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Final Author Comments.

Anonymous Referee #1

We very much appreciate thorough review of the mmanpt done by Referee #1. His
insightful and comprehensive comments helped usaike numerous changes in the way how
our data are interpreted, presented and discu3$e manuscript is in much better shape
now. We followed large majority of the reviewertsmaments and suggestions when preparing
the revised version of the manuscript. In some tgpimowever, we do maintain our views and
opinions. Detailed comments addressing all questtmmments of Referee #1 are listed
below.

1. General comments:

1.1.3D Flow and Transport Modelling: this is the mairad/back of your paper. The use of a
3D flow model is important because the paper mustide some quantitative evaluation of
the long term impact to GDE (the forest and thg thre to pumping. The only way to provide
this is by a flow and transport model but: - Youstndedicate more text to describe how you
have implemented and calibrated the model - You ahasv the results of the possible impact
not only showing, in a purely qualitative way, t@nparison between two contour maps but
estimating the expected shortage of groundwateefiio the fen or the expected lowering of
the water table. - Your on site investigation, thgh direct push drillings and sampling and
by the geochemical approach, has provided you tetled data to calibrate and properly
design the model but you have to use the modetjimatitative way answering the following
questions: - - how much is the shortage of grouridivseepage to the fen and to the river,
depending of different scenarios of expected pugnmte? - How much is the lowering of
water table and the effects against the foresteddmg of different scenarios of expected
pumping rate? In the chapter dedicated to the mgdel simply talk about a generic time of
piezometric delay but it is a purely qualitativeapiter. But you must be quantitative in
forecasting scenarios; applied hydrogeology mustvfgte quantitative estimates. You write in
the conclusions “strongly suggest that prolongedugrdwater abstraction through the newly-
established cluster of water-supply wells at maximpermitted capacity (ca. 10 00®mi’)
represents significant risk to the studied GDTEnéy lead to reorganization of groundwater
flow field in the study area and significant dropwater table” and in the abstract “may
trigger drastic changes in the ecosystem functigneventually leading to its degradation”
but: how much is the risk? How much is the watdslgadrop? How intense are these
changes?

We appreciate this comment . As in the meantimky d4) two new boreholes were drilled
in the center of Wielkie Bloto fen (cf. Fig. 2 dfd revised manuscript) and hydraulic heads
were measured in both the shallow Quaternary agaifd the deeper Neogene aquifer, it was
possible to make additional model runs to deteentive response of the system to operation
of newly-established Wola Batorska wellfield, indilng the chosen scenario of future
exploitation, and compare them with the measureséditese new model runs allowed us to
be more quantitative in defining the risk to theastigated GDW associated with exploitation
of Neogene aquifer (see Fig. 13 and revised text).
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1.2.In the conceptual model of the site you can relgioect drillings and geological logs or
on geophysics. You begin the description of yootaggc conceptual model with geophysics.
It's an error: geophysics is an indirect investigat tool and can accomplish and integrate
the geological direct investigations but not be skerting point. So improve the description of
your conceptual model starting from geological l@gsl drillings. You performed direct push
at shallow depth. You should have direct geologitfrmation.

We accept the criticism. Appropriate parts of thgtthave been thoroughly revised. New
information coming from boreholes drilled in thentsr of Wielkie Bloto fen in July 2014
was added in the revised version.

1.3. ...particularly in the introduction, the text is toouch long and boring in some parts, it
seems more the introduction of a master thesis.eSuarts could be integrated in material
and methods, some parts could be strongly redusmde parts should be skipped (the less
useful for the investigation; see the specific gpte

The Introduction has been thoroughly modifiedidwing suggestions of the reviewer.

1.4. About vertical fluxes between the confined aqusied the fen, have you head profile
data showing how hydraulic head changes along érgcal in order to demonstrate upward
seepage of groundwater from Bogucice Sands aquwexrd Wielkie Bloto?. Was you able to
measure head? Comment upon that.

Availability of two new boreholes drilled in the mder of Wielkie Bloto enabled
measurements of hydraulic heads both in the uppetegnary aquifer as well as in the lower
Neogene aquifer. They are discussed in the revese¢dnd shown in Fig. 13

1.5. A Piper diagram should be useful to map the hydeoubal facies in a more
quantitative way.

The Piper diagram was added as a separate, newe.fifuconfirms the hydrochemical
evolution of the analysed waters already appareorh fFig. 6 of the old version of the
manuscript.

2. Specific comments:
THE STUDY AREA.

2.1. Comment upon the fact that the runoff valukigber than the difference between total
precipitation and actual evapotranspiration. Expethe data in a more precise way. Is
evapotranspiration actual, | presume?

It should read "725 mm" instead of "...around 70h'm The text has been modified
accordingly.

2.2. The range 8-28% of coefficient of infiltratios related to outcropping lithology?
Comment upon it.
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Yes. Additional explanation was added in the redigersion.

2.3. Comment and describe the degree of consadlatr looseness of sands (any
cementation? Grain-size?), parameters importanifitoydrogeologic standpoint. You talk of
sands but also of sandstones. Clarify better. Hieysands or sandstones?

The aquifer matrix consists mainly of unconsolidatands, locally sandstones with carbonate
cement. The text has been modified accordingly.

2.4. What do you mean as “disposable resourcediyidrogeological terms? A safe yield? A
maximum sustainable pumping rate? A recharge rafeplain better and also make
reference to the references and the evaluation deth

The proper expression should be "safe yield". Exéltas been modified accordingly

The safe yield value, originated from Kleczkowskiaé (1990), was evaluated according to
Polish low taking into account recharge rate, soatde pumping rate and environmental
water requirements. That value was confirmed byk&ét al. (2010).

2.5. Is there a relationship between the vegetassemblage and the depth to water table?
Where depth to water table is higher than 2 m yipelbgy of the forest is different from areas
with shallower water table? If yes describe shoirlyvhich sense.

Although detailed discussion of the relationshipaeen plant assemblages and the depth of
water table in the study area is beyond the scopleiowork, we provided in the revised text
some additional information about the typology loé tforest and the water table position,
following appropriate Manual worked out for foresanagers

MATERIAL AND METHODS.
2.6. Change the order of description, starting witte field tools, the sampling tools and
finally the analytical methods, in a logical order.

Agreed. The section "Materials and methods" ha# lex¢ended and modified according to
the suggestions of both reviewers.

2.7. The description of the modelling is too muetatdied for a chapter dedicated to material

and methods and too much simplicistic and low ustdedable for a chapter dedicated to the
model description. If the modelling is important f@ur research dedicate a chapter to it,

otherwise skip it. In the material and method iemugh to describe the code. Moreover the
description is confusing, mixing together flow nsport, calibration, in a messy way

We maintain our opinion that the description of middg in "Material and methods" is of
adequate extent. Modeling is one of several toskduo assess the extent of groundwater
dependence of terrestrial ecosystem studied. Neslegs, we modified the text following the
suggestions of the reviewer. Also, section 4ds leen largely extended and Figure 12 was
replaced by new figure summarizing the resultsdalittonal model runs (Fig. 13).

RESULTS AND DISCUSSION.



O 00O NOULL B WN B

A B PP BB PAPEPAEAPPEPPEPPPWWWLWWWWWWWWNNDNNDNNNNNNNRRRPRERPRPRERRRPREPR
OO NOOTULLEWNRPEPRPOOOKNOOTULLDA,EWNPRPRPROOONOOUUPEDEWNREROOONOOUPE WNEO

2.8. Skip completely the paragraph of introductiti's redundant. You can integrate the
informations about the goal of the various invediigns in the material and method section.

Done.

2.9. Delineation of Quaternary cover It's strangeltegin with indirect surveys (geophysics)
that can accomplish and integrated direct data ¢artnot be the foundation of the conceptual
model. Shallow geoelectrics has a high degree afdaracy in represent the structure and
stratigraphy of subsoil and this is more true iruycase for the very low expected thickness
of clay layer and the noise that different sourfeater content, grain size, organic content,
air content) can provide to determination of resisy. It's very strange to begin the
conceptual model with geophysics and not with dideta.

The situation has changed because direct informatmut lithology and stratigraphy of the
Quaternary cover, as well as underlying Neogenéfexrguecame available thanks to new
boreholes drilled in the center of Wielkie Bloto duly 2014. The chapter was revised
accordingly, by putting in front geological infortian.

2.10. What about the importance of GPR? Simplydfnd the position of the bottom of
moorsh? How this is important for your study?

The GPR surveys were carried out basically to @efire position of degraded peat layers.
Mineralization of peat is one of the processes WwisEn be triggered by water table lowering.

2.11. The delineation of Quaternary cover shouldcbmpletely rewritten,. Begin it starting
from direct data (boreholes) and then, eventuadhyegrate it with geophysics. You cannot
base your conceptual model simply upon geophysics

See comment to point No. 9.

2.12. Geochemical evolution A Piper diagram shdodduseful to map the hydrochemical
facies in a more quantitative way.

Agreed. The Piper diagram was added in the rewisesion.

2.13. Water balance of the Dluga Woda catchmentaiixpvhy the MTT of 3.2 months is not
affected by the contribution of 30% of slow recleavgater (presumably with a different input
signal of delta’®0; see sentence at the end of 9688), whereas yothisecontribution in the
tritium Clarify how the flow rate measurement weeken in relationship to rainfall.
Independently or not during rainfall event?

Good point. Note that tritium is in this case alf@ore sensitive indicator of the presence of
additional component than the heavy stable isotapesWe mix one component which has
ca. 10 TU with other component which has zeroutmti This is why, with 30 % contribution
of the tritium free component, the two horizoniakk in Fig. 9b are so far away. In case of
stable isotopes, the difference is not that bige Expected®O isotope composition of
tritium-free component is in the order of -9.8%. €eage of groundwater in the study area
which is of Holocene age), to be compared with t%d0f the ‘recent’ component (weighted
meand*®O of local precipitation). The apparent differerimtween weighted meadt®0 in
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precipitation for the period January 2011 - Decem®@13 (-8.61%.) and the medfO
content of the Dluga Woda stream (-8.84%.) seen ijn Ba, corresponds to ca. 20%
contribution of the 'old' component. The text hasbmodified accordingly.

2.14. Explain better, in a short statement, hownW¢ua very old method!) determines the
base flow. The term “low flow” sounds not good,calsecause in some months it is not so
low. If the “low flow” is, as | presume, the badew component of total runoff (coming from
the discharge of the aquifer), | think, indepentient Wundt, that base flow is a better term.
MMBF, at the end, will be the mean monthly basew.fldt's more correct from a
hydrogeologic standpoint.

