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Abstract. A direct current (DC) resistivity and time domain 1 Introduction
induced polarization (TDIP) survey was undertaken at a de-

commissioned landfill site situated in Harlgkke, Denmark, pye to the expected climate changes, there is an increasing
for the purpose of mapping the waste deposits and to discrimpeed to develop hydrogeological models for predicting water
inate important geological units that control the hydrology of fiows in sensitive areas, such as former landfills. Indeed, it
the surrounding area. It is known that both waste deposits ang pelieved that groundwater fluctuations will become more
clay have clear signatures in TDIP data, making it possiblegxtreme in the years to come. As a consequence, it would af-
to enhance the resolution of geological structures comparegct the time pattern and the intensity of precipitation, yield-
to DC surveys alone. ing dry summers and more rainfall in the winter season in
Four DC/TDIP profiles were carried out crossing the land- horthern Europe (see some examples of scenarios in UK in
fill, and another seven profiles in the surroundings providejackson et al., 2011 and Hulme et al., 2002). At some places
a sufficiently dense coverage of the entire area. The whol§yhere aquifers are strongly influenced by surface water, this
dataset was inverted using a 1-D laterally constrained invergan lead to increased groundwater recharge and to a rising
sion scheme, recently implemented for TDIP data, in ordergroundwater table.
to use the entire decay curves for reconstructing the electrical |n penmark, many landfills operational between 1950 and
parameters of the soil in terms of the Cole-Cole polarization1g9gg were designed without any kind of capture system
model. underneath. More generally, landfills without impermeable
Results show that it is possible to resolve both the geomyayers such as clay or artificial liners (uncontrolled land-
etry of the buried waste body and key geological structuressjjis), |ocated on top of permeable sand, are very common
In particular, it was possible to find a silt/clay lens at depthjn penmark and worldwide. In the literature, some similar
that correlates with the flow direction of the pollution plume ¢3ses can be found (e.g. Christophersen et al., 2001), and
spreading out from the landfill and to map a shallow Sandygeneral descriptions provided by Kjeldsen et al. (1998a,b)
layer rich in clay that likely has a strong influence on the ang Christensen et al. (1993) reported a large number of
hydrology of the site. This interpretation of the geophysical groundwater contaminations caused by landfills with insuf-
findings was constrained by borehole data, in terms of geolficient leachate collection system or by old dumps with no
ogy and gamma ray logging. The results of this study are im-measures to prevent leachate from entering the groundwa-
portant for the impact of the resolved geological units on theter. poulsen et al. (2002) explained how significant efforts
hydrology of the area, making it possible to construct morepaye heen dedicated to the development of improved landfill
realistic scenarios of the variation of the pollution plume asdesigns towards membrane isolation systems for protecting
a function of the climate change. the landfill's surroundings. In case of percolation through the
waste, the predicted changes in winter rainfall will probably
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increase the risk of leaching of contaminants, which would,understanding of the engineering properties of the subsur-
in turn, increase the outwash of chemical components fronface relative to resistivity imaging alone. Recently, Auken et
landfills to nearby aquifers. Landfills without leachate col- al. (2011), Gazoty et al. (2011), and Leroux et al. (2010) have
lection systems thus provide a high risk to future ground-shown how the combined use of DC-TDIP could be success-
water quality due to changes in groundwater level. In thefully applied to landfill mapping and characterization, as it
light of these potential implications, it is important to have usually depicts the waste layer with a relatively high charge-
a fast, cheap and reliable technique, which is able to depicable unit.
the sub-surface at high resolution, both in landfill areas and This study aims at delineating and characterizing the de-
surroundings, and, if present, gain information on pollution commissioned Hgrlgkke landfill and the waste body with
patterns. Such a technique involves the capability of charachigh accuracy. It also shows how the joint application of DC
terizing waste deposits, but also the mapping and identificaresistivity, IP and gamma ray logging enables a lithological
tion of different geological units. description of the local area to be constructed and depicts
Two ground geophysical methods, direct current (DC) re-different geological layers with variable clay content at high
sistivity and time domain induced polarization (TDIP or resolution.
more commonly IP), have shown a good complementarity
in that respect. The electrical conductivity of porous rocks
varies with their water content, ion concentration, mobility 2 The Hgrlgkke area
