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ABSTRACT 

 

Although electromagnetic theory is well understood, little is known about the exact 

cause of radar reflections in sediment. To obtain detailed information on the radar-wave 

contrast parameter in the subsurface 100 and 200 MHz radar surveys of eolian deposits 

in a quarry were combined with time-domain reflectometry (TDR). Combining lacquer 

peels and TDR data from the quarry wall allowed identification of relationships 

between sediment characteristics and electromagnetic wave velocity. Peaks in the 

product of relative permittivity and relative magnetic permeability (inversely 

proportional to electromagnetic wave velocity) which are superimposed on a baseline 

value for dry sand, are caused by potential radar reflectors. These peaks coincide with 

the presence of either organic material, having a higher water content and relative 

permittivity than the surrounding sediment, or iron-oxide bands, causing water to 

stagnate and possibly enhancing relative magnetic permeability. Sedimentary 

structures, as reflected in textural change, only result in possible radar reflections when 

the pores contain capillary water. Synthetic radar traces, constructed using the TDR 

logs and sedimentological data from the lacquer peels, provide an improved insight into 

the behavior of radar waves and show that radar results may be ambiguous because of 

multiples and interference. 

 

INTRODUCTION 

 

The seismic reflection method and ground-penetrating radar (GPR) are 

important geophysical reconnaissance tools for the shallow subsurface. Both 

techniques are based on wave propagation and reflection, but wave length ranges, and 

consequently resolution and penetration depths, differ significantly. The seismic 

reflection method has a better penetration but lower resolution than GPR. Also, the 

contrast parameter for the seismic reflection method (acoustic impedance) differs from 

that for GPR (dielectric impedance). Yet, the two techniques are sufficiently analogous 

for experience gained with the one to be applicable to the other, increasing our 

knowledge on the origin and interpretation of reflections in both the seismic reflection 

method and GPR (Cardimona et al., 1998). 

In the seismic reflection method, most reflections of sedimentary deposits are 

parallel to depositional bedding. Two different types of reflection exist (Mayer, 1980): 

(1) reflections that occur at the location of major changes in acoustic impedance; and 

(2) reflections that represent patterns resulting from constructive and destructive 

interference between the acoustic wave train and small impedance variations in the 

sediments or rocks. Only the first type of reflection serves as a reliable guide to 

depositional history and geometry and its amplitude is proportional to the magnitude 

of change. In contrast, the second type of reflection does not represent a major 

impedance change at the measured travel time (Mayer, 1979). An important method 

for distinguishing these two reflection types is detailed comparison of seismic traces 



 

 

with sediment and rock properties, as determined from cores and outcrop studies. These 

outcrop studies are conducted in deposits that are considered to be analogous, or on 

exposures in the vicinity of the seismic line (Stafleu and Sonnenfeld, 1994). The 

sediment and rock properties from the outcrop studies can be used to generate lithologic 

and acoustic impedance models and are widely used to construct synthetic seismic 

traces and sections (Bracco Gartner and Schlager, 1999; Fagin, 1991; Stafleu and 

Schlager, 1995). These synthetic images improve the understanding of seismic sections 

and reflections. It cannot be assumed, however, that the rock and sediment properties 

measured in outcrops are completely similar to those reflected in the seismic trace.  

GPR measures changes in the dielectric properties of sediments that cause 

reflection of electromagnetic energy. These changes in dielectric properties result 

primarily from changes in water content, governed in turn by grain-size and porosity 

(Huggenberger, 1993; Roth et al., 1990; Sutinen, 1992; Topp et al., 1980). Since grain-

size and porosity changes are related to depositional history, a clear relationship can be 

expected between sedimentary structures and dielectric properties, allowing accurate 

identification of radar facies and sequence boundaries (Gawthorpe et al., 1993). 

Most work with GPR has focused either on geological and sedimentological 

reconnaissance (Asprion and Aigner, 1997; Beres et al., 1995; Bridge et al., 1998; 

Bristow et al., 1996; Huggenberger, 1993; Jol and Smith, 1991; Van Heteren et al., 

1998; Van Overmeeren, 1998; Neal and Roberts, 2000) or on synthetic modeling of 

wave propagation (Carcione, 1996; Casper and Kung, 1996; Hollender and Tillard, 

1998). Studies in which wave theory is integrated with geological or petrophysical data, 

common in reflection seismics, are sparse. As a result, little qualitative and quantitative 

knowledge exists on the cause of GPR reflections. GPR shows sedimentary structures 

and other features in the subsurface, but no information is available on the origin of 

reflections or on the behavior of the contrast parameter, other than from the reflection 

image (and its parameters, such as reflection strength). However, many dielectric 

impedance changes are beyond the resolution and sensitivity range of GPR. For a full 

understanding of the origin of GPR reflections, dielectric impedance variations smaller 

than those observed on radar images must be analyzed and explained. 

