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Abstract

Ground-penetrating radar (GPR) is considered a suitable technique to image sedimentary struc-

tures in the vadose zone because small texture variations lead to changes in capillary pressure

and water content that, in turn, cause reflection of electromagnetic waves. To study exactly how

GPR reflections are generated by sedimentary structures, GPR profiles of an eolian sedimentary

succession are combined with measurements of textural, electromagnetic, and water-retention

characteristics from a trench. Time-domain reflectometry indicates that small texture variations

in the high-angle dune sediment are associated with changes in water content. Synthetics show

that these changes cause clear GPR reflections. In an experimental approach to estimate the

radar response of structures below the wave resolution, variations in grain-size distribution and

porosity in a thin section were used to reconstruct water-retention curves and impedance models

of the thinly layered sediment. Synthetic radar records calculated from the impedance models

show that reflections from the studied sub-centimeter-scale structures are composites of inter-

fering signals. Although low-amplitude interfering signals will commonly be overprinted by

more prominent reflections, they may cause reflection patterns that change with frequency and

do not represent primary bedding.

1 Introduction

Ground-penetrating radar (GPR) is frequently used to image sedimentary structures for recon-

struction of depositional history or for reservoir characterization. It is generally understood that

changes in texture cause variations of water content (e.g., Mishra et al., 1989; Hänninen, 1992).

Because water has dielectric properties that are highly contrasting with those of air and quartz,

the water content of sediment governs the behavior of radar waves. Thus, water-content varia-

tions that are caused by texture variation in sedimentary structures lead to changes in dielectric

properties. As radar signals reflect from boundaries between layers with different electromag-

netic properties, GPR can be used to image sedimentary structures (e.g., Huggenberger et al.,

1994; Kowalsky et al., 2001).
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Studies that try to quantify the relationship between textural properties, water content and

electromagnetic wave propagation usually consider a large range of grain and pore sizes (e.g.,

Hubbard et al., 1997; Endres, 2000). Frequently used regression functions (Gupta and Larson,

1979; Saxton et al., 1986) and the more sophisticated physico-empirical model of Arya and

Paris (1981) relate water content to bulk density and to percentages of sand, silt, clay and

organic matter. Knoll and Knight (1994) presented a dielectric mixing model that includes

clay-volume fraction. Sutinen (1992) quantified relations between grain size, water content,

and dielectric properties. He found that the percentage of clay and silt had a large effect on the

dielectric properties but observed no correlation between dielectric properties and the grain size

of sand and gravel.

Eolian sediment, discussed in the present study, commonly has a very narrow range of grain

sizes and usually contains only grains in the sand fraction. Still, eolian deposits produce clear

GPR reflections (e.g., Bristow et al., 2000). For these rather uniform sedimentary facies, im-

portant questions about reflection of radar signals remain unsolved. With respect to GPR, it is

not known in great detail which textural characteristics (e.g., grain size, sorting, packing, grain

shape, porosity) control the actual reflection. Also, the minimum required variation in these

textural characteristics to generate a reflection is unclear. Furthermore, little is known about the

contribution of reflection and signal interference from layering smaller than the vertical reso-

lution limit, commonly assumed to be a quarter wavelength,λ/4 (e.g., Huggenberger, 1993).

Typical values forλ/4 in moist sand (v = 0.12 m ns−1) range from 0.3 to 0.033 m for 100- to

900-MHz frequencies, respectively.

Interference of radar reflections from small-scale electromagnetic-property variation in ge-

ologic material and sediment is very common (e.g., Clement et al., 1997) but has never been

studied in detail. Few modeling studies on this issue have been performed. In seismic reflection

this problem has gained much more attention from both fields of interpretation (e.g., Roksandic,

1995) and modeling (e.g., Kallweit and Wood, 1982). Gochioco (1992) shows that layers as thin

as one-fortieth the width of the dominant wavelength are detected. However, thin sediment lay-
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ers are commonly not isolated and are often more narrowly spaced than vertical resolution,

such that recorded reflections are composites of several interfering signals (e.g., Mayer, 1980;

Knapp, 1990; Bracco Gartner, 2000). As a result, the seismic response from thinly layered

sediment may not represent distinct geologic horizons (Mayer, 1979).

