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METHODS AND RESULTS OF GROUNDWATER
RECHARGE ASSESSMENT IN THE KAMPINOSKI
NATIONAL PARK, CENTRAL POLAND

METODY A VYSLEDKY HODNOTENIA DOP L.NANIA PODZEMNYCH VOD V KAMPINOSKOM
NARODNOM PARKU V CENTRALNOM PO I’SKU

Ewa Krogulec

ABSTRACT

Scope, methodology and results of hydrogeologicadetiing of recharging infiltration are performed
in in the Kampinoski National Park (KNP). Park UHESCO Biosphere Reserve (an area of about 800
km?) is located within hydrological valley unit in tmeiddle part of Vistula River valley. The values of
infiltration were obtained by numerical modellingydrograph separation, water table fluctuation
(WTF) and empirical method. The calculation resirtiicate that the effective infiltration in the KN
region is particularly strong in the dune areasnatiieranges from 74.0 to 169.6 mm/year.
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INTRODUCTION

The assessment of the volume of the infiltration
recharge in the Vistula valley was carried out he t
region of the Kampinoski National Park (KNP). The
hydrogeological and geological conditions in theaar
are typical for the valleys in the Polish Lowlanddich
means that the obtained results fOI’. the mﬁltmauo HYDROGEOLOGICAL CONDITIONS OF THE
volumes and the approach can be applied to cailonfat
. . KNP REGION
in other valley units.

Kampinoski National Park (area of 385.44%mith Kampinoski National Park is located in the central
its buffer zone (area of 385.88 Rmis a UNESCO part of the Vistula River valley that includes gwburbs
Biosphere Reserve and it is a special protectiea af  of Warsaw (Fig. 1), a city of nearly 2 million pdepin
NATURA 2000 network which plays an essential role the KNP region, the main aquifer has thicknessfal

economy and its paramount role in the system of
protected areas encouraged detailed hydrogeological
research, including one of the key elements of the
circulation system — the volume of infiltration.

in nature conservation in the EU. The park is ledat 50 metres, and is composed of varying, fine-grained
where tributaries: the Narew and Bzura Rivers mergesand, in some places tilly sand.
with the Vistula River (Fig. 1). According to Ecagjical In the vertical profile, two fundamental sediment

System of Protected Areas (ESPA) the valleys adghe series with various hydraulic parameters were

rivers are ecological corridors. The Vistula Rivetley determined by in-situ investigations: subsurfacadsa

in the Kampinoski National Park is especially and gravel-sandy horizon, kav — 28.2 m/d (T: 2386

recognized as an important ecological area in Europ  m%d) and horizon of medium grained sand with
River valleys, including the Vistula valley are the numerous interbeddings of washed out boulder clays

concentrations of the largest groundwater intaRé®  with very diversified filtration parameters; kav20.3

exceptional significance of the Vistula valley et m/d (T: 304 - 568 fid).
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1 - sand and gravel, 2 - medium sand, 3 - fine-grained sand, 4 sand, tilly sand, 5- till,
6 - icedammed lake clay, 7 - exposure of Pliocene deposits

H - Holocene; V, - Lower Vistulian; V, - Middle Vistulian; V,- Upper Vistulian;
E - Eemian Interglacial; MP - Middle Polish Glaciation; M - Masovian Interglacial,;
SP - South Polish Glaciation; PI - Pliocene

Fig. 1: Lokalization and characteristic of hydrozores within Kampinoski National Park
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The groundwater table has an unconfined charactettechnical difficulties with creation and interpagon of
Measurements of the surface and groundwater levelmultiple different seasonal maps, which are or \wél
were performed in bi weekly intervals starting from useful e.g. for land development guidelines.

