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Abstract The former mining of uranium in Cenoma-
nian sandstone sediments has had a tremendous impact on
natural groundwater flow in a multilayered water-bearing
system within both the Bohemian Cretaceous Basin and
the Czech Republic. Newly created graphs and maps of
piezometric surfaces provide insight into the dynamics of
the basin’s water-bearing system and give an idea of long-
term groundwater heads and flow directions in the area,
despite the fact that this study was simply an interpolation
of monitoring data. Maps and grids of piezometric surfaces
were used to calibrate hydraulic models. The piezometric
surface of the Cenomanian aquifer in the Straz block was
lowered by 170 m by underground uranium mining, with
the affected area extending more than 50 km along the
regional flow direction. The extent of the piezometric sur-
face affected (600~700 km?) is much larger than the area
directly affected by the chemicals that were used for acid
in-situ leaching (2427 km?). Other aquifers, especially the
Turonian aquifer, which is widely used as a water sup-
ply, have not been seriously affected. At the current rate of
flooding of the residual depression, the piezometric surface
may reach the pre-mining state within several decades. The
possibility of returning to the natural groundwater regime
in the in-situ leaching area and its forefield depends on the
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remediation technology that will be used at those sites in
the future. Such an extensive intervention into the ground-
water regime has to be seen in context of its long-term
development. Based on the recorded far-reaching influence
of mine dewatering and flooding on the piezometric sur-
face of the Cenomanian aquifer towards the southwest, it
is appropriate to refer to the entire Boleslav—M¢lnik water-
bearing system adjacent to the Stfedohofii fault zone (from
the infiltration area at Luzice fault to the drainage area in
the Labe river valley) as the Strdz block.

Keywords Long-term groundwater monitoring -
Piezometric head development - Mine dewatering and
flooding - Straz block - Inter-aquifer leakage

Introduction

Uranium (U) resources have been found around the world
in manifold geologic formations and deposit types. Many
of them have been or are still being extracted using tech-
niques such as classic underground or open-pit mining and
in-situ leaching (ISL). Numerous articles have been pub-
lished describing their geology, mineralogy, mining tech-
niques, economic or environmental aspects as groundwater
geochemistry, contamination, and remediation (e.g. Adams
and Younger 2001; IAEA 1993, 2005a; Merkel et al. 2002;
Robertson et al. 2016; Taylor et al. 2004; Wolkersdorfer and
Bowel 2005; Zielinski et al. 2007). Dewatering and con-
sequential flooding of mine sites in various countries has
been also described, mainly focused on the mine site itself
or its close surroundings (IAEA 1993, 2005a; Jakubick et
al. 2002; Merkel 2002; Merkel et al. 2002; Paul et al. 2006).
However, the regional extent and long-term development of
mining’s impact on groundwater levels and flow directions
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is rarely mentioned in scientific articles, despite the fact that
its extent may be significantly more widespread than the
geochemical changes in groundwater, especially in multi-
layered sedimentary basins.

The U resources in the sandstone sediments of the
Bohemian Cretaceous Basin are situated at the base of a
multi-layered water-bearing system, where both classical
underground mining and ISL from the surface were con-
ducted beneath the main Cretaceous aquifer, which is widely
used as a communal water supply (Her¢ik et al. 2003). This
mining greatly affected the natural groundwater flow of
the Bohemian Cretaceous Basin and represents the largest
human impact to groundwater in the Czech Republic.

In a similar hydrogeologic environment, another U
resource was mined in the basal aquifer of the Cretaceous
Basin in Konigstein near the city of Dresden, Germany, by
conventional room-and-pillar and underground acid ISL
(Jenk et al. 2014; Klinger et al. 2000; Merkel 2002; Paul
et al. 2013). Nevertheless, the regional extent and devel-
opment of groundwater levels has not been satisfactorily
described, even for this site.

The U resources in the northern part of the Bohemian
Cretaceous Basin were found by accident in 1962 during
well-logging of a borehole situated in an anomaly found
by an airborne magnetometry. From 1963 to 1967, eight
U ore deposits were delimited. Three of the deposits were
mined—the Hamr pod Ralskem deposit (Mine Hamr [—
MH I, Mine Hamr [I—MH II), the Bfevnisté deposit (Mine
Ktizany—MK 1), and the Straz pod Ralskem deposit (in situ
leaching—ISL) between 1965 and 1996, with a total pro-
duction of 30,000 t of U concentrate (Datel and Ekert 2008;
Kafka 2003).

