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Abstract. In deltaic areas with saline seepage, freshwaterl Introduction

availability is often limited to shallow rainwater lenses lying

on top of saline groundwater. Here we describe the characteth many deltaic areas, the groundwater is saline because of
istics and spatial variability of such lenses in areas with salineseawater intrusion and marine transgressions (Custodio and
seepage and the mechanisms that control their occurrendg@ruggeman, 1987; Stuyfzand and Stuurman, 1994; Weert et
and size. Our findings are based on different types of fieldal., 2009; Post and Abarca, 2010). In areas that lie below
measurements and detailed numerical groundwater model®ean sea level (m.s.l.) saline groundwater may reach the
applied in the south-western delta of the Netherlands. Bysurface by upward groundwater flow, which we define here
combining the applied techniques we could extrapolate meaas seepage. This leads to salinization of surface waters and
surements at point scale (groundwater sampling, temperaturghallow frest groundwater bodies and makes the water un-
and electrical soil conductivity (TEC)-probe measurements fit for irrigation, drinking water supply or industrial purposes
electrical cone penetration tests (ECPT)) to field scale (con{e.g. van Rees Veilinga et al., 1981; van den Eertwegh et al.,
tinuous vertical electrical soundings (CVES), electromag-2006; Giambastiani et al., 2007; de Louw et al., 2010, 2011).
netic survey with EM31), and even to regional scale usingA future rise in sea level is expected to increase the seepage
helicopter-borne electromagnetic measurements (HEM). Theind salt loads to surface waters and reduce the availability
measurements show a gradual mixing zone between infiltratef both fresh surface water and groundwater (e.g. Meisler et
ing fresh rainwater and upward flowing saline groundwater.al., 1984; Navoy, 1991; Oude Essink, 1996; van der Meij
The mixing zone is best characterized by the depth of theand Minnema, 1999; Vandenbohede et al., 2008). Model
centre of the mixing zon®nix, where the salinity is half that  simulations show that salt loads from groundwater seepage
of seepage water, and the bottom of the mixing z8a#;, in several low-lying parts of the coastal zone of the Nether-
with a salinity equal to that of the seepage water (Cl-conc.lands will be doubled due to sea level rise by 2100 AD (Oude
10 to 16 g11). Dpix is found at very shallow depth in the Essink et al., 2010).

confining top layer, on average at 1.7 m below ground level In contrast to the salt loading process to surface waters by
(b.g.l.), while Bmix lies about 2.5mb.g.l. The model results saline groundwater seepage, little attention has so far been
show that the constantly alternating upward and downwardgiven to the interaction of upward flowing saline groundwa-
flow at low velocities in the confining layer is the main mech- ter with infiltrating rainwater in the topsoil, as illustrated in
anism of mixing between rainwater and saline seepage an#ig. 1. The upward movement of saline groundwater pre-
determines the position and extent of the mixing zabgik vents rainwater from infiltrating to greater depths, resulting
and Bnix). Recharge, seepage flux, and drainage depth are
the controlling factors. Lin this paper, we classify groundwater salinity based on chlo-
ride (CI7) concentration into fresh (Cl< 0.3g|‘1), brackish
(>0.3grr1 I~ <1.0gr1) and salt (Cr > 1.0g1). CI~ is the

Correspondence tc?. G. B. de Louw major conservative anion in the coastal plain and subsurface of the
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precipitation surplus vations, since there were no detailed measurements available.
l l l l l l l l l l l l l l In addition, predicting the effects of climate change and sea
level rise, and formulating mitigation measures is only mean-
ingful when the current situation of these shallow rainwater
lenses on top of seeping saline groundwater is known.

In this article we aim to determine the characteristics and
spatial variability of rainwater lenses in areas with saline
seepage based on field measurements and numerical density
dependent groundwater models. Moreover, we determine
the main factors that control the characteristics and occur-

N V. rence of these shallow rainwater lenses. Our study area was
ST G D G the province of Zeeland, situated in the south-western delta
f f \ ! f f ! of the Netherlands, where saline groundwater with chloride
concentrations exceeding 10dlis found within five me-
3 1 1 1 7 % 1 ters below ground level (Goes et al., 2009). Different field
techniques, namely groundwater sampling, TEC (tempera-
Fig. 1. Conceptual visualisation of a shallow rainwater lens on top turé and electrical soil conductivity)-probe measurements,
of saline groundwater seepage. electrical cone penetration tests (ECPT), continuous vertical
electrical soundings (CVES), electromagnetic survey with
EM31 and helicopter-borne electromagnetic measurements
in shallow rainwater lenses (Fig. 1). Under certain condi- (HEM) were used to map the thickness of these shallow rain-
tions the rainwater lens may become so small, or even diswater lenses and the mixing zone from fresh to saline ground-
appear, that saline groundwater may reach the root zone viavater.
capillary rise, affecting crop growth (Steppuhn et al., 2005;
Katerji et al., 2003; Flowers, 2004; Rozema and Flowers,
2008) and natural vegetation (Jolly et al., 2008; Antonellini 2
and Mollema, 2009). Shallow rainwater lenses in areas with ~ ©f Study area

saline seepage are very vuinerable to climate change (chanq.—he study area lies in the south-western delta of the Nether-
ing precipitation surpluses) and to a rising sea level (enhanc:

ing seepage) as shown by Maas (2007). lands (Fig. 2a). The current landscape, groundwater flow sys-

. tems and groundwater salinity mainly result from sequential
Here we focus on the occurrence of shallow rainwater

. ) . Holocene marine transgressions and regressions, and human

lenses in areas with saline seepage and the processes in-.. ... S )
: . . . _activities such as peat mining and land reclamation. Under a

volved. So far, research into fresh rainwater lenses in saline ~ . . :
. continuous sea level rise during the Holocene, Zeeland was

groundwater has mainly been focused on so-called Bador%ubmer ed from 7500 BP (before present) until 5000 BP (van
Ghijben-Herzberg (BGH) freshwater lenses in elevated ar- 9 P

eas like sandy dunes along the coast and on small islands thd{3 Plassche, 1982; Vos and Zeiler, 2008) and the infiltra-

y 9 I, Tion of seawater salinized the underlying Pleistocene aquifers
lack an upward groundwater flow (e.g. Badon Qhuben, 1888'by free convection (Post, 2004). After this period of maxi-
Herzberg, 1901_’ Fetter, 1972; van Dam. and _Slkkema, 1982mum transgression, sedimentation processes began to dom-
Meinardi, 1983; Underwood etal., 1992; Collins apd EaShay’inate and, as a consequence, the land rose above mean sea
1999; Bakker, 2000). BGH-I_ens_es are gen_erally_thlck and thGievel. Then peat was formed under freshwater conditions
depth of the freshwater-saline interfad@)(is mainly con- 4 e covered Zeeland between 3800BP and 2000 BP.
trolled by the relative density difference)(and the phreatic Since Roman times, peat mining and drainage of the land
groundwater level/(): H =hla. by man has caused subsidence enhanced by marine erosion

Some z_‘;malyt[cal and numerical steady-§ Fate approache ig. 2b). Zeeland was again totally submerged from 350 AD
to modelling rainwater lenses under conditions of upward

groundwater seepage have been described (Schot et al., 200‘21’?“' .750 AD (F!g. 2b). Around 1000AD people started to
reclaim large pieces of land by the embankment of the salt

Maas, 2007; Eeman et al., 2011). Eeman et al. (2011) In'marshes (supra-tidal flats) (Fig. 2b; Vos and Zeiler, 2008).

vestigated the parameter groups that dominate the MIXING;\,ch an embanked land which is drained artificially is called

processes for physically feasible ranges of parameters, usd “polder” (van de Ven, 2003). Shrinkage of peat and clay

ing the analytical approach by Maas (2007) and the numer; y drainage and peat mining led to further subsidence of

cal transport code SUTRA (Voss and Provost, 2008). Scho hese polders, whereas the unembanked land was rising from

et al. (2004) used a numerical model to simulate the devel-_ "~ : : T .
. . sedimentation during high tides and storms (Vos and Zeiler,

opment of rainwater lenses in fens under fresh groundwateEOOS)

seepage conditions. So far, theoretical models for shallow ’

fresh rainwater lenses have not been based on actual obser-

confining layer

upper aquifer

Paleogeography, geomorphology and hydrogeology
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Fig. 2. (a)Location of study aregb) Paleogeography of study area in 200 AD, 500 AD, 1000 AD (Vos and Zeiler, 2008; by courtesy of Vos).
(c) Surface elevationd) Position of the dunes, reclaimed salt marshes and sandy creek deposits (from: REGIS lI(€008{ration and
seepage flux (result of regional groundwater model; van Baaren et al., 2011).

