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Abstract: Spectral induced polarization (SIP) imaging is a promising tool for environmental studies. 
Application of this method for the near-surface investigations has previously been limited by 
incomplete understanding of the physicochemical controls on the IP response, with a lack of 
appropriate methods for data inversion. We aim to study the applicability of the 2D IP imaging for 
resolving the near-surface sediment heterogeneity, as well as the Quaternary aquifer at Schillerslage 
test-site in the north of Germany. An SIP survey was carried out along four profiles with dipole-dipole 
configuration using different electrode spacings. Multi-frequency data were recorded and inverted with 
a 2D smoothness constrained inversion to obtain the 2D images of conductivity magnitude, phase, real 
and imaginary parts of conductivity for each frequency. Displaying all these parameters is redundant, 
but reflects different subsurface characteristics. The 2D inversion results were correlated with the 
borehole information. The inverted 2D sections discriminate the soil, peat, saturated sand and the till 
layer. The peat and sandy aquifer can be recognized well from the phase images, while the till layers 
can be discriminated from the conductivity imaginary images. On the other hand, the conductivity 
magnitude and the real part of conductivity images show monotonous changes of conductivity with 
depth. However, the range of IP response observed in these sediments complicates the lithologic 
interpretation. Moreover, further laboratory work is needed to better understand the effects of micro-
geometry, as well as the physical and chemical processes controlling the observed IP. 
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INTRODUCTION 

 
 Geophysical exploration techniques have been increasingly used to infer the properties of the saturated and 
unsaturated zones. Besides the advantages of minimal disturbance to the subsurface, geophysical methods have a 
significant advantageous over the conventional hydrogeological measurements. They provide measurements 
over relatively large supported volume. Electromagnetic induction, direct current resistivity and ground 
penetrating radar have been widely used in the hydrogeological studies to infer lithologic boundaries and to help 
in the development of conceptual models of the subsurface geology. 
 The induced polarization (IP) method is an extension to the well-known geoelectric technique. The effect of 
IP was discovered at the beginning of the 20th century by Schlumberger brothers. However, it was not popular 
till the middle of the last century. The high polarization effect of the conductive minerals made it possible to use 
IP measurements for ore-exploration. On the other hand, non-metallic rocks show a polarization effect, 
relatively small, but still measurable with improving technology. So the IP measurements became more 
established in the last twenty years (Klitzsch, 2004). 
 The method of spectral induced polarization (SIP) measures the frequency-dependent complex electrical 
rock conductivity. Real and imaginary parts of the electrical conductivity are influenced in different ways by 
parameters describing pore space structure and fluid properties. SIP measurements yield both amplitude and 
phase spectra of electrical conductivity. Recent advances in the IP instrumentation and modeling algorithms, 
combined with a better understanding of the physical significance of IP response, encourage field-scale 
applications of the method (Kemna et al., 2012). 
 Environmental and engineering applications of the IP method have emerged from laboratory studies of 
measurable IP effects associated with non-metallic minerals (e.g. Börner et al., 1996). It is known that, the 
interface between a non-metallic mineral and a saturating fluid is polarized, as a result of redistribution of ions 
along the interface, following the propagation of electrical current. Upon current termination, ions relax back to 
the equilibrium, the resulting residual current flow being the source of the subsurface IP response. A strong IP 
effect is observed in sediments containing clays disseminated on the surface of larger grains. Hence, shaly 
sand/silty and shaly sandstone typically displays large IP effects (e.g., Klein and Sill; 1982; Sturrock et al. 1998; 
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Attwa et al., 2009; Attwa et al., 2011; Attwa, 2012). In contrast, compacted clays are usually associated with 
low IP effects, as the ohmic conduction dominates current flow. Small measurable IP effects are associated with 
clean sand and gravel (Vanhala, 1997). 
 In the present work, surface multi-channel SIP measurements were carried out to study the aquifer 
characterization of the sand/gravel aquifer at the hydrogeological test-site of Schillerslage, Germany. The role of 
SIP in discovering the lithologic heterogeneity was emphasized, as these are a fundamental to hydraulic 
conductivity estimation. Further, the IP response of peat layer intercalated within the sandy aquifer at this test-
site, was described. Although the measurements were carried out over a broad frequency range (i.e. SIP), our 
interpretation was restricted to single low frequency data, to avoid the induction effects at high frequencies.  
   