and the volume and arrangement of the pores (Kirsch, 2006).
It increases with the conductivity of their pore fluids, as well In the CLIWAT project, a test site has been selected for the
as higher saturation degree and fractional pore space. Thetudy of a typical Danish landfill and the surrounding geol-
surface conductivity becomes important for materials with ogy by geophysical methods, as input to improve the knowl-
very large inner rock surfaces, such as clays (Kruschwitz anédge for further modelling studies of hydrogeology and cli-
Yaramanci, 2004). The specific electrical behaviour of claymate change scenarios. The area of interest is a decommis-
is usually explained by the presence of an external layer okioned landfill, active from 1968 to 1978. It is located in the
cations in the so-called electrical double layer (EDL, see Rewicinity of Vojens, in southern Denmark (Fig. 1a), and cov-
vil and Glover, 1997 and Revil and Leroy, 2004) at the sur-ers an approximate area of 10 008.rithe total amount of
face of clay particles (platelets). The cations can easily movavaste deposited is estimated to be 65080(@edersen et
tangentially to the surface, and the resulting surface conducal., 2009), mainly consisting of domestic waste and sludge
tivity contributes, together with the water volume conductiv- from the Vojens wastewater treatment plant. Because the site
ity, to the total conductivity (Tabbagh and Cosenza, 2007).was uncontrolled from 1972, some chemical waste from a
Geophysical surveys have shown that the contribution of therefrigerator factory has also been dumped, but the amount
surface conductivity associated with clay minerals is oftenremains unclear. The landfill was established without any
the dominant term in vadose and phreatic zones charactekind of membrane, leachate capture or isolation systems.
ized by low mineralized waters (Worthington, 1982). All waste was dumped on the original terrain, yielding a
The induced polarization method has been used increadhillock approximately 15m high. A number of deep bore-
ingly in environmental investigations, because IP measureholes present within and outside the landfill area allowed
ments are very sensitive to the low frequency capacitive propthe collection of water samples up to 60—70m depth. These
erties of rocks and soils (Chen et al., 2008). These propersamples revealed a contamination plume as a consequence
ties are associated with diffusion-controlled polarization pro-of percolation through the landfill. The contamination has
cesses that occur at the mineral-fluid interface (Slater andbeen detected below the landfill itself, and extending 500 m
Lesmes, 2002). The IP phenomenon is often observed in mewest as a deep contamination plume (50-60m depth). At
dia with electrical resistivities typically lying between 50 and the landfill, the contamination is mainly composed of hydro-
1002m (the most common values for soils; see Michot et carbons, iron and inorganic compounds, as well as a small
al., 2003) and containing a significant but non-dominant clayamount of percolating chlorinated compounds. Within the
phase (Tabbagh et al., 2009). Usually, DC resistivity and IPplume, the contamination is composed of a high concentra-
are used jointly in order to discriminate between materialstion of volatile chlorinated compounds and inorganic param-
displaying a comparable signature in resistivity (e.g. brackisheters (potassium, sodium, calcium, chloride, etc.). The con-
water and clay). Slater and Glaser (2003) showed from the reeentration of chlorinated compounds is shown in an east-west
sults of crosshole electrical imaging performed on sandy sedeross-section in Fig. 2, after Sgnderjyllands Amt (2007) and
iments that high-resolution IP measurements might be useéedersen (2011). Note that the elevation in the figures refers
for a lithological description, allowing a differentiation be- to metres above the sea level (ma.s.l.).
tween silt/clay and sands of different grain size. Kemna et The Harlgkke landfill is located on a small outwash plain
al. (2004) used the IP method in crosshole surveys in order tan a topographic low. The general geology consists of gravel
make a lithological characterization and to detect hydrocar-and sand deposits, with local interbedded moraine clay layers
bons. They also show how IP can significantly improve the(Fig. 3). At the landfill itself, the top layer consists of a 2-3m
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Fig. 1. The survey areda) Location of Vojens in the southern part of DenmdiX. IP/DC sections (yellow dots) performed at the Harlgkke
landfill (yellow area). The red dots point out the boreholes; the white dots refer to gamma log locations, and the dashed line fits the geological

cross-section. The location of the watershed is about 1.5 km east of the map. Copyrig@t Cowi
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Fig. 2. Cross-section of the contaminated plume. Concentration levels refer to the total sum of chlorinated compounds. Dashed lines show
the locations where the profiles cross the plume and the different numbers refer to deep boreholes (Fig. 1). Modified from Pedersen (2011).