The present topography is therefore a result of the age ofvard groundwater seepage occurs mainly in the low-lying
reclamation; the older the land, the lower the surface elevareclaimed salt marshes (Fig. 2e). The salt marshes are inten-
tion. The lowest polders are situated-at.5to—2.5mm.s.l.  sively drained by a regular system of ditches and tile drainage
whereas the more recent polders have their land surface®d make the land fit for agriculture. Tile drainage usually
above mean sea level (Fig. 2c). As the former tidal creekdeads to the rapid discharge of shallow groundwater during
consisted of sand, they did not subside like the surroundingainfall events (e.g. Tiemeijer et al., 2007; van der Velde et
clayey and peaty salt marshes. The present land surface at., 2009). The ditches lie some 50 to 300 m apart and tile
these sandy creek ridges is therefore often 0.5 to 1.5 m highedrainage is applied at a depth of about 1 m, with a distance of
than the surrounding land (Fig. 2c—d). In the western coastal 0 to 15 m between the drains. Surface water levels are main-
area, sandy dunes were formed during the Holocene that nowained at a nearly constant level by pumping and admission
reach elevations of +30 mm.s.l. Taking into account that theof water from surface water reservoirs at higher elevations,
present elevation has a large impact on the groundwater flovike in most lowland polder catchments, (e.g. de Louw et al.,
system, the study area can be divided into three major geo2010).
morphic units: (a) reclaimed salt marshes, (b) sandy creek Besides elevation and drainage characteristics, the com-
ridges and (c) the dunes (Fig. 2d). Fresh rainwater infiltrategosition of the Holocene deposits plays an important role
the dunes and the elevated sandy creek ridges, whereas uip+ groundwater flow and the formation of shallow fresh
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rainwater lenses on top of the present saline groundwatehigher sandy creek ridge lying ai0.2 mm.s.l. (Fig. 4c). The
Due to the dynamic paleographical evolution of the studymeasurement techniques will be described briefly below.
area during the Holocene, the lithology is fairly heteroge-

neous. An NW-SE lithological cross-section of the island 3.1.1 TEC-probe

of Schouwen-Duivenland shows the general build-up of the

Holocene sediments on top of late Pleistocene cover-sand§he TEC-probe is suitable for manual 1-D measurements of
(Fig. 3). In most of the area, the fining upward sequencet€mperature and the electrical conductivity g5 of soft

of the Holocene deposits resulted in a thin confining layerSOils like peat and clayey soils (van Wirdum, 1991). The
of clay and peat on top of an aquifer of Pleistocene angelectrodes and temperature sensor are located at the far end

Holocene fine to coarse sands (upper aquifer). The confinof the probe. The probe has a diameter of 22mm and the
ing top layer of clay and peat is on average 4 m thick. Thetlectrode distance is 50 mm. We carried out TEC-probe mea-
upper aquifer of Holocene and Pleistocene sands has a thiclurements once at 27 agricultural sites with differing geohy-
ness of 20 to 60 m and is separated from the lower aquifer byirology and geomorphology (Fig. 4a). At each site, TEC-
a 5m thick clay layer that is sometimes absent. The geohyprobe measurements were done in a ditch and at different dis-
drological base varies from a depth of 130 m in the northernt2nces from the ditch; from the groundwater level downward
part to 30 m in the southern part of the study area. For thedt 0-1m intervals until a depth of 4.0m. Measureds5€
development of rainwater lenses in saline groundwater, thévere automatically corrected to obtain a specifig&®or a
shallow part of the geohydrology of the study area, i.e. thereference temperature of 26. To obtain the electrical con-
upper aquifer and confining top layer, is of main interest. Weductivity of groundwater (E¢;), ECsoil must be multiplied
define seepage as the upward groundwater flow from the upy the formation factor (FF), which depends mainly on the
per aquifer into the confining top layer (Fig. 1). This seep- lithology (Archie, 1942; Keary and Brooks, 1991; Friedman,
age water, groundwater coming from the upper aquifer, will 2005). We determined the formation factor (FF) for seven

eventually exit the groundwater system by either drainage oflifferent soil types based on 584 measureq,EECsoj pairs
evapotranspiration. (Table 1). EGoj was measured with the TEC-probe and

ECy was obtained by groundwater sampling. W=@lues
were transformed to chloride concentrations using a calibra-
tion curve based on a linear regression analyB&=0.98)

3 Materials and methods of 79 groundwater samples:

1 1
3.1 Mapping rainwater lenses Cl(glI™) =EGy (mScm™)-0.36—-0.45.

The 79 groundwater samples were taken from 79 differ-
We used different geophysical and hydrological techniquesent piezometers at site 11 and site 26 (see Sect. 3.1.2). Si-
to map the f:harac_teristics of rainwater quses on top Ofnyltaneously with the TEC-probe measurement, we made
upward-seeping saline groundwater. We carried out the meag detailed soil description to assess the formation factor.

surements at different spatial scales, varying from point scalerne TEC-probe measurements were carried out in the period
to island scale. As salinity changes rapidly in space andjanyary—March 2007.

with depth, we needed high-resolution techniques that could

record this variability. We applied the following techniques 3.1.2 Groundwater sampling

to obtain detailed salinity-depth profiles at point scale: elec-

trical soil conductivity measurements using the TEC-probe,From the 27 TEC-probe sites we selected two sites on the is-
groundwater sampling at small depth intervals, and elecdand of Schouwen-Duivenland, site 11 (Fig. 4c) and site 26
trical cone penetration tests (ECPT). We used non-invasivéFig. 4d), where we installed clusters of piezometers for sam-
continuous vertical electrical soundings (CVES) and sur-pling groundwater to derive chloride-depth profiles. The
face electromagnetic measurements (EM31) to map the spalusters were installed in ditches and at different distances
tial variation of rainwater lenses within an agricultural field from the ditches in the fields (Fig. 4c—d). The clusters in the
(0.05kn?). A helicopter-borne frequency-domain electro- fields were located between two drains, except for the two
magnetic (HEM) survey was performed to map the thick- clusters mp5 and mp 6 (mp=monitoring point) at site 26.
ness of rainwater lenses for a large area on the island oThese two clusters were positioned neaf®(2 m) a drain to
Schouwen-Duivenland (56 kin Figure 4a—d shows the lo- measure the effect of tile drainage. Each cluster contained
cations of the different measurements in the study area. A6 to 7 piezometers with 0.16 m long screens at depths (bot-
site 11, an agricultural field (Fig. 4c), we applied all our mea-tom of screen) of 0.8 m, 1.0m, 1.3m, 1.6m, 2.0m, 3.0m
surement techniques to compare their results and to improvand 4.0 mb.g.l. Before taking groundwater samples, we ex-
the inversion models of the geophysical techniques. Thigracted all the water from the piezometers and waited sev-
site was chosen because of its position at a transition from &ral hours until the piezometers had re-filled with groundwa-
low-lying, clayey reclaimed salt marsh a0.7mm.s.l. to a ter. The electrical conductivity of the sampled groundwater
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is derived from a detailed 3-D geological model of Zeeland based on 5 drillings pet thetwere classified into geological units (GeoTOP,
Stafleu et al., 2011).
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was measured in the field monthly for a period of 2 yr (Jan-and a detailed set up of the CVES-measurements were de-
uary 2009—-December 2010) and chloride was analyzed in thecribed by Goes et al. (2009). The CVES measurements
laboratory in April 2009. Hydraulic heads were measured aswvere done with an AbemSAS4000 connected to four multi-
well to determine the head change with depth. The headelectrode cables, with electrode spacing of 1 m to obtain a
were monitored hourly in the period September 2008 untildetailed resolution both horizontally and in depth. The mea-
January 2011 using CTD-diver data loggers. Heads weresured electrical resistivity data were inverted into real soil
corrected for density differences by conversion to freshwa-resistivities using Sensinv2D (Geotomographie, 2004). The
ter heads (Post et al., 2007). CVES-measurements were carried in the period September—
October 2007.

