

parameters fit well with the regional conditions and
indicate large depths of origin of the underground
component. In turn, the level of radium activity in
the hypothetical deep water compared to the Cie-
chocinek waters shows that in the case of Rogézno
it may be at smaller depths. However, in the diapir
area, the radium activity is many times lower than
that found in the Moszczenica HZ.

Determining the origin of the salinizing water
in the studied part of the HZ is important due to
the deepening decline in river flows and a possible
increase in the efficiency of drainage of the saline
aquifer horizon, and thus lower dilution efficiency
with dominant upwelling. The results of current-
ly conducted hydrobiological research indicate
that invertebrates inhabiting the bottom environ-
ment of the Moszczenica River in this section are
responding to the geogenic salinity of the river
(PYociennik et al. 2025).
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