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In the paper, we analyse the impact of ascending brines from the Mesozoic basement on the formation of hydrogeological
conditions of deep exploitable aquifers. In the North European Plain, there are numerous salt structures with associated tec-
tonic deformations, which form migration zones of saline waters from the Mesozoic basement to the Cenozoic cover. This
creates a geogenic threat to exploitable aquifers, especially in terms of groundwater exploitation conditions. Previous stud-
ies of these phenomena had been conducted on a regional scale and focused mainly on the distribution of chlorides in re-
ceiver aquifers without detailed analysis of hydrodynamical and hydrogeochemical effects of the ascent. As part of research
into the topic, it is necessary at this point to develop the methodology of assessment of geogenic risks for groundwater, for
example for reasons of protection of fresh groundwater resources. As the research area, a halotectonic anticline region was
chosen, where the Mesozoic basement is characterized by strong tectonic deformation, and the deepest Cenozoic aquifer
has a regional spread. Some simple analyses allowed to clearly identify the zones of saline groundwater ascent along tec-
tonic discontinuities of the Mesozoic bedrock. This phenomenon causes the appearance of waters with a mineralisation up
to 2000 mg/L in the exploitable aquifer. Ascent recharge through active faults causes the presence of zones with anoma-
lously high piezometric pressure in the cover of the fault overlay. The shape of these zones is correlated with the course of
tectonic deformations. Influence of geogenic pollution is greater in the marginal zones of the anticline than above it. For the
full assessment of ascent impact on hydrogeological conditions of the receiver, it is necessary not only to analyse chloride
concentrations, but also other groundwater components — i.e. sulphates. Hydrogeochemical analysis may allow for identifi-
cation of the shallower and deeper ascent recharge zones from the Mesozoic basement. Comprehensive identification of
these factors, even in the case of poor tectonic control, can contribute to optimization of groundwater exploitation and protec-
tion conditions in the areas potentially and actually threatened by ascent.
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INTRODUCTION water resources. Aquifer salinisation resulting from brines, re-
charge from the basement and influence of salt domes are rele-
vant for 25% of the surface area of the northern lands. This
groundwater salinisation is often the reason to shut down well
fields and exclude them from exploitation (Kaczor, 2006;
Krawiec, 2013).

For a long time, the surface outflow of brines close to sea-

shores and salt structures aroused special interest due to the

To the exploitable Cenozoic aquifer occurring above the
Permian—Mesozoic structural level in the North European Plain,
the main geogenic threat is the possibility of recharge by brines
from the geological basement. The groundwaters of the Meso-
zoic aquifer are characterized by high mineralisation and often

anomalously high piezometric pressures, including artesian
(Dowgiatto, 1965; Bojarski, 1996). Zones particularly predis-
posed to transport of ascent brines to exploitable aquifers are
tectonic discontinuities, often genetically related to numerous
salt structures (Evans et al., 1991; Magri et al., 2009). The re-
sults of research carried out by Grube (2000) in northern Ger-
many point to significance of ascent as a threat to fresh ground-
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possibility of their easy extraction for salt-making or balneology.
The history of such research for the Polish Baltic coast was pre-
sented by Dowgiatto (1965). Due to prevalence of ascent-re-
lated hazards to groundwater quality in exploitable aquifers,
also this problem has been analysed for many years (e.g.,
Macioszczyk et al.,, 1972; Bojarski and Sokotowski, 1994;
Bojarski, 1996; Kaczor, 2006; Mullaney et al., 2009; Jezierski et
al., 2014). Detailed research has allowed documenting zones of
shallow and even subsurface ascent influence in the areas of
salt pillows (Kucharski and Twarogowski, 1995; Kaczor, 2006),
sea coasts (Dowgiatto, 1965; Burzynski et al., 1999; Krawiec,
2013) and salt domes (Kloppmann et al., 2001; Gorski and
Rasata, 2008). Identification of ascent recharge zones is mainly
based on advanced geophysical, modelling and isotopic meth-
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Fig. 1. Geological map of the Mesozoic basement (Atlas geostrukturalny i naftowy, 1973;
modified tectonic faults and isolines, based on borehole data)

ods (e.g., Burzynski et al., 2004; Langevin and Guo, 2006;
Magri et al., 2009; Zarroca et al., 2011; Gurwin and Krawiec,
2012; Krawiec, 2013). Most works on the topic concern chiefly
identification of ascent recharge systems, groundwater origin,
and/or distribution of elevated chloride concentrations as the
most reliable indicator of ascent recharge of exploitable aqui-
fers. However, there is no research relating to comprehensive
assessment of the impact of ascent from the Mesozoic base-
ment on shaping both hydrodynamic and hydrogeochemical
conditions of the receiver aquifer. Only this type of assessment
provides the ability to forecast changes in groundwater quality
during exploitation. Thus, as a part of regional hydrogeological
research, with protection of the quality of exploitable aquifers in
mind, it is necessary to develop a proper and, as far as possible,
simple and cheap methodology for at least initial identification of
ascent hazards, also for aquifers already under exploitation.
The authors of the paper attempt to carry out a comprehen-
sive assessment of hydrodynamical and hydrogeochemical ef-
fects of the ascent at selected locations based on pre-existing
geological and hydrogeological documentation for the research
area. Literature review shows that the least investigated prob-
lem concerns the ascent influence on deep exploitable aquifers