30.11.1998. The monitoring network consists of 56 The choice of the method of infiltration volume
piezometers and 25 water level gauges in severs croestimation depends on the climate conditions, ittme t
sections. During the period between 1998 and 2886 t and area covered by the surveys, the purpose of the
water table was at a depth of 0.61 to 5.2 metel®abe survey (scientific research, assessment of water
terrain level; average: 1.4 m b.t.l. — swamp ar@asm  resources, etc.) and the level of detail (preliminar

b.t.I. — Vistula flood terrace and 2.57 m b.t.Ilddnes detailed surveys).
area. Water table hydraulic headsre at a height from Groundwater recharge in the Kampinoski National
65.67t0 97.53 ma.s. |. Park area takes place almost exclusively as atre$ul

The following division criteria: differences in infiltrating precipitation; however, a second rege
geologic structure and geomorphology, lithologywob-  source comes from a lower aquifer. The lower aquife
surface sediments and related vegetation covethddp from Blonie Level only affects the southern part of
ground water table, amplitude of water level KNP.
fluctuations and human economic activities wereduse  Aquifer drainage on the KNP takes plabg
to distinguish zones of similar hydrodynamical anda system of numerous streams, channels, melioration
environmental conditions, the so called hydrozonedditches, rivers and partially by evapotranspiration
(Krogulec, 2004). The following zones have beenprocesses in the swampy areas. The Vistula River ha
distinguished: A —dune zones, B —valley (swamp)the strongest draining character and forms theoredi
zones, C — Vistula flood plains and terraces ol@vd  drainage base. Similarly, an important role in dage

plains, D- Blonie Level (upland level) (Fig. 1). of the aquifer plays Bzura River, mostly in its Ew
section. Drainage of the aquifer also takes plaosugh
GROUNDWATER RECHARGE IN KAMPIOSKI use of groundwater in many points in the study.area

NATIONAL PARK

. o NUMERICAL MODELLING

Effective infiltration also referred to as the
infiltration recharge is defined as that part of th A total of 950 borehole data points allowed for
precipitation, which is charged to the groundwaddter  building of the geological conceptual model. Thaiba
diminution by the volume of the surface run-off, for accepting the parameter values and the
evapotranspiration and other processes that dimthis  hydrogeological parameters (coefficient of permiggbi
water quantity and occur in the aeration zone. hbst  for: aquifers, low permeability sediments and near
important factors determining the recharge volume i riverbed layers; effective infiltration coefficient
the river valleys are: evapotranspiration volume, hydraulic head) wasilkdeta
- precipitation, by a hydrogeological survey of the research arée T
- vertical value of the filtration coefficient of the Model was constructed on a 16 km cross sectiohen t

subsurface beds and the contact zone with th&entral part of the KNP and its protection zoneeTh

subsurface waters, cross section line, running nort_h south starts fittven
Blonski Level and ends on the Vistula river.

Model calculations were performed  with
VisualMODFLOW  2.20 software  (McDonald,
Harbaugh, 1988, McDonald et al., 1988), which ukes
i method of finite differences.

- anthropogenic factors. _ ~ The space domain was performed in two stages. In

Other factors, such as terrain morphology (terraingye first stage the model area was divided into
inclination), vegetation, temperature, saturati@fiat  cajculation cells (blocks) of 100 m x 100 m. In the
and the height of the capillary lift are also taketo  gecond stage of simulation of stressed hydrodynamic
account, yet indirectly, in case of the analysisttud conditions, the model grid was refined by reduding
recharge volumes in hydrogeological valley units, cgjl size in the region of the Blonie Level slopeers
specifically on regional level, although they dd p&y  ang canals. Digitisation performed in this way leiv
a primary role. o for a more accurate representation of the ternaifase

In assessment of the intrinsic groundwater ang provided a better means for describing the dysrd
vulnerability to contamination and other hydrogeo- of 5|l geological formations. It also allowed forepise
logical problems, the recharge volume can be estitha assignment of surface flows in the model. The foifg
in different scales. For regional analyses, howetl®  porder conditions were provided for the model bosde
recharge volume estimation will most frequently \sistyia river from the north, Ill-rd type conditiowas
involve averaging of values for a longer period doe  assumed for the block including the river, for rémirey

- conductivity within the neighbouring groundwater
systems which determine the possibility of water
flow from the feeding zones,

- depth groundwater table,
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blocks within this border the Il-nd type conditiovas
taken (type Q =0);from south watershed zone,
subsurface aquifer and marginal lake clays, botder

Analysis of the balance elements on the numerical

inmodel shows that the Kampinos area is recharged fro

the south by water from the deeper aquifer of ttenig

ll-nd type condition was taken. The volume of flow Level, the supply value in the study area is 0°&irfor
from the lower Blonie Level horizon aquifer to 1 m of slope width (Krogulec, 1997, 2004).