3.1.3 Continuous vertical electrical soundings: CVES
3.1.4 Electromagnetic EM31 survey
We carried out the CVES-measurements in profiles (with a
length of 150 to 350 m) perpendicular to the ditches at 8We carried out an EM31-survey at site 11 in September 2009
of the 27 TEC-probe sites (Fig. 4a). Some of the resultsto obtain an overview of the spatial variation of groundwater
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Table 1. Formation factors (FF) for different lithological units. 3.1.6 Electrical cone penetration tests (ECPT)

We contracted a geotechnical compamyviv.bmned.com

to carry out 23 ECPTs on Schouwen-Duivenland to obtain
1-D electrical conductivity profiles down to a depth of 25m
Peat 21 07 41 (Fig. 4b). The technique is comparable with a manual TEC-

No.

Lithology Average FF Std of samples

Clay 25 06 192 probe measurement but can also be applied in sandy soils and
Sandy Cla.y/dayey sand 28 08 o2 down to greater depths. Besides measurements of the soil's
I(\;:;?ifr):w)ég:rzggin d :i'42 0.4 299 electrical conductivity (EGj)) during penetration, the cone
Coarse sand 5 sleeve and tip friction were also measured to determine the
sand with gravel 67 lithological composition (BMNED, 2011). The ECPTs were
carried out in the HEM pilot area (Fig. 4b) in March 2011,
* FF taken from Goes et al. (2009). in order to derive conductivity depth profiles, which could

be subsequently used to check the calibration of the HEM
system and to optimize the inversion of the HEM data.
salinity in the shallow subsoil within one agricultural field.
The EMB31 is an electromagnetic instrument that measure8.2 Numerical modelling of rainwater lenses
the apparent electrical bulk conductivity of the shallow sub-
soil (McNeill, 1980). The upper layers contribute more to the We constructed two different types of groundwater models
bulk conductivity than the lower layers. The average pene-o increase our insight into rainwater lenses on top of saline
tration depth of these measurements was about 6 m, which igroundwater: (1) a 3-D-model that was able to reproduce
less than the penetration depth of the CVES-measurementsie different types of field measurements at site 11, and (2)
(about 20 m). However, the EM31-measurements allowed uwarious smaller-scale 2-D conceptual models to focus on the
to map a larger area in a horizontal plane (about 0.3)km mixing of saline seepage and infiltrating rainwater, and the
The EM31-measurements with a spacing of 5m have beefflow to drains in detail. These models were used to analyse
interpolated to a conductivity map, which represents the bulkthe sensitivity of different parameters.
conductivity of the top 6 m of the subsoil.
3.2.1 Set-up of 3-D-model
3.1.5 Helicopter-borne electromagnetic measurements
(HEM) We set up the 3-D-model with the numerical transport code

) _ MOCDENS3D (Oude Essink, 2001a) for site 11 and a small
A helicopter-borne survey was conducted by the airbome, o5 around it (modelled area is 1knat a transition from

geophysics group of the German Federal Institute for Geo low-lying, clayey reclaimed salt marsh to a higher sandy

sciences and Natural Resources (BGR) on 25-26 AUtyeey ridge (Fig. 4b—c). Different kinds of measurements
gust 2009 (Siemon et al., 2011). The survey,

COVENNG Qyere available for this site to evaluate the performance of

large part of the island of Schouwen-Duivenland (Fig. 4b) o mogel. The model area was divided into cells of 5 by 5m
re_quwed three S“r"?y flights to map an area_l Of_ about 56 km and the subsoil was divided into 41 layers of 0.3 to 5m, up
with 31 WNW-ESE lines and 16 NNE-SSW tie lines at 200m 4, 5 mayimum depth of 35 m, to accurately model salt trans-

and 500m line spacing, respectively, totalling 313line-km. ;4 - The geohydrological schematization and parameteri-
Electromagnetic, magnetic and radiometric data, as well as44j0n was based on our field measurements and the Dutch

position_ data, were acquired simultaneously. The em(?tro'Geohydrological Information System (REGIS I, 2005). The
magnetic system we used was a RESOLVE towed "bird" 0014 diffusion coefficienbm for porous media was as-

consisting of. five hori.zontal—coplanar (HCP) c.oil SYStems ¢ ;med to be 8.6 10-5m2d-1. The longitudinal dispersiv-
and one vertical-coaxial (VCX) coil system, with measur- ji, \yas set equal to 0.1 m and the ratio transversal to lon-

ing frequencies ranging from 387 Hz to 133kHz. The av- Eitudinal dispersivity was 0.1. These rather small values are

erage sensor altitude was 33 mabove ground level. Aboup,qeq on numerous case studies of Dutch and Belgian aquifer
84 300 resistivity-depth inversion models were derived fromSystems with marine and fluvial deposits (e.g. Stuyfzand,

the HCP data using a Marquardt-Levenberg smooth multi-1993. Lebbe. 1999 van Meir. 2001: Oude Essink 2001b:

layer inversion procedure (Siemon et al., 2009). The mOdelsx/andenbohede and Lebbe, 2007). Fixed heads were applied
consist of 15 layers. All resistivities and the thickness of theat the model boundaries and were deduced from the regional
top layer are derived by the inversion procedure. The thiCk'groundwater model of the province of Zeeland (van Baaren

ness of the other 14 layers remained fixed during the inverg 5 '5011). We determined the location and dimensions of

sion a”‘?' increased_sl?ghtly with depth. The degfe‘? of modelyiches and subsurface drains in the field and applied it to
smoothing was optimised in order to avoid oscillation of thethe model. The period of 1906-2006 was simulated with

model resistivities. stress periods of 10days. Recharge was calculated from

Hydrol. Earth Syst. Sci., 15, 3659678 2011 www.hydrol-earth-syst-sci.net/15/3659/2011/
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precipitation and evapotranspiration data from two nearby P-ET

meteorological stations (Kerkwerve and Wilhelminadorp) of I Thf ! - \ et

the Royal Netherlands Meteorological Institute (KNMI). A L— J T N e N
‘ Eﬂ/ﬁ drain S Q,

100-yr simulation period was long enough for the groundwa-
ter chloride distribution at the sandy creek ridges to reach ¢
state of equilibrium with the boundary conditions.

ayer

Do | low permeable layer k

conﬁnmgq

confining layer: k,, k/k, n, y,, a,, a,/a,

3.2.2 Set-up of 2-D-model

., Cl,

upper
aquifer
J2

From the 3-D-model we zoomed into low-lying seepage ar-
eas to focus on the mixing of infiltrating fresh rainwater and
upward-seeping saline groundwater between two ditchesfig. 5. Conceptual schematization of the cross-sectional 2-D-
Based on our findings with the 3-D-model and our field mea-models.