In this study, time-domain reflectometry (TDR), a technique well known in soil 

sciences (Heimovaara et al., 1995; Topp et al., 1982), was used to correlate GPR data 

with subsurface information by measuring dielectric properties of sediment at small 

intervals along vertical sections in a quarry. TDR measures the propagation velocity of 

an electromagnetic wave along a steel-rod probe that is pushed into the sediment, and 

is best applied in unconsolidated sand-sized and finer sediments. In coarse grained 

sediment the TDR method functions worse due to disturbance of the sediment fabric 

during the penetration of the TDR rods. The TDR measurements were interpreted using 

detailed sedimentological information from lacquer peels and grain-size analyses, 

providing insight into the possible causes of GPR reflections. Based on the TDR logs 

and the sedimentological information from the lacquer peels, a dielectric impedance 

model of the subsurface was constructed. This model, in which the sediment column is 



 

 

subdivided into distinct layers with characteristic dielectric properties, was used to 

construct 1-D synthetic radar traces. In analogy to the seismic reflection method, such 

synthetic images can be compared with real GPR sections for a better understanding 

and quantification of parameters controlling GPR reflections. Ultimately, such 

comparisons will improve the knowledge of waves and their reflections in general, 

which may also benefit the seismic reflection method. 

 

ELECTROMAGNETIC WAVE THEORY 

 

The techniques of ground-penetrating radar (GPR) and time-domain 

reflectometry (TDR) are based on propagation and reflection of electromagnetic energy 

in the subsurface. The (frequency-dependent) properties that control the behavior of 

electromagnetic energy in a medium are dielectric permittivity (ε), where r 0 , 

electrical conductivity (σ), and magnetic permeability (μ), where r 0  (Von 

Hippel, 1954). Here, ε0 is the permittivity of vacuum (8.85419·10-12 Fm-1), εr is the 

relative permittivity, μ0 is the magnetic permeability of vacuum (4π10-7 Hm-1), and μr 

is the relative magnetic permeability. Together, these properties define the dielectric 

impedance (Z) of the medium for harmonic electromagnetic waves with exp(jt) 

dependence (Brewster and Annan, 1994; Fokkema et al., 2001): 
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where 1j , f 2  is angular frequency (radians·s-1), and t is time (s). A range 

of electromagnetic properties for common geologic materials can be found in Davis 

and Annan (1989) and in Van Heteren et al. (1998). For most geological materials, the 

relative magnetic permeability (μr) is near unity (Roth et al., 1990). Consequently, the 

magnetic permeability in the subsurface is near the free-space value (μ0) and plays no 

role in the electromagnetic energy behavior (Powers, 1997). However, under certain 

conditions, such as the presence of iron and iron oxides, relative magnetic permeability 

can be enhanced significantly (Olhoeft and Capron, 1994; Von Hippel, 1954). In most 

natural low-loss material such as clean sand, the influence of σ on the electromagnetic 

signal is negligible between 100 and 1000 MHz (Davis and Annan, 1989). In contrast, 

the relative permittivity plays an important role in both propagation and reflection of 

electromagnetic waves (Huggenberger, 1993). Because water has a relative 

permittivity of around 80, whereas air and quartz have values of 1 and around 4.3, 

respectively, the relative permittivity of sediment is governed by its water content. 

The propagation velocity (v) of electromagnetic waves in a medium is found 

by: 
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where c0 is the electromagnetic wave velocity in vacuum (3·108 ms-1) and  2 is a 

loss factor. For common geological material, the influence of the conductivity (σ) on 

the electromagnetic wave velocity is negligible over the entire GPR frequency range 

(Davis and Annan, 1989) and the loss factor approaches zero. Consequently, the 

velocity is mainly controlled by r and μr and equation (2) can be simplified by: 
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which reduces to: 
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assuming relative magnetic permeability (μr) is near unity.  

Attenuation of electromagnetic signals is governed by σ and εr. In low-loss 

material, the original pulse amplitude (A0) decreases exponentially with depth (z) 

according to zeAA  
0 , where the attenuation constant   21

5.0    (Theimer 

et al., 1994). This relationship is valid only for homogeneous sediments without 

impedance contrasts. When a propagating electromagnetic wave encounters a 

discontinuity in electric, magnetic or conductive properties, part of the electromagnetic 

energy is reflected, the reflection strength being proportional to the magnitude of 

change. For a perpendicular incident wave, coming from a medium characterized by a 

wave impedance Z1 and going to a medium with impedance Z2, the reflection 

coefficient (RC) is expressed as (Brewster and Annan, 1994): 
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With the same parameters present in the calculations of dielectric impedance (equation 

(1)) and electromagnetic wave velocity (equation (2)), velocity contrasts can be taken 

as a measure for contrasts in dielectric impedance. If one assumes σ insignificant and 

contrasts in μ negligible, equation (5) can be rewritten as: 
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METHODS 
 

Ground-penetrating radar 

In this study, a Sensors&Software pulseEKKO100 GPR system, consisting of 

a transmitting and receiving antenna connected to a console and laptop computer 

(Figure 1a) was used. The transmitted electromagnetic pulse is ideally meant to 

penetrate the subsurface in a beam as narrow as possible. Some of the energy, however, 

travels directly to the receiving antenna as airwave and groundwave, giving the signal 

at the top of the resulting radar section (Figure 1b). Part of the remaining energy, which 

enters the subsurface, reflects at layers of changing dielectric impedance and travels 

back to the receiver. The quantity of energy received and the associated arrival time are 

stored in the computer. The lateral extent and morphology of reflectors can be 

delineated by moving the portable equipment across the surface. The resulting radar 

section, on which each measurement point is represented by a trace, shows time along 

its vertical axis and position along its horizontal axis. The velocity of radar waves in 

different layers can be calculated through common-mid-point (CMP) measurements 

(Arcone, 1984), allowing conversion of travel time to actual depth. 