Kampinos terrace was modelled by border conditibn o The numerical model research confirmed the pre-
ll-nd type Q = 0.248 fitd (Krogulec, 2004). Bottom vailing role of the Vistula River in the formatiaf the
model border was taken as the floor of the aquifero hydrodynamic regime in the analysed valley unite Th
layers, the top border was surface level and wasngi river is a regional drainage base, recharged by the
the Il-nd type condition was modelling the volume o groundwater volume of 0.55%d for 1 m of the river

infiltration supply and evaporation.

length. The groundwater drainage in the researeh isr

Model simulations were performed for steady statealso related to the evapotranspiration process twisic

conditions, giving an average value of river wdg¢sels
taken from more than 8 years of monitoring
observations conducted in the KNP monitoring nekwor
Calculation results in the form of groundwater levare

significant only in the area of the valley depreasiand

the Vistula River flood terrace where the groundwat
table is less than 1.5 m b.t.l. (below terrain lgvea the
northern swamp zone the evapotranspiration value is

also given as an average for the mentioned perfod 00.31 ni/d, in the southern swamp zone — 0.1%dmin

time.

the Vistula River flood terrace — 0.084/th (Krogulec,

The standard error of the calculated and observe@004).

groundwater heads is smaller than 15 cm arnsfisat
a compatibility test. In addition, an error anadysi

(Anderson & Woessner, 1992) was performed. The
mean error between the computed and measured head

was found to be close to zero. The mean absolute er

.S
and the root mean square error were also low, whlcri_|

indicates that the model was well calibrated.
The model was calibrated and verified in two steps

as a steady state model representing quasi-naturz%

conditions, by reproducing average natural heaols fr
before groundwater exploitation, and as a steadte st
model by reproducing current, stationary, abstoaeti
influenced flow system condition, characted by
a constant pumping rate.

In the abstraction influenced simulation not orig t
heads but also the stream flow measurements wetk us
to verify the model. In this regard, the river bdkeav

estimates were compared with the appropriate model

results.

The values of the average infiltration calibrated b
the modelling calculations are: in the southernedun
zone — 186 mmly, in the northern dune zone — 33
mm/y and in the Vistula River flood terrace — 55.5
mm/y (Tab. 1).

Tab. 1: Value of infiltration recharge — method ofmodelling

Hydrozones in KNP Infiltration recharge
[mm/year]
Fl'ood terrace of Vistula 46.1- 94 5
River
Swamp areas — north part 10.5-43.9
Swamp areas — south part 33,2
Dunes areas — north part 82.2-348
Dunes areas — south part 74.0-199.9

HYDROGRAPH SEPARATION METHOD

S The runoff separation to surface and underground
component was made using automated method of the
eries processing developed by UK Institute of
ydrology, Wallingford. The, so calledBase Flow
Index performs hydrograph separation
agnuszewski, 1990, Tomaszewski, 1998). Similarly
Ike in the case of the hydrogram genetic split the
method has an automatic assumption that after the
freshet wave passes there is a gradual decreasesof
flow intensity with simultaneous increase of
groundwater inflow to the water course beds. Teffu
separation to surface and underground component for
the Lasica river the main river in the Kampinoski
National Park (area of catchment = 441.0%kmwas
made usind@@aseFlow Index. Series of daily discharges
in the period of 1951 — 2000 were used. The runoff
separation by hydrograph separation to the surdace
underground components — baseflow, was done using

AN automated method (Sodska et al., 2003).