Local Geology: 
 The Schillerslage test-site (52o 29` 45`` N, 9o 58` 10`` E) is located 20 km northeast of Hannover in the 
north German plain (Fig.1). The test-site was chosen by Leibniz Institute for Applied Geophysics (LIAG) to 
assess the different novel geophysical methods. The actual test-site includes 3.5 ha, partly forested, but mostly 
grassland. Several boreholes were drilled to get cores and soil samples.  
 The area is characterized by para- and preglacial unconsolidated sediments (Jordan, 1975). The new test site 
of Schillerslage shows a typical geological structure for the North-Germany Quaternary sediment basin: two 
sandy aquifers, separated by a fine-grained till layer, are overlying Cretaceous marl (Fig.1). The upper aquifer, 
down to a depth of 12 to 13 m, consists of medium to partly coarse sands with interbedded thin peat layers. The 
aquiclude till layer with high clay content is of about 12 to 16 m deep and varies also in thickness. The lower 
aquifer of 5 m thickness consists of slightly limy medium grey sand and it is overlying the Cretaceous marl. 
 

 
 
Fig. 1: (top) Schillerslage test-site (Hannover) and (bottom) location of the measurements and local geology 

according a borehole. A1-A4 are 2D SIP profile numbers. 
 
Method and Survey: 
 Spectral induced polarization (SIP), also called complex resistivity (Lange and Jacobs, 2005), is an 
impedance-spectroscopy method to determine the polarization characteristics of soils and rocks. The principles 
of the method are based on the change of electro-chemical and electronic conductivity caused by variations of 
mobility of the ions in the electrolyte in the pore spaces of the rocks and therefore also in soil (Seidel and Lange, 
2005).  
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 In the SIP method, the electric resistivity and phase angle are measured over a wide range of frequencies 
(typically from 0.625 Hz to 10 kHz). Several authors described the correlation between the frequency spectra 
and the petrophysical parameters; such as grain size, pore size and tortuosity (e.g. Hördt et al., 2009). Recent 
reviews of the method, including a brief discussion of the underlying mechanisms are given by Slater and 
Lesmes (2002), Kemna et al. (2004), Revil and Florsch, 2010 and Weller et al., 2010, and references therein. In 
the SIP method, the fundamental quantities of interest are the electrical conductivity magnitude |σ(ω)| and phase 
φ(ω) (or the equivalent real and imaginary parts of conductivity) of complex conductivity as a function of 
frequency as: 
 
|σ(ω)|= ((σ΄)2+(σ΄΄)2)0.5                                                                                    (1) 
 
σ΄= |σ(ω)|cosφ  and  σ΄΄= |σ(ω)|sinφ                                                     (2) 
 
where: ω is the angular frequency and σ΄ and σ΄΄ are the real and imaginary parts of the electrical conductivity, 
respectively.  
 Spectral induced polarization measurements were carried out along four 2D profiles (Fig.1, bottom). Three 
of the profiles (A1, A2 and A4) are crossing the location of the drilled borehole. These data were recorded with 
a broad frequency range, from 0.625 Hz to 10 kHz. The 2D profiles were measured using 36 electrodes with 
different electrode spacings to obtain different subsurface geological information, and to characterize the 
heterogeneity and subsurface sandy aquifers. To minimize the induction effects (Hördt et al., 2007), the dipole-
dipole configuration was used to acquire the 2D IP data. The A1 profile was measured using 2 m electrode 
spacing. Electrode spacings of 4 m, 5 m and 7 m were used to acquire the 2D data across the A3, A2 and A4 
profiles, respectively (Fig.1, bottom). Profiles A1 and A3 are crossing at a borehole with known lithology, to 
control the inversion procedures of the IP data. 
 
Data Recording and 2D Inversion: 
 In the present survey, the multichannel equipment SIP256C (Fig. 2) by Radic Research (Radic et al., 1998 
and Radic, 2004) was used to collect the data along the four profiles. In this system, each steel electrode is 
connected to a remote unit, which registered the voltage and current measurements, digitized the data and 
transferred them to a controlling PC through a fiber optics cable, to avoid the interference of the current supply 
cables with the voltage dipoles. Acquisition of the very low frequency data is limited by the data acquisition 
time. For one profile, it is several hours (more than 2 hours) and can easily become excessive, if even lower 
frequencies (< 0.625 Hz) are required, even though the system efficiently measures the voltages at all receiver 
channels simultaneously. 
 

 
 
Fig. 2: The multichannel SIP equipment by Radic Research (Radic 2004) in operation at a Schillerslage test site 

in North Germany. 
 