The electrical conductivity of a material influences penetration depth as well as 

resolution. Low-conductivity materials, such as unsaturated and coarse-grained 

sediments, cause little attenuation and under ideal circumstances, penetration is on the 

order of tens of meters (Davis and Annan, 1989). However, wave velocity and length 

are highest in low conductivity materials, leading to a decrease in resolution (Table 1). 

Penetration depth and resolution are also influenced by the GPR frequency used for 

measurement. Lower antenna frequencies are favorable for greater penetration, but 

result in a decrease in resolution. Resolution is commonly assumed to be a quarter of 

the GPR wave length, and ranges from 2 cm for saturated sands and 900-MHz antennas 

to 40 cm for dry sands and 100-MHz antennas (Table 1). 

 

Time-domain reflectometry 

The TDR method is based on the propagation velocity of an electromagnetic 

signal along a sediment probe, and was developed to characterize the water content of 

soils using the relative permittivity (Topp et al., 1980). Assuming variations in  are 

negligible, the propagation velocity can be calculated from equation (3). The product 

of the relative permittivity and the relative magnetic permeability is calculated from 

the travel time (Δts) of the TDR signal and the length (Lp) of the probe (Roth et al., 

1990): 
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Factors other than water content, such as soil density, texture and temperature, have a 

negligible influence on the relative permittivity (Topp et al., 1980). Using these 

assumptions and μr = 1, the volumetric water content (θ) is found by substitution of εr 

in the empirical relationship (Topp et al., 1980): 
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Early laboratory studies (e.g., Fellner-Feldegg, 1969) used sediment columns in coaxial 

transmission lines, whilst field probes were later developed and improved (Brisco et 

al., 1992; Dalton et al., 1984; Heimovaara, 1993; Zegelin et al., 1989). In this study, 

the TDR equipment developed by Heimovaara and Bouten (1990) was used (Figure 

2a). A 0.05-m-long, three-rod probe, connected to a Tektronix cable tester and laptop 

computer for system control and data storage, was pushed into the sediment. The cable 

tester transmits a fast-rise voltage pulse through the transmission line and probe. The 

frequency band ranges from 300 kHz to 3 GHz (Heimovaara et al., 1996), which 

encompasses all GPR frequencies. At changes in electrical properties, part of the pulse 

is reflected to the cable tester. After calibration for the epoxy casing, the two reflection 

points of the resulting wave form (Figure 2c) give the travel time along the rods (Δt s), 

necessary to obtain εrμr (Equation (7)). 

 

Sedimentological and textural characteristics 

Sedimentary structures were studied both directly in the field and by using 

lacquer peels and thin sections. The lacquer peels were made to study sedimentary 

structures and parameters macroscopically. On these lacquer peels, sedimentary 

structures or bedding planes appear as narrow ridges or lows, owing to different grain 

and pore sizes. Other elements, like organic material and iron oxide, appear as (root) 

relicts or as color changes on the lacquer peel. Thin sections, made from undisturbed 

sediment samples, were used to study sediment properties microscopically. Two 

samples were taken for grain-size analyses. 

 

Synthetic radar traces 

Using TDR and sedimentological data, dielectric impedance models of the 

subsurface can be constructed. The models, in which values for depth and εrμr are 

given, form the input for pulseEKKO software (Sensors&Software, 1996) that 

constructs synthetic GPR traces. The program assumes vertically incident 

electromagnetic waves and calculates all generated reflections, including multiples and 

interlayer reflections. The program does not account for frequency dependence of 

electromagnetic properties. Therefore, any possible wave dispersion as a result of 



 

 

variations in velocity and attenuation within the transmitted frequency bandwidth is not 

modeled. Firstly, the program transforms the impedance model from a depth scale into 

a time scale. Then, the impulse response for the layered model is computed and a 

correction for spherical-waveform spreading losses is applied. The ground response is 

obtained by convolution of a standard pulseEKKO wavelet (both 100 and 200 MHz) 

with the impulse response. Attenuation differences and dispersion were not 

incorporated into the model. To ensure that small reflections were also visualized, the 

1-D synthetic traces were plotted with an automatic gain control (AGC), applying a 

gain inversely proportional to the signal strength. A gain limit was applied to prevent 

very small signals from producing very large gains. 

 

SEDIMENTOLOGY AND STRATIGRAPHY OF THE STUDY SITE 

 

Fieldwork was conducted in the Boudewijn quarry in Ossendrecht (Figure 3). 

This 15-m-deep quarry can be subdivided into two units; a lower unit of tidal deposits 

and an upper unit of eolian deposits. 