The conversion of river discharge to runoff layash
been done using an effective catchment area refgpens
for formation of the surface runoff. Excluded wittio
drained (areas without outflow) areas cover 32 %hef
catchment, and are located within the dune zonesavh
there is an intensive infiltration.

Hydrogram separation shows that the direct rursoff i
only 29 % of the Lasica total runoff reaching
36 mm/year in the period 1951 — 2000. The amplitude
of direct runoff is 66 mm, in 1952 it reaches only
10 mm, while in the humid year of 1978 it is seven
times bigger (70 mm). In the analysed period tkerri
baseflow varied considerably: from 163 mm in 1967 t
barely 43 mm in years 1952 and 1992 (Sdskg et al.,
2003). Definitely bigger base runoff (60 mm) occin's
the winter half of the year (XI-IV).
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The seasonal distribution shows that the mostTab. 2: Value of infiltration recharge — WTF method specific
i~ ; yield: Sy=0,0826 (flood terrace and swamp areas),
efﬁqent grqu_ndv_vater recharge is from_ snowmelt and Sy =0.1731 (dunes areas, Somorowska, 2003)
spring precipitation 1lI, IV (12 mm) while the lowe
recharge is observed in the summer-autumn (3 mm).

Hydrozones in KNP Infiltra[tin?:] /ry?charge
WATER TABLE FLUCTUATION METHOD Flood terrace of Vistula River 73
) ] (4 piezometer$
The water table fluctuation (WTF) methasl _
a conventional method for quantifying groundwater| SWamp areas (5 piezometers) 73-100
infiltration recharge by multiplying the specifitejd by D 5 bi t 131-265
the water level rise (HEALY & COOK 2002). Based on unes areas (5 piezometers)
the van Genuchten model, an analytical relationship kampinoski National Park 143 mmlyear
between groundwater recharge and the water lesel ri

is derived. The equation is used to analyze theceffof - Piezometers of KNP monitoring network

the water level depth and the soil properties om th
recharge estimate using the WTF method. EMPIRICAL METHOD
Infiltration recharge was calculated with the ude o The empirical method offers a quick assessment of

the following formula (Healy, Cook, 2002): infiltration recharge as a proportion of precipatin
terms of climate (generally corrected atmospheric
S dh S Ah precipitation), land use, terrain and geology (Pazd
=2 = 1983). The infiltration rate depends mainly on the
dt At precipitation, lithology of the subsurface and aér
where: afforestation ratio. The average sum of the coedkct
R —infiltration recharge [mm/y] precipitation in the KNP region during the multiaye
S - specific yield [1] period (1951 — 2000) is 664 mm. The evaluation of
h — water table hydraulic hedchm] lithology was well researched through drilling ples
t — time [year] analysis and from the geological and soil mappifig o

the KNP region (Krogulec, 2003).

The values of infiltration obtained by the WTF Results of infiltration using the empirical methiod
method using groundwater table observation from thethe KNP area taking into consideration geologicapm
KNP monitoring network are from 73 mm/year in the in scale 1:50 000 are from 119 in the swamp areas t
flood terrace of Vistula and the swamp areas to 265199 mm/year in the dunes (Tab. 3).
mm/year in the dunes areas (Tab. 2).

Tab. 3: Value of infiltration recharge [mm/year] —empirical Metod

Hydrozones in KNP Lithology (geological maps) Imetation of soil maps

Flood terrace of Vistula River 166.0 132.8

Swamp areas 119.5 99.6

Dunes areas 199.2 199.0

Kampinoski National Park 159.4 126.2

RESIDENCE TIME AS A CRITERION OF characteristics of the aquifer. Intrinsic vulnefipiis
VULNERABILITY determined only by hydrogeological conditions

I(recharge conditions, discharge, formation condgio
including degree of groundwater isolation). An
investigated quantity of groundwater recharge is th
fundamental criterion in evaluation of groundwater
vulnerability to contamination.