occurring outside sea-coastal zones. Therefore, the deepest (at
depths <100 m below the ground) Cenozoic aquifer located in
the area of young glacial moraine upland and characterized by
advanced halotectonics of the geological basement was se-
lected to perform the analysis. In the Polish Lowlands, this Mio-
cene—Oligocene aquifer forms also the most extensive reser-
voir of fresh groundwater (usually of high quality), which is also
the only source of drinking water for a large territory. The re-
search area is located in the north-central part of the
Wielkopolska region, in the area of two salt anticlines character-
ized by different geometries. In addition, there is a tectonic de-
pression between the anticlines (Fig. 1), filled mainly by Quater-
nary sediments, >200 m in thickness. In this area, the deepest
Pleistocene aquifers are in hydraulic connection with the re-
gional Miocene—Paleogene aquifer. The research area is
crossed by the watershed between the Warta and Note¢ rivers.

GEOLOGICAL SETTING

Geologically, the research area is a peripheral, NW part of
the Mogilno Trough, a remainder of folding of the Permian—Me-
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sozoic sediments accumulated in the Mid-Polish Trough
(Pozaryski, 1964; Dadlez and Marek, 1969; Dadlez, 1989). The
trough boundary, corresponding with the boundary of the re-
search area, is the halotectonic graben structure of
Oborniki-Szamotuty (Stemulak, 1959; Krzywiec et al., 2017:
fig. 17). Another halotectonic form developed within the Mogilno
Trough is the Rogozno salt pillow, which forms a
brachyanticline. Zechstein deposits have not been reached by
geological boreholes, but Lower Triassic deposits were drilled
at a depth ~1.5 km on the Rogozno anticline slope. Therefore,
the top of the Zechstein must occur slightly deeper there, but
shallower within the culminations of the anticlines. In the
anticline cores, the pre-Cenozoic basement is represented by
Middle Jurassic clay-carbonate rocks and Upper Jurassic car-
bonates. The marginal parts of the anticlines are composed of
Lower Cretaceous clastics (Fig. 1). The thickness of the Upper
Cretaceous marls and limestones, which fill the synclines be-
tween the anticlines, exceeds 1 km.

The Mesozoic basement is characterized by a high degree
of tectonic deformation, which is due to salt structures develop-
ment. Faults, including the detachment ones, are located in the
culminating and marginal parts of the inversion structures and
between them (Fig. 1). Particular lowering of the Mesozoic de-
posits (—320 m a.s.l.) occurs between the salt structures, while
the maximum elevation (~10 m a.s.l.) is observed above the
Rogozno anticline. Genesis of this tectonic depression is most
likely related to the migration of salt masses towards the devel-
oping salt structures (rim syncline). Thickness and develop-
ment of the Cenozoic cover are determined by tectonic condi-
tions of the Mesozoic structural level (Fig. 2).

The whole research area is covered by Paleogene—Neo-
gene sediments, characteristic for the Polish Lowlands, such as
Oligocene glauconitic sands, Miocene sands and silts with
brown coal, and the Mio-Pliocene Poznan Formation clays. Re-
lief variations of the top Neogene surface reach 210 m due to
the presence of the so-called “Boruszyn depression” that devel-
oped in the above-mentioned lowering of the Mesozoic base-
ment. Within its reach, the top Paleogene and Neogene sur-
faces are at similar elevations; on the south side, they are even
lower in elevation than the Mesozoic sediments in its surround-
ings. The Neogene lithostratigraphic section is strongly re-
duced here and the depression might have formed as a result of
glacial erosion, and been later remodeled by glacial tunnel val-
leys (Gogotek, 1999). Glacial origin of this form can be con-
firmed by the glaciotectonic distribution of the Neogene sedi-
ments that are observed in its SW neighbourhood (Fig. 2). The
reduction of the Neogene section is visible only in the Boruszyn
depression area, whereas outside the structure, sandy-coal
sediments are covered by a thick complex of Mio-Pliocene
clays. In contrast, above the culmination of the RogozZno
anticline there are no Paleogene deposits. The thickness of the
Neogene reaches ~40 m: that is half of the total thickness of the
Cenozoic sediments.

The most complete section of Pleistocene sediments
(210 m) is preserved as the fill of the Boruszyn depression. The
glacial tills, which occur here, belong to all glaciation periods, in-
cluding the Nidanian Glaciation (Szatajdewicz, 2005). In con-
trast, outside the area of the depression, the Quaternary sec-
tion begins with Middle-Polish Glaciation sediments repre-
sented mainly by a thick complex of tills. The greatest share of
the Pleistocene sandy and gravel deposits in the Quaternary
section, locally only up to 40 m (Ryczywét area), is observed
only in the Boruszyn depression and its marginal parts.