To address the above questions, we selected a study area in eolian dune deposits near the

Dutch coast, south of Katwijk aan Zee (Figure 1). The deposits consist of units with clean wind-

blown quartz sand, separated by soils (Van Dam et al., accepted2). The upper unit, characterized

by high-angle cross-stratification, was used for this study. The site was surveyed using a grid

of GPR lines. Next, trenches were dug that allowed us to study and sample the sediment and

to measure electromagnetic properties. Lacquer peels were collected for macroscopic study of

sedimentary structures and samples for grain-size analyses were taken from a vertical transect.

Also, core plugs were collected to determine water-retention characteristics of the sediment in

the laboratory. Time-domain reflectometry (TDR) was used to obtain direct and detailed infor-

mation on the electromagnetic properties of the sedimentary structures. Finally, box cores were

collected for microscopic texture analysis in thin sections. The small-scale textural information

from the digitized thin sections was used to estimate water retention and dielectric properties

perpendicular to the sedimentary bedding. The TDR measurements and thin sections were used

to construct models of electromagnetic wave impedance and to calculate synthetic radar traces.

The TDR-based synthetic radar traces were used to study signal interference. The thin-section

based model serves as a more theoretical approach to improve understanding of propagation

and reflection of GPR waves within and across sedimentary structures.

2 Water retention

The primary reason that GPR can image sedimentary structures is that the water content of un-

saturated sediments is a function of sediment properties that vary most prominently perpendic-

ular to depositional layering. Porous media in natural unsaturated conditions retain some water,

which indicates that forces prevent part of the interstitial moisture from draining. These so-
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called matric forces can be subdivided into adsorption and capillary forces (De Marsily, 1986).

Adsorption is the strong molecular attraction between water and solids that creates a thin water

film around sediment particles. The amount of adsorbed water depends on the specific-surface

area of the solid phase. Because adsorbed water has a low relative permittivity (Roth et al.,

1990; Saarenketo, 1998) and because the specific-surface area of sand is small (Sutinen, 1992),

its influence on electromagnetic waves is limited. Capillary forces result from pressure differ-

ences between water and air phases in the pores and control the amount of free water in the pore

space. The capillary pressure is inversely proportional to the pore radius (r). Matric forces thus

exert suction on the pore water, usually expressed by the pressure head (h) or suction potential

(pF), wherepF = log|h|. The term ’field capacity’ is defined as the specific suction potential

when drainage under the influence of gravity has ceased. The natural unsaturated conditions

referred to in this paper are field-capacity conditions atpF 2.

The relation between suction potential and volumetric water content (θ) is a fundamental

soil hydrological property (Arya and Paris, 1981) that is related to the size distribution and

connectivity of the pores (Vogel and Roth, 1998; Fens, 2000). Pore bodies with wide entry

channels (pore throats) will drain at low suction, whereas those with narrow channels drain at

higher suction (Bouma, 1977). It is generally accepted that, at field-capacity conditions and

for equal porosity values, fine-grained sediment with small pores has a higherθ than coarse-

grained sediment. The same holds for poorly sorted sediment relative to well-sorted sediment.

Simple laboratory experiments allow measurement of theθ-pF relation. In the experiments,

initially saturated sediment cores are drained and water content is measured at specific suction

potentials. Water-retention curves can be modeled by fitting the measuredθ-pF pairs with Van

Genuchten (1980):

θ = θr +
θs−θr

(1+(αvg|h|)n)mvg
. (1)

Here,θr andθs represent the residual and saturated water contents, respectively,αvg [cm−1]

and n are parameters to fit the shape and position of the curves, andmvg = 1− n−1. This

experimental method is time consuming and cannot account for small-scale texture variations
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related to sedimentary structures that are present in the sample volumes.