The environmental impacts of acid ISL in the Straz
deposit on groundwater chemistry and possible remediation
techniques have been previously discussed (e.g. Balatka
et al. 2006; Datel and Ekert 2008; Ekert 2008; Ekert and
Muzak 2010; IAEA 2005a, b; Krasny et al. 2012; Lusk
1998; Muzak 2008; Novak 2001; Paces et al. 2008; Slezak
2001; Smetana et al. 2002). Nonetheless, the development
of the piezometric head decline caused by decades of dewa-
tering underground mines and consequential flooding of
closed mines has not been fully described, despite the fact
that several flow and contaminant transport models have
been published (e.g. Cermakova 2002; Datel 2009; Heréik
and Kirka 1990; Hokr et al. 2004; Lietava 2000; Novak et
al. 2000, 2002; Novak 2001; Novak and Muzak 2002).

The area described in this paper extends from the Jestéd
Ridge in the northeast to the Labe River valley in the south-
west and the Jizera River valley in the southeast. The area
represents an irregular rectangle with an elongated NE-SW
axis, ca. 60 X 45 km, and is tectonically limited by the Luzice
fault (LF) and the Labe and Jizera fault zones. The north-
western limit is set approximately by a line from Litoméfice

to the municipality of Hradek nad Nisou (Fig. 1). The U ore
deposits are situated in the northeastern part of the area of
interest.

This paper does not present a regional hydraulic model,
but an interpretation of piezometric data. The maps and
grids of the piezometric surfaces can be used to calibrate
hydraulic models of the investigated area.

Geology and Hydrogeology
Lithostratigraphy

The Bohemian Cretaceous Basin is the largest groundwa-
ter reservoir in the Bohemian Massif, covering an area of
14,600 kmz, of which 12,490 km? lies within the territory of
the Czech Republic and a minor part reaches into Germany
and Poland. The basin is elongated in a NW-SE direction, is
290 km long, and up to 100 km across (Krasny et al. 2012).
The surveyed area lies in the northern part of this basin
(Fig. 1). A general outline of its stratigraphy, structural set-
tings, and groundwater bodies is presented in Fig. 2.

The flat pre-Cretaceous basement consists of a Permo-
Carboniferous volcano-sedimentary complex and the gra-
nitic and metamorphic crystalline complex of the Lugian
and Saxothuringian areas (Skacelova et al. 2011; Valecka
2009). The basement and Cretaceous basin fill were later
vertically differentiated by alpine foreland tectonics.

The Cretaceous basin fill, which accumulated from the
Early Cenomanian or even Late Albian to the Santonian
period, is composed of detrital sediments of variable grain
size, and are divided into six lithostratigraphic units—from
the oldest to the youngest: Peruc—Korycany, Bila Hora,
Jizera, Teplice, Biezno, and Merboltice formations. The
preserved thickness is usually between 200 and 400 m, with
the greatest values (1000—-1100 m) recorded in the vicinity
of D&Cin (Hercik et al. 2003).

The basal Cenomanian sequence of the Peruc—Korycany
Formation is typically 70-80 m thick near the LF (max.
100-120 m) and gradually thins to 10-25 m towards the
Labe River valley. Locally, it is missing over elevated base-
ment, and is dominated by psammites of terrestrial, near-
shore, or shallow marine origin (Uli¢ny et al. 2009b), which
form the basin-wide Basal Cenomanian aquifer. The litho-
logically prominent boundary between the Peruc—Korycany
and Bild Hora Formations corresponds with the Cenoma-
nian/Turonian boundary.

The younger marine fill is characterized by two facies:
quartzose sandstones of variable grain size, with fluctuating
content of matrix or cement, which act as the main Turonian
and Coniacian aquifers; and calcareous claystones to marl-
stones, and less frequently carbonate rocks, which act as
(semi)aquitards.
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The recently developed detailed differentiation of indi-
vidual sedimentary cycles within the Cretaceous forma-
tions (Ulicny 2001; Uli¢ny and Laurin 2001; Uli¢ny et al.
2009a, b) has no serious importance for this work, espe-
cially because most of the monitoring wells (piezometers)
are open through the entire thickness of the Cenomanian
and Turonian sandstone aquifers and thus do not allow any
differentiation of groundwater piezometric heads in the
individual sedimentary cycles.

Structure

The LF, which forms the NE border of the Bohemian Cre-
taceous Basin, is a major deep-reaching structure of the
Variscan Elbe fault system, which was activated as a thrust
fault in the late Cretaceous to Paleogene times, accommo-
dating the uplift of the Sudetic block and contributing to
significant crustal shortening in the Alpine foreland. In gen-
eral, the LF separates the Neoproterozoic to lower Paleozoic
Krkonose-Jizera crystalline complex and the Luzice Pluton
in the north from the sedimentary and volcanic rocks of the
Late Paleozoic basins and the Bohemian Cretaceous Basin
in the south. The relative position of the two wall blocks
separated by the LF is compatible with reverse faulting,
with a vertical displacement in excess of 1000 m. The real
displacement is possibly much higher, since over 3.6 km
could have been eroded from the hanging wall block of the
LF since the Turonian (Coubal et al. 2014).