thick clay filling layer, which covers the approximately 6— means there is no risk for the drinking water with the current
8 m thick waste layer. location. However, climate change could involve the shift of

From a hydrological point of view, the sequence of sandthe watershed further east, so that the contamination from
layers (see Fig. 3) constitutes a regional aquifer below thehe Harlgkke area might influence the water capture zone of
landfill. The aquifer thickness reaches 100 m in some placesthe Vojens waterworks. In terms of water management con-
and the water level is shallow, within 2-3 m depth. The areatext, because drinking water in Denmark is entirely based
around the landfill has been pointed out as a special drinkingon groundwater, the Harlgkke case is quite typical, as many
water and extraction area for Vojens waterworks (Pedersen dandfills are located in areas where the groundwater is used
al., 2009). The landfill lies just west of the watershed, which for water supply (see Christensen et al., 2001).
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W E primary voltage Vpc, is measured for the computation of the
< landiill DC resistivity just before the current is turned off.

When the current is turned off, the voltage drops to a sec-
o ondary level,Vs, and then decays with time during the re-
laxation period. This decay curve is the target of the time
domain IP method, because it is characteristic of the medium
in terms of initial magnitude, slope and relaxation time. The
signal Vip along the decay is usually integrated ouetime
windows, or gates, for the computation of the chargeability
M, which is expressed as following (Sl 1996; Slater and
Lesmes, 2002):

o
L=

Elevation (m)

20

fit1

1
Vip dt

M= —— -
" Vpc- [tiv1 — 1]

i

where Vpc [V] is the potential used for calculating the DC
resistivity, Vip is the intrinsic or secondary potential [mV],
andy; and {4 are the open and close times [s] for the gate
over which the signal is integrated.

3.2 Inversion scheme for DC-IP data

The inversion scheme used in this study enables the spec-
tral content of the chargeability phenomenon to be extracted
from time domain measurements. This spectral information

'80_IIIIIIIIIIIIIII

0 100 200 300 200 is contained in the time decays, and its description is obtained

Vertical exaggeration=5 using the Cole-Cole model (Pelton et al., 1978). The Cole-
Cole model includes the DC resistivitp) and parameters

Ml clayl Hll sansigravel describing the frequency dependeney 1 and Mo; see the

B pre-quatemarysand  [Jl} pre:quatemary sand section below for further explanation). For each profile the

I pre-quatemary clay whole dataset was inverted following Fiandaca et al. (2012),

Fig. 3. Simplified geological cross-section (see location in Fig. 1). where the time domain forward response 1s computed via
The glacial sands (shallow dark blue layer) host a regional aquifer.a Hankel trapsform of th_e freq_uen_cy dor_nam resp_onse for a
Modified from Pedersen et al. (2009). layered medium. Then, inversion is carried out with a 1-D-
LCl implementation (Auken et al., 2005) to retrieve the four
Cole-Cole parameters for each layer. In the 1-D-LCI inver-
This is why, and in our case particularly, an initial hydro- sion algorithm, the model is composed of a set of laterally
geophysical characterization investigation is needed, as inpugonstrained 1-D models aligned along a profile (Auken et
to constrain the geological models and predict the differental., 2005). In practice, the LCI algorithm works by dividing
likely scenarios with the highest accuracy. a profile into several individual 1-D models, with one dataset
for each model. The model parameters of layers are tied to-
gether laterally by claiming identity between neighbouring
3 Materials and methods parameters within a specified variance (Auken et al., 2002),

as illustrated schematically in Fig. 5.
3.1 DCandTDIP

3.3 The Cole-Cole model
The TDIP method measures the voltage decay induced by

the turn-off of an exciting current pulse (see Fig. 4) and usedNumerous models exist for describing the complex resistiv-
the characteristics of the decay to study the induced polarity response of rocks and soils. These models can be classi-
ization of the sail, also known as chargeability. The equip-fied into two: (1) the microscopic models that explain from a
ment used in the field is the same as used for DC measureshemical and physical point of view the phenomenon, for in-
ments, and thus the set-up consists of potential and currergstance the so-called electrical double layer model (e.g. Leroy
electrodes equally distributed along a profile. Immediatelyet al., 2008), or the throat models (e.g. Titov et al., 2002), and
after the current is turned on, an induced poteniiglraises  (2) the empirical models, among which the Cole-Cole model
across the potential electrodes. After a charge-up effect, théCole and Cole, 1941), the Davidson-Cole model (Davidson
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Fig. 4. Basic principles of time domain IP acquisition. The figure shows a sketch of the exciting current and the resulting voltage.