Residence time in the unsaturated zone of a conser-
vative, non-absorbable and non-adsorbable pollugant

According to the conclusions of the internationa
conference on "Vulnerability of Soil and Groundwate
to Pollutants”, held in 1987 in The Netherlands
(Duijvenbooden, Waegeningh, 1987), groundwater
vulnerability to contamination is defined, as the
sensitivity of groundwater quality to an imposed
contaminant load, which is determined by the isidn
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typically described as the travel time (infiltratidime) from the terrain surface to aquifer. ltaikey factor in
determining the vulnerability of groundwater andk af
rational criteria used in evaluating groundwater
vulnerability. Approximate travel time can be deter 1.1-3.0 m
mined from the time of water exchange in a rock 48%
formation assuming the piston - flow model.

Travel time through the vadose zone was calculated
with the use of the following formula (Wosten et, al

<lm
31%

1986, Haith, Laden, 1989, Witczakiurek, 1994, oy >5 m
Krogulec, 2004): 120;: 9%

t = i mi [ (Wo)i

. |
=1 e Fig. 2: Depth of groundwater table in the KNP

where:

mi - thickness of successive layers of vadose zone 181-250
profile [m] _ mm/year

wo- storage capacity of vadose zone [-] 31%

le - infiltration recharge in the soil profile [gj/

Thickness of successive layers of vadose zone,
storage capacity of vadose zone and value ofriatfittn
was plotted on maps at a scale 1:50 000 and thaa we

o . . . ) 151-18
dividend into calculation blocks with a rasibn of mmlyear
100 m x 100 m pseudocontinous distributions; 65 000| 5., 101-13C 50-75
; 0 lyear
calculation blocks). mmiyear mmly
One of the most precisely defined criteria thick- 1% 31%

nesses of successive layers of vadose zone pradite g 3. infiltration recharge in the KNP
extracted from a long term monitoring study, with
piezometers Iocate_d over _the entire stl_de area. lcONCLUSIONS
allowed to determine median values, with the data o ) ) )
collected verified with the modelling results. Wate __1he volume of infilration recharge in the Vistula
table in the Vistula valley region is found at $bei  River is the key element for the assessment of
depths, because in 79 % of the calculation blodesd groundwater resources and the level of hazard ¢o th
not exceed 3 m below terrain surface and only 6% 9roundwater quality. In the KNP region, the assesgm
all blocks are areas were water table is situateghm Of infiltration was carried out using a range offetient
deeper, reaching more than 5 m below terrain serfa methods, including those based on observationhief t
(Fig. 2). Storage capacity of vadose zone was nbthi climate, surface waters (runoff h_ydrograph sepgma,tl
according to Wilun (1987). groundwater (water table fluctuation method), emplr
Value of infiltration recharge obtaining by empiic calculatlo_ns (mdgx method) and numerical mo_delhng
method have been brought into aform of pseudo-The obtained infiltration feed volumes vary, whictt
continuous distributions, expressed in a form agreg ~ confirms the dynamics of the process over time and
a natural mesh with a resolution of 100 m x 100THe space but also the estimated character of the mabio
highest rate of infiltration, over 250 mm/year, occin ~ 8Ssessment. _
94 calculation blocks that account for less than d% Modelling can be used to characterise the feed
the research area. The average volume of rechargingolume throughout the entire hydro-geological unit
infiltration index is between 150 to 250 mm/yeaFig.  duestion, as well as specific regions within suciit, u
3 (Krogulec, 2006). and to perform a wide range of forecasting calouat
Travel time determined by the mentioned formula is The calculation results indicate that the effective
from 0,5 to 10 years, but almost 75 % of the statba infiltration in the KNP region is particularly stmg in

is characterized by infiltration time from 0,5 toyars ~ the dune areas. ,
(high class of vulnerability) — Fig. 4. The infiltration feed volumes derived based on

It is important that the key factors in evaluatioh average precipitation and the infiltration coetoi
vulnerability: value of infiltration and depth to Which are representative in the regional levelehagen
groundwater are useful but do not characterizer¢a¢ ~ @djusted and supplemented with results obtainei wit
vulnerability and variability of this process (Ta). other me_thods, _V\_/hlch define more accurately thel fee

volumes in specific hydrozones.
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Fig. 4: Residence time in the unsaturated zone (¢erion of vulnerability) — KNP area