Another main fault zone of prime importance to the
study area is the Ceské Stfedohofi fault zone (CSFZ; Cajz
et al. 2004), forming the southeastern limit of the Ohie/
Eger rift graben and dividing the study area into two main
water-bearing systems. This tectonic zone is dominated by
NE-SW faults dipping steeply NW. These are right-laterally
displaced by faults striking E-W, especially in its NE reach.
Vertical displacement on the CSFZ has been calculated at
400-700 m (Cajz et al. 2004). The CSFZ and especially its
northeastern part, the Straz fault zone, runs roughly NE—
SW, from the Jestéd Ridge to the Labe River valley, divid-
ing the area of interest into two tectonic blocks.

The part southeast of the Straz fault zone is called the
Straz block, which has an elevated crystalline basement
(Skacelova et al. 2011). The Straz block is tectonically
defined within Upper Cretaceous sediments—in the NW
by the Straz fault zone and in the NE by tectonic contact
with the crystalline hard-rock units of the Luzice fault zone,
which defines the NE boundary of the Bohemian Cretaceous
basin. The SE border of the Straz block is formed by an area
of neo-volcanic veins called Devil Walls. The southwestern
border of the Straz block is not clearly hydrogeologically or
tectonically defined. The Hrad¢any fault, limiting the Straz
block on the southwest (IAEA 2005b; Smetana et al. 2002),
has only been observed in the crystalline bedrock, not in the
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Cretaceous sediments (Kozakova and Pokorny 2009). The
Straz block belongs to the Boleslav—M¢lnik water-bearing
system.

The part NW of the Straz Fault Zone is called the Tlus-
tec block, which belongs to the Benesov—Usti water-bearing
system. Only the part of BeneSov—Usti water-bearing sys-
tem with a simple tectonic setting (Cajz et al. 2004), adja-
cent to the Straz fault, is described in this work.

The upper Cretaceous sediments of the central part of the
Straz block are up to 300 m thick, while SE of the Devil
Walls zone towards the Jizera River, the sediment thick-
ness increases up to several 100m. The situation is differ-
ent in the Tlustec block, where Cretaceous sediments up to
1000 m thick are preserved.

Aquifers and Groundwater Bodies

Large sandstone bodies form aquifers with continuous
groundwater flow in this part of the Bohemian Cretaceous
basin. The aquifers lie mostly sub-horizontally. Major fault
structures divide and limit the aquifers in the area of interest.

There four main aquifers within the Bohemian Creta-
ceous basin are the: Basal Cretaceous Aquifer A, largely
associated with sandstones of the Peruc—Korycany Forma-
tion, locally also the Bild Hora Formation (AB); Aquifer B
in sandstones of the Bila Hora Formation; the Main Cre-
taceous Aquifer C in the Jizera Formation sandstones; and
the locally significant Aquifer D in the Teplice and Biezno
Formations (Hercik et al. 2003; Krasny et al. 2012). Aquifer
C is the most significant for water supply purposes, provid-
ing 52% of the basin’s groundwater resources. Aquifers A
(20%), B (14 %), and D (14 %) are less important (Her¢ik et
al. 2003). From a regional perspective, the area of interest
lies on the border between two water-bearing systems: the
Boleslav—M¢élnik system in the southeast and the BeneSov—
Usti system in the northwest (Krasny et al. 2012).

Due to the dissimilar thickness of preserved Cretaceous
sediments on each side of the Straz fault, the number of
Cretaceous formations and consequently, of hydrogeologi-
cal bodies, aquifers and aquitards, is different in each water-
bearing system. The Boleslav—-Mélnik system contains
only part of the lower Cretaceous sequence, consisting of
the Peruc—Korycany, Bila Hora, and incomplete Jizera For-
mation, while the Benesov—Usti system is the only part of
the Bohemian Cretaceous Basin with all of the lithostrati-
graphic units from the Peruc—Korycany to the Merboltice
Formation, many of them very thick.