The fact the Wundt method is an old one, does owwipromise its value. The method is based
on measurements of the daily flow rates. To obtaore precise assessment of the Dluga
Woda baseflow, a 2-year (instead of 1-year) hydiplyrwas analyzed in the revised version
of manuscript. Additional explanation of Wundt madhwas included in the revised text. The
term “low flow” is used by hydrologists to definewest flow during the given month or year.
The monthly mean annual low flow (MMALF) reflectset discharge of the aquifer and may
represent the annual baseflow in the river catchmen

TABLES AND FIGURES
Table 1: badly sealed well (not “liquidated”)

Done.

Table 4: put the meaning of n.m. in the legend

Done. "n.m." signifies "not measured".

Fig.1: indicate the time of reference or date fioe head measures

Done.

Fig.2: some of the terms in the legend are poorigaistandable for not very specialistic
experts (gyttia, moorsh) define it in more hydrdggirally meaningful terms and more
widely known for wetland experts: poorly decayedtpacrotelm, catotelm, for example, or
other terms

The term 'moorsh’ is used in German and Polish gahtlassification. As too specialized,
the term has been changed to ‘mineralized pedt €yittja has no appropriate synonim but is

a widely used term by paleoclimatologists and pgajdoologists.

The position of 11 VES soundings should be bettedtared in the legend; if one dot is a VES,
in the legend you have to maintain only one dot.

Done.

Fig.4: the resistivity numbers in the upper paned soo much little. In the legend the second
point is b and not c.
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Figure 4 has been corrected.

Fig.8: on the x axis (time) put in evidence the thsrof the year to better appreciate the
seasonality. Explain in the legend the meaninghefdmall graph inside the lower diagram,
there is non explanation of that (characters perhape too much little).

Done

Fig.11: | guess that the symbol to the right topgi®und surface. Put in evidence this
attribution

Done

TECHNICAL CORRECTIONS
r.8: 9674 provided better than supplemented r.J8/Dto be assessed better than quantified

Done

r.14: 9674 Bogucice sand aquifer should be intratlbefore at r.28 of page 9673
Done

r.4: 9675 Badenian: which period? Miocene? specify

Done

r.17-19: 9675 | suggest to skip these unusefulesxahd traces elements if they do not affect
meaningfully the discussion and conclusion of tyeep

Done

r.25: 9675 aquitard is better than semi-permeable

Done

r.27: 9675 hydraulic head or piezometric surfacet(water table).

Done

r.27: 9675 go to a new row after seepage.

Done

r.11: 9676 do not use the term “diffuse”, relatedagricultural and not industrial sources.
Related paragraph was omitted in the revised@ecti

r.11: 9677 which kind of land improvement?.
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Done. This expression was replaced by "drainagé&stor

r.21: 9677 not water table, the wells pump put grdwater from deep aquifer
Done. Water head has been used.

r.1: 9678 upward leakage (or flow) is a better tefmaspect to diffusion)
Done. We use 'upward seepage' throughout the text

r.3: 9678 integrated better than supplemented

Done

r.6: 9678 which code was used?

The type of code and all relevant details are desdrin Materials and Methods section (r.13
9680).

MATERIALS AND METHODS
r.7: 9679 PVC. Describe the depth and filter pasitand also diameter of the tubes; open
stand-pipes is a better term than tubes

Done

r.22: 9679

badly liquidated? What does it mean? Use a begemt more clear. It's not clear if the
spring is natural or not. Perhaps it's not a spritgit it is a flowing not properly sealed
artesian well.

The notation ‘Anna Spring’ (in quotes) was usedhia revised text to indicate that this is not
natural spring. Information about geophysical pex$ing conducted in the area in 1970s as
well as chemistry and isotopic composition of wdtem this 'spring' strongly suggest that
this is fact not properly sealed artesian well tagpthe Neogene aquifer. Additional
explanation has been added in the revised mantiscrip

r.9: 9680 Phreatimeter

The term "water level meter" was used in the rel/igssion.

r.18: 9680 You talk about rectangular cell but tlaag square in plain section

"Rectangular cell" is one of options of the grides&on in the Visual MODFLOW. Note that
squares are a sub-set of rectangle family of figure

r.20: 9681 Any measuring unit?

This is a relative quantity. Appropriate explanatiwas added in the revised text
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r.1-5: 9683 skip these unuseful information
Done

r.20: 9683 in the study area

Done

r.26: 9683 “and shows values around 64 pMC” (commepon this value, what does it
imply?)

Additional explanation was included in the revisext.

r.22: 9684 comment upon the value and the sigmieaof these value of partial pressures of
carbon dioxide

Included in the revised text.

r.6: 9687 which kind of difficulties? Describe letind in which sense they could bias the
results

The phrase was deleted. Inspection of the restitkamical analyses revealed that there was
a typing mistake in Table 2 .

r.26: 9687 Maloszewski et al. is missing in therehces

This reference was added to the list of references

r.9: 9688 specify “relatively to the river sectiosed for sampling water”

Done.

r.23: 9688 explain a bit the insert graph in fig.8bd the meaning of parameters
Done.

r.7: 9691 a K of 1E-5 m/s seems to me very lovafoimportant sandy aquifer like yours. Are
you sure about this value? Comment upon it

K value of 1E-5 m/s is correct. It was estimatedtte basis of the pumping tests.
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Anonymous Refer ee #2

We appreciate the comments of Referee #2. Theyetels to improve the manuscript.
Detailed responses addressing all points raisatdoyeviewer are listed below.

1. General comments

1.1. Description and pertinence of the tools stidu stated in the introduction — authors
should make a link with the context of the studdaaSome of these aspects are included —
but not in the introduction

We agree. The Introduction has been thoroughly fisataccordingly.

1.2. In most parts of the ms, authors used qualgatstimate instead giving number. | believe
that quantitative estimate will be more appropritdeestimate impact.

We accept this criticism (cf. reply to Referee #lhe text has been extended and quantitative
aspects of the discussion were strengthen.

1.3. Sampling network should be developed in@ectiaterials and methods

We agree. The section Materials and methods has theeoughly modified and extended.
New data were added in the revised version of theuscript.

1.4. In page 5 first paragraph, authors should dive scientific basis for depth classification
— is this classification related to depth of thetraone or not.

Agreed. The required information was provided i tévised version of the manuscript

1.5. Comments on model result are not well deeslop

We accept the criticism, expressed also by Refétedhe modeling section was thoroughly
revised and extended. Quantitative estimate of etkgected impact was included in the
revised manuscript.

1.6. One striking point is the lack of discussitaking into account the isotopic,
hydrochemistry and model result in term of flowhexgge and contribution and validate them

with the system functioning and stream flow withare the new pumping stress

Additional sections addressing this issue were @ddehe revised manuscript (see revised
section 4.5).

1.7. Abstract does not reflect main findings @f it
Abstract has been modified accordingly.

2. Specific comments
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2.1. Alot of style and grammatical errors — ma&ysome revisions for the writing will help

Although Referee # 1 was of somewhat contrastinqiop (see page C4013 of his
comments, line 5 from the top), we will neverthsléy to improve the writing.

2.2. References in text should be in date order

Done.

2.3. Page 7 last paragraph of conceptual modelkhbe in this part — however, | propose
to authors to add a section related to hydrodynamisection “results” where conceptual
model should be described

As adequate conceptual model is the starting paoiirany investigation, we think that its
description fits better to the section "Study ardan to "Results and discussion” were we
make reference to it and discuss whether any clsaingdne model are needed in light of the
results obtained.

2.4. First paragraph and sentence in page 9 isltng.

This sentence has been removed and the discusa®extended by adding a new paragraph

presenting the stratigraphy and lithology of theiitey in the area of Wielkie Bloto fen
obtained from drilling performed in July 2014 (seeised text).

10
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Editor Initial Decision: Reconsider after major revisions (17 Dec 2014) by Christine
Stumpp

Authors’ response:

Two reviewers thoroughly evaluated the manuscfipe main points raised were 1) missing
quantitative interpretation of modeling resultsy&jtructuring of some sections in the
introduction, material & methods and in the resaliapter, 3) more specific information
about the modeling approach, 4) more specific pmetation about environmental tracer data.

The authors responded to all the raised concedrm&ad mentioned that corrections will be
implemented into the text. Sometimes, too littrmation was provided what these new
facts in the revised version will be. E.g., thehaus have not responded to the question
whether evaporation is actual evaporation or notvéler, | am convinced that comments
like this will be considered in the revised manicr

The evaporation is actual evaporation and this tevas added to the text.

When restructuring the introduction, the authomsusth keep in mind the very first comment
given by the editor, i.e. not stick too much to tlase study, but keep it more general because
there are lots of things we can learn also for rogites with similar issues.

In the revised introduction general comments orflatrsituations between GDEs and human
needs are given.

Second, the authors answered that more informatidrfigures are included into the
manuscript. Certainly, the referees were askingrfore information and more detailed
discussion; however, the manuscript should nobbddng in the end. It should be carefully
considered to provide some of the Figures or Tadsesupplement.

The revised text size is nearly the same as bd¥twee information were added to the
manuscript but at the same time some sections steregly reduced. Only one new figure
(Piper diagram) was added to the manuscript.