Model n Model n+1 and Zhang (1998) showed thafy and r depend on the
Model n-1 guantity of polarizable elements and their size, respectively,
whereas: depends on the size distribution of the polarizable
elements (Vanhala, 1997; Luo and Zhang, 1998).

Layer 1
pMOTC\
Layer2 « « —

3.4 Borehole gamma ray logging

Since 1990, more than 25 boreholes with a depth of about
Layer 85m have been established near the landfill site (Fig. 1) by
reverse air rotary drilling for the collection of water samples
and for providing a thorough lithological description. Geo-
physical logging (natural gamma, induction, resistivity) has
been performed in half of the boreholes before casing. Each
)borehole was equipped with 4—6 screens over the depth from

approximately 10 to 80 m below surface.

The gamma ray logging (hereafter referred to as gamma
and Cole, 1950) and the constant-phase-angle (CPA) modéPg) measures the natural gamma radiation emanating from
(e.g. Van Voorhis et al., 1973) are examples. The Cole-Colea formation. The major natural radioelements that contribute
model is the most popular for field application, and it is to the measured gamma radiation are thorium, uranium and
used by Pelton et al. (1978) to describe complex resistivitypotassium (e.g. Adams and Gasparini, 1970). Although there
in a wide range of soil types. In the time domain, Pelton etis no fixed rule regarding the amount of radioactivity for
al. (1978) showed that the intrinsic chargeability curves fora given rock, shales, clays and marls are generally several
Cole-Cole models in homogeneous media can be describedimes more radioactive than clean sands, sandstones, lime-

Fig. 5. Laterally constrained inversion (LCI) model set-up. The ar-
rows represent the lateral constraints. From Fiandaca et al. (2012

by stones and dolomites. The gamma log is extremely useful,
especially to discriminate among the different lithologies be-

-1” (—) cause of its high vertical resolution. Clays are usually suffi-

M(t) = Mo Z I'(1+ no ciently high in radioactivity, because their cation exchange

capacity (CEC) allows adsorbing uranium and thorium. As a
wherer [s], ¢ [dimensionless] and/ [mV/V] are the Cole- ~ consequence, they can generally be easily distinguished from
Cole decay parametersfy is the magnitude of the charge- the other rock formations on a gamma log.
ability taken atr =0; 7 is a time constant that characterizes ~ Such type of borehole information is extremely useful to
the decay, and is a constant that controls the frequency de- validate the results from surface measurements. In this Study,
pendence and is bounded between the values of 0.0 and 1.p0rehole descriptions were superimposed to the 2-D sections
T is the gamma function. In terms of physical properties, to check the consistency of the results, but no a priori infor-
My describes the magnitude of the polarization effect, andMation was integrated to the inversion.

7 the relaxation time, indicating, in the frequency domain,
the position of the phase peak. Pelton et al. (1978) and Luo
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Fig. 6. Inverted sections in chargeability crossing the landfill with superimposed boreholes. The landfill is located within the arrows. High
chargeability is coloured red.