In the area of interest described in this work, there are
two aquifers associated with psammitic evolution of Cre-
taceous sediments in the area of interest in both the Straz
and Tlustec blocks: the Cenomanian (Basal) Aquifer A,
with a hydraulic conductivity (K) that ranges from 1x107°
to 5x 107 m s™!, a mean effective porosity of 0.18 (Datel
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Monitoring wells:
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O CS - Cenomanian / Basal aquifer

® TS - Turonian / Main aquifer
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Fig. 1 Map of area of interest showing geologic units, water-bearing systems and main fault zones, mining areas and monitoring wells

2009), and a hydraulic diffusivity that ranges from 5x 10°
to 5x10°m? s~! (Krasny et al. 2012); and the Turonian
(Main) Aquifer C, in which K ranges from 5x 107> to
1x10™* m s7!, and the effective porosity is 0.15 (Datel
2009). These two aquifers are separated by an aquitard of
pellitic sediments of the Bila Hora Formation and the Jizera
Formation (sandy siltstones, siltstones, marlstones, and
muddy limestones) with a vertical hydraulic conductivity of
1x10” m s™! (Datel 2009). Aquifer D is not present in the
Straz block and is not continuous in the Tlustec block, and
therefore is not described in this work.

The Cenomanian aquifer is recharged in a narrow
(1-2 km) zone along the LF. Field evidence suggests the
presence of parallel faults and rotated blocks of Cretaceous
sediments in the footwall block of the LF (Coubal et al.
2014), thus producing a very complicated hydrogeologic
structure. Depending on the structural setting of the fault
zone, the recharge into the Cenomanian (Basal) aquifer can
be direct via the outcrops, or indirect through overlying
Turonian sandstones and fractured crystalline rocks shifted

over the sandstones on the LF. Further, but limited, recharge
is possible through the Turonian aquifer, which overlies the
entire area. The Cenomanian aquifer is a confined aquifer,
which drains into the Quaternary aquifer and partially to the
overlying Turonian aquifer in the Labe River valley.

The Turonian aquifer is recharged mainly by precipita-
tion and partly by leakage from the locally present overly-
ing aquifer D. The Turonian aquifer is mainly unconfined.
Confined levels are present only in areas where the overly-
ing aquitard of the Teplice and Biezno Formations is pres-
ent, in part of the Tlustec block. Transmissivity generally
decreases towards the SE. The aquifer is drained in the Labe
River valley and partly in the Jizera and Plou¢nice River
basins, where the piezometric level is controlled by drain-
age to the rivers and their tributaries.

The structural setting plays a subordinate role in ground-
water circulation within the main water bodies. The influ-
ence of minor faults on groundwater flow direction is
mostly insignificant (Kopecky and Slezak 2000; Paces
et al. 2008).
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Stratigraphy and Aquifers:

Bohemian Cretaceous Basin:
Cenomanian sandstones / Basal aquifer
Turonian sandstones / Main aquifer
Claystones, marlstones / Aquitard
Coniacian and Santonian formations

Basement:
1 Permo-Carbonian sediments
(| Crystalline hard-rocks

Post-sedimentary rocks:
[ Tertiary vocanics
L] Quarternary fluvial sediments

Fig. 2 Generalised geologic settings and groundwater bodies

In general, due to the vertical displacement of aquifers
on the Straz fault zone, there are four groundwater bodies in
the area of interest, with individual piezometric behaviour
and groundwater flow. These are the: Cenomanian aquifer
of the Straz block (CS), Turonian aquifer of the Straz block
(TS), Cenomanian aquifer of the Tlustec block (CT), and
Turonian aquifer of the Tlustec block (TT).

Impact of Important Events on Groundwater

Groundwater in the area of interest has been significantly
affected, especially the Cenomanian aquifer of the Straz
block, by the exploration, preparation for, and underground
mining of the Hamr pod Ralskem U deposit (MH I, MH II)
and the Bfevnisté deposit (MK I), and the acid ISL on the
Straz pod Ralskem deposit, with the operation of hydraulic
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Groundwater bodies:

CS - Cenomanian/Basal Aquifer in Straz Block
TS - Turonian/Main Aquifer in Straz Block

CT - Cenomanian/Basal Aquifer in Tlustec Block
TT - Turonian/Main Aquifer in Tlustec Block

Uranium mining:

Underground mining —— Rivers
Chemical leaching ISL == Main faults, fault zones

barriers and later by the termination of mining and flood-
ing of the underground mines. The important events with
respect to the groundwater in the area are outlined in Sup-
plemental Table 1.

Groundwater Monitoring

There are up to 13,000 exploration, monitoring, and in-situ-
leaching wells in the area of interest. Since 1965, more than
2100 wells in the described domain have been monitored for
changes in water levels (or pressure) by the uranium mining
and processing division of DIAMO (a state enterprise) and
the Czech Hydrometeorological Institute (CHMI). Piezo-
metric monitoring data are not accessible online.