11
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Quantification of anthropogenic impact on groundwater
dependent terrestrial ecosystem using geochemical and isotope
tools combined with 3D flow and transport modeling

A.J. Zurek!, S. Witczak!, M. Dulinski?, P. Wachniew?, K. Rozanski?, J. Kania®,
A. Postawal, J. K arczewski!, and W.J. Moscickit

! AGH University of Science and Technology, FaceityGeology, Geophysics and
Environmental Protection, Krakow, Poland

2 AGH University of Science and Technology, Facaityhysics and Applied Computer

Science, Krakow, Poland
Correspondence tA.J. Zurek (zurek@agh.edu.pl)
Abstract

Groundwater Dependent Ecosystems (GDE) have impdiiactions in all climatic zones as
they contribute to biological and landscape diwgraind provide important economic and
social services. Steadily growing anthropogenicsguee on groundwater resources creates
a conflict situation between nature and man whirehcempeting for clean and safe source of
water. Such conflicts are particularly noticeabte GDEs located in densely populated
regions.A dedicated study was launched in 2010 with theéraan to better understand the
functioning of groundwater dependent terrestriabsystem (GDTE) located in southern
Poland. The GDTE consists of a valuable forestds{&iepolomice Forest) and associated
wetland (Wielkie Bloto fen)lt relies mostly on groundwater from the shallowaf@umnary
aquifer and possibly from the deeper Neogene (BoguSands) aquifer. In July 2009
a cluster of new pumping wells abstracting watemfrthe Neogene aquifer was set up 1 km
to the northern border of the fen. A conceptual ehad the Wielkie Bloto fen area for the
natural, pre-exploitation state and for the enwshduture status resulting from intense
abstraction of groundwater through the new wetlfielas developed. The main aim of the
reported study was to probe the validity of theasgtual model and to quantify the expected
anthropogenic impact on the studied GDFe—Fhe-rebeaas—conducted-along-three-major

a a alalod a N allia alaWlalVia m a'iralalalalVV a O\A/ a v a N N he
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. A wide range of research
tools was used. The results obtained through coadbgeologic, geophysical, geochemical,
hydrometric and isotope investigations provide rargj evidence for existence of upward
seepage of groundwater from the deeper Neogenéadoithe shallow Quaternary aquifer
supporting the studied GDTE. Simulations of grouathw flow field in the study area with
the aid of 3D flow and transport model developedBogucice Sands (Neogene) aquifer and
calibrated using environmental tracer data and rebhiens of hydraulic head in three
different locations on the study area, allowed wargify the transient response of the aquifer
to operation of the newly-established Wola Batorskallfield. The model runs reveal
presence of the upward groundwater seepage ti#tiew Quaternary aquifer in the order of
440 nt d*. By the end of the simulation period (2029), withntinuous operation of the Wola
Batorska wellfield at maximum permissible capaditg. 10 000 md?), the direction of
groundwater seepage will change sign (total changbe order of 900 fhd™). The water
table drawdown in the study area will reach ca.cB0 This may have significant adverse

effects on functioning of the studied GDTE.

1 Introduction

There is a growing awareness among policy makeggslators, water resources managers
and researchers of the important environmentalsacth-economic functions of Groundwater
Dependent Ecosystems (GD&reflected, among others, in the environmentakslagon of

the European Union (Klgve et al., 2011b; EC, 2@DM6). Human needs and GDE appear as
the two,sometimesconflicting, groundwater uses (Wachniew et al140which need to be
managed in an integrated, multidisciplinary man(€ive et al., 2011b). Groundwater
exploitation, climatic and land-use changes, pmiutas well as other pressures on
groundwater quantity and quality affect functionis @DE, yet the relationships between

13
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groundwater systems and the performance of deperdesystems are not fully understood

(Klgve et al., 2011a, K014). The great diversity of GDEs stemsmarily from space and

time variations of groundwater supply to those gstmns -space-—and—time-varable

availability-of-groundwaterto—ecosystem—organisiarious classifications of the GDEs
(Hatton and Evans, 1998; Sinclair Knight Merz, 208C, 2003 Boulton, 2005; Pettit et al.,

2007; Dresel et al., 2010; Klgve et al., 2011a; EQ11;Bertrand et al., 20)2reflect this
diversity. The basic division includes the ternedt(GDTE; e.g. wet forests, riparian zones,
wetlands) and aquatic (GDAE; e.g. springs, lakesrs with hyporheic zones, lagoons)

groundwater dependent ecosysterﬁb:e—ex#eme—exampies—ef—these—twe—elasses are
the

egory

Sustainable management of GDEs requires that\ib#ierability to anthropogenic impacts is

assessed (Wachniew et al., 2014). A conceptuaizaif GDE vulnerability must include
understanding of two factorsi) the degree of ecosystem reliance on groundwatettqiiia
and Evans, 1998), and) groundwater availability to the ecosystem (Sinckaight Merz,

2001). Consequently, a substantial component otequmal models, on which vulnerability
assessments are based (EC, 2010) is related idah&fication of the origin and pathways

and quantification of groundwater fluxes to GDEs.

The presented study was aimed at comprehensivstigagon of groundwater dependence of

a terrestrial ecosystem (GDTE) consisting of valeidbrest stand and associated wetland,

located in the south of Poland (Fig. lm—eemrast—te—many—eﬂqer—eases—whem—weﬂands

water-supply-wels-exploiting-deeperagquifertaydiise central hypothesis of the presented

work was that the studied GDTE relies not only be shallow, unconfined Quaternary
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aquifer but indirectly also on groundwater origingt from deeper confined aquifer,
underlying the Quaternary cover and separated ftdm an aquitard of variable thickness.
Consequently, the presented study was addresomgdths and water ages of the deeper
aquifer and its connectivity with the shallow Quatey aquifer. An important additional
objective was the quantification of the potentiskrto the studied GDTE associated with
operation of nearby cluster of water-supply wekgleiting the deeper aquifer. The deeper
aquifer is an important source of drinking water lfwcal population, intensely exploited for

several decades now.

A suite of tools were applied to address the prokleutlined above. Two monitoring wells

were drilled in the centre of the studied GDTE tdain direct information on the vertical
extent and geologic structure of the Quaternaryec@nd the deeper aquifer. The drillings
were supplemented by geophysical prospecting. BiStreity sounding was used to obtain
additional information about spatial extent anakhiess of the confining layer separating the
Quaternary cover and the underlying deeper Neogengfer. Ground penetrating radar
surveys supplied information about thickness ot fegers in the area of GDTE. Hydrometric
measurements, carried out over a two-year peridti@Dluga Woda stream draining the area
of GDTE and supported by chemical and isotope aeslyf stream water, were used to
quantify the expected contribution of groundwateemage from the deeper aquifer to the
water balance of the Dluga Woda catchment. The aggepvas further characterized by
dedicated Geoprobe® sampling of the Quaternary rcemabling vertical stratification of
environmental tracers and water chemistry withia Quaternary cover to be assessed. The
hydrochemical evolution and age of water in the ¢¢g® (Bogucice Sands) aquifer was
characterized using chemical and isotope data fvehmistry, stable isotopes of waté (

and*20), tritium CH), isotopes of carbontC, *°C)) accompanied by geochemical modeling
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(PHREEQC and NETPATH). Finally, the 3D flow andnsport model available for the
Bogucice Sands aquifer was used to quantify the&rgd impact of enhanced exploitation of
the aquifer on the status of the studied GDTE.

The presented study focusing on the interactionvéeh the Bogucice Sandsleogene)
aquifer and the associated GDTE is a follow-upheféarlier work concerned mostly with the
dynamics and geochemical evolution of groundwatehis the deeperaquifer (Zuber et al.,
2005; Witczak et al., 2008; Dulinski et al., 2013).

2 Thestudy area

The study area is located in the south of Polandhe vicinity of Krakow agglomeration
(Fig. 1). The studied groundwater dependent terabstcosystem consists of valuable forest
stand — the Niepolomice Forest, and associatedameet the Wielkie Bloto fen. The
Niepolomice Forest is a relatively large (ca. 1@ )klowland forest complex. This relict of
once vast forests occupying southern Poland ispted as a Natura 2000 Special Protection
Area “Puszcza Niepotomicka” (PLB120002) which sup@dird populations of European
importance. The Niepolomice Forest contains als@rs¢ nature reserves and the European
bison breeding center and has important recredti@hae as the largest forest complex in the

vicinity of Krakow agglomeration.

The Wielkie Bloto fen located in the western paftNiepolomice Forest (Fig. 1 and 2)

comprises a separate Natura 2000 area (Torfowiskdtki&' Btoto, PLH120080), a significant
habitat of endangered butterfly species associaidd wet meadows. It contains different
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types of peat deposits with variable thickness.(E)g Due to-tand-improvement drainage
works carried out mostly after the Second World Vae uppermost peat layers were drained
and converted to arable land (Lipka, 1989; LajcZ#897; Lipka et al., 2006). In the recent
decades the agriculture usage of Wielkie Bloto grasitly reduced and the studied GDTE is

returning nowadays to its natural state.

Climate of the study area has an intermediate cteraetween oceanic and continental, with
the mean annual temperature of 8 2Mean annual precipitation rate amounts to 725 mm
whereas the mean-evapetranspiration actual evayspiration in the Niepolomice Forest area
reaches 480 mm. The annual mean runoff fluctuatasnd 245 mm. The regional runoff is
related to the drainage system of Vistula River @adributaries (cf. Fig. 1). The Wielkie
Bloto fen area and the adjacent parts of Niepolenkiorest are drained by the Dluga Woda

stream with 8.2 kiof gauged catchment area (Fig. 2).

Depth to water table in the study area is genesatigll, with wetlands and marshes occurring
in several parts of the Niepolomice Forest. Theeddpnce of Niepolomice Forest stands on
groundwater is enhanced by low available water @gpand low capillary rise of the soils
supporting the forest (Lajczak, 1997; Chetmickakt 2003). Depth to water table was used
as a basis for defining an index quantifying depgemy of Niepolomice Forest on
groundwater.This dependency relies on rooting depth and thpthd® local water table. It
also influences typology of forest and type of pleover associated with GDTE (Schaffers
and Sykora, 2000; Pettit et al., 2007; GENESIS,22MHose et al., 2014). The rooting depth
must be smaller than depth to water table. Otherwiater-clogging occurs and roots cannot
respire due to excess of water in the soil proflleree classes of GDTE susceptibility to
changes of water table depth were proposed (Fidi)2¢lass A - very strongly dependent
(depth of water table ranging from 0.0 to 0.5 m),qlass B - strongly dependent (0.5 to 2.0
m), and (iii) class C - weakly dependent (> 2.0 fjrest stands growing on areas where
depth to water table exceeds 2 meters utilize mastl moisture and are weakly dependent
on groundwater level fluctuations. Forest standam@as with shallower water table are more
susceptible to changes in groundwater level, régssdf their directiofForest Management
Manual, 2012)- ' ' '
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Groundwater is stored in the study area in the yppbreatic aquifer associated with
Quaternary sediments and in the confined, deepeifeagcomposed of Neogene marine
sediments (Bogucice SandBnsaturated zone consists mainly of sands and lafegariable

thickness, from a fraction of meter in wetland aréa approximately 30 meters in the

recharge area of the deeper aquifer layers.