surements, we constructed a conceptual cross-sectional 2-

D-model between two ditches of a tile-drained agricultural ) L

field with upward-seeping saline groundwater (Fig. 5). Formass balance did not change S|gn|f|cantly from year to year.
this modelling exercise we used the numerical transport cod«z,l_he model output was analysed for the thirtieth year.
Seawat (Langevin et al., 2003). The cell size in a horizontal
direction was 1 by 1 m and the layer thickness in the verti-

cal direction was 0.1 m. The total thickness of the referenceWe carried out a sensitivity analysis with the 2-D-model for

model was 3.0 m, which equals the thickness of the confining19 model parameters, which are mainly physical and geo-

layer. Parameter values for the reference model and sensitiv—ra hical parameters (Table 2). One parameter at a time was
ity models are given in Table 2 and are based on field datatq P P ! P

: . Hwodified while the others remained fixed. The modified pa-
We assumed that all the incoming fluxes due to recharge an )
rameter values were based on field measurements and sur-

seepage between the ditches discharge into drains and ditchsg s and geoaraphical and geological data: thev represent
and therefore applied no-flow boundaries at the model sides. ys, geograp g 9 . y rep

We applied a constant upward seepage figwith chloride plau3|blt_a_rgnges fqr the study area. We.te.sted the parame-
) o ter sensitivity for rainwater lens characteristics for a location
concentration Glfrom the upper aquifer into the Holocene

confining layer (Fig. 5). Although the confining layer con- in the middle between two drains (bdr) and for a location at

. : . ; .. a drain (dr), both at the largest possible distance from the
sists of a sequence of different soil types, we considered it tq,. . A L .
. . ditches (Fig. 5). Besides the sensitivity analysis, we used re-
be homogeneous. The effect of soil composition heterogene- .
o ) A . : sults from the 2-D-models to study vertical flow processes
ity is addressed in the sensitivity analysis by applyinga 0.2 m, . . .
i : . ; . in more detail at and between the drains with respect to lens
thick layer with a very low permeability at different depths in -
. . : . characteristics.
the confining layer, as we think this may influence ground-
water flow and solute transport in the shallow groundwater

system.

The initial groundwater chloride concentration in all
model layers was set equal to the chloride concentration o#4.1 Characteristics of the mixing zone in seepage areas
the upward-seeping groundwatersCA rainwater lens can
develop in this saline groundwater body under a variableThe form of the mixing zone between infiltrating rainwa-
recharge with fresh rainwater (Cl=0.02¢) and a constant  ter and saline groundwater was obtained accurately with the
seepage flux. Daily values of recharge were determined fronpoint measurements by the TEC-probe (Fig. 6) and ECPT
daily precipitationP and potential reference crop evapotran- soundings (Fig. 7). At 17 of the 27 TEC-probe sites, we mea-
spiration ET at the KNMI meteorological stations. We used sured a gradual mixing zone between rainwater and saline
data from the year 2005 because these were representatiggoundwater; these are shown in Fig. 6. At the other 10
for the annual average precipitation surplus (=0.75mMd  locations, we found a constant and fresh groundwater pro-
and applied them for every year during the whole simula-file with depth. The measured smooth curved mixing zones
tion period. The total precipitation and evapotransiprationare well described by the spatial moment method (Eeman
for the winter months (October until March) was 397 mm et al., 2011). With this method the chloride concentration
and 108 mm respectively. The total precipitation and evap-change with depth, i.e. the derivative of the chloride profile,
otranspiration for the summer months (April until Septem- is described by a normal distribution function, from which
ber) was 425mm and 440 mm respectively. A simulationthe centre of mass (1st moment) indicates the centre of the
period of 30yr was long enough for all model simulations mixing zoneDnx (first graph in Fig. 6). The variance (2nd
to reach a stationary situation, which means that the annuahoment) is a measure of the extent of the mixing zone. By

<

3.2.3 Sensitivity analysis

4 Results and discussion
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Table 2. Parameter values of the 2-D reference model (Ref) and the sensitivity models{RRef—, Ref+, Ref++).

Parameter Description Unit Ref— Ref — Ref Ref + Ref ++
1 Os seepage flux mmd  0.05 0.15 0.25 0.5 1.0
2 P-ET recharge (average) mmd  0.25 0.5 0.75 1.0 1.25
3 Cls Cl-conc seepage gt 0.01 5.0 10.0 15.0 19.0
4 Lgr spacing between 2 subs. drains m 25 5 10 15 20
5  hgr depth of drains m -1.4 -1.2 -1 -0.8 -0.6
6  Qqr drainage resistance d 0.5 1 25 5 7.5
7 Lditch spacing between 2 ditches m 25 50 100 150 200
8  hditch surface water level m -1.75 -15 -1.25 -1 -0.75
9 Qditch drainage resistance ditch d 1 25 5 10 20
10  Dconf thickness confining layer m 0 2 3 4.5 6
11 ky vert. hydr. conductivity of confining layer ntd  0.1x1072 05x1072 10x102 25x102 50x102
12 kp/ky anisotropy factorky = constant) - 1 25 5 7.5 10
13 n porosity - 0.06 0.1 0.14 0.18 0.22
14 ys specific yield - 0.15 0.2 0.25 0.3 0.35
15 dyp depth low permeable layer (LPL) m -0.7 -1.0 none -15 -25
16  ky_ipi,15 kv Of LPL, depth LPL=—1.5m mdl  03x103 06x103 12x103 24x103 4.8x10°3
17 ky_ipi25 kv Of LPL, depth LPL=—2.5m mdl  03x103 06x103 1.2x103 24x103 4.8x10°3
18 o longitudinal dispersivity coefficient m 0.01 0.05 0.1 0.25 0.5
19 «a laT ratio. o =transversal dispersivity coeff. - 1 5 10 15 20
1 |Cluin ° 2 ° 3 ° 4 ° 5 ° 7
E‘?‘* IWmixzq‘* = A pe - = v
% o« Bm\x. ;% el -% el X '% © g_ © :g_ ©
©T Y [ [ o [ v i
¥ Clvax | 5 ¥ ¥ ¥ ¥
6 é 1‘0 1‘5 (‘J é 16 15 6 é 16 15 6 é 16 1‘5 6 é 10 1‘5 0 5 10 1‘5
Cl (g/l) Cl (gl Cl (gl Cl (gl Cl(g/) Cl (g/l)
7 9 7 10 7 11 7 12 7 13 © 16
£ £ E £o Eq Eq Eq %
6 5‘3 1‘0 1‘5 6 é 16 15 6 i"v 16 15 6 é 1b 1‘5 6 5‘) 10 1‘5 0 5 10 1‘5
Cl (g Cl (gl Cl (gl Cl (gl Cl (g Cl (gl
°1 21 °1 22 °1 24 °7 26 7 27
Eq Eq Eq E, Eq é?
6 % 16 1‘5 6 E‘) 16 15 6 E‘) 16 15 6 é 16 1‘5 6 é 10 1‘5 0 5 10 1‘5
Cl (gl Cl (gl Cl (gl Cl (gl Cl (g Cl (g

Fig. 6. Characteristics of a rainwater le3mix, Bmix: Wmix» Clmin, Clmax (first plot) and 17 measured salinity profiles with the TEC-probe
(blue circles) at different seepage locations in the province of Zeeland (see Fig. 4a for TEC-probe locations). The measured salinity profiles
are characterized by the fitted salinity profiles based on spatial moments (black line).
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Fig. 7. Comparison of six ECPT soundings and smooth 15-layer HEM inversion models (for location see Fig. 14).