Water level monitoring wells are irregularly placed in the
area of interest (Fig. 1). Most of these wells are placed in
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the areas of uranium mining, i.e. in the Cenomanian and
Turonian aquifer of the Stradz block. Within these two aqui-
fers, most of the monitoring wells are concentrated around
the mined areas with a well-to-well distance of several hun-
dreds of meters. In distant areas towards the drainage zone,
the well-to-well distance rises to more than 10 km. Some
wells are also situated in the Cenomanian and Turonian
aquifers of the Tlustec block, where they are aggregated
near the Straz fault. The frequency of monitoring varies in
time (daily to biannual values) and space (distant wells are
observed less frequently).

The number of wells monitored increased with the explo-
ration and uranium mining from single units in 1965 to 1057
in 2001 (Supplemental Fig. 1). Since 2001, the number of
wells where groundwater levels were measured has signifi-
cantly decreased. Between 2006 and 2007, new monitoring
wells were installed within the CHMI network, especially in
the SW direction from the mining area towards the drainage
zone of the Cenomanian aquifer. Graphs of the piezometric
heads observed in the monitoring wells show the long-term
groundwater regime in important parts of the Straz block
(Supplemental Fig. 2).

Methods

Over 1.2 million piezometric head observations were sorted
into four groups according to groundwater bodies. For
each group, a table was created containing the name of the
well, X and Y coordinates, and piezometric head elevations
above sea level for each year between 1965 and 2014. The
piezometric heads were interpolated using Surfer (Golden
Software™), using the point kriging method (linear vario-
gram model) with 100x 100 m grid resolution. Given the
widely acknowledged low permeability of the Straz fault
field and vertical displacement of aquifers of about 300 m
between the Straz and Tlustec blocks (Datel 2009; Hercik et
al. 2003; Kozakova and Pokorny 2009; Krasny et al. 2012),
distinct piezometric head contours were created for the indi-
vidual groundwater bodies.

The boundaries of the groundwater bodies in the Straz
block were determined by the Straz and Luzice fault zones
and the Jizera and Labe rivers, and in the Tlustec block, by
the Straz and Luzice fault zones, Labe River, and join of
Litoméfice and Hradek nad Nisou municipalities. Contour
maps were created from grid files, with contour intervals of
20 m, named according to the groundwater body (CS, TS,
CT, TT) and year. Vector maps of groundwater flow direc-
tion were created. To delineate areas of potential upward
and downward overflow between the Turonian and Ceno-
manian aquifer, grid files of differences in piezometric
heads in individual years were created using the Grid-Math
function. The difference in piezometric heads between the

Turonian and Cenomanian aquifer was calculated using the
following equation:

AZ=2,-7

where AZ is the piezometric head difference, Z; is the
piezometric head of the Turonian (main) aquifer, and Z
is the piezometric head of the Cenomanian (basal) aquifer.
Positive values of AZ represent an area where the piezomet-
ric head of the Turonian aquifer is higher than that of the
Cenomanian, resulting in a potential downward overflow,
and vice versa. Contour maps of piezometric head differ-
ence were created with a contour interval of 20 m. These
maps were overlain by a simplified base map, showing the
borders of the investigated area, main tectonic zones, water-
courses, municipalities, and areas of former underground
and ISL mining of U.

The flooding of the mines within the CS aquifer was ana-
lysed. When a rising trend in observed piezometric heads
was found, an expected time of rebound to the pre-mining
levels was calculated from the trend equation.

Results
Development of Piezometric Surfaces in the Straz Block
Cenomanian Aquifer (Basal Aquifer)—CS

Before mining began, the piezometric head of the Cenoma-
nian aquifer of the Straz block ranged from approximately
320-340 m above sea level (a.s.l.) at the Luzice fault, to
over 270 m a.s.l. in the area of the in-situ leaching fields,
down to approximately 170 m a.s.l. towards the Labe River
valley drainage area (Fig. 3). During dewatering of the
underground area surrounding the Hamr (MH I, MH II)
and Kfizany (MK I) mines between 1965 and 1990, the CS
piezometric surface fell from 300 m a.s.l. to about 130 m
a.s.l. (Fig. 4). The resultant depression basin, centred in the
Hamr I mine, expanded until around 1991, when its central
part stabilized. This area was approximately bordered by
the piezometric isoline of 260 m a.s.l. around underground
mines. Outside of this line, towards the LuZice fault, the CS
piezometric head decline continued until 2002, and in some
parts of the area (close to the Straz and Luzice faults), it still
continues to decline.