Formulas that describe the relation between pore-size distribution and capillary forces also

allow calculation of theθ-pF relation. However, the pore-size distribution is difficult to mea-

sure and, consequently, methods like network modeling (Vogel, 2000) and percolation theory

are based on simplified assumptions for pore structure. The good correlation between pore-size

distribution and grain-size distribution (GSD) of eolian sediment (Van Den Berg et al., in re-

view), allows the use of GSD as a proxy for water retention in non-saturated sediment (Mishra

et al., 1989). Next to GSD, total porosity (η) is a factor of importance for the water retention in

sediment as it is generally a measure for the packing. Assuming sediment with equal grain-size

distribution, tighter packing results in smaller pores that hold capillary water with greater ease.

Neural network models allow calculation of theθ-pF relation of sediment using its GSD andη

(Schaap and Bouten, 1996).

3 Test site

3.1 Experimental procedure

The 11× 16-m test site was surveyed with a grid of 2-D GPR lines (Figure 1), using a

pulseEKKO radar system with 25-, 100-, 225-, 450-, and 900-MHz antennas. 450- and 900-

MHz antennas were used to image a small, 3× 4-m area along the long axis of the grid in

greater detail (Table 1). Subsequent to the GPR measurements, 2 trenches (A and I), each 3-m

deep, were dug for detailed study and sampling of the sediment. Lacquer peels were made for

macroscopic study of textural characteristics. A few core plugs were collected for laboratory

measurements of water retention (Figure 2). The core plugs with a volume of 45 cm3 were

sampled by pushing a metal ring into the sediment. The metal rings have walls of minimum

thickness, so as to reduce sediment disturbance. Along vertical sections in the wall of trench I,

TDR was used to obtain detailed information on dielectric properties in the subsurface, and

samples were collected for macroscopic analysis of textural properties (Table 2). Although the

TDR and GPR measurements are separated by a one-week time interval we expect no large
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ambiguities as we removed the wind-dried surface of the trench before measuring TDR data.

To obtain detailed information on the variation in textural characteristics and electromag-

netic properties normal to the high-angle sedimentary bedding, we selected three sites I21, I22,

and I23 in the detailed study area in trench I (Figure 2b). Both I21 and I22 were set at the

location of known fine-grained foreset tops; I23 was set at a position where no foreset was vis-

ible. To measure variation in electromagnetic wave velocity perpendicular to the bedding we

measured 4 detailed TDR sections with a 0.02-m spacing at these locations (Figure 2b).

In an experimental approach to measure small-scale variations in textural characteristics and

electromagnetic properties, we collected three 0.05× 0.08× 0.15-m (height× width× length)

undisturbed box cores at sites I21, I22, and I23 (Figure 2b). The box cores have thin metal walls,

so as to reduce sediment disturbance. In the laboratory, the box cores were impregnated with a

blue epoxy-resin dye and thin sections were prepared perpendicular to the sedimentary bedding

to reveal the maximum textural variation. Next, the thin sections were used for image analysis

of the sediment characteristics and reconstruction of water-retention curves. Direct correlation

between the box-core results and TDR measurements is difficult because the box cores were

collected a few centimeters deeper into the quarry wall to avoid sediment disturbance caused

by the TDR pins. Also, before impregnation with epoxy resin about one-third of the box cores

was used to sample core plugs for measurement of water retention (Figure 2b).

3.2 Sedimentology and stratigraphy

The sediment at the test site is subdivided into 7 units. Units 1, 3, 5, and 7 consist of clean

windblown sands, whereas units 2, 4, and 6 are soils (Figure 2a). The ages of sampled organic

material show that unit 6 was formed between 1260 and 1425 AD (Van Dam, 2001). The

sediment below unit 6 was deposited as the relatively low Older Dunes that formed on top of

a prograding coastal barrier system (Jelgersma et al., 1970). After about 1200 AD, a period of

coastal erosion marked the onset of the formation of the so-called Younger Dunes. Increased

sediment supply led to the development of dunes that were up to 35-m high.

Unit 7 in trench I, on which the present study focuses, is characterized by high-angle cross-
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stratification, dipping at a maximum angle of 40◦ towards the southeast. We attribute the ab-

sence of a sharp crest to a relatively rapid filling of the depression in which unit 6 was formed.