The lower unit has a thickness of approximately 7.5 m and consists of tidal 

sediments (Tegelen Formation) deposited during several Tiglian interglacials of Early 

Pleistocene age (Kasse, 1988; Figure 4). An unconformity, possibly formed during the 

regression associated with the Beerse Glacial, separates two subunits. The lower 

subunit (Hoogerheide Member) consists of large-scale cross-bedded very fine to fine 

sand. Locally, numerous small ripple marks with clay drapes, resulting from frequent 

flow reversals, are present (Kasse, 1988). The upper subunit (Woensdrecht Member) 

consists of large-scale cross-bedded very fine to medium sand. The top of this subunit 

is a laterally continuous clay layer with a maximum thickness of 3 m (Kasse, 1988). At 

the end of the Tiglian interglacial, the climate became cooler and sea level fell. As a 

result, a substantial hiatus, locally marked by a coarse-grained residual deposit, is 

present on top of the Woensdrecht member at the base of the upper eolian unit. This 

hiatus represents an extended time of erosion and non-deposition (Kasse, 1988). 

The upper quarry unit has a maximum thickness of 7.5 m and consists of eolian 

sands of the Pleistocene Twente and Holocene Kootwijk Formations (Kasse, 1988). 

These formations are separated by a peat layer of the Griendtsveen Formation in 

blowout hollows or by a paleosol of Podsol type in adjacent higher areas (Figure 4). 

The sand from the Twente Formation dates from the Late Dryas Stadial to the Early 

Holocene (Schwan, 1991). Locally, a thin soil or peat layer from the Allerød 

Interstadial is present near the bottom of this subunit. The sand from the Twente 

Formation originates from the banks of the river Scheldt, which flowed just to the west 

of the study area (Figure 3). This sand was deposited as sand sheets and dunes and has 

a large- to medium-scale cross-bedded character. The prominent peat bed and paleosol 

separating the Twente and Kootwijk Formations represents most of the Early- and 

Middle Holocene, a timespan of approximately 6000 years (Schwan, 1991). Deposition 

of the sand from the Late-Holocene Kootwijk Formation started as early as 3000 years 



 

 

ago through buildup of small dunes (Schwan, 1991). In places, lamination has been 

obliterated by abundant roots that can be assigned to several discontinuous soil levels.  

The steplike excavation of the quarry would have allowed investigation of all 

units, both from the top and the side wall. In this study, a section in the eolian unit was 

chosen for detailed analysis (Figure 5) because: (1) it is made up of highly resistive 

sand; (2) the paleosol between the two eolian subunits, and the transition to the Tegelen 

clay at the base of the eolian sand, were expected to give clear GPR reflections and 

provide good reference points in the radar sections; (3) the variety of sedimentary 

structures was considered important in establishing which features cause reflection of 

GPR waves; and (4) the terrain at this site was easily accessible and even. 

The schematic representation of sedimentary and pedogenic structures in the 

studied section (Figure 5b), reflects the general stratification for the upper quarry unit 

given above. In the section studied, the Allerød soil is absent. Three inorganic facies, 

deposited on a gradually drying depositional surface (Schwan, 1991), comprise the 

Twente Formation: (1) a basal sub-horizontally bedded sand-sheet facies, (2) a gently 

dipping sand-sheet facies and (3) a cross-stratified dune facies. Sand-sheet facies B, at 

the base of the formation, is characterized by alternation of medium sand and finer-

grained beds. This facies reflects a varying wind regime, a damp depositional surface 

(caused by the underlying semi-pervious Tegelen Formation) and the availability of 

both sand and silt in the source area. Sand-sheet facies A, located above the basal facies, 

is characterized by meter-scale gently dipping sigmoidal strata, having a maximum dip 

angle of 1400/130. The dune facies at the top of the formation is separated from sand-

sheet facies A by a coarse-grained bounding surface. The dune facies strata have a 

maximum dip angle of 3500/370. However, the strike of the strata show considerable 

variability, in line with the inferred parabolic shape of the dunes. The top of this cross-

stratified sand is marked by a 0.3-m-thick paleopodsol (Paleosol B1, Figure 5b; hidden 

by a small ledge on Figure 5a). Except for some faint horizontal lamination, 

sedimentary structures in the overlying sand from the Kootwijk Formation are 

obliterated by several soil levels (e.g., Paleosol B2, Figure 5b). 

 

RESULTS 

 

Ground-penetrating radar 

GPR data were sampled along a line that was located 5 m from the section wall 

(Figure 6) and had a length of 35 m. The line was sampled with two frequencies (Table 

2). On the 100-MHz radar section (Figure 7a), some of the largest features of the unit 

are visible. At a depth of about 6 m, two gently left-dipping reflections represent the 

boundary between the eolian sands and the tidal clays. These reflections become 

discontinuous and less pronounced towards the left, which may be a result of increasing 

reflector depth or a decreasing change in grain-size or water content at this reflector. 