In contrast, in the chemical leaching area (the Straz
deposit), the CS head rose by up to 30 m between 1970 and
1990 to 310 m a.s.1., reaching the line of hydraulic barriers
(HB Straz and HB Svébofice, in full operation since 1985).
From 1990 to 2001, the groundwater regime in the CS aqui-
fer in the area around the Hamr mine was relatively stable.
An extreme hydraulic gradient was established between the
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underground mining area and the ISL site. The difference
in piezometric levels between the Straz HB and drainage
crosscuts of the Hamr mine was up to 170 m over a distance
of 2.2 km. Towards the LF, a slow decline of piezometric
levels continues, but to the southeast and south of the Hamr
mine, the decline was significant (up to 40 m). In the area of
the ISL fields, the CS head declined by up to 50 m compared
to 1990 (to 250-270 m a.s.l.). The reach of the decreased
levels extends significantly towards the SW.

After 1990, the Kfizany mine area became flooded. By
2000, the CS piezometric head around the Kfizany mine had
increased by 20-30 m, to about 240 m a.s.l. (Fig. 5).

In 2003, pumping of water from the Hamr mine was
terminated. The total volume of mine water pumped out of
MH during the period 1966-2003 was 435.5 million m®.
To increase the flooding rate, alkalised water from sludge
lagoons was pumped into the MH area. In total, 4.7 mil-
lion m* (Datel 2009; Ekert and Muzak 2010) of water was
pumped into the mine.

Since 2001, there has been a significant rise of CS piezo-
metric heads in the central part of the cone of depression.
By the end of 2003, the groundwater level reached the ceil-
ing of the Cenomanian aquifer, rising up to 25 m year .
Subsequently, the rate of piezometric head rise significantly
decreased to 5-6 m year™! in the central part of the cone of
depression.

The rate of flooding varies over the area of interest. To
the south, the CS piezometric head rises over an area of
tens of kilometres; however, near the Luzice fault, a slow
gradual decline in CS heads still continues. In the ISL area,
the CS piezometric head has gradually declined since 1990,
from about 300 to 225 m a.s.l. in 2014, as part of the reme-
diation process instituted to prevent acidic solutions from
spreading into the overlying Turonian aquifer. At the end of
2014 (Fig. 6), the CS piezometric head reached a maximum
of 320 m a.s.l. near the LF. An asymmetrical depression in
CS head (240 m a.s.l.) near the Straz fault is still visible
north of the MH in the mined area.

There has been an ascending linear trend in piezometric
levels during the past 10 years since a confined groundwater
regime had been reached. Based on this trend, the earliest
return to pre-mining piezometric head is estimated to occur
around 2025 in the MH area (Supplemental Fig. 3). In the
MH area, the cone of depression is now decreasing while in
the MK area, the rise of water level has almost stopped. In
the northernmost part of the Straz block near the contact of
the Straz fault and LF, a slow decrease (<1 m per year) of
Cenomanian aquifer heads still continues.

The significant hydraulic gradient between the MH area
and the ISL fields disappeared around 2010 due to flood-
ing of the underground mines, but also due to noticeable
lowering of the CS piezometric head in the ISL area asso-
ciated with remediation. Currently, the ISL area represents
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a new depression within the Cenomanian aquifer with
a minimum of 225 m a.s.l. separated by the linear Strdz
hydraulic barrier from piezometric depression in the MH
area. Piezometric head monitoring in the ISL area and its
southwestern forefield shows a slowly rising trend since
2003. The earliest expected return to pre-mining piezomet-
ric head levels in the ISL area is around 2045 (Supplemen-
tal Fig. 4).

Turonian Aquifer (Main Aquifer)—TS

Before mining, the piezometric surface of the Turonian
aquifer in the Straz block was up to 450-470 m a.s.l. at
the LF and declined towards the Labe River valley to
about 170 m a.s.l. (Fig. 3), with a minor depression in the
Ploucnice River valley (260 m a.s.l.) and elevations in the
Polomené Mountains and MarSovice-Bezdéz Height (up
to 330 m a.s.l.). The groundwater regime in the Turonian
aquifer in a narrower area of the Straz block was rela-
tively stable during mining and closure of the underground
mines. This stability was only affected by the breakthrough
into the MH I mining chamber in May 1984, which cre-
ated a short-term connection between the Cenomanian and
Turonian aquifers and caused a significant decline in the
TS head near the MH 1. In the ISL area, the TS piezometric
heads have been significantly lowered since 1992 due to
pumping of residual acidic solutions from the Cenomanian
aquifer (Fig. 5), and the so-called lenses of contaminated
Turonian groundwater.