The Bogucice Sands (Neogene) aquifer covers the @frea. 200 kihand belongs to the

category of major groundwater basins (MGWB) in RdlgKleczkowski et al., 1990). It is
located on the border of the Carpathian ForedeeginBand belongs to the Upper Badenian
(Middle Miocene). The aquifer (MGWB No. 451) is cpased mainly from unconsolidated

sands, locally sandstones with carbonate cemerg. Vidriable percentage of carbonate
cement, up to 30%, affects the hydraulic condutstiof water-bearing horizons. The aquifer
is underlined by impermeable clays and claystorfeh@® Chodenice Beds (Porebski and
Oszczypko, 1999). To the north, the aquifer is peegively covered by mudstones and

claystones with thin sandstone interbeds. Paleofloectional indicators suggest proximity

to deltaic shorelineln the south, near the deltaic mouth, there arerops of Bogucice

ala o\rereg-onh-bv allall @ alda v aVallaalVaYnivals ava' a ala a VElaVa ala’ ys)

mean thickness of the aquifer is approximately aQQwvith two water-bearing horizons (cf.
Fig. 1). The hydrogeology of the aquifer can besidered in three areas: (i) the recharge area
related to the outcrops of Bogucice Sands in thehsdii) the central confined area generally
with artesian water, and (iii) the northern disdjeararea in the Vistula river valley.
Groundwater movement takes place from the outcnoghe south, in the direction of the
Vistula river valley (Fig. 1) where the aquiferdsained by upward seepage through semi-

permeableaquitard.
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deeperaguiferltayer¥he recharge of groundwateelated to outcropping lithologys in the
order of 8 to 28 percent of annual precipitation.

The principal economic role of Bogucice Sands agug to provide potable water for public
and private users. Estimated safe yield of thefanis approximately 40 0003, with
typical well capacities of 4 to 200°m* (Kleczkowski et al., 1990; Witczak et al., 2008;
Gorka et al., 2010 Hospitals and food processing plants also ekptmne wells. Yield of the
aquifer is insufficient to meet all present and egiteg needs and, as a consequence, licensing
conflicts arise between water supply companiesiadastry on the amount of water available

for safe exploitation.

19



O 00 N o v B W N P

[any
o

11
12
13
14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30
31

In pre-exploitation era, artesian water existed thnppebably on entire confined area of the

aquifer. Intensive exploitation decreased the hylirdhead in some areas causing downward
seepage. In the area of Wielkie Bloto fen the aud exploited by Szarow wellfield located
in the south (wells Nos. 11, 12, 22-24, 42 - c§.Ai and 2). In July 2009 a cluster of six new
water-supply wells (Wola Batorska wellfield - welos. 44-49 in Fig. 1 and 2) exploiting
deeper aquifer layers was set up close to the erorthorder of Niepolomice Forest. There is
a growing concern that intense exploitation of thew wellfield may lead to lowering of
hydraulic head in the western part of Niepolomioeest area.
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The available geological information (Porebski d@dsizczypko, 1999; Gorka et al., 2010),
supplemented by the results of previous work ondgeamics and geochemical evolution of
groundwater in the Bogucice Sand aquifer (Zubexd.e005; Witczak et al., 2008), provided
the basis for construction of conceptual modelsthating the interaction between shallow
Quaternary aquifer and the deeper Neogene aquifathe area of studied GDTE and
suggesting possible impact of intense exploitatdbngroundwater by the Wola Batorska
wellfield (Fig. 3). Figure 3a presents presumabstural status of this interaction. The
Wielkie Bloto fen represents in this model locaddtiarge area for both shallow and deeper
aquifer. Artesian conditions in the deeper aguifenbined with relatively thin aquitard layer
separating both aquifers, may lead to upward seephdeeper groundwater, contributing to
the water balance of the studied GDTE. The enviddgeure status of the shallow/deep
aquifer interaction a result of intense exploitataf the Wola Batorska wellfield is presented
in Fig. 3b. It is expected that intensive pumpirfgtlee deeper aquifer by the wellfield
localized close to the northern border of NiepolmnForest (wells Nos. 44-49 in Fig. 2),
exceeding its safe yield, may modify the groundwétev field in the area of Wielkie Bloto
fen in such a way that the upward leakage will tmg@ed or significantly reduced, thus
leading to lowering of water table and endangegngironmental water requirements of the
studied GDTE.

3 Materials and methods

A suite of different methods was applied to address major questions posed by the
conceptual model presented in Fig. 3, i.e. thetemce of upward seepage of groundwater
from the deeper Neogene aquifer to the shallow €naty aquifer and its role in the water
balance of Wielkie Bloto fen, and quantification ¢fe expected impact of intense
exploitation of deeper aquifer by the Wola Batorskallfield on groundwater flow in the
study area, in particular on the postulated upveaepage of groundwater. Four major areas
of investigation were open: (i) verifying the awdle information on the vertical extent and
geologic structure of the shallow Quaternary aquéied the deeper Neogene aquifer in the
area of the studied GDTE through direct (drillings)d indirect (geophysical prospecting)
observations, (ii) assessing, through hydrometogeovations, the water balance of the Dluga
Woda stream draining the area of Wielkie Bloto fgin, extensive sampling of surface water

and groundwater in the study area for chemicalisoipe analyses, aimed at quantifying the
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dynamics of water flow and tracing the postulatpavard seepage of groundwater, and (iv)
modeling of expected changes in groundwater flowh& study area, in response to intense

pumping by the Wola Batorska wellfield.

The Geoprobe® direct push device (Model 420M) wseduto perform vertical profiling of
the Quaternary cover in the area of Wielkie Blatombined with sampling of water at
different depths. Water samples were collected Rt,G5P3 and GP4 sitest(Fig. 2). Site
GP2 did not yield enough water for sampling. Iniadd, soil cores were collected at GP1,
GP2 and GP3 site§-ig. 4). The Geoprobe® profiling verified the position diet aquitard
separating the shallow and deep aquifer in theystuda.RPC\/tubesPVC screened pipes
with a 2.5 inch outside diametavere installed in GP1, GP2 and GP3 for subsequent
observations of water table.

In July 2014, two monitoring wells were drilled ihe centre of the Wielkie Bloto fen (cf.
Fig. 2). The well No. 54N reached the depth 97.5pemetrating the Quaternary cover
a reaching the deeper Neogene aquifer (cf. Figqadl 8. The second well (No. 54Q) was
drilled till the depth of 8 m. Both wells were sened (cf. Table 1) and water samples were
collected for chemical and isotope analyses. Atlseasurements of hydraulic heads in both

Quaternary and Neogene aquifers were made.

Geoprobe® profiling and direct drillings were sugpented by geophysical prospecting.
Surface DC resistivity sounding surveys were use@ aeconnaissance tool to assess the

depth and thickness of clay and claystone lagesarating the shallow aquifer from the

deeper aquifer in the area of Wielkie Bloto fendemying-the-shallow-aguiferin-the-area of

Sands-aguiferThe Vertical Electrical Sounding (VES) surveys witle Schlumberger array
(Koefoed, 1979) were applied at 11 locatidivgsed to the locations of Geoprobe® profiling
(Fig. 2). Quantitative interpretation of the apparent testy as a function of electrode
spacing (VES curve) was performed with the aid BERS and IPI2WIN software (Moicki,
2005; Bobachev, 2010). Ground Penetrating RadarRjGRethod (Daniels, 2004) was
applied to assess the thickness of peat layeteiarea of Wielkie Bloto fen. This method has
been successfully used in the past to delineatditwtof peat layers in various environments
(e.g. Warner et al., 1990; Slater and Reeve, 2BG#]o et al., 2011). Short electromagnetic
pulse generated by transmitting antenna of geonaagragate in the shallow subsurface and

reflects back from the geological strata which atiffn relative dielectric permittivityef),
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defined as the ratio of the measured dielectriengiévity to the dielectric permittivity of
vacuum.Peat layers are characterized by very kighalues (60-75) while sandy layers show
€ values in the order of 10-15, depending on actuzér content. The GPR surveys were
performed with ProEx System (MALA Geoscience), gswffset configuration with co-
polarized 250 MHz centre frequency shielded anteBeaen separate GPR profiles with the
total length of approximately 1400 m were obtai(efdFig. 2).

In order to detect hydraulic response of the agudeperation of new pumping wells located
in Wola Batorska, systematic observations of hylitrdnead in well No. 32, situated ca. 1 km
north of the Wola Batorska wellfield were perforniede Fig. 2)Initially, the depth of water
table was measured manually ussegirding-devicavater level meterStarting from July 4,
2012, automatic recording of the position of watable using pressure transducer was
performed. Well No. 32 maintained artesian condgiprior to establishing the cluster of the

new water-supply wells.

Network for collecting water samples for chemicatlasotope analyses is shown in Fig. 2.
Field procedures for hydrochemical sampling wenailar to those described by Salminen et
al., (2005). Unfiltered water was collected in 500 polyethylene bottles for major ion
analysis. Filtered water was acidified using HNO® pH<2 and collected to new hardened
polyethylene 100 ml bottles for major, minor andcex components. For pH and Eh field
determinations, two laboratory calibrated instruteemere used. They were immerged in the
pumped water until equilibrium was reached and maii difference between both
instruments was recorded. Then, mean value of te#ttings was taken as accepted value.
Alkalinity was measured in the field by titrationethod. Inductively-coupled plasma mass
spectrometry (ICP-MS) and other routine methodsewesed for determinations of chemical
composition of water samples collected during tiel\s (exploratory boreholes, water-supply
wells, Dluga Woda stream, Geoprobe® samples). Sesragfl water for isotope analyses were
collected using established protocols. Isotope @rmemical data were also obtained for the
‘Anna Spring’-Anna-sprindNo. 52 in Fig. 2)Groundwater appearance at this side is linked
to badly sealed borehole drilled in 1970s for s&sprospectingirfact—existence—of-this
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Samples for chemical and isotope analyses of thgdWoda stream were collected at gauge
station G (Fig. 2) over the two-year period, frommghist 2011 till August 2013, in roughly
monthly intervals(cf. Tab. 4).The purpose of this monitoring activity was thentfication
and gquantification of the expected contributiontleé upward seepage from the Bogucice
Sands(Neogene)aquifer to the total discharge of the Dluga Wodl@asn draining the
Wielkie Bloto area. Initially, both the stages dlmiv rates of the Dluga Woda were recorded.
They provided the basis for constructing the ratougve of the stream. Subsequently,
pressure transducer was installed for continuogsast-level monitoring, starting from June
2012. Discharge hydrograph of the Dluga Woda streaas then generated for entire
observation period.