Below the boundary, the electromagnetic signal is attenuated quickly and hence no 

deeper reflectors can be seen ( Figure 7a). The sub-horizontal reflections above the 



 

 

sand-clay transition ( Figure 7a) originate in sand-sheet facies B (Figure 5b). Above 

this GPR facies, numerous discontinuous and mostly right-dipping reflections ( 

Figure 7a) mark sand-sheet facies A (Figure 5b). The gently left-dipping reflections ( 

Figure 7a) that overly this unit mark the cross-stratified dune facies (Figure 5b). The 

paleosol between the Twente and Kootwijk formations (Figure 5b) is delineated by the 

continuous, dipping reflection at an approximate depth of 1.5 m ( Figure 7a). At the 

top of the radar section, the two horizontal reflections ( Figure 7a) represent the direct 

air- and groundwaves. 

 On the 200-MHz radar section (Figure 7b), more detail is visible, especially in 

the 2 to 4-m depth range. However, depth of penetration has decreased and both the 

sand-clay transition and sand-sheet facies B are only barely visible in the profile ( 

and  Figure 7b). The reflections representing sand-sheet facies A ( Figure 7b) 

generally dip to the right as expected (Figure 5b). Left-dipping reflections ( Figure 

7b) mark the overlying cross-bedded dune facies (Figure 5b). The paleosol at the base 

of the Kootwijk Formation (Figure 5b) is represented by the reflection at a depth of 

around 1.5 m ( Figure 7b). The horizontal reflection between the paleosol and the 

two direct waves ( Figure 7b) may represent either (horizontal) bedding or one of the 

discontinuous soil horizons B2 (Figure 5b). 

 

Textural characteristics 

Laser grain-size analyses (Konert and Vandenberghe, 1997) and thin sections 

(from lacquer peel OSL01) provide information on the sediment characteristics. The 

sandy intervals consist of fine to medium sand (229.1 μm to 287.5 μm) that is 

subrounded and moderately to well sorted. Pore space occasionally exceeds maximum 

grain-size, indicating rooting or burrowing. In the paleosol a large amount of organic 

material (~5% of total sediment volume) occupies part of the pore space. 

 

Time-domain reflectometry and lacquer peels 

Lacquer peels were taken from representative parts of the wall covering the full 

height of the section (Table 3) and TDR data (Table 4) and sediment samples (Table 5) 

were then collected from these transects (Figure 5). Comparison of TDR diagrams with 

associated lacquer peels (Figure 8) illustrates several relationships between sediment 

characteristics and dielectric properties. The product εrμr (Equation (3)) increases from 

a baseline value of about 4 in the upper part of the section to almost 25 in its lower part. 

The baseline value of 4 represents the relative permittivity of dry sand, whereas the 

value of 25 is characteristic of the relative permittivity of water-saturated sand (Davis 

and Annan, 1989; Wensink, 1993), both having a relative magnetic permeability of 

unity. Following Equation (4), these values for εr correspond to volumetric water 

contents of 0.055 and 0.4, respectively. Numerous excursions in εrμr are superimposed 

on the general trend and most of these can be linked to features recorded in the lacquer 

peels. 



 

 

The paleosol at a depth of 1.8 m gives an increase in εrμr to about 8 (Figure 8a). 

This is caused by the fact that organic material, present in this paleosol, holds water, 

which increases relative permittivity. Figure 8b shows a similar response to organic 

matter when two individual cross-sets, with windblown organic material, cause the 

relative permittivity to increase. In the lower part of Figure 8b and the upper part of 

Figure 8c, several iron-oxide bands, identified in the lacquer peels, result in sharp 

increases in εrμr. Most of these iron bands follow depositional bedding, but some, such 

as the band at a depth of 4.4 m (Figure 8b), cross-cut the bedding, indicating a 

diagenetic origin of the iron bands. Since the εrμr peaks typically occur directly on top 

of these cemented and less permeable layers, they may be caused by stagnating water 

occupying pore space, resulting in an increase of εr. Alternatively, an increase in the 

relative magnetic permeability, caused by the presence of iron-oxide minerals, may 

bring about the observed peaks in εrμr. The small iron-oxide-related excursions in the 

TDR log associated with lacquer peel OSL02 (Figure 8b) are superimposed on a 

baseline value for εrμr of about 4 (volumetric water content of 0.055). In the TDR log 

associated with lacquer peel OSL03 (Figure 8c), the amplitude of the iron-oxide-related 

excursions is higher. This suggests that, since water saturation increases downward in 

lacquer peel OSL03, stagnating water and thus relative permittivity is the main cause 

for the increase in εrμr. 

In the zone where average water content remains low and changes in εrμr are 

caused by either organic material or iron oxide (Figures 8a and 8b), it is noteworthy 

that none of these changes can be related directly to grain-size. In lacquer peel OSL02, 

large-scale cross-bedding is obvious but none of the bedding planes cause εrμr to 

change significantly, except where organic material or iron is present. For example, the 

gravel layer at 2.85 m depth does not result in any change in εrμr in the TDR log (Figure 

8b). In contrast, εrμr fluctuates significantly where water saturation increases (Figure 

8c). In this case, fluctuations that coincide with the presence of iron-oxide bands as 

well as sedimentary structures are superimposed on a general increase in εrμr with 

depth. Here, fine-grained layers from sand-sheet facies B (Figure 5) enhance capillary 

forces and therefore support changes in relative permittivity. Thus, GPR reflections 

from sedimentary structures, not related to mineralogical change, can be expected only 

when values for relative permittivity and volumetric water content exceed the baseline 

values of 4 and 0.055, respectively. 