Groundwater: A Broader Perspective
Straz Block

In the Straz block, significant fluctuations of the CS piezo-
metric surface while intensive mining was taking place
had almost no effect on the Turonian piezometric surface.
However, the increasing difference between the piezometric
head of the Cenomanian and Turonian aquifers in the south-
western forefield of the ISL site led to considerable areal
expansion of potential upward leakage and local spreading
of contaminated water from the Cenomanian to the Turonian
aquifer. Contaminated water flowed through the numerous
exploration and production wells, as well as through natural
faults and fractures, and created “lenses” of spatially lim-
ited contamination of the TS aquifer (Datel 2009; Ekert and
Muzak 2010; Krasny et al. 2012). Piezometric depression
in the CS extended to the central part of the Straz block
until the year 2000. Further extension towards the south and
southwest followed the pumping change at the ISL site after
remediation began.

Since flooding of the underground mining areas was ini-
tiated in April 2001, through 2014, the piezometric surface
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Fig. 3 Piezometric head and flow directions: situation 1970—initial period of mining

of the Cenomanian aquifer has risen by 100-120 m in the
central part of the Straz block (Figs. 5, 6). In the wider area
of the Straz block—northeast towards the LF and south-
west from the ISL site—a slow gradual decline of piezo-
metric heads of the Cenomanian aquifer still continues, as
does the decrease in piezometric head of both aquifers in
the Straz block, towards their drainage area in the Labe
River valley.

The piezometric surface of the Cenomanian aquifer is
currently significantly lower in the entire Straz block area
than when mining started. In the area of residual piezomet-
ric depression around the former underground mines, the
difference in CS heads is approximately 50-60 m, while it is
20-30 m near the LF, 60-70 m in the ISL area, and 20-30 m
in the area south and southwest of the ISL.

Tlustec Block

Groundwater in the Tlustec block in both the Cenomanian
and Turonian aquifers has been relatively stable during the
entire observed period, reflecting only climatic oscillations,
with a tendency of smoothing in the direction from the LF
towards the drainage area in the Labe river valley. The CT
piezometric surface falls gradually from %340 m a.s.1. at the
LF to 190 m a.s.l. in the Labe River valley, whilst the TT
piezometric surface falls from 360 m a.s.l. to 160 m a.s.1.
Almost no influence on piezometric head was detected
across the Straz fault zone and its southwest elongation. Only
in a short section near the Ktizany mine did the TT piezomet-
ric head respond to the significant lowering of the CS piezo-
metric head: the piezometric heads changed from a slightly
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Fig. 4 Piezometric head and flow directions: situation 1990—maximum affect period

downward to a slightly upward trend in response to the dewa-
tering and subsequent flooding of the underground mine in
the MK I area. The CS piezometric head oscillation (x40 m)
caused the TS and TT piezometric heads to fluctuate, but only
over a range of a few meters to fractions of a metre.

Discussion

Areas of potential vertical upward flow of groundwater and
possible overflow from the Cenomanian to Turonian aquifer
have been identified in the Straz block by comparing the dif-
ference in piezometric surfaces between the aquifers. During
the initial period of mining, in 1970, an area of a potential
overflow from the Cenomanian to the Turonian aquifer

@ Springer

occurred near the Ploucnice River (Fig. 3). The difference in
heads was small, up to 10 m. A second area where Cenoma-
nian piezometric surface was higher than the Turonian was
where both aquifers drain in the Labe River valley.

As mining intensified, the area of potential overflow
from the Cenomanian to Turonian aquifer was significantly
extended (Fig. 4). This situation was caused by a significant
increase of the Cenomanian piezometric head due to injec-
tion of leaching solutions into the Cenomanian aquifer near
the ISL area, and the operation of hydraulic barriers. In the
southwestern forefield of the ISL, the piezometric surface of
the Cenomanian aquifer was more than 20 m higher than the
Turonian aquifer. Another area of potential overflow from
the Cenomanian to Turonian aquifer appears to be the head-
water area of some right-hand tributaries of the Jizera River.
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Fig. 5 Piezometric head and flow directions: situation 2000—flooding of underground mines

After 1996, when the piezometric head in the Cenomanian
aquifer in the ISL area was lowered by 50—70 m by the reme-
diation effort, the area of potential overflow from the Ceno-
manian to Turonian aquifer was significantly reduced (Fig. 5),
the CS piezometric surface in the southern forefield of the ISL
area declined (due to continued expansion of the Cenoma-
nian cone of depression), the potential overflow of the upper
reaches of the right-hand tributaries of the Jizera River began
to disappear. This lowering of the CS piezometric surface in
the ISL area (remediation pumping) still continues, further
increasing the differences in levels, and favouring potential
downward flow from the Turonian into the Cenomanian aqui-
fer. This eliminates the potential risk of contamination to the
Turonian aquifer. At present, the piezometric heads in the
Cenomanian aquifer are higher than in Turonian aquifer only

on the southern and south-western edge of the investigated
area, toward the Labe River valley (Fig. 6).