 For the SIP data, inspection of the complex resistivity data is required to select the best frequencies for the 
2D inversion process. To detect the EM coupling effect, the measured SIP data were plotted vs. frequencies for 
different dipole lengths. Figure 3 shows a sample of a SIP measured data set that, displayed as φa (bottom) vs. 
frequencies, using 2 m dipole length with different dipole distances. The φa values are almost constant over a 



Aust. J. Basic & Appl. Sci., 6(9): 693-701, 2012 

696 
 

limited range of frequencies up to 10 Hz and show capacitive coupling at higher frequencies (> 10 Hz). The 
capacitance is created by wires, chassis, and other, metal components of electronic equipment and field wires. 
Attempts have been made to remove the capacitive coupling from the data (e.g., Xiang et al., 2002 and Radic, 
2004), but here we used data in the range below 10 Hz, where the data were not significantly affected.  
 Data processing and inversion were carried out using DC2DInvRes software (Günther, 2004). This software 
uses finite difference forward modeling to calculate the apparent resistivity values and the non-linear least-
square optimization technique is used for inversion routine (deGroot-Hedlin and Constable, 1990 and Loke and 
Barker, 1996). A Gauss-Newton algorithm, using smoothness constraint with fixed regularization, was chosen 
for the 2D inversion. The 2D inversion algorithm was implemented for a global regularization scheme, using a 
first-order smoothness constraint (Günther, 2004). As introduced by Constable et al. (1987), different weights 
were used for horizontal and vertical model boundaries; such that: ax= λ and az= λwz. The regularization 
parameter (λ) is a weight for the model smoothness constrains against the data misfit. A small value of λ (or wz) 
will produce a highly structured model with huge parameter contrasts, explaining the data well, whereas a big 
value will not be able to fit the data, but provides a smooth model. 
 

 
 
Fig. 3: Phase vs. frequency of dipole-dipole array, 2 m in length with different dipole distances. 
 
 To avoid the distortion by the coupling effect, only low frequency data were used in the inversion process. 
The 2D processing included the rejection of bad quality data points from the measured data, i.e. for which the 
stacking error was above 1%.  In addition, in absence of reciprocal data, 3% error was added to the stacking 
error to account for systematic error components. In the IP inversion process, first the DC potentials are inverted 
to recover a background resistivity magnitude and then the distribution of phase can be found by linearizing the 
IP data equation and solving a linear inverse problem (Beard et al., 1996 and Kemna, 2000). After each 
iteration, an improved resistivity estimate is sought and eventually the procedure stops until certain convergence 
criteria are met. 
 Figure 4 shows an example of a processed complex resistivity data set (1091points) along profile A1 (Fig. 
1) at 0.625 Hz in the form of apparent resistivity sections (left) and histograms (right); note that the A1 profile 
length is related to the A4 profile (see Fig.1). In this data set, it was observed that, for larger dipole distances, the 
measured phase values were higher than the surrounding points, which can be attributed to the EM coupling. It 
is clear that, the pseudo-sections do not exhibit a clear layering, but show variations in the and φa values. In 
general, the inversion process is able to simulate the measured data. In addition, because of using an 
asymmetrical dipole-dipole configuration, i.e., unequal dipole length, the values of dipole length a cannot be 
written on the z-axis of either and φa pseudo sections (Fig. 4, top and bottom, respectively).  
 
Results:  
 Figure 5 shows the results of the electrical resistivity tomography (ERT) survey of the profile A1 (Fig. 1, 
bottom). The inspection of SIP inverted data in comparison with the borehole information indicates that IP 
response can be presented using the low frequency (e.g., 0.625 Hz) IP data to avoid the EM coupling effect. The 
inversion results of 0.625 Hz were enlarged and presented in the form of conductivity magnitude |σ|, the 
conductivity real part σʹ , the phase  and the conductivity imaginary part σʹʹ . Both the phase and magnitude 
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parameters are independent. On the other hand, both the real and imaginary parameters are equal to the 
multiplication of the independent parameters |σ| and . The images coincide well with the available borehole 
data. For the 2D inversion, the regularization anisotropy was set to wz= az/ax= 0.01, in order to achieve 
predominantly layered structures. A good agreement can be observed between the borehole data and the phase 
inversion results.   
 

 
 
Fig. 4: Top: (left) phase pseudosection and (right) histogram at 0.625 Hz. Bottom: (left) measured apparent 

resistivity section and (right) histogram at 0.625 Hz. 
 