Tab. 4: Characteristics of travel time and vulneralility classes in selected hydrozones and averagelwes infiltration recharge and depth
of groundwater table as the key factors in evaluatin of groundwater vulnerability

Average value of infiltration Average depth of Travel time [y] and
Hydrozones in KNP recharge (all methods) groundwater table e Ly
) vulnerability class
[mm/y] / level fluctuation [m]
Vistula flood plain and 90.4 21/0.35-4.65 _ 0.083-5 _
terraces high, medium high
Swamp areas 48.5 1.4/0.17-3.10 1-10
P : A LU0 high, medium high
Dune areas 98.9 2.57/0.3-5.08 1-5 high,
medium high
Blonie Level 67.5 2.88/1.58-3.89 1-10
) ) ) ' high, medium high

The application of other methods is limited:

- water table fluctuation method characterises the
recharge in zones beyond the impact of
anthropogenic factors, -

- runoff hydrograph separation, carried out based on
automated calculation of baseflow characteristics i
accordance with a modified FRIEND-BFI algorithm
covers only a part of KNP (Lasica River catchment).
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It can be assumed that thus separated underground
runoff, due to the nature of river value recharge,
represents the infiltration volume.

index calculations, which are of estimate nature, a
useful in regional surveys, e.g. assessment of the
groundwater vulnerability to contamination.
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METODY A VYSLEDKY HODNOTENIA DOP L.NANIA PODZEMNYCH VOD V KAMPINOSKOM
NARODNOM PARKU V CENTRALNOM PO I’SKU

SUHRN

Mnozstvo infiltrovanej vody z rieky Vistula jelé&@ovym prvkom pre hodnotenie zdrojov podzemnych
vod a Urovne ohrozenia kvality podzemnych vod. Mia a vysledky hodnotenia disania
podzemnych véd infiltraciou boli aplikované na GZzeéfampinoského narodného parku (KNP). Park,
Biosféricka rezervacia UNESCO (s plochou cca 803)Kem lokalizovana v rozsahu hydrologickej
jednotky v strednefasti rieky Vistula (centralne Psko). V regione KNP ma hlavna zvodnena vrstva
hribku od 10 do 50 m, jej zloZenie je premenlivéjemne zrnitého piesku az po miesta s morénovym
materialom (tillom). Dofianie podzemnych véd v Kampinoskom narodnom parkusyjeradne
vysledkom infiltracie zraZkovych véchoci druhym zdrojom ddpania je nizsi zvodneny horizont
(v juZznejcasti KNP).

Hodnoty mnozZstva infiltrovanych vod boli ziskanémarickym modelovanim, separaciou hydrogramu,
zo zmien hladiny podzemnej vody (metéda WTF) a eicigimi metédami. Hodnoty priemernej
infiltracie ziskané modelovanim st od 55,5 mm/rokidolnych terasovych sedimentoch do 332
mm/rok v severnych dunovych zénach. Separaciou dgyydmu sa preukézalo, Ze celkovy odtok
dosiahol 36 mm/rok v periode rokov 1951 az 200®vagli rieky Lasica (hlavny tok KNP). Hodnoty
infiltracie vypaitané zo zmien hladiny podzemnej vody, ziskané mitmwngu hladin podzemnych
vdd KNP dosahuju od 73 mm/rok na udolnych teraséeky Vistuly do 265 mm/rok v oblastiach
dunovych sedimentov. Hodnoty infiltracie z empigick metéd si od 119 mm/rok v tagistych
oblastiach do 199 mm/rok v oblastiach dunovychreediov.
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Empirické vypdty su uzit@né v regionalnych prieskumoch, resp. v hodnoterdnif’nosti
podzemnych vod, ale ziskané vysledky mézti bgravené a doplnené vysledkad®lSich metdd,
ktoré presnejSie definuji mnoZzstvo zasob podzemmgehv Specifickychéastiach KNP (zvodnené
horizonty).
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