Tritum (3H) and radiocarbon{C) concentrations in the analyzed groundwater sasnpl
(water and total dissolved inorganic carbon poe$pectively) were measured at the AGH
University of Science and Technology in Krakow Hdgcérolytic enrichment followed by
liquid scintillation spectrometry for tritium, antienzene synthesis followed by liquid
scintillation spectrometry fol"C. Tritium concentrations are reported in tritiumits (T.U.).

(1 T.U. corresponds to the rafid/*H equal 13%). Radiocarbon content is reported in percent
of modern carbon (pMC), following recommendatiorfsStuiver and Polach (1977) and
Mook and van der Plicht (1999). Stable isotope ausitipn of water §°0, 3°H) and TDIC
pool @°C) was determined in the same laboratory by duet-iisotope-ratio mass
spectrometry and reported on V-SMOW and V-PDB scal€oplen, 1996). Typical
uncertainties ofH, **C, 5*%0, 8°H and3™C analyses were in the order of 0.5 T.U., 0.7 pMC,
0.1%0, 1% and 0.1%o, respectively. Dissolved carbesain the analyzed groundwater
samples were precipitated in the field from ca.liGfs of water following the established
procedures (Florkowski et al., 1975; Clark andz;ri997).

Chemical composition of groundwater samples cadlgédh the recharge area was modeled
using PHREEQC (Version 2.18) geochemical code (Ragt and Appelo, 1999). Piston-

flow radiocarbon ages of groundwater in the cordirngart of the studied system were
calculated for using NETHPATH code (Fontes etl79; Plummer et al., 1994).

The existing 3D numerical model of the Bogucice &&aaquifer was employed to investigate
the impact of Wola Batorska wellfield on groundwétew in the area of Wielkie Bloto fen.
The MODFLOW-2000 code fagreundwaterflewsimulationof flow (Harbaugh et al., 2000)
and MT3DMS code (Zengh and Wang, 1999) for modethags transport, both incorporated
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in the Visual MODFLOW 2011.1 Pro (Schlumberger Wabervices, 2011) were used
onstruct-a-humerical-model-of the Bogucice-Sawgdéfer. The finite-difference grider-the

flow—and—transpeort—caleulationgonsisted of 5 layers with 27 225 rectangular cells
(250250 m, 72 rows and 129 columns). The longitaddispersivity ¢ ) was assumed to be

50 m. Although the selected size of computatioefisalid not satisfy the criteriofx < 2o,
required for avoiding the numerical dispersion @atbach, 1986), its influence was reduced
by applying the total-variation-diminishing meth@vD — Zheng and Wang, 1999; Hill and
Tiedeman, 2007). The MODFLOW River Package was ueesimulate the exchange of
water between the aquifer and the surface watér dgbd-dependent seepage interaction. The
agreement between calculated and observed headsatisgactory. Hydraulic heads were
maintained in subsequent calibrations of the trarigpodel with the aid of tracer data (Zuber
et al., 2005; Witczak et al., 2008). In this pracése hydraulic conductivity and the aquifer
thickness were moadifiech individual grid cells without changingadoptedtransmissivity
values.The changes of aquifer thickness were constrdiyeal/ailable geological information
on-the-extent-of-water-bearing-horizobiree water-bearing layers were distinguishethén
model: one layer in the shallow Quaternary aquifer and ters in the deeper Neogene

aquifer-the Hers. Transient flow simulation

were performed by the model, with quarterly pumpnages of Wola Batorska wellfield

during the period July 2009 — September 2013 arti wiaximum permitted capacity of

4 Results and discussion
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4.1 Delineation of vertical structure of the Quaternary cover and the Neogene aquifer

in the area of Widkie Bloto fen

The geological structure of the Neogene (BoguciaadS) aquifer in the area of Wielkie
Bloto fen, emerging from the results of Geoprobe®fipng and exploratory drillings, is
shown in Fig. 4. At site GP1 and GP3 unconsolidatads reach the thickness of 5.5. and
5 m, respectively. Below this depth, mudstones @agstones start to appear, making deeper
penetration of Geoprobe® not possible. At both tioce thin layer of peat at ca. 50-70 cm
was identified. Water table was located at the sdapth. At GP2 site peat was absent and

mudstone layer begun already at 1.8 m depth.

Interpretation of the apparent resistivity profilgstainedfrom VES surveys was performed
for eleven sections located near GP1, GP3 and @3} $he interpreted values of resistivity
(pint) Obtained on the basis of VES curves are presented). 4 in the form of depth profiles
of pint @along 11 studied sections (S01-S11, Fig. 2). Hiecton of VES curves was aided by
additional measurements performed in the vicinityz®2 site which allowed to select fixed
resistivity value (21Qm) representing clay layers in the profile. It isrth to note that the
clay layer (blue) seen in the upper panel of Figs ¥ery thin in some places (less than ca.
1 m), with possible discontinuities facilitatingdnaulic contact of deeper aquifer layers with
the shallow Quaternary aquifer. The interpretedstiegty of the strata lying above the clay
layer roughly corresponds to sand with high watentent. The uppermost layer is
characterized by distinctly higher resistivity wiican be linked to the presence of peat (see

discussion below).

The monitoring wells drilled in July 2014 confirméte results obtained from VES profiling.
Simplified geological profile of well No. 54N shown Fig. 4 revealed that thickness of the

aquitard separating the shallow Quaternary aqgaifel the deeper Neogene aquifer is rather
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small. Three mudstone layers were identified in phefile. Thickness of the largest layer

does not exceed one meter and occurs at the deftimo

The total length of the GPR profiles obtained ia #rea of Wielkie Btoto exceeded 1400 m.
Herewe-diseusonly one echogram representing the distance abappately 200 m (profile

P1 in Fig. 2)is discussedField—+results—of-GPR-survey-were—subject-of-deditatiata

Nroce ala aala¥a aalaldalVilala a¥a' ala aWalat i1 WsaTalalala a a a alal N alda Slng

Based on the data available for the soil core ctdtk at GP1 site, electromagnetic wave
velocity in peat was set at v = 3.6 cm n&eEhis value was then used to construct the depth
scale of the echogram presented in the lower pafinElg. 4. Peat layer located between ca.
0.4 and 1.2 m can be distinguished. The boundaatéal at approximately 0.4 m depth can
be linked todegradated-—peat{meoorsh) degraded mineralized smiatalso visible in the
vertical cross-section shown in the lower panelFg. 2. Due to high attenuation of the
signal, the border between sands and clays saée i@pparent resistivity profile presented in
the upper panel of Fig. 4 could not be identified.

4.2 Geochemical evolution and age of groundwater in the Neogene Begueice-Sands
aquifer

Table 1 summarizes environmental tracer data oddafor water samples collected in the
production wells of the Bogucice Sandé=ogenelaquifer and during Geoprobe® survey of
the Quaternary cover in the area of Wielkie Blaa.fThe corresponding physico-chemical

parameters are summarized in Table 2.

Deuterium and oxygen-18 isotope composition of wiatéhe production wells located the
study area and tapping the Bogucice Safsogeneaquifer is shown in Fig. 5a idfH -
5'%0 space, against the background of global and lowkoric water lines and the mean
isotopic composition of modern recharge. As seehRign 5a, all wells located in the eastern
part of the recharge area (Szarow wellfield, whlts. 11, 12, 22, 23, 24) cluster around the
mean isotopic composition of modern recharge. Alhem contain tritium, testifying recent
origin of groundwater in this area. Radiocarbontenhwas measured in two wells (Nos. 11,

12) and shows values around 64 pNtCthe range of radiocarbon concentrations measared
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other wells located in the recharge area of theuBmg Sands aquifer (cf. Fig. 1). Reduced
concentrations of radiocarbon in recharge watergatoing tritium result from geochemical
evolution of TDIC reservoir in these waters (seg &ulinski et al., 2013)Stable isotope
composition of water in well No. 42, located cakrh north of the Szarow wellfield also
belongs to this cluster of points in Figure 5a.sThiater is devoid of tritium and reveals
reduced radiocarbon concentration (ca. 48 pMC) tpmnto its pre-bomb (Holocene) age.
The same concerns newly-drilled monitoring wellpiag the Neogene aquifer (No. 54N). Its
radiocarbon content (30 pMC) reflect gradual agihgvater along the flow lines starting in
the recharge area (Szarow wellfield). Well No. 5&Qping the Quaternary aquifer shows
significant concentration of trittum and reducedliogarbon content, in agreement with
expectations. Stable isotope composition of watelected during Geoprobe® survey from
different levels of the Quaternary cover scattesngl the Local Meteoric Water Line

reflecting seasonal variations &H andd'°0 in local precipitation (see section 4.4).

Stable isotope composition of water in wells beloggo the newly established wellfield in
Wola Batorska reveals systematic shift towards nmergatived’H and &'%0 values, clearly
indicating recharge in colder climate (Rozanskig3;9Zuber et al., 2004). This groundwater
does not contain tritium and reveals low radiocarbontent, in the order of few pMC, also
suggesting glacial age of this water (see discassedow). In well No. 32, located ca. 1 km
north of the Wola Batorska wellfield, the radiocambcontent of TDIC reservoir drops below
the detection limit (< 0.7 pMC) suggesting sigrafit increase in age of groundwater, while
maintaining characteristic stable-isotope signatfr¢his water indicating recharge in cold
climate (Fig. 5). In contrast, stable isotope cosifpan of water in well No. 16, located ca.
2 km south-west of Wola Batorska wellfield (cf. F&) reveals higher radiocarbon content
(32.1 pMC), lack of tritium and stable isotope casifion of water suggesting its Holocene
origin. The same concern&nna Spring’ Arra-—sprrg(No. 52) located in the forest, east to
Wielkie Bloto fen.

Waters in the recharge zone of the investigatetigfahe Bogucice Sandsleogenejquifer
(wells Nos. 11, 12, 22, 23, 24) reveal almost ra@utriform pH values between 7.00 and
7.13 and are dominated by HEOC&*, and Md" ions (Table 2). They show average TDIC
content around 7.2 mmol'L Saturation indices with respect to calcite ameselto zero
indicating full development of carbonate minerdi@a. The partial pressure of GO

controlling the observed carbonate chemistry catedl from the available chemical data,
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varies between 0.018 and 0.032 atmagreement with partial pressures of soi,@Dserved
close to the study area (Dulinski et al., 20T3lese waters contain elevated concentrations of
sulphate ions, most probably originating from indias pollution of regional atmosphere

during the second half of the XX century.