 

Synthetic radar traces 

Using the three TDR logs (Figure 8), one log covering the full section was 

compiled. From this composite TDR log and the lacquer peels, giving information on 

εrμr and sediment characteristics respectively, four dielectric impedance models were 

constructed, each focusing on a particular characteristic of the section (Figure 9). Using 

the four impedance models, 1-D synthetic GPR traces were constructed. The layered 

impedance models have a depth scale whereas the synthetic traces have a time scale. 



 

 

Since the product of relative permittivity and relative magnetic permeability, and thus 

the wave velocity, varies over depth, the relative thickness of the layers also varies.  

Figure 9a shows the graph of εrμr versus depth that was used as input for the 

different impedance models. Figure 9b represents the simplest situation with a basic 

value of 4 and two excursions: the paleosol and the increase in εrμr above the sand-clay 

transition. In the synthetic radar traces, all layer boundaries appear as radar reflections, 

and there are also multiples of earlier reflections (indicated by arrows). The situation 

in Figure 9c represents the slightly more complex paleosol (as found in the TDR logs) 

and a stepped increase in εrμr towards the sand-clay transition. The thin layer, with a 

εrμr value of 4, within the paleosol leads to overlapping waveforms (especially in the 

100-MHz synthetic trace). Figure 9d focuses on the small excursions in the TDR logs 

caused by the iron-oxide bands and windblown organic matter. In the 200-MHz 

synthetic trace, all events can be distinguished, but in the 100-MHz synthetic trace, 

overlapping waveforms produce a more complicated pattern. The sediment model 

combining Figures 9c and 9d leads to highly complicated synthetic radar traces with 

overlapping waveforms and multiples (Figure 9e). 

 

DISCUSSION AND CONCLUSION 

 

Various reasons exist for changes in εrμr and thus for radar reflections, but 

changes in relative permittivity are the most important factor. The relative permittivity 

is predominantly controlled by water content, which is due to the large εr contrast 

between air and water. Relative permittivity is 1 for air and 80 for water, whereas it is 

4-6 for most sedimentary minerals (Davis and Annan, 1989). The volume fractions of 

the different constituents that form the sediment determine εr. Consequently, the 

sediment porosity as well as the ability of the sediment to hold water are important 

factors controlling the relative permittivity (Knoll and Knight, 1994). When water 

content is high, such as in the lower part of the section (Figure 8c), smaller pores cause 

both water content and relative permittivity to increase. When water content is low, 

such as in the higher part of the section (Figures 8a and 8b), the relative permittivity is 

controlled by the ability of the sediment to retain water. Both organic material, which 

holds water, and fine-grained sediment, which enhances capillary forces, cause water 

content as well as relative permittivity to increase. The role of relative magnetic 

permeability in the GPR reflection process is less clear. Von Hippel (1954) reported a 

relative magnetic permeability of 1.09 for magnetite-bearing sediment, which would 

result in an increase in εrμr from 4 to 4.4 for dry sandy sediment. When viewing this 

result in light of the data from the present study in which iron-oxide-related excursions 

in εrμr from 4 to about 6 were found (Figure 8b), one must conclude that most of the 

increase is caused by increasing εr, and thus water content, rather than μr. The required 

relative magnetic permeability values of 1.5 have not been reported in the literature. 

This suggests that the possible influence of iron oxides, enhancing μr, is much smaller 

than that of water, enhancing εr.  



 

 

In the zone with a baseline value of 4 for εrμr, none of the changes can be related 

directly to grain size (Figures 8a and 8b). This explains the poorly defined boundary 

(i.e., gravel layer in Figure 8b) between the cross-stratified dune facies and sand-sheet 

facies A on the GPR images. Thus, when volumetric water content does not exceed 

0.055, grain size is not important as a cause of GPR reflections. However, numerous 

reflections in the zone just below the paleosol reflect sedimentary bedding of sand-

sheet facies A and the dune facies (Figure 7). Both windblown organic material and 

iron-oxide bands increase εrμr and could cause these reflections. Some reflections, 

however, dip in the direction opposite to that of the sedimentary structures. This is 

shown for example by the reflection at position 9 m at 4 meters depth in the 100 MHz 

section (Figure 7a) and the reflection at position 15 m at 3 meters depth in the 200 MHz 

section (Figure 7b). These reflections are most likely caused by iron-oxide bands that 

cross-cut sedimentary bedding. 

The TDR logs could be used to calculate detailed synthetic radar traces. Owing 

to the non-vertical quarry wall, the depth in the dielectric impedance model, and 

consequently the time in the synthetic GPR traces, is overestimated by about 20 

percent. Nevertheless, the synthetic traces (Figure 9) can be compared with the actual 

GPR sections (Figure 7). Waveforms that overlap in part in the synthetic traces (Figure 

9b), due to the complex paleosol, are also present in the actual GPR sections. This is 

well exemplified in the 200 MHz section between position 10 and 20 meters at a depth 

of 1 to 1.5 meters (Figure 7b). In Figure 9d, the small excursions in the TDR logs 

caused by the windblown organic matter and iron-oxide bands were modeled. This zone 

is difficult to compare with the actual radar sections as the variability in thickness and 

intensity of the iron-oxide bands is high and the changes in εrμr are small. Nevertheless, 

the reflection strengths in the synthetic traces and actual GPR sections match quite well. 