METHODS

In order to assess the impact of brine ascent on exploitable
aquifers, the methodological assumptions were based solely on
the existing data on geology and hydrogeology of the area. The
authors selected this approach in a manner that it would be pos-
sible to determine whether the pre-existing documentation for
an area, prepared without, e.g., advanced geophysical re-
search, might still be sufficient to identify ascent recharge zones
and their influence on the hydrodynamical and hydrogeo-
chemical conditions of the receiver. The purpose was to check
whether other comparable regional hydrogeological studies,
based on classic archival data analysis, might allow for identify-
ing potential ascent hazard. This information is crucial for
groundwater resources management and for optimizing the
conditions of groundwater exploitation.

The hydrogeological analysis of the research area was
complemented with a geological survey, in particular in terms of
lithology, structure and tectonics of the Mesozoic basement. A
structural map of the base of the Quaternary deposits (Fig. 3)
was developed and used to determine the reach of the deepest
Pleistocene aquifers that are in hydraulic connection with the re-
gional Miocene—Oligocene aquifer. For this purpose, the exist-
ing regional geological documentation (Atlas geostrukturalny i
naftowy, 1973; Gogotek, 1999; Szatajdewicz, 2005) has been
verified and supplemented with data from subsequent drillings.

The hydrogeological cross-sections made it possible to
identify the superposition of the aquifers. To recognize the
hydrodynamical conditions of the analysed exploitable aquifer,
a hydrodynamic map has been developed based on recorded
pressures, including verification of archival data. Initial docu-
mentation of hydrogeological conditions of the study area was
based on archival data from the drilling periods. In the mean-
time, many of the boreholes, in which geogenic pollution had
been identified, have been excluded from exploitation. More-
over, the level of spatial recognition of the Pleistocene—Mio-
cene—-Oligocene aquifer is not even, mainly due to various local
land use forms and the presence of shallower exploitable aqui-
fers. The least surveyed are the central and west parts of the re-
search area.

HYDRODYNAMIC ANALYSIS

The exploitable aquifers in the research area are repre-
sented by Cenozoic sediments. The Quaternary aquifers are
generally characterized by a limited range with a thickness up to
20 m. The exception is the intertill aquifer related to a buried val-
ley developed before the Warta Glaciation, whose bottom
reaches a depth of 75 m. This structure continues in the NE di-
rection as the Main Groundwater Body (MGB) no. 139:
Smogulec—Margonin Buried Valley (Fig. 3).

The recognition of pressures in Quaternary aquifers shows
that a vertical hydraulic gradient occurs between those aquifers
in the vast majority of the research area, showing interaquifer
drainage to deeper aquifers. The exceptions are parts of the
Wetna and Flinta valleys, where the higher pressures are ob-
served in the deeper, rather than in the shallower aquifers. This
phenomenon is a consequence of the limited role of drainage of
these rivers for the deep Pleistocene aquifers, hydraulically iso-
lated by thicker glacial tills. The detailed hydrodynamic analysis
covered the deepest Quaternary aquifers and the regional
Paleogene—Neogene aquifer.
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Fig. 2. Hydrogeological cross-sections of the Rogozno anticline area

The deepest Pleistocene aquifers: lower intertill and subtill,
are associated with the fill of the Boruszyn depression. Up to
20 m thick medium sands appear within a depth range of
120-200 m. Hydrodynamic data shows that, due to the erosion
of the Neogene clays at the depression base, the deepest Pleis-
tocene aquifers are in connection with the Oligocene fine sands
that occur underneath them. They also lie at similar (and larger)
depths to that of the regional Miocene—Oligocene aquifer that
occurs outside the depression zone and remains in hydraulic
connection with it as well. As a result, the aquifers form a com-
mon deepest exploitable aquifer.

Hydrodynamic analysis (Fig. 3) indicates that, in the north-
ern part of the area, the deepest Quaternary aquifer associated
with the Boruszyn depression can be recharged by the MGB
waters. This is marked by a zone of radial distribution of the
groundwater stream. The drainage of the Quaternary aquifer
from the depression area takes place mainly through the Mio-
cene-Oligocene sediments towards the Warta River. However,
part of the groundwater flows in the NE direction and mixes with
water of the Miocene—Oligocene aquifer from the centre of the
glacial upland. The groundwater flow from this area takes place
in two directions: to the north towards the Note¢ River, and to
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the south towards the Warta River. In the hydrodynamic picture,
the drainage role of other rivers (e.g., Wetna; Figs. 2 and 3) is
not marked.

The hydrodynamic picture of the Pleistocene—Mioce-
ne—Oligocene aquifer clearly shows zones of abnormally high
piezometric pressures, as they are 5-8 m higher as compared
to those in the surroundings (Fig. 3). They occur in the SE part
of the Boruszyn depression, between Ortowo and Rogozno,
and in the Rogozno and Parkowo area. In spite of poor geologi-
cal recognition of the research area, the zones of anomalous
pressures appear to be continually linear and/or linear-zonal.
That indicates their association with individual faults or even
fault zones:

— limiting roughly latitudinally the Rogozno anticline from

the north on the Rogozno—Ortowo line (confined ground-
water level elevations >75 m a.s.l.);

— along the Wetna River, crossing laterally the NE
anticline slope on the Parkowo—Rogozno line (confined
groundwater level elevations >65 m a.s.l.).