Waters exploited by the Wola Batorska wellfield f&@&os. 44-49) are dominated by HEO
Na" and Clions. The TDIC content is reduced by ca. 0.3 mintbivhen compared to waters
from the recharge area. The®and Md" content is also reduced, while significantly highe
Na’ concentrations are recoded (Table 2). These wedeesl elevated pH values (8.07-8.82)

and are supersaturated with respect to both calndedolomite.

The observed patterns of geochemical evolutionrotigdwater in the studied part of the
Bogucice Sand&\eogenejquifer reflect its marine origin. Gradual fresimgnof the aquifer
continuing since the Miocene involves ion exchapgecesses between the solution and the
aquifer matrix. Waters dominated by ®cand Md* ions, while penetrating the aquifer,
exchange those ions in favor of Nans which are released to the solution. Presehtiei
process is supported by Fig. 6 which shows theioalship between deficit of Gaand Md¢*
ions with respect to the sum of Hg@nd SG” ions and the excess of Nand K’ ions over
the CI ions. The data points in Fig. 6 cluster along ghagquilibrium line confirming that
chemical evolution of groundwater in the investaghtpart of Bogucice Sands aquifer is
dominated by cation exchange procesSéss conclusion is supported by Piper diagram

shown in Figure 7.

Inverse modeling of radiocarbon ages of groundwiat&rells Nos. 16, 32, 42, 44, 46, 49, 52
and 54Nwas performed using NETPATH code. First, inputuoh representing recharge
area in the investigated part of Bogucice Sa(idsogene)aquifer was calculated. The
calculations were based on chemical and isotope aatilable for wells Nos. 11, 12, 22, 23
and 24. Equal contribution of waters from thoselsvéb the final solution was assumed.
Carbon isotope parameters of the input solutionewsalculated as the mean values of
respective parameters in individual waters contnilguto the final solution, weighted by the
size of carbonate reservoirs (TDIC). The calculatgait carbon isotope values characterizing
TDIC reservoir in the solution wefé’C = -13.4%0,'C = 64.1 pMC. The solution determined
by this way was then used as the initial solutionnverse calculations using NETPATH
code. Parameters used in the calculations (conttraand phases) and the resulting

radiocarbon ages apgesentedsummarizedn Table 3. The calculated radiocarbon ages vary

29



N oo o AW N R

(o]

10
11
12
13
14
15

16

17
18

19
20
21
22
23

24
25
26
27
28
29

30
31

from ca. 2 ka for water in well No. 42 located @ds the recharge area of the aquifer, up to
the age in excess of ca. 36 ka for well No. 32 tiedtan most distant, northern part of the
aquifer. Radiocarbon ages of three wells represgntola Batorska wellfield (Nos. 44, 46
and 49) reveal radiocarbon ages between 25 and,3dokfirming glacial origin of water in
this wellfield, already apparent from the stabt#ape data presented in Fig\V8ell No. 54N

the ‘Anna Spring’ Anna-spring(No. 52) and well No. 16 reveatid-Holocene groundwater

ages.

It is apparent from the above discussion that giaater which eventually penetrates the
confining layeref-the Begucice-Sand-agquifand reaches the shallow Quaternary aquifer in
the area of Wielkie Bloto fen should have distinobemical and isotopic characteristics. In
particular, is should be characterized by reducetf @d Md" and elevated Nacontents
when compared to young groundwater present in thaepnary cover. It should also have
elevated pH values (around 8). This water doescantain tritium and is of Holocene age.
Holocene age of this water implies that its stasdeéope signature will be non-distinguishable
from the mean isotopic composition of present-dagipitation in the area.

4.3 Isotope and chemical stratification of shallow Quaternary aquifer in the area of
Wielkie Bloto fen

To investigate isotopic and chemical stratificatafngroundwater in the shallow Quaternary

aquifer underlying Wielkie Bloto fen, and to det@stentual contribution coming from the

Begucice-Sandsdeeper Neogenaquifer, a dedicated sampling campaign using Géxg®
device has been carried out in October 2011. Isotom chemical data obtained for water

samples collected during this campaign are sumediiz Table 1 and 2, respectively.

As seen in Fig. 5b and Table 1, stable isotope ositipn of Geoprobe® water samples
varies significantly with depth and location. Theegest points cluster around mean isotopic
composition of local precipitation suggesting ttie observed variability @¥H and3'°0 in

the upper portions of the profiles stems from sir@easonality ob’°H and %0 signal in
local precipitation, surviving in the upper part tife Quaternary cover and converging

towards the mean isotopic signature of the locatipitation at the bottom of this cover.

Vertical profiles of tritium content and selectedemical parameters are summarized in

Fig. #8. A distinct reduction of tritium content with déptaccompanied by increase of pH,
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conductivity and concentration of major ions (Cdda) is apparentrhe-chemical-data-of
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representative-in-this—easthe observed increase of pH, conductivity and cotmagon of
major ions (Cl and Na) with depth in the shallowaf@unary aquifer, accompanied by

reduction tritium content, strongly suggest thatwapl seepage of groundwater from
Begucice-Sanddeeper, confined Neogeraguifer indeed takes place in the area of Wielkie
Bloto (Fig. 8). The chemical data of Geoprobe® water dasnpre also plotted in Fig. 6 and
7. They are consistent with geochemical evolutibgroundwater in the Neogene (Bogucice

Sands) aquifer, discussed in the previous section.

4.4 Water balance of the Dluga Woda catchment

The catchment of Dluga Woda stream comprises Waddoto fen and adjacent parts of the
Niepolomice Forest (cf. Fig. 2). Physico-chemicatgmeters of the stream water (flow rate,
temperature, pH, major ions, stable isotopes oémand tritium content) were monitored on
monthly basis over the two-year period (August 20 ugust 2013) with the main aim to
detect and quantify the possible contribution obugrdwater seeping from thBegucice
Sandsdeeper, confine@quifer to the shallow aquifer, in the total disgeaof the Dluga
Woda stream. The results are summarized in Tabléhémical data for the Dluga Woda

stream are shown also on Piper diagram (Fig. 7).

Figure 89 shows temporal variations %0 and tritium content in the Dluga Woda stream
presented against the background of seasonal idyiath those parameters in local monthly
precipitation. It is apparent from Fig% that strong seasonality 80 in precipitation
survives during transport through the watershediswisible in the Dluga Wod&®0 record.
However, the amplitude of seasonal changesd®O is significantly reduced: from
approximately 5%. seen in precipitation to ca. 1.5%the stream water. Maloszewski et al.

(1983) have shown that the mean transit time oélgwsinusoidal isotope input signal through
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a hydrological system characterized by an expoakdistribution of transit times can be

expressed by the following equation:

MTT = - [MJ -1
2 AbUT

1)
whereMTT is the mean transit time of water (in yeais), and Aoyt are the amplitudes of
input and output isotope signals. The assumptiasuialexponential distribution of transit
times of water seems to be adequate to descrilpspivat of precipitation inputhrough
a watershed. If the observed amplitudes of thetigecipitation) and output (stread)’O
curves are inserted in the equation (1) the regulthean transit time of water through the
catchment of Dluga Woda stream)atively to the river section used for samplingtev, is
3.2 months.

Figure 89 shows the tritium content in local precipitatiand in the Dluga Woda stream
during the observation periodhe weighted mean tritium concentration in precipdat(9.8
TU) appears to be significantly higher than thathef Dluga Woda stream water (6.9 TU).
Assuming that the total discharge of Dluga Wodeosposed of fastMTT ca. 3.2 months)
and slow component devoid of tritium, the contribatof this old component can be easily
assessed from first-order calculations based omrtribalance and is equal approximately
30%. A more appropriate approach based on lumpeahger modeling (Maloszewski and
Zuber, 1996) of tritium transport through the wakerd of Dluga Woda stream confirms this
rough assessment. The insert of Bigh shows the results of lumped-parameter modeling of
tritium record in the Dluga Woda stream using tbkofving prescribed parameters: (i) the
mean transit time of water containing tritium inetltatchment equal 3.2 months, (ii)
exponential distribution of transit times, and)(ihe contribution of tritium-free component in
the Dluga Woda discharge equal zero and 30 %, caésply (B = 0.0 and 0.3 in the insert
figure, wheref3 is the fraction of tritium-free component in tlegat flow of the stream It is
obvious that the assumption of 30 % contributiortritfum-free componenin te the total

discharge of Dluga Woda stream fits the experimiedtda much better than the case
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contribution-ofthe—old-componentd t{O-=—9.55%.,represented-by-the-Anna-spring)-in the
total-discharge-is-taken-inte-accoune contribution of tritium-free component also kexps

the difference between weighted me#flO in precipitation for the period January 2011 -
December 2013 (-8.61%o0) and the mé3d content of the Dluga Woda stream (-8.84%0) seen
in Fig. 9a. Mass-balance calculations based®¥® data yield the contribution of the old
component in the order of 20 %, assuming that®®s content is represented by arithmetic
mean of %0 values available for ‘Anna Spring’ and wells Nds$, 42 and 54Q, all

characterized by Holocene ages of groundwater.

Hydrograph of the Dluga Woda stream constructedhferperiod July 2012 Jure-2013 July
2014is shown in Fig910. It reveals large variability of the flow rate. dmeasured values
varied from ca. 1.5 L'5(August 31, 2012) to 180 L*qJune 8, 2013) (cf. Table 4), while the
corresponding values derived from the rating cuweze equal 0.8 L'S (August 26, 2012)
and over 250 LS (June 26, 2013). Persisting low flows during Augaisd September 2012
and 2013 resulted from lower than normal precipitain the preceding months—during-the

The hydrographshewn presentedn Fig.910 allows quantitative assessment of the Dluga
Woda baseflow. It was derived as the mean morthhuallow flow (MMALF) according to
Wundt (1953).Low flow’ defines the lowest flow during the givanonth. MMALF reflects
the discharge of the aquifer and may representatimaal baseflow in the river catchment.
The MMALF value for the period July 20123u4re-2043uly 2014was equakts 40 L s*. For

the Dluga Woda catchment, with surface area ok812 this flow rate corresponds to annual

baseflow equal 154 mm (ca. 21% of annual precipitatate).