4 The survey 5 Results

The area was investigated with the collection of 11 IP/DC s .
sections totalling 410 m, both on top of the landfill and in the >1Landfil mapping
surroundings, all with an electrode spacing of 5m (Fig. 1b). . . . .
The survey was performed using the gradient array (DahIinThe inversion res_ults. for the four sections crossing the land-
and Zhou, 2006), which was implemented on a SYSCAL-Prof'" are presented in F|'g. 6. Begause of the relevance of the pa-
instrument (Iris Instruments). The on- and off-time lengths rameterMo for_deplctlng Iandf_lll areas, as shown by Auken
for the time decay measurements were set to 4s. The dafal al. (2011)’_ it was chosen in th|_s _sectlon to s_how the re-
were acquired using logarithmically spaced gates (Effersa e§ults from _thls parameter on_ly. W|t_h|n the landfill area, the
al., 1999) with approximately eight gates per decade, with chargeab|I|ty_ model can pe d|V|_ded into three !gyers. The first
total of 20 gates. Four sections have been performed on th yer onjtip is 3 to 5m thick, with a chargeability of roughly
landfill itself, all exceeding the landfill boundaries in order 10 mV_V ) Underneath, the se_(_:onq layer of 5-20m thick-
to cover both areas of low signal and expected high signal"€SS displays a high chargeability signal up to 500 mv.v
Six other profiles are located either at the edge of the landfillThe th'rd, _deep layer in thel model has a rath.‘?r unnform
or within the contaminated area, and one profile was set yFargeability of 10-30mVV". These chargeability units
outside the contaminated area to infer whether any differentc'hOW a 909‘3 .agreement W'th the bo'reholes. T.h € first layer
signature in IP/DC could be detected. of 10 m\(V in the topsoil agrees with a clay filling Iaye.r'
present in the boreholes. The third layer in the chargeability

model more likely fits a sand layer (again, the top bound-
aries of the geological units and the model are completely
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Chargeability (mV/V) Chargeability (mV/V) Figure 8 shows gathered 2-D sectionsMfy crossing and
+ P1 * P11 x P15 . P16 bounding the landfill. It shows a good agreement between

crossing profiles, as well as a strong contrastMp be-
Fig. 7. Exttr:aﬁteddmoiils frtom th‘f* i”:’e?hedlsurft‘?‘ce mefﬁ”reme”ﬁween the dump site and the close surrounding area (around
crossing the fandfifl. The stars refer to the locations on the map Mg times higher). In order to quantify the extent of the waste
f':rfﬁwl;;r(:f)iIcle-lemloldg]Sdfrlc;m profiles 1, 11 and 1fh) 1-D models layer, an isovolume rendering of chargeability encompassed
’ ’ between 100-500 mV W was added to the sections by fol-
lowing the method in Pryet et al. (2011), who developed a
3-D gridding for 1-D resistivity models. The range of charge-

consistent between each other), which is responsible for th&Pility was chosen, because this is the signal level character-
low chargeability signal from 20 to 50 mV\* only. The  izing the waste body (as seen in Fig. 7). The isovolume with
high chargeable unit in between, of several hundreds ofligh chargeability is 50 00O #rlarge, which is in the same
mV V~1 at 5-10 m depth, is laterally bounded within the an- ange of the a priori knowledge of the waste dumped in the
ticipated landfill. Its depth and thickness reasonably fit thelandfill (65 000 nt, after Pedersen et al., 2009).
waste body revealed by the boreholes. Although inverted sep-
arately and independently (without any spatial constraints)5.2  Soil type discrimination
the information content provided by the four inverted sec-
tions is very consistent between each other. Note that the highiVe have seen in the previous section that the induced polar-
chargeable features on either side of the landfill, going downization method is able to map and characterize the landfill.
to depth, are most likely due to some topographic effects, asSeveral profiles were performed in addition outside the land-
explained by Fox et al. (1980), and are therefore of no conHill area in order to improve the geological description and
sequence to the interpretation in this study. clarify the presence of some specific patterns such as poten-
Figure 7 shows 1-D models in chargeabilitfp, from tial clay lenses, both in the shallow and deeper parts. Indeed,
the inverted profiles P1, P11, P15 and P16, at two locationdrom Fig. 3 it appears that some clay layers are expected at
where they roughly cross each other (cf. stars in Fig. 1b).50—-60 m depth, but the exact location in terms of depth and
At each intersection, there is an acceptable match betweelateral extent remains unclear. It is, however, very important
the sections, in terms of depth, thickness and signal magnito gain knowledge of the geological description in order to
tude. A clear distinctive unit reaching 300-450mvVen-  improve the hydrogeological models and understand the flow
hances the waste layer at about 10 m depth. These resulfsttern of the pollution plume. Care was taken to place the
agree with Auken et al. (2011), Leroux et al. (2010) or Carl- profiles on top of boreholes where possible, in order to cor-
son et al. (2001), who report a high chargeable unit related taelate the information content provided by both methods. Re-
the waste bodies. sults from profile 4 are presented in Fig. 9 with superimposed
Because of the dense coverage of data across the landoreholes, with one section for each inversion parameter (
fill area and a good fit between all sections, it is possible Mg, ¢ andt). This profile is representative of the main re-
to map and characterize the former landfill boundaries withsistivity/chargeability features present in the other profiles
a high accuracy, both in terms of thickness and lateral extentcarried out in the landfill surroundings, and the geological