The hydrodynamic anomaly east of Parkowo is elliptical; its
range is determined by several boreholes (Fig. 3). Probably, itis
the region of crossing of the outermost and transverse faults in
relation to the anticline. The overlying lithology excludes the ex-
istence of a zone of easy groundwater inflow from the upper
aquifers.

The observed anomalous pressures indicate a significant
hydrodynamic pressure from the Mesozoic basement and
probably an intense ascent recharge of the Cenozoic aquifer.
Clear hydrodynamic impact is not marked in the anticline axis
area, but only on its slopes and outside. By assuming its anom-

alous linear-zonal geometry, it can be supposed that the individ-
ual faults are not hydraulically active on the entire surface.
There is a possibility of occurrence of separate ascent streams
flowing along the tectonic zones as an effect of, for example, lo-
cal direct deposition of impermeable Paleogene sediments
above these zones.

The Upper Cretaceous aquifer is not the source of hydrody-
namic pressure on the deepest Cenozoic aquifer. In an almost
200 m deep borehole located in Rogozno, the hydrostatic pres-
sures of the Upper Cretaceous aquifer were >2 at. lower than
the pressures in the Oligocene-Miocene succession. In con-
trast, limited hydrogeological data indicate that artesian pres-
sures (artesian flow without water-table stabilization — Gorecki,
1990) occur already on the NE slope of the Rogozno anticline in
Lower Cretaceous sandstones (tested at a depth
278-282 m b.g.l.). This means that the hydrostatic pressures in
the Lower Cretaceous are at least 1 at. higher than in the Mio-
cene—Oligocene aquifer, and the ascent recharge from this
aquifer takes place through some of the tectonic discontinuities.

HYDROGEOCHEMICAL ANALYSIS

The chemistry of the Mesozoic aquifer that is the source of
the ascent recharge was investigated only for the Lower Creta-
ceous aquifer and is documented by three boreholes located on
the NE slope of the Rogozno anticline. With increasing depth, a
relatively small but gradual increase of groundwater mineralisa-
tion is observed. At the depth interval of 278-522 m b.g.l,,
Cl-Na-Ca type waters with mineralisation of 1800-1900 mg/L
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were found, while at a depth of 825-835 m b.g.l., the mineralisa-
tion was 5300 mg/L and the water type was CI-Na (Table 1).
This is followed by a bicarbonate decrease (from 247 to
98 mg/L) with increasing concentrations of chlorides (up to
2940 mg/L), sodium and sulphates. In the lower sampling inter-
val, the increase of calcium and sulphates concentrations indi-
cates the dissolution of gypsum and/or anhydrite.

The groundwaters recharging the Lower Cretaceous sedi-
ments in pre-Cenozoic outcrops in close proximity to the re-
charge zone most likely mix with the ascent waters from deeper
Mesozoic deposits. Then, in the shallow part of the anticline
slope, the groundwaters take an artesian character and their
salinity increases. Hydrochemical indicators (Table 1) show not
only the deterioration of groundwater exchange conditions with
depth (from the hypergene to transitional zone), but also close
relationship between the chemical composition of groundwater
and halite dissolution. Furthermore, among others, an unusual
depth-related increase of values of desulfurization and sulphate
indicators can be observed, especially in the chemical composi-
tion of the deepest zone (214 mgS0O,4>7/L), which could be re-
lated to calcium sulphate leaching. The halotectonically ele-
vated Zechstein anhydrites, or Keuper sediments rich in
sulphates, could be the source of sulphates. At the Rogozno
anticline culmination, Upper Triassic anhydrites have been doc-
umented from the depth of 770 m down.

Groundwater with increased concentration of chlorides
(171 mg/L) was also found in the top parts of the Upper Creta-
ceous aquifer in Rogozno (Table 1). The concentrations are
higher than the chlorides concentration in the overlying Mio-
cene-Oligocene aquifer (<157 mg/L). This may also prove the
ascent recharge of the Upper Cretaceous aquifer from the
deeper Mesozoic basement.

The Cenozoic aquifer is locally characterized by groundwa-
ter chemical composition resulting from geogenic factors, in-
cluding ascent recharge of saline waters form the Mesozoic
basement. Usually, it applies to the Miocene—Oligocene aqui-
fer. In Quaternary sediments, zones transformed by geogenic
factors occur only above the Rogozno anticline and in deeply ly-
ing aquifers of the south-eastern part of the Boruszyn depres-
sion (Table 1).

Above the anticline, geogenic influences on the Quaternary
aquifer have been recognized only in the village of Wetna,
where the boreholes penetrate the intertill aquifer that lies ~5 m
above the Miocene sediments. Originally, the concentration of
chlorides in groundwater was 50 mg/L, then, after 17 years of
exploitation, it slightly increased to 64 mg/L.