 In general, |σ| and σ` are directly proportional to the electrolytic conduction in connected pore spaces by 
ionic migration. Therefore, the conductivity magnitude images (Fig. 5a) and the real conductivity images (Fig. 
5b) show the same features of an upper low conductive layer (< 0.0063 S/m), with 11 m maximum thickness, 
corresponding to the upper sandy aquifer. The discrimination between the heterogeneities of thin layers within 
the upper sandy aquifer cannot be achieved from the |σ| and σ` images. The sandy aquifer overlies a high 
conductivity layer (~0.015 S/m), that corresponds to till layer.  
 The phase images (Fig. 5c) show additional geologic information within the unconsolidated deposits. The 
phase image shows an upper layer of low phase values, corresponding to the near surface sandy layer. This layer 
overlies a moderate phases (~ 9 mrad), which corresponds to the peat layer. At ~ 1.87 m depth, a third low phase 
layer can be observed, which corresponds to the upper sandy aquifer. At about 13 m depth, there is a sharp 
boundary between low (< 4 mrad) and high phase values (> 13 mrad), which corresponds to the boundary 
between the lower sandy aquifer and the till layer. The upper sandy aquifer, of low phase values, coincidences 
with the borehole data. 
 The discrimination between the fine sediments and/or clay and the sandy layer can be even better imaged 
and characterized by the imaginary part (Fig. 5d), which is a combination of the magnitude and phase data, but it 
is dominated by the conductivity magnitude values. A shallow medium conductivity layer can be observed at 
~1.2 m (Fig. 5d), corresponding to the peat occurrence. The images of imaginary part show a highly conductive 
layer at ~12 m. It corresponds to the till layer and clay. It is clear that the imaginary conductivity image 
introduces new information about the lithologic heterogeneity within the Quaternary unconsolidated sediments 
compared to the real conductivity image.  
 The study of both the sensitivity analysis and the inversion results of IP data are redundant to evaluate the 
accuracy of the interpretation. According to Günther (2004), the zones of higher coverage values indicate that, 
the reliable parts of the model as derived from the inverted data. Consequently, the maximum depth of sensitive 
area is about 17 m (Fig. 5e) and beyond this depth, the data will lose the capability to resolve the heterogeneity 
between sedimentary layers. Accordingly, the heterogeneity within the upper aquifer can be well recognized 
(Fig. 5e). 
 The inversion results of the other 2D profiles (A2 to A4) showed no great differences to A1, except for 
penetration depth. To avoid the repetition of the 2D models interpretation, the models are shown in the form of 
3D fence diagrams (Figs. 6). Similar to the A1 profile, we choose the 0.625 Hz data for presentation and further 
discussion, using the same regularization parameter of the z-weight (wz). 
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Fig. 5: Conductivity magnitude (a), real part of conductivity (b), phase shift (c), imaginary part of conductivity 

(d) and coverage section (e) of profile A1 in the 2D image plane as determined by complex resistivity 
inversion at 0.625 Hz. The A1 profile length is related to the A4 profile (see Fig.1). 
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Fig. 6: 3D fence diagram of ERT in the form of Conductivity magnitude (a), phase shift (b) and imaginary part 

of conductivity (c) at 0.625 Hz. A2, A3 and A4 are the 2D profile numbers, for location see Fig. 1. 
 
 Figure 6 reflects that, displaying all the three parameters, i.e. conductivity magnitude, phase and imaginary 
part of the conductivity, is redundant. The fence diagram indicates that, below the resistive soil, the conductivity 
magnitude (Fig. 6a) monotonically increases with depth. The conductivity phase (Fig. 6b) behaves differently, 
showing a thin layer with high values roughly at 4 m depth, embedded between a zone of medium phase shift, 
which overlies a very low phase shift layer, corresponding to the upper sandy aquifer. At about 12 m depth, a 
very high phase shift layer can be observed, which corresponds to the till layer. Its thickness is about 7 m, except 
for the eastern part of the area (i.e. A4, see Fig. 1), where it cannot detect its thickness. This can be attributed to 
the low data coverage at the eastern part of profile A4, which was caused by using the asymmetrical dipole-
dipole array and rejecting the bad quality data points. This layer overlies a medium to low phase shift layer.  
 