fitting the normal distribution function through the measure- ECPT-13 (see also HEM results in Sect. 4.3). The ECPTs are
ments, we derived five characteristics from it (first graph in additionally valuable for the thicker rainwater lenses in the
Fig. 6): the depth of the centre of the mixing zabgix, the  elevated areas, such as the sandy creek ridges (e.g. ECPT-32
bottom of the mixing zon@mx, the half-width of the mixing  and ECPT-4 in Fig. 7). Nine ECPTs were made at the sandy
zoneWmix (=Dmix — Bmix), and the minimum and maximum creek ridges wher®,x varied between 4 and 11 m depth,
chloride concentrations @Gl and Chax. Bmix Was defined  and Bpx varied between 8 and 14 m depth (Table 3).

as the depth where the chloride concentration wagCWe The TEC-probe and ECPT data showed there was no sharp
used these lens characteristics in the further analysis of ouboundary between infiltrating fresh rainwater and saline
measurements and model results. seepage groundwater, but a gradual mixing zone with a

The lens characteristid@miy, Bmix andWmix derived from  median half-widthWpyx of 0.9m. Although this is much
the TEC-probe and ECPT measurements are summarized imaller than at the sandy creek ridges with a media
Table 3. In the seepage areas, the depth of the centre of tH¥f 3.0 m (Table 3) and what is usually found for BGH-lenses
mixing zone was found to be very shallow with a median On islands and dunes (e.g. Fetter, 1972; Underwood et al.,
depth of Dmix of 1.7 m b.g.I. Mixing occurred no deeper than 1992; Stuyfzand, 1993; Sakr, 1999), the mixing zone in the
5.5m depth (Bmix) and always in the confining layer. TEC- Seepage areas can be labelled as relatively wide compared
probe results showed a large variation of,&d 0.9g F1to to its depth. Therefore, the analytical and numerical ap-
15.7g?! (Fig. 6). The ECPT conductivity profiles, which Proaches that assume a sharp interface and satisfactorily sim-
go much deeper than TEC-probe profiles, showed that belowilate BGH-lenses (e.g. according to van der Veer, 1977; van
the mixing zone the salinity remains relatively constant (atDam and Sikkema, 1982; Sikkema and van Dam, 1982; Sakr,
value Chay until a depth of at least 25 m (Fig. 7). However, 1999; Boekelman, 2001) should not be applied to these shal-
there was one exception: ECPT-12 was located in a seepadeWw rainwater lenses. As the mixing zones occur at shallow
area at about-1.5mm.s.l. and showed a constant freshwaterdepth, their position and width is of great importance for the
profile to a depth of 25 m. The contrast with the salinity pro- freshwater available for crop growth. In most seepage areas,
file of ECPT-13 (withDmix at 1.5 m b.g.|, situated only 600m  We did not find any fresh groundwater (i.e. Gk 0.3g ™).
from ECPT-12 and at the same elevation) is large. HoweverThe upper groundwater is already a mix of seepage water
the explanation was rather simple: the freshwater profile agnd rainwater, which indicates that part of the mixing pro-
ECPT-12 was caused by lateral fresh groundwater flow fromcess very likely occurs in the unsaturated zone.
the elevated dunes (at 1 km to the west) that did not reach
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Table 3. Summary of lens characteristics in seepage and infiltration areas derived from TEC-probe and ECPT measurements.

TEC-probe ECPT TEC+ECPT

Lens characteristic ~ Unit Range Median No. Range Median No. Median
Seepage  Dpix mb.gl. 0.8-25 15 17 1.2-3.5 1.7 13 1.7
areas Bmix mb.g.l. 1.2-36 25 17 2.0-5.5 3.7 13 2.8

Whnix m 0.2-1.7 0.7 17 0.5-3.7 15 13 0.9
Infiltration  Dpix mb.g.l. >4.0 >4.0 10 4.0-11.0 6.3 9
areas Bmix mb.g.l. >4.0 >4.0 10 8.0-14.0 85 9

Whnix m ? ? 10 1.0-55 3.0 9

Maximum penetration depth of TEC-probe was 4 mb.g.l., penetration depth of ECPT was 25 mb.g.l.
Dpix = centre of mixing zoneBx = bottom of mixing zone.
Wmix = half width of mixing zone (pmix—Bmix)-

4.2 Rainwater lens variation within agricultural fields could not be derived. This is due to the fact that the pene-
tration depth could not be derived exactly from the electrical

4.2.1 Monitoring results at agricultural sites 11 and 26 ~ Measurements. As such, we plotted ther8 isoline of the
real inverted soil resistivity in the cross-section to illustrate

Figure 8 shows the chloride-depth profiles derived fromthe strong gradient in groundwater salinity (Fig. 9).

groundwater samples at different locations within the agri—th A? thﬁ cotnflnrl]ng (Ijaytezls zbOL;LZ'S 03 mttht'ﬁk at §|te 1I1h
cultural fields of site 11 and site 26 (for location, see Fig. 4c— € freshwater head at & m depth represents the regiona ny-

d). For both sites, we measured a relatively constant chlorioléllram'C head of the upper aquifer. In the seepage area, where

depth profile beneath the ditch, with a chloride concentrationmix Was shallower than 2m, the freshwater head at 4m
of 16 gL for site 11 and 12 g* for site 26. In contrast to depth was higher than the freshwater head at 1.5 m depth in-

the locations in the field, there was no mixing beneath thedlcatlng upward vertical flow (Fig. 9). As freshwater head

ditch and upward flowing saline groundwater exfiltrates in gradients are larger than the relative den_sity differe_nce _that
the ditches without mixing. At most monitoring locations in accounts for the buoyancy effect,_the v_ert|cal flow direction
both fields, the same salinities as beneath the ditches Wer%JpWard or downward) can be derived directly from the head

found at 3 to 4m depth, but upwards from here the Salini,[ymeasurements (Post et al., 2007). The average freshwater

decreased, indicating the presence of the mixing zone. Al—heaéjj dtlgers\r;\?zytvf a%?uw'l m (mp?torrlnp ?) Iracregz'r;fg to-
though there were no significant differences in mixing zone'Vards the INVV=CItch with a maximum freshwater head ditrer-

characteristics for the different distances from the ditch at® cc " the d'FCh 0f 0.65m. This large freshwater head d'ﬁef'
site 26, the position in relation to the drains did have an®nce at the diich causes a strong upward seepage flux which

impact on the mixing zone. The monitoring locations nearmnd(irs tthel.m.];'ltrat'?r of ?T‘?C? WZietL wh||ch trejults ('jn a
drains showed a smaller mixing zone at a shallower depthCons ant salinity profileRmix = Biix)- € elevaled sandy

when compared to the monitoring locations between drainﬁcreek rt': 9¢, t?elf;esh\évat(ta; head ‘?t 4m ddepth was daﬁout 01 dm
(site 26, Fig. 8). ower than at 1.5m depth, creating a downward flow an

) ) ) .. a much thicker rainwater lens witBbmy;x at 4 to 7m depth
. In agnc.ulltural S|t.e 11 we found a Igrge spatial variation 4 Bmix at 8 to 10m depth. The strong upconing of saline
in the salinity profiles (Fig. 8). Within about 200 m, the groundwater was remarkable at the SE-ditch in the sandy
salinity flit 2 to 4m depth increased from fresh (C1=0.03- ¢ 00| rigge at only a few metres distance from the area where
0.05gl) at the sandy creek ridge, mp 10, to almost seawa:

1 , rainwater infiltrates to a large depth (Fig. 9). Due to the low
ter (CI=14 to 16 g17) in the lower-lying clay area, mp110 g itace water level maintained in the ditch-e£.95 mm.s.l.

mp7. Location mp8 showed an intermediate salinity pro-ye same as for NW-ditch), the approximately 0.6 m higher
file between these two extremes (Fig. 8). This large spatiakeshater head in the upper aquifer creates a strong upward
salinity gradient at site 11 was identified by all the measuringyq,; of saline groundwater. The freshwater head and salinity
techniques we used (i.e. groundwater sampling, TEC-prob€y,qaqrements at site 11 prove that the vertical flow direction

ECPT, CVES, EM31, HEM)Dmix and Bmix derived _from (seepage or infiltration) even with small freshwater head dif-
TEC-probe and ECPT measurements were plotted in & Crosgarences can cause large differences in rainwater lens thick-
section as well as the measured freshwater heads at 1.5m anpd .o

4 m depth (Fig. 9). Although the spatial variation of rainwa-
ter lens thickness could be followed nicely with the CVES-
measurement, the exact lens characteristiggc and Bmix
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TEC-probe and ECPT, and the real inverted soil resistivity isolinesefi3derived from CVES measurements. Note that the CVES-line was
situated about 60 m from the 1-D measurements (Fig. 4c) and therefore shows a sharper gradient.