Significantly higher salinity with the chloride concentration of
100 mg/L was found in Wetna in the Miocene aquifer occurring
directly above the outcrops of Lower Cretaceous sediments
(Table 1; Wetna 1 borehole). In contrast, the highest content of
chlorides (235 mg/L) in the Miocene aquifer was recorded
above the Rogozno anticline, in its culmination in Roznowice.
The ascent origin of the groundwater is confirmed by low con-
centrations of manganese (<0.1 mg/L; Table 1), which indicate
this type of recharge (Gorski, 1989).

However, a zone of anomalously high chloride concentra-
tion in the Miocene aquifer above the anticline is spatially limited
and correlates with the presence of a tectonic discontinuity that
is transverse to the anticline and occurs along the Wetna valley
(Fig. 1). On the south and west slope of the anticline (the north
part is not documented), the chloride concentration in the Mio-
cene aquifer is only 15-25 mg/L (Fig. 4). It may be the effect of
drainage of groundwater from the Mesozoic deposits of the S
and E parts of the anticline through the Warta and/or other as-
cent-inactive tectonic discontinuities. It cannot be excluded that
there are both the recharge of the Mesozoic aquifer from over-

lay the overlying formations and, concurrently, the upward in-
flow through tectonic zones from deeper Mesozoic formations.
As a result, waters with increased mineralisation occur locally
above the halotectonic structure, in the Miocene. It is worth
mentioning that the ascent is not reflected in hydrodynamic
conditions of this aquifer above the anticline culmination, but
only at its slope in the Wetna region.

Within the deepest usable aquifer outside the Rogozno
anticline, groundwater with the highest dry residue, >1500 mg/L
(Fig. 4), is observed in the southern part of the Boruszyn de-
pression (Ortowo) and west of Rogozno (Ruda). The
Oligocene—Miocene boreholes were sampled at depths of
153—162 m and 126—-131 m. In both cases, they are usually of
CI-HCOg; type (no analysis of macrocations) with the chloride
concentrations of 540-700 mg/L. In the face of limited hydro-
geological surveying of the depression area, it is impossible to
identify the spatial extent of groundwater with the elevated min-
eralisation zone in the Ortowo region. In the west, it probably
reaches beyond the village of Boruszyn, where the chloride
concentrations are ~110 mg/L.

In contrast, the spread of saline waters in the Rogozno town
area is relatively limited (Fig. 4). In the nearby boreholes,
groundwater with the dry residue of >600 mg/L and the chloride
concentrations of >50 mg/L is found only occasionally. These
values are significantly above the wupper limit of
hydrogeochemical background for the Wielkopolska region
(Gorski, 1989). This situation may be the result of its strong dilu-
tion by a groundwater regional inflow from the NE, and by per-
colation. Due to the existing hydrodynamic system, the partial
drainage of saline water through the Upper Cretaceous sedi-
ments cannot be excluded. In contrast, the draining role of the
Wetna River excludes the presence of a thick overburden.

The third zone of elevated dry matter, but at the level of
~850 mg/L, is observed in the Miocene—Oligocene aquifer in
the Bukowiec area. Hydrodynamically, this is the zone of con-
fluence of the Miocene—Oligocene groundwater from regional
flow with the deep Quaternary aquifer waters migrating from the
Boruszyn depression. Chemical composition of these waters is
unusual, as the concentrations of sulphates are much higher
(146 mg/L) than of chlorides (84 mg/L). These waters are the
anionic type of HCO3-SO,4-Cl. Chemically similar waters occur
south of this borehole, including in the Ryczywét area, within the
deepest Quaternary aquifers, and south of Rogozno on the
Miocene-Oligocene aquifer. In these zones, the sulphate con-
centrations exceed 50 mg/L or even 100 mg/L, and the chloride
concentrations are up to 15 mgl/L.

In the light of hydrodynamic data and low concentrations of
chlorides, the origin of the chemical composition of the
above-mentioned groundwaters is not the result of ascent of
mineralised water. However, the depth of the analysed zone ex-
cludes the impact of anthropogenic sources. Also due to the
depth, the effects of organic matter or sulphide oxidation could
be eliminated (lack of infiltration recharge by oxygen-rich wa-
ters). The simplest explanation of the existence of anomalous
sulphate concentrations could be the dissolution of gypsum
found in the Poznan Formation (Duczmal-Czernikiewicz, 2013)
or in the deposits of palaeomorphological lows. However, the
zones of elevated calcium concentrations do not overlap the
zones of abnormally high sulphate concentrations (Fig. 4). In
addition, the low concentrations of manganese in these waters
(typically <0.1 mg/L) indicate limited recharge from the overly-
ing formations (Gorski, 1989). In contrast, lack of analysis of so-
dium ion concentrations (Table 1) restricts the possibility of
searching for causes in the ion exchange processes.