Discussion: 
 The previous work has shown the phase and imaginary conductivity images may reflect different subsurface 
characteristics and thus looking at both of them can be instructive (Kemna et al., 2004). Figure 6c shows an 
agreement with the available borehole lithologic information (Fig.1), which can be attributed to the increase of 
σ΄΄ with the pore-surface-related internal surface. However, due to the smoothness constraint, the different layers 
are not well defined and cannot easily be related to the known lithology. The high values of the imaginary 
conductivity (Fig. 6c) can be attributed to the till layer. The disappearance of this layer at 23.6 m depth can be 
caused by the low data coverage. The near surface alyer of high imaginary part of conductivity values, 
corresponding to the peat layer, can be observed along A2 and A3 only. The absence of this layer along A4 
profile can be related to the use of 7 m electrode spacing during the data acquisition.   
 The overall images (Fig. 6) reflect the anticipated geology: well defined zones, as well as predominately 
horizontal and smooth lateral variations within the zones. The images look realistic and coincid well with the 
known lithology given in Fig. 1. The near-surface thin peat layer between 1 m and 4 m appears as a distinct 
layer with low conductivity magnitude and high phase shift. The imaginary conductivity images of both A2 and 
A3 profiles (Fig. 6c) show good distinction of the near-surface peat layers. On the other hand, there is a little 
discrimination of the near-surface peat layer in the σ΄΄ image along A4 profile indicating that, the electrical 
property variations within the near-surface layer are below the resolution limit. This can be attributed to the 
increase of the electrode spacing during the data acquisition of A4, which decreases the resolution of the 2D 
model and, consequently, the conductivity magnitude is dominated over phase shift parameter. The top of the 
upper sandy aquifer appears in the phase image as sharp boundary, whereas it is less prominent in the 
conductivity magnitudes. A sharp contact between the upper sand aquifer and the till layer can be well defined 
from both phase and imaginary conductivity images (Fig. 6 b and c). It is noticed that, the lower sandy aquifer 
cannot be differentiated from the upper till layer. This can be attributed to the presence of a high phase layer 
(till) above the lower aquifer, which decreases the resolution with increasing depth, and/or the low data coverage 
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with increasing the depth. Similarly, at about 23.6 m depth, the Cretaceous marl layer of low phase values (< 7 
mrad) cannot be recognized at the eastern part of the profile A4. 
 In Figs. 5 and 6, the inverted model parameters illustrate how the phase shift and imaginary part of 
conductivity discriminate between the polarization and bulk conduction effects. Based on the inversion results of 
the 2D profiles, it is clear that, the upper aquifer can be well defined, but we still have limitations in imaging the 
lower one. These limitations include an electromagnetic coupling with increasing the current electrode spacing 
and the penetration depth of the 2D imaging. In general, our field inversion results indicate that, the upper and 
lower boundaries of the upper aquifer (1st) can be well defined from the phase values. The upper boundary of the 
lower sandy aquifer (2nd) is deeper than in reality, which can be attributed to the electrical behavior at resistivity 
boundaries; more current will travel through conductive (till) layer in preference to resistive (sands) layers. The 
results is that the current density at the upper boundary of the lower sandy aquifer is decreased, and so the 
potential gradient will decrease across the boundary (Kilner et al., 2005). 
 The value of the IP measurement is that, it helps to distinguish the saturated sandy aquifers from the clay-
rich zones (e.g., till and peat), which exhibit low resistivity, but relatively high chargeability. Zanetti et al. 
(2011) reported high phase values for the buried tree root samples using laboratory experiments. They showed 
that a regular distribution of the pore size in diffuse porous woods leads to a stronger polarization effect. 
Because the peat layer also contains plant remains, the 2D IP profiles show a high polarization effect.  
 
Conclusions: 
 The presented field study results illustrate the general value of IP imaging for improved subsurface 
characterization, as it provides unique information on the strength of low-frequency polarization occurring in the 
subsurface. Our study highlights the potential value of IP imaging for differentiating lithological units and 
characterizing the heterogeneity of these units. The subsurface of the area under consideration is characterized 
by strong variations in the subsurface conditions as a result of the heterogeneity of its constitutes and can change 
over short distances. The phase and imaginary conductivity images (SIP measurements) reflect independent 
subsurface characteristics. Whereas the real conductivity is a function of both electrolytic and surface 
conductivity terms, the imaginary conductivity is predominantly a measure of surface conductivity, and thus 
well correlated with fine sediments of peat and till layers. Similarly, the conductivity phase reveals an accurate 
detection of the peat and till layers compared to the real resistivity image. However, it is clear that the IP 
imaging has a limited applicability especially in existence of highly heterogeneity because the resolution 
decreases with increasing depth. Smooth model inversion with adapted regularization parameters improves the 
interpretability of IP data. Consequently, the use of IP imaging favors for investigating lithologic variability in 
near-surface, unconsolidated sediments. 
 Further fundamental investigations of the dependence of IP effect on the key lithologic parameters are 
required. In addition to further work, including SIP lab measurements, is recommended to study the spectral 
behavior of the till layer. 
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