Large fluctuations of Dluga Woda discharge ratediaked-with accompanied bgubstantial
variability of the physico-chemical parametershaf stream water (cf. Table 4 and Fig11).
The relationships between SEC, pH, Na content, Na@ar ratio and the discharge rate of
Dluga Woda shown in Fig-911clearly indicate that for the flow rates lowerrhea. 14 L &
the physico-chemical parameters of water attaitingisvalues (SEC > 6QG5 cm'; pH > 7.8;
Na > 30mg [}, Na/Cl ratio higher than 1.3) not observed forhieigflow rates. In addition,
these low flow rates are accompanied by low triticomtents in the stream water. High pH
values and high Na/Cl molar ratios in groundwatex fypical for gradual freshening of

sediments deposited in marine environment (AppetbRostma, 2005). This strongly suggest
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that discharge of Dluga Woda stream at very lowftates (ca. < 14 'Y bywaters-seeping

ala JQ\ adimen an inag—Neoaene\Watmidn /@ a ha Bog [fa¥a ands
aguifercarries significant contribution efaters seeping through clayey sediments separating
water-bearing layers of the Neogene aguiifem the Quaternary shallow phreatic aquifer. It
is worth to note that the flow rate in the ordeddfL s* constitutes approximately 30% of the
MMALF value of4640L s*, remarkably close to percentage contribution efttitium-free
component in the total dischargeDluga Wodaderived from tritium data.

4.5 3D flow and transport modeling of groundwater flow in the area of Wielkie Bloto

fen

The 3D flow and transport model of entire Bogucsands(Neogenejquifer was calibrated
with the aid of environmental tracer data (Zuberlet 2005; Witczak et al., 2008). In the
framework of the presented study this model wasl usesimulate the response of regional

flow field to groundwater abstraction by the newelstablished Wola Batorska wellfield.

Figure1112 summarizes the measurements of the position ofaljid head in well No. 32
located 1075 meters north of the center of WoleoB&t wellfield (cf. Fig. 2). Hydraulic
head in this well has changed radically after gdwater abstraction was initiated in July
20009. Initially slightly artesian, it has stabildzaround 14 meters below the surface after four
years of the operation of the new wellfield. Figa#el 2 also shows the changes of hydraulic
head in well No. 32 simulated with the aid of 3@wl model forced by quarterly mean

pumping rates of the entire wellfield. The agreemmbaetween modeled and observed

evolution of hydraulic head is satisfactory, par&ly in the second part of the observation

The ratio of transmissivity to specific storage asmeasure of the ability to transmit
differences in hydraulic heads by groundwater syst€Alley et al., 2002, Sophocleous,
2012). The response of confined aquifers to changegroundwater abstraction rates is
relatively fast. Characteristic timescale of thesponse can be assessed using approximate

expression proposed by Alley et al. (2002):
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(2)
whereT* is the hydraulic response time for the basin @ys),Ss is specific storage (1),
Lcis characteristic length (m) of the basin, afds hydraulic conductivity (md. The
response time of horizontal flow in the Bogucicen@®aNeogenejaquifer between the Wola
Batorska wellfield and the observation well (No) 8&s assessed using eq.(2). With specific
storageSs = 2.5¢<10° m™, derived from fitting of the measurement data shawFiguret112,
the characteristic lenglhy equal 1075 m and the hydraulic conductitget at 0.8 md the
first-order assessment of the hydraulic respomse &f Bogucice Sands aquifer in the vicinity
of Wola Batorska wellfield, leads to tAé& value equal to approximately 36 days.

The assessment of the impact of groundwater alisinaigy the Wola Batorska wellfield to

hydraulic head changes in well No. 32 allowed tbbcate the initially steady-state flow
model to transient conditions during the first fgars of wellfield operation. Further, such
calibrated transient model allowed to assess tipea®d lowering of the hydraulic heads in
the Wielkie Bloto fen area and to quantify changéshe upward seepage of groundwater
from the deeper Neogene confined aquifer to thdashauaternary aquifer and the Dluga
Woda stream draining the Wielkie Bloto area. FiglBeshows the expected changes of
hydraulic head in Quaternary and Neogene aquifetls espect to the observation wells
(54Q and 54N, respectively), simulated in the aeatéhe Wielkie Bloto fen. The simulation
takes into account both the actual discharge ofXloéa Batorska wellfield (2009-2014) and
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the prognosis of maximum allowed pumping rate (80 067 d %) for the next 15 years, from
the end of 2014 till the end of 2029.

Lowering of the simulated hydraulic head in bothuiggrs was generally confirmed by the
observations in two monitoring wells (54Q and 54M§tarting from July 2014. The difference
between simulated and observed heads are in tee of@0 cm. The monitoring of hydraulic
heads in both aquifers in the years to come wiljate the basis for refinement of modeling

results.

According to model output, the expected shortaggrotindwater flow to the fen and the
Dluga Woda stream depends strongly on adopted sosrd expected pumping rates. Before
initialization of groundwater exploitation by the dfd Batorska wellfield, the simulated
upward seepage from deeper confined aquifer tdash&uaternary aquifer was in the order
of 441 n? d™*. For scenario with maximum permitted pumping cityaaf the Wola Batorska
wellfield (10 080 mi d*) maintained from the end of 2014 till 2029, thjsuard seepage will
reverse to downward flow of approximately 46%a by the end of the simulation period.
This means that the overall change will reach @96d™ (10.5 L %) in Dluga Woda outflow.

It should be noted that simulations were run foamgearly conditions. During low flow
conditions occurring in the summer months (c.f.. @) such drop of Dluga Woda discharge
may lead to temporal disappearance of stream fBynthe end of the simulation period, the
expected drop of water table in the center of WeelBtoto fen (c.f. Fig.2) will be
approximately 30 cm (from 192.31 to 192.00 m g.tske Fig. 13). It may change difference
for wetland area. The climatic changes envisadethé end of 2029 were not considered in

the simulation runs.

The impact of groundwater abstraction by the WadéoBska wellfield, with the current mean
pumping rate of ca. 3800°d™, is already seen in the flow field of the deepeofene
aquifer. Although the hydraulic head dropped bywldo5 m (from 194.33 to 192.88 m a.s.l.)
since beginning of pumping in July 2009 till Jul§12 when monitoring wells Nos. 54Q and
54N were drilled, the artesian conditions in thepl confined aquifer are still maintained
(Fig. 13). This will, however, change in future whmore intense abstraction of groundwater
will take place. As shown in Fig. 13, the simulatediraulic heads of both aquifers will be
equal approximately 310 days (0.85 years) afterinmégg of the exploitation of Wola
Batorska wellfield with the maximum permitted caippof 10 080 nid™. At the end of the
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simulation period (end of 2029) the hydraulic h&athe deeper aquifer will be about 0.6 m

lower than in the shallow aquifer.

5 Conclusions

Steadily growing anthropogenic pressure on groutelwasources, both with respect to their
guality and quantity, creates a conflict situatimiween nature and man which are competing
for clean and safe source of water. It is oftengdtten that groundwater dependent
ecosystems have important functions in all climatoes as they contribute to biological and
landscape diversity and provide important econaamnid social services. The presented study
has demonstrated that isotope and geochemical toofbined with 3D flow and transport
modelling may help to answer important questioriated to functioning of groundwater

dependent ecosystems and their interaction witlaglseciated aquifers.

In the context of the presented study environmendakers appeared to be particularly useful
in quantifying timescales of groundwater flow thgbuvarious parts of the Bogucice Sands
aquifer, including its Quaternary cové&mvironmental tracer data (tritium, stable isotopes
water) and physico-chemical parameters of grouneineatd surface water in the study area,
provide a strong collective evidence for upwardpsge of groundwater from the deeper
Neogene aquifer to the shallow Quaternary aquifapperting the studied GDTE
(Niepolomice forest and Wielkie Bloto fen).

Simulations of groundwater flow field with the afl3D flow and transport model developed
for the studied aquifer and calibrated using emuimental tracer data, strongly suggest that
prolonged groundwater abstraction through the nestgblished cluster of water-supply
wells at maximum permitted capacity (ca. 10 00&tH represents significant risk to the
studied GDTE. It may lead to reorganization of grdwater flow field in the study area and
significant drop of water table, leading to degtamaof this valuable groundwater dependent

ecosystem in the near future.
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1 Table 1. Environmental tracer data fwoundvater samples collected in the study area.

. Deptt ®H &% d-excess Tritum &°Crpc  “Croic
Site/Well No. (m) %) (%) (%) (T.U) (%)  (pMC)
Szaréw:

Well No. 11 49.5-60.1 -70.3 -9.75 7.7 9.0 -14.1 64.6
Well No. 12 445-63.6 -70.1 -9.93 9.3 1.1 -12.8 63.6
Well No. 22 48.0-60.0 -69.4 -9.81 9.1 16.1 n.m. n.m.
Well No. 23 33.0-50.0 -68.5 -9.84 10.2 0.7 n.m. n.m.
Well No. 24 459-58.4 -72.1 -10.03 8.1 15.2 n.m. n.m.
Well No. 42 70.0-95.0 -69.2 -9.68 8.2 <0.3 -12.2 48.5
Wola Batorska®

Well No. 44 98.0-144.0 -75.7 -10.19 5.8 <0.3 -10.2 3.2

Well No. 45 75.0-149.0 -78.3 -10.67 7.1 <0.3 n.m. n.m.
Well No. 46 63.0-131.0 -79.9 -10.86 7.0 <0.3 -10.4 1.3

Well No. 47 69.0-132.0 -79.2 -10.89 7.9 <0.3 n.m. n.m.
Well No. 48 79.0-131.0 -80.2 -10.83 6.4 <0.3 n.m. n.m.
Well No. 49 72.0-146.0 -78.2 -10.71 7.5 <0.3 9.1 3.0

Well No. 16 107.5-143.1 -69.7 -10.03 105 <0.3 -13.3 32.1
Well No. 32 90.9-102.0 -76.8 -10.93 10.6 <0.3 -10.6 <0.7
Wielkie Bloto area:

GP1-A 1.6 -70.8 -10.07 9.8 8.1 n.m. n.m.
GP1-B 2.8 -68.2 -9.65 9.0 5.4 n.m. n.m.
GP1-C 4.6 -71.0 -10.10 9.8 0.9 n.m. n.m.
GP3-A 1.6 -61.9 -8.83 8.7 10.1 n.m n.m.
GP3-B 3.1 -69.3 -9.86 9.6 1.4 n.m. n.m.
GP4-A 1.6 -64.4 -9.09 8.3 6.5 n.m. n.m.
GP4-B 4.0 -69.6 -9.67 7.8 2.1 -14.3 57.%
‘Anna Spring’(N0.529 ~30 -67.6 -9.55 8.8 <0.3 -12.9 36.9
Well No. 54 Q 2.0-6.0 -70.5 -9.90 8.7 5.8 -16.8 56.0
Well No. 54N 22.5-85.5 -71.4 -10.11 9.5 <0.3 -12.7 30.0

& Screen position in the production wells; maximueptth for Geoprobe® sampling

® |sotope data reported for wells Nos 44, 46 anda#® arithmetic averages of the results obtainethiiee
consecutive sampling campaigns carried out in 20d®, July 2012 and October 2013

¢ Analyzed using AMS technique.

d Badly sealed borehole drilled in 1970s for seispnispecting (cf. Fig. 1,2).

n.m. - not measured

NoOubhwN
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Table 2. Physico-chemical parametergjafunavater samples collected in the study area.