The lacquer peels show two 0.2 to 0.3-m thick convex-upward foresets in unit 7 (Figure 2b).

They are characterized by a top layer (around 5-cm thick) with slightly finer grain size than the

bulk sediment. Also, sub-centimeter-scale lamination is present within the high-angle foresets.

The photographs of the lacquer peels do not have enough detail and contrast to show this lam-

ination. The average grain size of the studied sediment in unit 7 is around 280µm (medium

sand). The average silt and clay content is 0.6% and 0.4%, respectively (Table 2).

3.3 GPR measurements

Fundamental properties that control the behavior of GPR signals are dielectric permittivity (ε),

electrical conductivity (σ), and magnetic permeability (µ), which together define electromag-

netic wave impedance (Z). Impedance contrasts in the subsurface cause part of the propagating

electromagnetic energy, proportional to the magnitude of change, to be reflected. For most

natural sediments, variations inµ are insignificant (e.g., Daniels et al., 1988; Van Dam et al.,

accepted1). In low-loss material such as clean, dry sand, the influence ofσ on the electromag-

netic signal is negligible at GPR frequencies (Davis and Annan, 1989). In contrast,ε plays

an important role in both propagation and reflection of electromagnetic waves. If one defines

relative permittivityεr = ε/ε0, whereε0 is the permittivity of free space,εr of water is around

80, whereas air and quartz have values of 1 and around 4, respectively. Thus, water content

governs the relative permittivity and electromagnetic wave impedance of sediment. The elec-

tromagnetic wave velocity (v) is found byv = c0/
√

εr , wherec0 is the velocity in vacuum

3 108 m s−1). Radar-wave reflectivity can be found from the difference in electromagnetic wave

impedance at layer transitions and can be simplified withRC= (
√

εr2−√εr1)/(
√

εr2 +
√

εr1),

whereεr1 andεr2 are relative permittivity above and below the transition, respectively. The

quality and sharpness of the reflection depends on the transition-zone width (vertical range over

whichεr changes), relative to the predominant wavelength (W/λ). A sharp transition inεr with

depth gives a sharp reflection. In contrast, a gradual change inεr causes signal dispersion. An-
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nan et al. (1991) estimate thatW/λ < 0.3 gives a sharp reflection. Under natural unsaturated

conditions the transition-zone width depends on the total difference in water content above and

below the contrast as well as on the water-retention characteristics of the sediment above the

contrast (Young and Sun, 1999).

Using common-mid-point measurements (Figure 1) the velocity for unit 7 was estimated

around 0.12 m ns−1, which allowed for an accurate time-to-depth conversion. The 450-MHz

GPR profile shows several continuous sub-horizontal reflections (©1 and©2 , Figure 3a), which

result from the soil horizons (Figure 2). Between meters 6 and 15 the upper 0.75 m shows

dipping reflections. These reflections result from the high-angle cross-stratified dunes in unit 7

(Figure 2). The 900-MHz GPR profile images several high-angle foresets in greater detail

(©3 and©4 , Figure 3b). Next to the reflections of the high-angle stratification, the 900-MHz

image shows some short sub-horizontal reflections (right of©3 in Figure 3b). These reflections

are low amplitude and cannot be linked to sedimentary structures in the lacquer peels. They

possibly originate in a feature at the surface positioned around meter 6.6. The reflection from

the top of the soil horizon below unit 7 is rather vague. This is partly caused by the large width

of the transition zone,W. For a transition zone of 0.1 m, as observed at the boundary between

unit 7 and unit 6 (Van Dam et al., accepted2), and a velocity of 0.12 m ns−1, W/λ is 0.75 for the

900-MHz signal. Consequently, the signal experiences dispersion and a decrease in reflection

amplitude.