Two general patterns of long-term piezometric head evo-
lution can be found in the Straz block, with a tendency of
smoothing and retardation from the centre to the margins:

(1) “underground mining pattern” (Supplemental Fig. 3) in
the NE part of the Straz block, approximately to a line
connecting the hydraulic barrier near MH towards the
town of Mlada Boleslav,

(2) “ISL pattern” (Supplemental Fig. 4) in the ISL site and
its S and SW forefield towards the Labe River valley.

No such patterns are obvious in the other aquifers. There-
fore, it can be assumed that observed changes in the CS
groundwater regime were caused by mining in the Straz
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Fig. 6 Piezometric head and flow directions: situation 2014—present state

block, even in the case of wells that have only been moni-
tored for a short time.

If we compare the piezometric surface of the Cenoma-
nian aquifer from the beginning of underground mining
to the present, it is obvious that the piezometric surface of
the Straz block is now significantly lower. At the current
rate of flooding, we can presume that the piezometric sur-
face in the mined areas will reach pre-mining conditions
around the year 2025 at the earliest. Even though a linear
trend has been observed since the CS aquifer returned to
the confined regime, the piezometric head rise is expected
to slow. Based on the continuing slow decline in CS piezo-
metric heads near the LF, we can presume that the piezomet-
ric surface will reach pre-mining conditions within several
decades, at the earliest. The possibility of returning to the
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natural groundwater regime in the ISL area and its southern
and southeastern forefield depends on the continued use of
remediation technology. Overall, more than 100 years are
likely to elapse from the launch of preparations for under-
ground U mining until the restoration of the natural hydro-
geological regime. However, one positive fact has been
revealed: that such extensive intervention into an aquifer in
a multi-layered groundwater system did not affect the other
aquifers in the area of interest, especially the Turonian aqui-
fer, which is widely used for water supply.

The question that remains is whether there will be any
observable impact of the large number of boreholes drilled
through the aquitard into the Cenomanian aquifer after the
piezometric head returns to its natural state. Especially in the
southwestern forefield of ISL site, conditions for potential



Mine Water Environ (2017) 36:4-17

15

upward overflow from the Cenomanian to Turonian aqui-
fer may arise. Damaged or improperly sealed wells could
further spread acidic leachates into the overlying Turonian
aquifer, even after a temporarily successful remediation.

Conclusion

The natural groundwater flow regime in the Cenomanian
aquifer of the Straz block (basal aquifer A in the Boleslav—
Me¢lnik water-bearing system) was heavily influenced by
the mining of radioactive material near the Strdz pod Ral-
skem, in the Czech Republic. This was the largest interven-
tion into the groundwater flow regime in the territory of the
Bohemian Cretaceous Basin in history, extending more than
50 km along the regional flow direction. The piezometric
surface of the basal Cretaceous aquifer was affected over
a much larger area (600-700 km?) than the area impacted
by the in situ leaching, estimated between 24 (Lusk 1998;
Slezak 2001) and 27 km? (Datel 2009; Ekert and Muzak
2010; Vokal et al. 2013).

This extensive intervention into the groundwater regime
of the basal Cretaceous aquifer must be seen in the context
of its long-term development, especially when evaluating
current groundwater levels in monitoring wells and their
long-term characteristics. The observed upward trend in
groundwater levels in monitoring boreholes reflects only
partial restoration of aquifer conditions to the natural state
that existed prior to mining.

Due to irregular placement of the monitoring wells
within the area of interest (near the mines, the wells are
hundreds of meters apart, whereas at the limits of the sur-
veyed area, the wells are up to 20 km apart), the constructed
maps of piezometric surfaces reflect detailed groundwater
conditions near the former mine sites, but a rather general-
ized regional image in the wider area, with suppressed local
influence. Still, the compiled maps of piezometric surfaces
of individual aquifers in the area allow one to develop an
understanding of the long-term trends in changes in ground-
water heads and flow directions. Unlike previously pub-
lished works (Hercik et al. 2003; Krasny et al. 2012), where
piezometric contours were presented as static, the newly
created maps provide insight into the dynamics of the Bohe-
mian Cretaceous Basin water-bearing system, even though
this study does not present a hydraulic model, but an inter-
polation of monitoring data. The piezometric surfaces can
be used to calibrate hydraulic models in the area of interest.

Based on the far-reaching influence of mine drainage
and flooding on the piezometric surface of the Cenomanian
aquifer towards the southwest, i.e. in the natural direction
of groundwater flow, it is appropriate to refer to the entire
area of the Boleslav—M¢Inik water-bearing system adjacent
to Stfedohoii Fault Zone (from the infiltration area at LF

to the drainage area in the Labe River valley) as the Straz
block in the wider sense.
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