4.2.2 Comparison of 3-D-model and monitoring results

at site 11

The techniques applied at agricultural site 11 are comple
mentary to each other, varying from absolute chloride pro-
files (down to 4m depth) and ECPT conductivity profiles

model in both an infiltration and a seepage situation. Fig-

ure 10 shows the comparisons between the field observa-
tions and the model results for the 3-D-numerical model. We

found that the spatial variation of the modelled chloride con-
centration, averaged for the top 6 m (Fig. 10a) showed good
agreement with the EM31-measurements (Fig. 10b): with

(down to 25m depth) at point scale to the surface (CVES low salinities on the sandy creek ridge and high salinities in

EM31) and airborne (HEM) measurements to follow the spa-
tial variation of the rainwater lenses.
suitable for evaluating the performance of the rainwater len

This made the site

www.hydrol-earth-syst-sci.net/15/3659/2011/
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the seepage area. The calculated bottom of the mixing zone
(Bmix) at the sandy creek ridge was about 8 m below ground
devel, which is in agreement with the ECPT and HEM results
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Fig. 12. Results of the sensitivity analysis for the 11 most sensitive parameters for lens charact®@gigtiBmix and Wiix (effect> 0.1 m).
The x-axis gives the parameter values of the reference model and the four sensitivity models; the y-axis gives the pbgjticanolBmix
for the different models, for a location at a drain and between two drains. The green dotted line indicates the position of the reference model.

(ECPT 32 in Figs. 7 and 9). The lateral variation of rainwa- higher than at the drains for the wet period. In the dry period,
ter lens thickness measured by the 1-D technigleg(and  when heads dropped below drain level, the heads were equal.
Bmix, see Fig. 9) and CVES (see Figs. 9 and 10e) is well re- The sensitivity of 19 model input parameters (Table 2) was
produced by the numerical model (Fig. 10d). The measuredested for the lens characteristics; the centre dépth, the
chloride profiles, both absolute concentrations and the posibottom Bnix and the half-widthWpx of the mixing zone.

tion and width of the mixing zone, showed good agreementrigure 12 shows the results for the model parameters with an
with the modelled profiles (Fig. 10c). To summarize, the cur-effect larger than 0.1 m on one of these lens characteristics
rent fresh and saline groundwater system could be simulatedompared with the reference model. Bgix, Bmix andWpnix

well with the 3-D numerical model. did not fluctuate much through the whole period (annual am-
plitude about 0.1 m), we presented average values in Fig. 12.
4.2.3 Results of 2-D-model The effects onDmix and Bmix were more evident between

the drains than at the drains. The parameters seepag@{lux
d (Fig. 12a), precipitation surplus P-ET (Fig. 12b) and drainage

The findings of the 3-D-model (parameterization an X _ _
schematization) were used to construct the conceptual 2—D(—jepthh ar (Fig. 12d) had the largest effect dmix and Biix.

model for the seepage area. Figure 11 shows the results AJargerQs and smaller_P—ET led to amixing zone at shallower
the 2-D reference model. Upconing of saline groundwater epth. Drmix at the drains was always within 0.1 m of the ap-

at the drains was clearly visible, whereas the rainwater Iengl'ed drainage depthy;. The longitudinal dispersivity, was

reached a greater depth between the drains (Fig. 11laand b .bV'OUS|y the principal factor 1oWmix (Fig. 12k). The other

This corresponds with the measurements at site 26 (Fig. 8 arameters not presented in Fig. 12 (including the chloride

The chloride profile and freshwater head were plotted for aconcentratlon of the seepagesQirainage resistance of the

location between two drains, and at a drain (Fig. 11b—c). Thisdralns Qd“. dra‘”f”‘ge resistance of t.he ditch bottdRgitcn,
nd porosityn) did not significantly influence the lens (ef-

was done for the time step with the highest freshwater head o
0 P ¢ ects were smaller than 0.1 m). The results of the sensitivity

(wet period) and for one with the smallest freshwater heads . ) .
(dry period). The heads between the drains were significantl)?nalyS'S will be further discussed in Sects. 4.4, 4.5 and 4.6.
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ECPT measurements (for location see Fig. 14).
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Fig. 14. Estimated depttDpyix (average position of the mixing zone in m below ground level) derived from HEM inversion models. All
flight lines (black lines) and the location of the ECPTs (red circles, those shown in Figs. 7 and 13 are numbered) are plotted on top of the
depth map. The red dots indicate the position of the cross-section shown in Fig. 13.

4.3 Spatial variation of rainwater lens thickness: size of the HEM measurements (150 m) were projected to the
HEM results flight-line. Figure 7 shows a comparison of six ECPT sound-
ings and corresponding HEM models at site 11 (ECPT 31, 2,
The HEM data inverted to layered-earth resistivity-depth 32, 4) and close to the dune area (ECPT 12 and 13).
models reveal the spatial distribution of the electrical con- The analysis of the mixing zone derived from the de-
ductivity down to depths of about 20—30 m in the lowlands tailed TEC-probe and ECPT data showed that the depth of
and of more than 60 m in the dune area. Conductivity con-the centre of the mixing zoneDnix, is a consistent and
trast of fresh and saline groundwater dominated the invertegtasy to determine parameter to characterize the rainwater
HEM models rather than differences in lithology. 2-D cross- lens. We usednix to indicate the thickness of the rain-
sections were produced for all survey lines. As an examplewater lens which also includes the unsaturated zone. To de-
part of a west-east flight line is shown in Fig. 13 crossing therive Dpyix from the HEM data, we determined the depth of
agricultural field of site 11 and the sandy creek ridge. Thethe strongest vertical conductivity gradient within a resis-
results of the smooth multi-layer HEM models agreed verytivity range of 2—-52m. This was done for the 84 300 1-D
well with nearby ECPT measurements, which are plotted asesistivity-depth inversion models and interpolated to a 50 m
coloured columns in the cross-section. Only ECPTs hav-grid size map (Fig. 14) representii@x for the entire air-
ing a horizontal distance of less than the maximum footprintborne survey area. In a large part of the survey asd#@b)
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the mapped rainwater lens was thinner than 2m. Thicker
rain water lenses occurred in the eastern part of the survey e percentie / - bt

10
15

8

area Pmix =5-10mb.g.l.), close to site 11 and the adjacent
fossil sandy creekmix =8-20mb.g.l.) and, of course, in

10

the dune areal§mix > 20mb.g.l.). £° / g /\

The HEM-survey on the island of Schouwen-Duivenland  : _ / x \
made it possible to analyse the spatial variation of rain- © . s . L /°/\,‘\
water lenses by correlatingmix derived from the 84 300 ~ / o / e\ o
HEM-models, to geographically varying features. The thick- ;;:;§£:/°’° ., \;°°‘ : ggg/
ness of the rainwater len®)mix, is clearly related to sur- o s T
face elevation (Fig. 15a) and to seepage and infiltration 80 20 0 0005 | 2 4 0 1 2 3

surface elevation (m msl) infiltration (-) / seepage (+) (mm/d)

fluxes (Fig. 15b). Note that surface elevation and seep-

?ge/inﬁlt_ration flux are strongly correlateq; _SeePage occur§:ig. 15. Relation of Dyyix derived from 84 300 HEM-measurements
!n low-lying polders beI.OW sea level and infiltration occurs with (a) surface elevation (m m.s.l.) aild) infiltration and seepage

in dunes, sandy creek ridges and polder areas above sea levglx (mmd-1). The 25-, 50- and 75-percentile Bk,ix was deter-
(compare Fig. 2c with ). The HEM-results showed that rain-mined and plotted for different classes of surface elevation and flux
water lenses in low-lying seepage areas were, on averagégots represent middle of class).