4 TDR measurements

Time-domain reflectometry was developed to characterize the conductivity and water content

of soils through measurement of their electromagnetic properties. The method is based on the

propagation of an electromagnetic signal along a probe that is inserted into the sediment (e.g.,

Heimovaara and Bouten, 1990). Next to measurements of temporal changes, one can use TDR

to construct vertical profiles of electromagnetic properties (Topp and Davis, 1985; Van Dam

and Schlager, 2000). The relative permittivity (εr ) can be calculated from the travel time of the
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signal in the sediment. The volumetric water content (θ) can be found by substitution ofεr in

empirical equations (e.g., Topp et al., 1980).

Vertical TDR sections show that the relative permittivity (εr ) in unit 7 varies between 3.75

and 4.75 (Figure 4a,b), which is around the typical value of 4 for dry sand. The grain size is

relatively small at the top and bottom of the measured section, and larger in the middle part

(Figure 4c). Smaller grain sizes lead to a higher amount of capillary water to be present in

the sediment. The two finer-grained foreset tops that are present in the lacquer peels can be

identified on the TDR sections by a local increase inεr and are marked by labels©3 and©4 (Fig-

ure 4a,b). They correspond approximately with the numbered clinoforms in Figure 3 and foreset

tops in Figure 2. Events©3 and©4 are two of several similar but unexplained permittivity excur-

sions in the TDR sections (Figure 4), that may be related to the sub-centimeter-scale lamination

observed in the lacquer peels.

To obtain detailed information on the variation in electromagnetic properties perpendicular

to the foresets, TDR measurements with a 0.02-m spacing were conducted at the three sites

I21, I22, and I23. Three of the detailed sections were set at locations of known foreset tops;

the fourth section was taken at a position where no foreset was visible (Figure 2b). The TDR

measurements at foreset locations show a small but distinct increase inεr from around 3.75

to values between 4.25 and 4.75 (Figure 5). The increase marks the transition to the fine-

grained foreset top. The finer grain sizes of the foreset tops cause an increase in capillary water.

The lower end of the 5-cm thick foreset tops is marked by a decrease inεr . The transition-

zone width (W) of increase and decrease inεr is around 0.04 m.W/λ for a 900-MHz GPR

wave would be around 0.3, which is just at the transition between a sharp radar reflection and

significant dispersion (Annan et al., 1991). The TDR measurements were used to construct

models of electromagnetic wave impedance that allow synthetic modeling of GPR reflections

for the foresets. Results of this will be discussed later, along with the impedance models of the

thin sections.
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5 Analysis of thin sections

5.1 Image analysis

The primary objective of image analysis of thin sections in this study is to estimate variations

in water content and electromagnetic properties from textural characteristics on a finer scale

than TDR can measure. Here, the thin section from box core I21 is described (Figure 2b). As

previously mentioned, the positional constraint of the thin section image relative to the foreset

top is not very strong. Therefore, comparison of the thin-section measurements and TDR sec-

tion 1223.005 is difficult. Four high-resolution (176× 176 pixels per mm2) digital photographs

were taken with some overlap (covering an area of approximately 65× 15 mm) in a transect

along the long axis of the thin section. We corrected for small spectral inhomogeneities between

photographs using histogram matching in image processing software ERDAS IMAGINE. Also,

we used the software for maximum-likelihood classification to obtain binary images of solid

grains and pores. To prevent edge effects on the margins, the images were cropped. To ob-

tain unbiased measures for textural parameters from the binary images we separated touching

grains using a cutting procedure by Van Den Berg et al. (in press). These processing steps

were performed on the thin section images to get the final image that was used for the actual

measurements (Figure 6).

The final image was analyzed for a series of textural characteristics, including grain-size

distribution (GSD) and porosity (η), using the method described in Van Den Berg et al. (in

review). With most textural variation present in the direction perpendicular to the sedimentary

layering we used a rectangular measurement window to estimate the textural characteristics in

the thin section (Figure 6). We assume textural variation parallel to the bedding (the long axis

of the measurement window) to be constant. The measurement window had a height of 1.5 mm

and was moved with increments half the height of the window to obtain 85 samples (Figure 6).