www.hydrol-earth-syst-sci.net/16/1793/2012/ Hydrol. Earth Syst. Sci., 16, 1794804 2012
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My, (c) T parameter(d) ¢ parameter.

interpretation of the geophysical inversions is presented inThe concordance of low resistivity/high chargeability with a

the next sections. high gamma log reinforces the presence of a clay layer. The
dense coverage in IP/DC enables to define the lateral extent
5.2.1 Creek aquitard of this lens, observed from profiles 6 to 16. Again, there is

a good match in resistivity and chargeability where the 2-D

In profile 4, within 120-200m from the north, a shallow sections cross each other (e.g. between profiles 4 and 11).
conductive lens of about @m is present at 5-10 m depth This clay layer underlies the Billund Creek, which runs just
(Fig. 9a). This lens is seen as a high chargeable layer oporth of the borders of the landfill, in the east-west direction.
80mV V-1 (Fig. 9b), and fits the clay-till layer (in orange) Thus, this layer is probably an aquitard, acting as a bed of

revealed by boreholes 151.1605, 151.1587 and 151.1477. W permeability along the aquifer.

slight vertical shift is observed between the chargeahility

and the clay lens present in boreholes, which can be easilp.2.2 Clay rich sandy layer

due to a difference of resolution of the inversion parame-

ters. Figure 10 shows a comparison between gamma log8 moderately chargeable anomaly of 50-100 mVAVis
performed in boreholes 151.1618, 151.1605, and 151.158resent in theMy section of profile 4 at 2040 m depth.
and 1-D models of resistivity and chargeability close to This anomaly cannot be explained by the geological descrip-
boreholes. Figure 10a shows a reasonable fit within 5-10 ntion of the boreholes, which reports the soil at this depth
depth, between the IP signal (high signal magnitude) and thenly in terms of sand. However, the signal level is present
gamma log, which displays a high peak signal of 40 cps. Inwith different extents in all the other profiles of the sur-
addition, Fig. 10b shows that a low resistive layer is presentvey. As a matter of fact, purely sandy soil usually does not
at this depth, which is anti-correlated with the gamma log.show high chargeability, and consequently, no high values

Hydrol. Earth Syst. Sci., 16, 17934804 2012 www.hydrol-earth-syst-sci.net/16/1793/2012/
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151.1618 151.1605 151.1587 west, except profile 7. Figure 11 shows a 3-D plot of the re-
sistivity models for all sections, with an isovolume in resis-
tivity lower than 1002m. This isovolume enhances a pattern,
which is near the surface in the vicinity of the landfill, dips to
the west and vanishes before profile 7. Overall, the shape of
this body has an extent of roughly 350 m and, at some places,
awidth of 120 m. The deeper part of this conductive anomaly
fits well with silt/clay content in boreholes as also shown in
Fig. 9.

Based on chlorinate compounds contained in boreholes, it
is known that a contamination plume is present in the area,

5 (MV/V) , (MV/V) M, (mV/V)

0 0 07
—20 -20 -20
-40 -40

—60 -60 -60
—-80 —80 —80

Depth (m)
|
N
o

0 1 2
10° 10" 10° 10° 10" 10° 10° 10" 10 i i et
Gamma log (cps) Gammallog (cps) Gamma log (cps) running west from the landfill because of the direction of the
water flow. The extent of the contamination plume is roughly
p (Qm) outlined in Fig. 11 with a purple line. The line joins the bore-
b) 1o1 10 103 10’ 10 10’ 10°  10° :
0 0 0 holes where no pollution was found and then represents the
external boundary of the pollution plume. The lateral extent
0 —20 20 of the conductive isovolume is entirely comprised inside the
E " 0 " boundary of the plume, as also shown in Fig. 11. Conse-
s h h guently the presence of the plume can be due to an under-
e 60 60 60 lying s_ilt/clay lens that lowers the hydraulic permeability in
the soil.
-80 80 -80