2m thick (i.e. from ground level tdnx including unsat-

urated zone). The thinnest rainwater lenses were found iglient. When the groundwater level dropped, the FLTP moved
areas below-2 mm.s.l. There was a sharp increase in thick- to shallower depth and upward flow became more important.
ness when vertical flow changed from seepage to infiltrationDuring the dry season, when groundwater levels dropped be-
(Fig. 15b). This shows that vertical flow (seepage or infiltra- low the drains, there was only upward groundwater flow and
tion and fluxes) is the mechanism that controls the developthe FLTP was equal to the groundwater level. The temporal

ment of rainwater lenses. variation of FLTP was driven by groundwater level fluctua-
tions resulting from the daily variation of precipitation and
4.4 \Vertical flow tipping point evapotranspiration and intense drainage of groundwater.

The FLTP time series (one year of daily fluctuating FLTPS)
Both the freshwater head and salinity measurements atvere determined for all 76 sensitivity models, for which the
site 11 (Fig. 9) and the correlation dPyix with seep- parameters are listed in Table 2 as well as the correlation
age/infiltration flux (Fig. 15) show that rainwater lens thick- with the lens characteristid@®mix, Bmix andWnmix. For nearly
ness is mainly the result of the vertical head gradient andall sensitivity cases, the FLTP at the drains was situated at
vertical flow. To extend the understanding of the role of ver- drainage level during periods when groundwater levels were
tical flow on rainwater lens characteristics, we studied theabove drainage level. The depth of the centre of the mixing
vertical head and flux profiles of the 2-D-model results in zone, Dyix, at the drain was also situated at drainage level
more detail. Here we introduce the vertical flow tipping point in 90 % of the sensitivity cases. Althoudbmix was fixed
(FLTP), which is the depth below ground level where the at the drainsDnix between the drains was much more vari-
downward flow component meets the upward flow compo-able between the different sensitivity cases (see Fig. 12) and
nent. This point is best illustrated with a freshwater headother parameters than drainage levej{ played an impor-
depth profile at a drain, see Fig. 11c. Drainage of groundwatant role. For every sensitivity model, the average depth of
ter causes a dip of the hydraulic head at the drains, which rethe FLTP between the drains was determined from the FLTP-
sults in groundwater flow towards the drain from both abovetime series and plotted againBt,ix (Fig. 16a). The scatter
and below. As variable density flow is driven by both head plot shows thatDnx between the drains had a strong linear
gradients and density differences, we determined FLTP fromand positive correlation with the annual average position of
the calculated vertical fluxes directly rather than deriving it the FLTP between the drain®{=0.91). It is remarkable
from the calculated freshwater head gradients. Figure 11dhat the large variation of FLTP between the drains during
shows the daily FLTP for a period of 1yr for the reference the year resulted in a fairly steady depth gffo(maximum
model. At the drains, the FLTP was always at drainage levelannual amplitude =0.1 m). This can be explained by the fact
except in the periods when groundwater levels dropped bethat vertical flow velocities were very small (maximum of
low the drains. Then the vertical flow component was up-1.2 mmd1) compared to the change in position of the FLTP
wards for the entire saturated profile and the FLTP equalledannual amplitude =1.5m). Note that the upward or down-
the groundwater level. The FLTP between the drains wasvard movement of a water particle is not exactly vertical
much more variable with time than the FLTP at the drainsbecause its flow path is the result of both the vertical and
(Fig. 10d). The maximum depth of FLTP between the drainshorizontal flow components. The calculated horizontal flow
was 2.35m, which occurred when the groundwater level wasselocities were on average 1.7 times larger than the vertical
at its maximum and causing the largest downward head graflow velocities.
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° a o b the upper 2 m of the confining layer (Fig. 12i, parameigy.

° . ° When the low permeable layer was situated above the drains,
5. i ' s | drainage of groundwater was much more difficult, resulting
£ * g in higher groundwater levels, deeper FLTPs and thicker rain-
& - R £ - ., water lenses between the drains. A low permeable layer sit-

S . o *.e ¥ uated below the drains hinders the further downward flow

' ' .;iii between the drains, resulting in shallower FLTPs and thinner

. 1o “d? . rainwater lenses between the drains (Fig. 12i).

@ a0 a0 Lo oo @ a0 a0 Lo oo The large |mpact of drainage depth mix and Bmix was

annual average FLTP (m bg) FLTP.max (m bg) shown by our field measurements (Fig. 8) and model cal-

culations (Figs. 11 and 12dg,). At the drains, upconing

Fig. 16. Scatter diagrams of calculated vertical flow tipping points of_saline groundwater was observed.(Fig. 8) and calcglated
(FLTP) and lens characteristid3ny and By derived from the ~ (Fig. 11a) andDmix was fixed at drainage level. Besides
results of the different sensitivity models (see Table 2). The FLTP,the drainage depth, the magnitude of incoming fluxes, both
Dpnix, and By, are derived for a location between two drains. from above (recharge) and below (seepage), had a large im-
pact on lens characteristics (Fig. 12adk,and P-ET). More

The bottom of the mixing zon@mix between the drains "echarge led to higher groundwater levels and consequently
corresponded approximately with the maximum depth ofto deeper FLTPs and therefore to thicker rainwater lenses.
FLTP which is the maximum depth where downward flow Thinner Ignses are calculated with larger upward—seepage
occurred during a year (Fig. 16b). Below FLTP-max the ver- fluxes, which cause the FLTPs to move upwards. The domi-
tical flow direction is always upward and advective mixing nant role of recharge and upward-seepage makes the shallow
is not possible. Mixing below FLTP-max between the drains fainwater lenses very vulnerable to climate change and sea
can therefore only be the result of molecular diffusion. How- Vel rise. The Royal Netherlands Meteorological Institute
ever, at the drainsBmix was always below drainage depth (KNMI) formulated four different climate scenarios which
and in most cases even 0.5 to 1.0m deeper than FLTP-ma&'e equally likely to occur (van den Hurk et al., 2006). The
at the drains. AdditionallyBmix at the drains was corre- W climate scenario is the driest (2.5 % reduction of precip-
lated with Bmix between the drainsk?=0.46), which in-  itation and 7.5% increase of evapotranspiration) and has the
dicates that mixing below the drains occurred by upwardlargest expected sea level rise of 0.85m by the year 2100.
flow of groundwater that was infiltrated between the drains. /A S€2 level rise would cause an increase of the hydraulic