The above-mentioned arguments lead to searching for
other causes of the elevated sulphate concentrations. Due to
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Summary of selected archival physical-chemical

Borehole

Unit SzGag:)oztg’fy SzGag:)%tg’fy Gos’ci1ejewo Rogozno 1 | Rogozno 2 | Rogozno 3 | Rogozno 4 | Rogozno 5
Sampling interval | mb.g.l. | 278-282 | 518-522 825-835 169-188 96-106 91-97 96-117 80-86
Stratigraphy Cry Cry Cry Crs Ng Ng Ng Ng
Year of sampling 1959 1958 1957 1956 1962 1968 1981 1968
TDS mg/L 1920 1760 5300 807* 360 550* 356* 664
pH 7.3 7.2 7.2 7.4 7.2
Colour mgPt/L 13 28 48 23 33
HCO;~ mg/L 246.9 199.8 97.6 359.9 457.5 427.0
S0 mg/L 22.4 30.2 214.0 26.0 106.0 7.0 10.0 50.0
CI™ mg/L 828.9 874.6 2936.5 171.0 13.0 93.0 100.0 157.0
ca* mg/L 206.0 99.0 141.5 7.0 60.0
Mg mg/L 9.5 6.6 35.7 44.0 24.2
Na* mg/L 611.6** 564.5** 1766.6**
Fe mg/L 3.6 1.2 1.2 0.2 2.0
Mn mg/L 0.02 0.15 0.07 0.18
Total hardness mval/L 4.3 6.3 5.1 5.9
N-NH," mg/L 0.6 0.5 0.4 0.7
N-NO;~ mg/L 0.2 0.5 0.0 0.0
N-NO3~ mg/L 0.0 0.0 0.0 0.1 0.0
rNa/rCl 1.14 0.99 0.93
rCl/rHCO; 5.78 7.53 51.77 0.06 0.35 0.63
(rSO4+rHCO3)/rCl 0.19 0.16 0.07 0.11 22.11 2.91 0.07 1.82
[igs“é E;fr?z‘;rgr'l)m dicator) 0.02 0.02 0.05 0.10 0.86 0.05 0.07 0.19
(rSO4™ 00.)”(.:' 2.00 2.55 5.38 11.23 602.20 5.56 7.39 23.52
(sulphate indicator)
Chemical type according to
ﬁcljtrc])wski-Szwiec classifica- | Cl-Na-Ca | Cl-Na-(Ca) Cl-Na ? HCO3-S0,-? | HCO;5-CI-? ? HCO;-Cl-?

* —dry residue; ** — Na+K; ? — no possibility of specifying because of lack of macrocation indicators

the location of these waters in the marginal parts of the
Boruszyn depression and in its vicinity, it is possible that the
source of sulphates is the organic matter (or possibly sulphides)
oxidation, however occurring during older interglacial periods.
In the pre-Quaternary period, a reservoir existed in the area
currently occupied by the Boruszyn depression. Its slopes were
composed of sediments rich in organic matter (Figs. 2 and 3),
further disturbed and glacially elevated from the south-west.
The waters of this reservoir were then recharged also by sur-
face waters enriched in products of oxidation of the Miocene
sediments. As a result of erosion, the reservoir, in turn, re-
charged deeper aquifers with sulphate waters which have sur-
vived to this day in a residual form. Due to the presence of in-
tense ascent recharge, it has probably been preserved in more
hydraulically isolated zones. Similar hydrodynamic isolation,
associated with, e.g. ascent from the basement for the zones of
coloured waters that occur in the Miocene aquifer of the
Wielkopolska region was observed by Gorski (1989). In the
Rogozno and Bukowiec areas, the colour of Miocene waters is
quite commonly >50 mgPt/L, with a maximum of 100 mgPt/L.
Another specific hydrogeochemical situation was docu-
mented by two boreholes in Ortowo. These boreholes pene-
trate, at a similar depth interval, the Oligocene aquifer in the
southern part of the Boruszyn depression. The southern bore-
hole explored water with the concentrations of 704 mgCI'/L and
419 mgSOf’/L, while in the northern borehole the parameters
were 538 mgCI/L and 16 mgSQ? /L. After two years of exploi-

tation of the northern borehole, the chloride concentrations in
the groundwater increased by 144 mg/L, and the sulphate
concentrations by 5 mg/L, which was probably due to intensi-
fication of ascent under depressurization conditions. Slightly
lower original concentrations of chlorides in the water from
the northern borehole can be associated with its dilution by
regional inflows. However, attention must be paid to the dif-
ferent sulphate concentrations in boreholes located at a dis-
tance of only 25 m. It seems that the only probable explana-
tion is the existence of two individual systems of ascent re-
charge of the Oligocene aquifer in the Ortowo region: a shal-
low one, which provides chloride waters, and a deeper one
which provides chloride-sulphate water. It is also confirmed
by the difference in piezometric pressures documented in
these boreholes (of ~0.4 atm). This hypothesis is geologically
justified, because Ortowo is located on the northern edge of
the Rogozno anticline, where borehole data confirm the pres-
ence of a tectonic discontinuity. In fact, it may be even a fault
system. The main and associated faults can ascendingly pro-
vide groundwater from various depths, hence with various
chemical compositions. The sulphate concentration indi-
cates an upward inflow of sulphate water from the Upper Tri-
assic (according to data from boreholes drilled here to a
depth of ~1300 m b.g.l.).