Site/Well No. Temp. pH SEC Ca Mg Na K HCO; Cl SO,
(°C) (uScm’) (mgL’)  (mgL) (mgLh) (mgL’) (mgL) (mgLh) (mglL?
Szaréw:
Well No. 11 11.5 7.1 733 116 16.5 10.1 1.27 384 23.3 41.1
Well No. 12 11.5 7.1 646 107 15.8 6.91 1.19 394 7.38 21.8
Well No. 22 11.0 7.0 607 105 17.1 7.54 1.42 410 8.82 19.2
Well No. 23 11.5 7.5 906 138 17.4 20.5 1.51 340 45.1 87.3
Well No. 24 11.0 7.1 542 96.8 15.6 6.53 1.59 306 20.4 57.3
Well No. 42 11.6 7.1 n.m. 117 18.4 25.7 1.49 350 15.5 77.2
Wola Batorska:
Well No. 44 12.7 8.7 745 6.28 1.71 170 2.67 395 28.2 <3.0
Well No. 45 12.4 8.1 780 19.2 5.13 160 4.69 448 51.0 <3.0
Well No. 46 13.2 8.3 768 16.5 3.48 153 3.27 388 49.7 <3.0
Well No. 47 14.1 8.1 824 23.6 4.98 174 3.70 436 60.4 <3.0
Well No. 48 16.8 8.1 855 16.9 3.68 178 4.43 468 28.5 8.10
Well No. 49 12.5 8.7 1152 10.3 2.67 250 412 429 79.8 21.0
Well No. 16 13.0 7.4 1313 80.4 16.6 160 7.28 413 200.0 19.2
Well No. 32 12.0 8.3 717 5.62 1.68 139 5.84 324 65.3 0.59
Wielkie Bloto area:
GP1-A 11.2 6.0 352 50.0 3.72 11.7 2.21 76.3 13.9 81.1
GP1-B 11.8 7.1 899 78.4 14.7 65.8 5.44 276 57.5 112.0
GP1-C 12.3 7.6 960 46.9 13.8 123 7.92 431278 119.0 68.0
GP3-A 12.3 7.2 549 97.3 9.36 8.90 2.20 221 25.9 66.9
GP3-B 15.3 8.2 1150 48.4 17.9 163 7.88 398 121.0 44.2
GP4-A 11.8 6.6 568 99.8 10.6 9.46 1.85 298 21.1 39.2
GP4-B 11.6 8.8 1054 136 32.7 51.9 8.49 473 43.3 129.0
‘Anna Spring’ (N0.52) 9.0 7.7 390 40.2 8.72 31.9 6.17 288 5.74 <3.0
Well No. 54Q 12.6 6.5 706 81.6 16.0 48.7 8.09 207 51.2 141
Well No. 54N 12.5 7.4 1576 15.7 16.3 276 9.56 424 244 26.0

n.m. — not measured
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Table 3. Radiocarbon piston-flow ages of groundwaiehe confined zone of the investigated part
of Begueice-Sandthe Neogenaquifer, calculated using NETPATH code.

Well Measured Computed Measured “Cage Constraints Phases
No. Slsc'rmc 613CTDIC 14C contenf (ka)
(%0V-PDB) (%0V-PDB) (pMC)
16 -13.3 -12.9 32.2 5 C, Ca, Mgcalcite, dolomite,
32 -10.6 -10.6 <0.7 >36 K,Na, S,Cl CO, gas, halite,
42 -12.2 -12.2 48.5 2 sylvite, gypsum,
44 -10.2 -10.2 2.9 25 exchange, CHO,
46 -10.5 -10.7 0.8 34 Mg/Na exchange
49 -9.3 -9.3 2.2 26
52 -12.8 -12.9 36.9 6
54N° -12.7 -12.7 30.0 6

& Carbon isotope and chemical analyses of water lggnip collected in wells Nos. 44, 46 and 49 ine]J@2@10 were
used for NETPATH inverse calculations and detertioneof radiocarbon ages.

® |sotope exchange between solid carbonates and s@teion to reconcile the comput&fC of TDIC with observed
value (0.2-0.3 mmol t of exchanged carbon) was required only for well &

“Carbon isotope and chemical analyses of water samplected in July 2014 were used for NETPATH isee
calculations and determination of radiocarbon ages.
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Table 4. Physico-chemical parameters of Dluga Watdsam monitored on monthly basis during
the period: August 2011 - August 2013.

Date Flow &°H o) Tritium SEC pH Cl Na
rate (%o) (%o) content  (uS cm?) (mgL?) (mgL?
(Lsh (T.U.)

16 Jul 2011 38.5 n.m. n.m. n.m. 562 7.75 25.1 17.2
29 Aug 2011 10.1 -62.7 -8.70 5.9 559 7.86 33.2 31.9
25 Sep 2011 1.0 n.m. n.m. n.m. 635 7.94 44.1 33.1
29 Oct 2011 12.4 -62.5 -8.81 9.1 628 7.87 46.5 41.8
29 Nov 2011 36.7 -65.9 -9.17 7.7 599 7.75 34.8 18.1
30 Dec 2011 46.7 -61.9 -9.21 7.6 548 7.72 25.2 17.1
28 Jan 2012 23.1 -68.4 -9.76 9.0 628 7.23 35.0 17.8
29 Feb 2012 167 -68.7 -9.78 7.8 456 6.84 24.9 115
31 Mar 2012 97.5 -65.8 -9.12 8.2 506 7.41 46.3 16.7
30 Apr 2012 37.3 -64.7 -8.57 6.2 560 7.59 319 194
30 May 2012 5.0 -62.7 -8.17 4.0 681 7.79 50.6 31.7
22 Jun 2012 14.2 -55.5 -7.72 8.1 556 7.76 41.5 35.1
30 Jul 2012 73.1 -46.7 -6.92 9.4 460 7.57 23.8 12.2
31 Aug 2012 1.5 -56.7 -7.48 5.0 768 8.27 54.0 18.1
28 Sep 012 3.4 -55.5 -7.54 54 736 8.12 534 44.9
30 Oct 2012 79.3 -65.9 -9.27 6.3 566 7.62 33.0 15.2
29 Nov2012 42.2 -63.8 -9.01 54 573 7.75 30.1 20.5
29 Dec 2012 89.4 -76.2 -9.39 7.0 567 7.48 33.6 17.2
06 Mar 2013 128.3 -70.2 -9.97 5.7 501 7.44 31.2 n.m.
20 Apr 2013 71.3 -71.7 -10.01 6.2 505 7.69 24.2 17.0
08 Jun 2013 180.7 -67.6 -9.62 8.6 356 7.02 13.5 154
06 Jul 2013 49 -68.0 -9.20 6.1 495 7.62 26.3 18.8
09 Aug 2013 1.2 -63.0 -8.26 5.6 692 8.00 51.7 44.3

n.m. - not measured
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Figure 1. Hydrogeological map and cross-section of the BamguSandgNeogeneaquifer (Major
Ground Water Basin — MGWB 451). The study area asked bybrown-redoval. Open circles
mark the position of pumping wells. Cross-sectioooading to Gorka et al. (2010).
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Figure 2. Upper panel - map of the study area showing wegtart of Niepolomice Forest and
Wielkie Bloto fen. GDTE susceptibility classes @ the depth to water table: A - very strongly
dependent (0.0 to 0.5 m): A1l — wetland ecosysteih; forest ecosystem; B - strongly dependent
(0.5 to 2.0 m) forest ecosystem; C - weakly depetfe 2.0 m) forest ecosystem. Lower panel -
cross-section through Wielkie Bloto fen accordingia (1989). 1 -meershmineralized peat sqil
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Figure78. Depth stratification of pH, conductivity, Cl, Nané tritium content in the shallow
Quaternary aquifer underlying the Wielkie Bloto famd adjacent parts of the Niepolomice Forest.
Water samples were collected with the aid of Gelop®device. Location of sampling sites (GP1,
GP3, GP4) is shown in Fig. 2.
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Figure 89. Seasonal variations &t°0 (a) and tritium contenfb) in the Dluga Woda stream during
the period 2011-2013 he insert in Fig. 9b shows the comparison of medieind measured tritium

concentrations in the Dluga Woda stredris the fraction of tritium-free component in theal

flow of the stream (see text for details).
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Figure 910. Hydrograph of Dluga Woda stream. Grey histografteces monthly low flows for the
period July 2012 Jure-2613 June 2017he mean monthlgnnuallylow flow (MMALF) equal
4640L s* corresponds to the baseflow of the stream. Haeacteristic discharge rate of 14t s
(cf. Fig.2011) is marked byetteddashedine (see text).
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Figure1011. Electrical conductivity, pH, Na content and Na#@blar ratio in the Dluga Woda
stream observed at monthly intervals during theopeduly 2012 - June 2013, as a function of
stream discharge rate measured at gauge statioh Hd. 2).
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Figure1112. Changes of the hydraulic head in well No. 32 &§. 2) after initialization of the
operation of Wola Batorska wellfield in July 2009.
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heads in the shallow Quaternary and deeper Neaamgunéers in observation wells (54Q and 54N,

respectively, cf. Fig. 2) simulated in the centérttee Wielkie Bloto fen. Pumping rate of Wola
Batorska wellfield from the start in July 2009 tictober 2014 was simulated as actual abstraction.
Later part of the diagram shows future levels augidwater abstraction with maximum permitted
capacity (10 080 fd™).
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