The results show that the constantly alternating upward andi€ad in the aquifers, which would result in an increase of
downward flow at low velocities in the confining layer indi- S€€page flux. However, this effect of sea level rise decreases

cated by the varying position of the FLTP is the main mech-"apidly with the distance from the Dutch coast as concluded
anism of mixing between rainwater and saline seepage anBY Oude Essink et al. (2010). Both sea level rise and a re-

determines the position and extent of the mixing zone. duction of the precipitation surplus may lead to thinner rain-
water lenses. Since drainage depth is another important fac-
4.5 Controlling factors: geohydrology, drainage, tor that determines rainwater lens thickness, adapting the tile
seepage flux and recharge drainage systems may effectively reduce the negative conse-

guences of climate change and sea level rise. Thus, a bet-
Our measurements show that the mixing of the upward flow-ter understanding of rainwater lenses could lead to practical
ing saline groundwater with infiltrating rainwater occurred measures for maintaining agriculture water storage systems.
in the confining top layer. This was caused by the perma-
nently higher freshwater heads in the upper aquifer com-4.6 Head-driven versus density-driven flow
pared to the lower part of the confining top layer. FLTP-
max was therefore always situated within the confining layerThe sensitivity analysis showed that the salinity of the
and consequently alsBmix. Given that lenses in seepage upward-seeping groundwater does not have a significant in-
areas develop within the confining layer, the heterogeneityfluence on lens characteristics. We varied the salinity of the
of the confining layer may have an additional effect on the seepage water between freshwater and seawater (Table 2) and
lens characteristics. The sequence of confining sedimentsffects onDpix, Bmix and Wnix were smaller than 0.1 m.
with different vertical hydraulic conductivities determines Therefore we suggest that density-driven flow is of minor
the freshwater head change with depth within the confin-importance and lens characteristics in the seepage areas are
ing layer. When these freshwater head gradients are largprincipally controlled by head gradients. Simmons (2005)
enough, they influence the FLTPs and thereftrgy and stated that even small concentration differences may lead
Bmix- The sensitivity analysis showed that a 0.2 m thick low to density-driven flow gradients equal to typical field-scale
permeable layer(, = 10-3 m d~1) within the confining layer  hydraulic gradients. Whether density-driven or head-driven
(ky =102 md~1) had a significantimpact when it was putin flow is the dominant process is dependent on a complex
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interplay between fluid and soil properties, and the competwas best characterized by the depth of its cefitzg,, and
ing demands of both free and forced convection and disperby the bottom of the mixing zon8nix, where the salinity
sion. Our proposition that head-driven flow dominates thewas equal to that of the seepage water. We were able to
rainwater lens development in areas with saline seepage iextrapolate these lens characteristics obtained by our point
supported by our different observations. Firstly, in seepaganeasurements to agricultural field scale using surface geo-
areas the hydraulic head in the upper aquifer was permaphysics (CVES, EM31), and even to a larger area (56)kah
nently higher than heads in the confining layer. This pre-regional scale using helicopter-borne electromagnetic mea-
vented the water from infiltrating to depths below the bot- surements (HEM). In the seepage areas, the centre of the
tom of the confining layer. Secondly, large head gradientsmixing zone Dmjx occurred at very shallow depth, on av-
typically developed in these shallow groundwater systemsgrage 1.5 to 2m below ground level, and the bott@gix,
strongly influenced by intensive drainage and daily changingoccurred no deeper than 5.5 m, always within the confining
recharge. The vertical freshwater head gradients are genelayer. Below this mixing zone, the salinity stayed relatively
ally much larger than the relative density difference that ac-constant until at least 25 m depth, with chloride concentra-
counts for the buoyancy effect and therefore dominates vertions of 10 to 16 gt*. Since the mixing zone occurs at shal-
tical flow. Besides the large head gradients, the temporalow depth and most rainwater lenses lack fresh groundwater,
variation of the FLTP played an important role. For depthsits position and width is of great importance for a sufficient
above Bnmix, the vertical flow direction changed throughout supply of freshwater for crop growth. Capillary rise of saline
the year. During downward flow, the density-driven flow groundwater is very likely to occur in the present situation,
strengthened the head-driven flow whereas during upwarghossibly causing damage to crops.
flow the density-driven flow opposed the head-driven flow. Head-driven vertical flow dominates the rainwater lens
The net effect of density-driven flow was diminished by this formation in areas with saline seepage in two ways at dif-
constantly changing vertical flow direction. ferent scales. A regionally driven upward groundwater flow
In contrast to the quick response of the intensively drainedfrom the upper aquifer into the confining layer prevents the
groundwater systems, there are the much slower respondainwater from infiltrating to depths below the bottom of the
ing groundwater systems where BGH-lenses develop; theseonfining layer. This explains the limited size of the lenses.
slower systems have large drainage distances and no upixing between rainwater and saline seepage water therefore
ward flow of saline water due to elevation like the dunes.always occurs within the confining layer driven by large ver-
The precipitation surplus is not drained but fully used for tical head gradients at a local scale. These head gradients in
the recharge of the groundwater system. Under a relativeljhe confining layer constantly change due to the interplay of
constant recharge regime, a gradual downward head gradispward seepage, variable recharge and drainage of ground-
ent causes the downward flow of rainwater to much greatewater resulting in alternating vertical flow directions. The
depths. In homogeneous aquifers, the vertical downwardconstantly alternating upward and downward flow at low ve-
flow is then only limited by the buoyancy force of the sur- locities in the confining layer is the main mechanism of mix-
rounding saline groundwater and its density determines len§ng and determines the position and dimensions of the lens.
thickness. These systems build up much larger lenses thawhether a water particle is flowing upward or downward is
the head-driven flow systems in the intensively drained seepindicated by the position of the vertical flow tipping point
age areas. This difference in the lens developing mecha(FLTP) which is the depth where the downward flow compo-
nisms explains the sudden increase in lens thickness showment meets the upward flow component. The annual average
in Fig. 15b when moving from a seepage situation to one ofposition of the FLTP determines the position of the centre of
infiltration. the mixing zoneDpix and the maximum depth of the FLTP
determines the bottom of mixing zoilg,x. Recharge, seep-
age flux, and drainage depth are the controlling factors. Un-
5 Conclusions like rainwater lenses in seepage areas, the vertical downward
flow of rainwater in the infiltration areas is only limited by
We determined the main characteristics and spatial variabilthe buoyancy force of the surrounding saline groundwater.
ity of shallow rainwater lenses in areas with saline seepagd his leads to much thicker rainwater lenses, varying from 5
and the mechanisms controlling them. Our findings are basetb 15 m thick lenses in the sandy creek ridges to 100 m thick
on different types of field measurements and detailed numerlenses in the dunes.
ical groundwater models applied in the south-western delta This study provides information on rainwater lens charac-
of the Netherlands. We observed a gradual mixing zone beteristics and formation mechanism for rain-fed coastal low-
tween infiltrating fresh rainwater and upward-flowing saline lands below sea level with upward saline seepage into a
groundwater. Detailed measurements at point scale (groundzonfining top layer and intense drainage of shallow ground-
water sampling, TEC-probe, ECPT) were needed to deterwater. In these deltaic areas, freshwater availability is of-
mine the precise form of the mixing zone and to fully charac- ten limited to shallow rainwater lenses which are vulnerable
terize the rainwater lenses. The smooth curved mixing zondo climate change and sea level rise. Our findings may
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help to formulate effective measures such as adapting tile as the dominant mechanism of salinization in deep polders, The

drainage systems to compensate the negative consequences\etherlands, J. Hydrol., 394, 494-506, 2010.

of these future threats. As density differences did not influ-de Louw, P. G. B., van der Velde, Y., and van der Zee, S. E. A. T.

ence lens formation in areas with saline seepage, our find- M- Quantifying water and salt fluxes in a lowland polder catch-

ings may also be applicable to fresh groundwater systems. Ment dominated by boil seepage: a probabilistic end-member

Rainwater lenses in brook valleys and wet meadows with MXInd approach, Hydrol. Earth Syst. Sci., 15, 2101-2117,
L doi:10.5194/hess-15-2101-2Q2011.

upward groundwater seepage may limit the development oI‘E

d d d h d gman, S., Leijnse, A, Raats, P. A. C., and van der Zee, S.E. A. T.
groundwater-dependent ecosystems. The great advantage o M.: Analysis of the thickness of a freshwater lens and of the tran-

studying rainwater lens formation in saline seepage areas gjtion zone between this lens and upwelling saline water, Adv.
arises from the large salinity contrast between rainwater and \water Resour., 34, 191-302, 2011.
groundwater, which is easy to measure, even by non-invasiveetter, C. W.: Position of the saline water interface beneath oceanic
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