The area located to the east of Parkowo, where anoma-
lously high piezometric pressures occur, requires additional
commentary (Fig. 3). In this region, the concentrations of
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Table 1
analyses of groundwater
Borehole
Ruda Ortowo 1 Ortowo 2 Po#eq‘ewo PO@eWO Rycz1ywc’)’f Ryczzywél Bukowiec | Roznowice | Wetna 1 Wetna 2
126-131 | 154-161 | 154-162 154-162 | 155-177 | 155-177 | 127-137 | 102-134 | 109-119 46-50 60-66 46-52
Ng Pg Pg Pg Q Q Q Q Ng Ng Ng Q
1969 1974 1963 1964 1999 1971 1959 1999 1967 1972 1969 1982
1547* 1612* 1399* 1640* 400* 370" 276* 492* 856* 607* 545* 521*
7.3 7.5 7.6 7.4 7.4 7.1 7.4 7.5 7.4 7.8 7.4 7.4
98 35 25 56 28 28 28 58
433.1 457.5 457.5 463.6 4454 439.2 189.1 530.9 219.6 475.8 427.0 494.10
10.0 419.0 16.0 20.8 2.0 11.0 66.9 29.0 146.0 8.0 7.0 13.2
654.0 704.0 538.0 682.0 8.0 6.0 15.0 12.0 84.0 235.0 101.0 50.0
100.0 48.6 43.7 67.2 93.6 50.0
51.0 21.6 39.0 26.4 45.4 17.0
42.9 35.1
2.6 0.6 0.5 1.8 4.8 3.6 1.0 2.18 1.9 1.2 0.8 1.8
0.13 0.05 0.00 0.21 0.2 0.07 0.1 0.05 0.08 0.05
8.4 6.9 4.4 4.4 5.5 4.06 3.7 3.40 3.9
0.6 0.8 0.5 0.9 0.11 0.5 <0.4 0.2 1 0.5 0.5
0.1 0.1 0.0 0.7 0.4 0.0 0.9 0.1 0.0 0.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4.51
2.60 2.65 2.02 2.53 0.03 0.02 0.14 0.04 0.66 0.85 0.41 0.17
0.40 0.82 0.52 0.42 32.54 43.89 10.62 27.50 2.80 1.20 2.51 5.94
0.01 0.31 0.02 0.02 0.16 0.58 0.77 0.64 0.56 0.02 0.05 0.16
1.13 43.96 2.20 2.25 18.46 135.40 329.39 178.48 128.37 2.51 5.12 19.50
CI-SO,- HCO3;-Ca HCO3- | HCO;-Ca | HCO3-SO
CI-HCO3-? HCO3-4? CI-HCO;-? | CI-HCO;-? -Mg-3Na HCO3-? SO4-§? -Mg-(3Na) -C?—? 41 HCO3-CI-? | HCO3-CI-? | HCO5-?

chlorides (<30 mg/L) and sulphates (generally <30 mg/L) are
not significantly elevated. It should be noted that all the bore-
holes exploit the Miocene aquifer, while the base of the
Paleogene occurs ~60—80 m lower. With a preferred internal
hydraulic connection of the Paleogene and the Neogene,
anomalous ascent pressure is noted in the Miocene aquifer.
Still, saline waters may migrate through the lower part of the
aquifer, whose groundwater chemistry differs from that in its up-
per parts.

RESULTS OF THE ANALYSIS

The analyses performed have allowed recognizing the com-
plexity and multidimensional nature of the effect of ascent re-
charge on hydrogeological conditions of the Cenozoic aquifer
that occurs above the Mesozoic basement. These processes
are mainly influenced by the structural and tectonic style of the
Mesozoic basement and its variability (salt anticline, tectonics,
lithology, structural surface morphology, including palaeode-
velopment), which must be reflected in the groundwater chem-
istry and dynamics. In hydrogeological literature, the interlinked
influence of these variables in principle has not been the subject
of detailed analysis.

The case study of the Rogozno salt anticline shows that
comprehensive geological and hydrogeological analysis not

only allows documenting but, above all, predicting the geogenic
hazards to the quality of groundwater in the overlying aquifers.
For this purpose, it is useful to develop a hydrodynamical model
that covers also hydrogeochemical impact. In case of the
Rogozno anticline, this model is shown in Figure 5.

Particularly complex hydrogeological relations between the
Mesozoic and Cenozoic sediments were noted above the
Rogozno anticline. The ascent inflow of saline waters to the
overlying aquifer was documented near one transverse fault
only. However, the lateral spread of ascending groundwater is
limited here, as there are most likely also local conditions for re-
charge of the Mesozoic aquifers through some faults and out-
crops due to the occurrence of the regional base level of
groundwater drainage. Probably in certain zones of the Meso-
zoic cover above the salt pillow, waters migrating from the over-
lay and from the ascent inflow (also enriched in sulphates) mix.
Therefore, the Mesozoic aquifer in the shallow zones of the
anticline locally has an artesian character. Hydrodynamic pres-
sure of ascent waters does not significantly affect the distribu-
tion of hydrostatic pressures in the receiver aquifer occurring
above the anticline culmination.