10° 10' 10° 10° 10" 10> 10° 10" 10°
Gamma log (cps) Gamma log (cps) Gamma log (cps) . i
6 Discussion

Fig. 10. Gamma logs (black) in comparison with 1-D inver-
sion models derived from surface measurements for Profile 4.The present study only focussed on results offfygparam-
(a) Chargeability MO.(b) Resistivity. The names of boreholes are eter, because it is the only one for which a straightforward
specified on the map Figure 1. correlation with the lithology, the waste content and bore-
hole information is possible. Indeed, indicates how po-
larizable the medium is, and whether there is a signature in
for My. Figure 10a shows, between 20 and 40 m depth, ahargeability or not. Several papers, however, show that the
high chargeable layer fitting a high gamma radiation for bore-normalized chargeability (i.e. the ratio between chargeabil-
holes 151.1605 and 151.1587. At this depth, Fig. 10b showsty and resistivity) is a better parameter for discriminating
a high resistive content contrary to the shallower part, whichlithotypes when compared with chargeability alone (Lesmes
is conductive. High gamma log and high chargeability usu-and Frye, 2001; Slater and Lesmes, 2002). Despite this we
ally indicate a significant clay content, but in this case thechose to not plot the inversion results in terms of normal-
resistivity method enables to discriminate a pure clay layer,jzed chargeability, but to show the parameters directly used
which is expected to be conductive (as observed shallowerin the inversion process. This is because, in this study, the
see paragraph above), and a clay rich sandy layer, which iparameteMq shows a better correlation with the gamma log
more resistive, as found between 20 and 40 m depth. Thisvhen compared to the normalized chargeability. In any case,
example demonstrates the complementarity of IP, DC resisFig. 9, for instance, presents all the information needed to
tivity and gamma log, as the joint application of these threederive the values of normalized chargeability by comparing
methods allows a detailed recognition of the different geo-the values of the inversion parameters. Contrary to Fig. 6, in

logical formations. Fig. 9 the inversion parametesst andc are shown for com-
pleteness. The parameteshows some general trends, such
5.2.3 Deepsilt/clay lens as a small magnitude within 50—200 m laterally, where the

stream is located, and an increase of magnitude with depth
Within 125-200 m from the north, profile 4 in Fig. 9b shows beyond 20 m. In Fig. 9d, high values of the parametét
a more conductive feature at depth, reaching the basis of thevell with the clay layer, as evident in boreholes 151.1605
section. This conductive bulk also can be observed in theand 151.1587. It is known from literature thatandc are
raw data. Considering a 400 m profile with 5m takeouts, therelevant parameters for providing significant information at
depth of the feature remains on the ability of the DC method.the pore scale. They can be linked somehow with hydroge-
This body can be considered as a true and reliable pattermlogical parameters such as hydraulic conductivity, but their
even though it is located at depth. In addition, a conductiveuse involves further modelling and analysis, which is beyond
deep anomaly is present in all the other profiles going to thehe scope of this study. In the present case, we do not have
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(Qm)
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Resistivity
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Fig. 11. Delineating the deep clay layer with the DC method: 3-D view of gathered resistivity sections with isovolume of resistivities lower
than 1002m. The anticipated extent of the plume is drawn in purple.

enough information to link the observed trendsrirand ¢
with petrophysical properties.

The quality of the inverted sections presented in this pa-
per can be attested by the perfect match between all infor-
mation provided by the 2-D sections wherever they cross
each other, even though each single section was inverted in
dividually, i.e. without any spatial constraints. More impor-
tantly, the borehole information also allowed the outputs of
the geophysical survey to be verified; the match between both

Billund

=—=" pquitard

is good, inside and outside the landfill. The boreholes were Clay-rich sandy 1aYe?
also essential for the interpretation of the geophysical results, & vo  GEIOU
mainly for the clay-rich sandy layer and the silt/clay lens at Clay lens

depth. In our experience, the new inversion scheme adopteau

for inverting the data also played a significant role in the suc-rig. 12. Qualitative model obtained from geophysical measure-

cess of the interpretation of TDIP data. The different geolog-ments for a section crossing the landfill from west to east (not at

ical units pointed out are then summarized in Fig. 12. scale).