The increase in water content towards the sand-clay transition was modeled in the 

synthetic traces using a simplified three-step increase in εrμr (Figure 9c). The three 

reflection events in the synthetic traces that result from this tripartition show a clear 

decrease in amplitude with depth but cannot be linked to the actual radar sections 

because the TDR logs show a higher variability in εrμr (Figure 9a). Nevertheless, 

synthetic GPR traces can help in understanding the various reflections in actual GPR 

sections.  

Not all GPR reflections can be matched with events on TDR logs, lacquer peels 

and 1-D synthetic images. The internal lateral variability of the facies is the main 

problem in correlating these data sets. Within the 5-m distance from the GPR sections 

to the quarry face, both the geometry and the depth of the facies, as well as the water 

content, could have changed laterally. In spite of the above, this study shows that the 

combination of TDR and sedimentological analysis is a very useful technique for 

qualifying and quantifying εrμr in the subsurface and achieving a better insight into the 

origin of GPR reflections. 
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TABLES 

 

Table 1 — GPR setup and wave parameters. The wavelengths in dry, moist, and 

saturated sand are based on an electromagnetic wave velocity of 0.15 mns-1, 0.12 mns-

1, and 0.06 mns-1, respectively. The resolution was estimated using the generally 

accepted one-quarter wave length axiom. 

 

   Dry sand Moist sand Wet sand 

System f 

[MHz] 

Antenna 

separation 

[m] 

 λ [m] Resolutio

n [m] 

λ [m] Resolutio

n [m] 

λ [m] Resolutio

n [m] 

PE 100 100 1.00 1.500 0.375 1.200 0.300 0.600 0.150 

PE 100 200 0.50 0.750 0.188 0.600 0.150 0.300 0.075 

PE 

1000 

450 0.25 0.333 0.083 0.267 0.067 0.133 0.033 

PE 

1000 

900 0.17 0.167 0.042 0.133 0.033 0.067 0.017 

f = frequency; λ = wave length; PE = pulseEKKO. 

 

 

Table 2 — Characteristics and locations of GPR measurements. 

 

Line Distance 

to wall 

[m] 

f [MHz] Mode X0 

[m] 

Xmax 

[m] 

Xtot 

[m] 

ΔX [m] 

OSR01 

 

5 

 

100, 200 

100, 200 

Reflectio

n 

CMP 

0 

11 

35 

- 

35 

10, 7.8 

0.25 

0.20 

f = frequency. 

 

 

Table 3 — Locations and sizes of lacquer peels. 

 

Name Ytop 

[m] 

Ybot [m] Ytot 

[m] 

X [m] 

OSL01 

OSL02 

OSL03 

0.0 

2.1 

3.7 

2.3 

4.7 

5.6 

2.3 

2.6 

1.9 

12.5 

11.0 

4.5 

 

 

  



 

 

Table 4 — Characteristics and locations of TDR measurements. 

 

Name TDR 

section 

(Fig. 5) 

Y0 

[m] 

Ymax 

[m] 

Ytot 

[m] 

ΔY 

[m] 

Probe 

Length 

[m] 

X [m] Location in grid 

z970605.00

1 

z970605.00

2 

z970606.00

3 

z970606.00

4 

z970606.00

5 

1 

1 

1 

2 

3 

0.8 

0.8 

1.6 

2.1 

3.7 

1.95 

2.00 

2.30 

4.70 

6.00 

1.15 

1.20 

0.70 

2.60 

2.30 

0.050 

0.050 

0.025 

0.050 

0.050 

0.10 

0.05 

0.05 

0.05 

0.05 

12.5 

12.5 

12.5 

11.0 

4.5 

Lacquer peel 

OSL01 

Lacquer peel 

OSL01 

Lacquer peel 

OSL01 

Lacquer peel 

OSL02 

Lacquer peel 

OSL03 

 

 

Table 5 — Locations of thin section samples. 

 

Name Y [m] X 

[m] 

Location in grid 

OSS1 

OSS2 

OSS3 

0.6 

1.6 

1.6 

12.5 

12.5 

12.5 

Lacquer peel 

OSL01 

Lacquer peel 

OSL01 

Lacquer peel 

OSL01 
 

 

 

 

 

  



 

 

FIGURE CAPTIONS 

 

Figure 1 — (a) Ground-penetrating radar setup and method and (b) resulting radar section. 

 

Figure 2 — (a) Diagram of time-domain reflectometry (TDR) equipment, (b) field 

example, and (c) resulting wave form. The travel time (Δts) along the probe, with length 

Lp, determines electromagnetic properties (equation (7)).  

 

Figure 3 — Map of The Netherlands showing location of study area. 