Significant hydrodynamic influence of ascent waters is
shown in the presence of anomalously high piezometric pres-
sures that disturb the regional groundwater flow. These pres-
sures occur only within the overlay in the anticline surroundings.
They have a local (including linear-shape) character, closely re-
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lated to tectonic discontinuities — both those on the boundary of
the inverse structure as well as transversing it. Ascent inflow is
marked by a local, linear-shaped increase of groundwater miner-
alisation up to 2 g/L in the deepest exploitable aquifer. Particular
fault zones may conduct groundwater from different Mesozoic
aquifers, which manifests itself in variable concentrations of chlo-
rides and sulphates in the receiver groundwater even in bore-
holes located close to each other. Some of the discontinuities,
and even individual zones of single faults, appear to be
ascendingly inactive, which is controlled by the lithology of fault's
overlay and the hydraulic parameters of the tectonic zone.

However, the hydrochemical impact of ascent waters is not
necessarily reflected in the entire profile of the overlying aquifer.
It may be limited to its lower parts, despite the hydrodynamic
anomalies noted also in its upper parts. In addition to the thick-
ness of the aquifer, the codetermining factor here may be the
hydrodynamic relations that allow for parallel recharge from the
overlying aquifer, thus undermining the pressure effect of the
ascent on the receiver.

The occurrence of zones of elevated sulphate and low chlo-
ride concentrations can be assocated with palaeohydrogeo-
logical conditions. These zones often coincide with ascent re-
charge zones. Presumably, in isolating hydrodynamic condi-
tions, the fossil waters, enriched with products of organic matter
and/or sulphide oxidation from the top Neogene deposits, have
been preserved. The receiver of sulphate water could be the
reservoir that existed within the Boruszyn depression in the
interglacial periods, and which simultaneously recharged
deeper aquifers.

CONCLUSIONS

To counterbalance the multiplicity of salt structures on the
North European Plain (only in Poland there are ~100 such
structures — Dadlez and Marek, 1969), even simple, though de-
tailed analyses of hydrodynamic and hydrogeochemical anom-
alies may be sufficient for the assessment of ascent recharge
impact and prognosis for exploitable aquifers, without resorting
to expensive geological and/or modelling methods. However,
the ascending inflow impact can manifest itself in a variety of
ways. While the coexistence of hydrodynamic and hydrogeo-
chemical anomalies in the receiver occurring above the
ascendingly active discontinuities is not the rule, nevertheless
they are a clear indicator of the inflow intensity and/or significant
pressure difference between the aquifers; the spatial spread of
the anomaly (linear, oval) is correlated with the course of the

ascendingly active faults. Above the salt anticline culmination,
only hydrogeochemical effects of the ascent are observed,
without any significant hydrodynamic impact recorded. On the
other hand, with a substantial aquifer thickness, ascent may hy-
drodynamically affect the entire profile of the aquifer, whereas
changes of groundwater chemistry may occur only in its lower
parts.

As part of hydrogeological research into groundwater reser-
voirs occurring above Mesozoic saline aquifers, it is necessary
to carry out ascent risk assessment with water quality in mind.
Such analyses should include both the natural and projected
state under groundwater extraction conditions (initiation or in-
tensification of ascent). With an adequate hydrogeological sur-
vey of a given area, it may be methodically sufficient for the as-
sessment of geogenic hazards to search for potential
hydrogeochemical and hydrodynamic effects of the ascent in
conjunction with analysis of the structural and tectonic style of
geological basement. Such methodology allows not only identi-
fying hydraulically active zones in the case of spatially devel-
oped tectonic discontinuities, but also distinguishing shallower
and deeper zones of the ascent inflow. A helpful indicator can
be, for example, the sulphate concentrations.

Ascent recharge of a thick exploitable aquifer can manifest
itself also only in the presence of a hydrodynamic anomaly;
changes in groundwater chemistry may occur later, during ex-
ploitation — thus resulting in groundwater quality degradation.
Therefore, when selecting locations for groundwater intakes
during the stage of hydrogeological analysis, it is necessary to
clarify the origin and effects of such anomalies. This could help
optimize the working conditions of the intakes and ensure
groundwater protection. In order to limit the spread of identified
geogenic pollutions, one might even consider the creation of
special zones excluded from exploitation or extraction of con-
taminated groundwater, thereby creating a hydrodynamic bar-
rier to protect operations in other boreholes.

It is thus well justified to proceed with analogous analyses of
ascension effects also for other vulnerable groundwater aqui-
fers. This will allow verifying correctness of the approach
adopted in the present paper, and, in consequence, to develop
a tested research methodology for these phenomena.
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