The fact that geophysical results can provide a detailed

and reliable geological description is of primary importance

for modelling the effects of climate changes. In the frame-7 Conclusions

work of the CLIWAT project, the Harlgkke area was widely

investigated by different geophysical methods (Stavring etThe geophysical survey, together with the borehole informa-

al.,, 2011; Foged et al., 2009; Siemon et al., 2010). Air-tion, allowed the recognition and spatial delineation of sev-

borne EM data, together with drillings and surface mea-eral geological units important for the hydrology of the area.

surements like pulled array continuous electrical profiling In particular, it was possible to map three key structures that

(PACEP, see Sgrensen, 1996) and multiple electrode profilinfluence the water flow of the site: the clay layer just un-

ing (MEP), were used in order to provide a strong input for derneath the Billund Creek north of the landfill; a clay-rich

geological models, on the basis of which dynamic hydrogeo-sandy layer at a depth of 20—-40 m that likely exhibits a differ-

logical solute transport models have been run. It was showrent hydraulic conductivity when compared to the upper and

that the combination of geological/geophysical surveys, geofower clay-poor sandy soil; a silt/clay lens at depth, which

logical modelling and hydrogeological modelling was a pow- extends about 350 m west from the landfill and that likely

erful tool for the prediction of climate change effects on the supports the flow of pollution in a westerly direction. The

groundwater conditions (Stgvring et al., 2011). use of both DC and TDIP data, instead of DC measurements
alone, greatly enhanced the resolution power of the survey
not only for the landfill delineation, but also for the charac-
terization of the creek aquitard and for the recognition of the
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clay-rich sandy layer. In particular, this last finding is notice- Christensen, T. H., Kjeldsen, P., Albrechtsen, H.-J., Heron, G.,
able, because the DC data alone did not show any evidence of Nielsen, P. H., Bjerg, P. L., and Holm, P. E.: Attenuation of land-
the enriched clay content. These results are a good example fill leachate pollutants in aquifers, Crit. Rev. Env. Sci. Tec., 24,
of the potential of the IP method for hydrogeological studies 119-202,1993. . .

and in landfill delineation, but more care is necessary in thechristensen, T. H., Kjeldsen, P., Bjerg, P. L., Jensen, D. L., Chris-

. . oo . . tensen, J. B., Baun, A., Albrechtsen, H.-J., and Heron, G.:
field to obtain a good data quality in comparison with the Eeview: Biogeochemistry of landfill leachate plumes, Appl.

acquisition of DC data only. . . Geochem., 16, 659-718, 2001.

Th,e detailed 990'09!05" knowledge gqlned W'th th? geo'Christophersen, M., Kjeldsen, P., and Holst, H.: Lateral gas trans-
physical survey is particularly important in the investigated  ort in soil adjacent to an old landfill: factors governing emis-
area, where the presence of the landfill and the related pol- sjons and methane oxidation, Waste Manage. Res., 19, 595-612,
lution plume provide a high risk for the underlying aquifer.  doi:10.1177/0734242X010190061801.

More realistic scenarios of the variation of the outwash of Dahlin, T. and Zhou, B.: Multiple-gradient array measurements for
chemical components from landfills to nearby aquifers, as multichannel 2D resistivity imaging, Near Surf. Geophys., 4,
a consequence of the climate change and modification in 113-123(d0i:10.3997/1873-0604.2005032006.

the groundwater level, are available when incorporating sucHavidson, D. W. and Cole, R. H.: Dielectric relaxation in glycerine,

kinds of information in the hydrogeological modelling. J. Chem. Phys., 18, 141d0i:10.1063/1.1747498.950.
Effersg, F., Auken, E., and Sgrensen, K. l.: Inversion of band-

limited TEM responses, Geophys. Prospect., 47, 551-564, 1999.
Fiandaca, G., Auken, E., Christiansen, A. V., and Gazoty, A.: Full
decay forward response modeling and direct inversion for Cole-
Cole parameters, Geophysics, 77, 1-d&;10.1190/GEO2011-
0217.1 2012.
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