 

Figure 4 — Schematic stratigraphic column for quarry Boudewijn, Ossendrecht. Data 

from Kasse (1988), Schwan (1991) and the present study. GF = Griendtsveen Formation, 

EMH = Early and Middle Holocene, Ad = Allerød. 

 

Figure 5 — (a) Picture of section wall showing the locations of lacquer peels and TDR 

sections. (b) Schematic representation of sedimentary and pedogenic structures. In the 

Twente Formation, left of lacquer peel OSL02, several diagenetic iron-oxide bands that 

cross-cut depositional bedding are problematic for the interpretation of sedimentary 

structures. 

 

Figure 6 — Sketch to illustrate location of measurements in the Boudewijn quarry. 

 

Figure 7 — Radar sections for line OSR01 (left) and interpretation (right); (a) 100 MHz, 

(b) 200 MHz. The outlined part corresponds with the interpreted section shown in Figure 

5. CMPs indicate that the electromagnetic wave velocity was 0.11 mns-1 in the upper highly 

resistive subunit, and averaged 0.09 mns-1 for the total unit. Radar sections for line OSR01 

are printed with a velocity of 0.09 mns-1. Since this velocity is an average for the entire 

unit, the plot is stretched and compressed in its higher and lower parts respectively. 

Average vertical exaggeration is 1.4. The numbered labels in the interpreted radar sections 

refer to the text and represent:  tidal clays,  sand-sheet facies B,  sand-sheet facies 

A,  dune facies,  paleosol,  overlapping air- and groundwaves, and  reflections 

dipping in the opposite direction to the sedimentary structures. 

 

Figure 8 — Lacquer peels and associated TDR measurements. (a) TDR section 1 and 

lacquer peel OSL01, (b) TDR section 2 and lacquer peel OSL02, and (c) TDR section 3 

and lacquer peel OSL03. Lacquer peels are printed in mirror image, such that the structures 

are shown in their true orientation in the quarry wall. 

 

Figure 9 — (a) Composite TDR log for the complete quarry section. Layered dielectric 

impedance models, constructed from this log, and resulting 1-D synthetic radar traces; (b) 

simple, (c) soil, (d) iron and windblown organic matter, and (e) combination. Arrows 

indicate multiples. Note that vertical scales are in depth for the TDR log and layered 

sediment models and in time for the synthetic radar traces. 

  



 

 

 

Figure 1 — (a) Ground-penetrating radar setup and method and (b) resulting radar 

section. 

 

  



 

 

 

Figure 2 — (a) Diagram of time-domain reflectometry (TDR) equipment, (b) field 

example, and (c) resulting wave form. The travel time (Δts) along the probe, with length 

Lp, determines electromagnetic properties (equation (7)).  

 

  



 

 

 

Figure 3 — Map of The Netherlands showing location of study area. 

 

  



 

 

 

Figure 4 — Schematic stratigraphic column for quarry Boudewijn, Ossendrecht. Data 

from Kasse (1988), Schwan (1991) and the present study. GF = Griendtsveen 

Formation, EMH = Early and Middle Holocene, Ad = Allerød. 

 

  



 

 

 

Figure 5 — (a) Picture of section wall showing the locations of lacquer peels and TDR 

sections. (b) Schematic representation of sedimentary and pedogenic structures. In the 

Twente Formation, left of lacquer peel OSL02, several diagenetic iron-oxide bands that 

cross-cut depositional bedding are problematic for the interpretation of sedimentary 

structures. 

 

  



 

 

 

Figure 6 — Sketch to illustrate location of measurements in the Boudewijn quarry. 

 

  



 

 

 

Figure 7 — Radar sections for line OSR01 (left) and interpretation (right); (a) 100 

MHz, (b) 200 MHz. The outlined part corresponds with the interpreted section shown 

in Figure 5. CMPs indicate that the electromagnetic wave velocity was 0.11 mns-1 in 

the upper highly resistive subunit, and averaged 0.09 mns-1 for the total unit. Radar 

sections for line OSR01 are printed with a velocity of 0.09 mns-1. Since this velocity is 

an average for the entire unit, the plot is stretched and compressed in its higher and 

lower parts respectively. Average vertical exaggeration is 1.4. The numbered labels in 

the interpreted radar sections refer to the text and represent:  tidal clays,  sand-

sheet facies B,  sand-sheet facies A,  dune facies,  paleosol,  overlapping air- 

and groundwaves, and  reflections dipping in the opposite direction to the 

sedimentary structures. 

 

  



 

 

 

Figure 8 — Lacquer peels and associated TDR measurements. (a) TDR section 1 and 

lacquer peel OSL01, (b) TDR section 2 and lacquer peel OSL02, and (c) TDR section 

3 and lacquer peel OSL03. Lacquer peels are printed in mirror image, such that the 

structures are shown in their true orientation in the quarry wall. 

 

  



 

 

 

Figure 9 — (a) Composite TDR log for the complete quarry section. Layered dielectric 

impedance models, constructed from this log, and resulting 1-D synthetic radar traces; 

(b) simple, (c) soil, (d) iron and windblown organic matter, and (e) combination. 

Arrows indicate multiples. Note that vertical scales are in depth for the TDR log and 

layered sediment models and in time for the synthetic radar traces. 

 

 