The measured 2-D grain size was converted to 3 dimensions by applying a multiplication

factor of4/π, which is strictly spoken only valid for spheres. We accepted the assumption as

a reasonable simplification. The mean grain size shows a variation between 200 and 325µm
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(Figure 7a), which is comparable to the variation that was found using laser particle-size mea-

surements (Figure 4c). The variation in mean grain size shows a coarsening-downward trend

from sample 85 to 20 and a subsequent and sudden drop in mean grain size below sample 20.

The porosity (η) is easily found from the binary image and varies between 0.32 and 0.4 (Fig-

ure 7b). Around sample 63 there is a distinct step inη whereas mean grain size varies little.

There is also a large step in porosity between samples 20 and 25. Although the zone with a

large variation in porosity coincides with a large variation in mean grain size (samples 20-45)

there is no correlation between mean grain size and porosity (Figure 8). The transitions in grain

size and porosity (Figure 7a,b) are not always as sharp as they appear in the image (Figure 6).

This probably is the result of the moving average window and the fact that transitions may not

be perfectly perpendicular to the long axis of the image.

5.2 Estimated small-scale water-retention characteristics

To estimate theθ-pF relations from the textural characteristics of the thin section we used a

neural network model that was developed for similar sediment as in the present study and re-

quired input of cumulative grain-size distribution and porosity. The original data set comprised

204 undisturbed core plugs of 15 sandy forest soils in The Netherlands. The samples were taken

between 0 and 1-m depth and contain little clay and organic matter (Schaap and Bouten, 1996).

Neural networks are black-box models that are able to learn relations between data without prior

model concept (Schaap, 1996), which makes the method very useful for analyzing data sets that

lack understanding of all physical relations.

The 85 GSD’s that were measured from the thin section were fitted with Haverkamp and

Parlange (1986):

GSD(d) =
1(

1+(dgsdd−1)ngsd
)p . (2)

Here,GSD(d) is the cumulative weight fraction,d is grain size,dgsdandngsdare measures of the

average grain size and grain-size uniformity, respectively, andp = 1−n−1
gsd. The average root-

mean-square error of the measured and fitted cumulative grain-size distributions was 0.019. For

4 specific measurements with contrasting mean grain size and porosity (Figure 7a,b), the fitted
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grain-size distributions (Figure 9a) illustrate the variation in grain size and sorting. Samples 61

and 69 are fine grained and have a narrow GSD (well sorted). Samples 20 and 27 are coarser

grained, with sample 27 being relatively well sorted and sample 20 poorly sorted (Table 3).

Also, the samples show a difference in porosity (Figure 7b). Samples 27 and 61 have a low

porosity whereas 20 and 69 have a high porosity (Table 3). Although the porosity is somewhat

underestimated (Table 3) the fitted GSD’s agree well with the measured GSD of core plug I21p

(Figure 9a).

Next, the neural network model M6 of Schaap and Bouten (1996) was used to construct

water-retention curves for each of the 85 measurements (Table 4). Giving input values fordgsd,

ngsd, gravel percentage, organic-matter percentage, and porosity, the neural network generated

output values for the Van Genuchten (1980) parametersαvg andn in Equation (1). Curves for the

4 specific measurements illustrate the interplay between porosity and grain-size distribution in

the control of water retention (Figure 9b). The porosity determines the saturated water content at

zero suction, whereas the grain-size distribution and porosity together determine the inflection

point and the steepness and height of the plateau in the curve. Samples 61 and 69 have similar

grain sizes but the higher porosity of 69 causes a higher saturated water content. The larger

mean pore size (higher porosity) is due to looser packing and leads to a steeper plateau and an

inflection point at a lower suction potential. Thus, the sediment at sample 69 drains quicker and

its water-retention curve crosses that of sample 61. Samples 20 and 27 have comparable mean

grain size but the sediment of sample 20 is poorly sorted and has the widest distribution of grain

sizes of all four samples (Figure 9a). This distribution leads to a water-retention curve that is

gentler than the others (Figure 9b). Although the sediment for sample 20 starts to drain at the

lowest suction values (betweenpF 0.5 and 1) it drains slowest (see value forn in Table 4).

Comparison of the four specific measurements with the core plug shows that although the

plateaus do not exactly match, the overall pattern is very similar (Figure 9b). AtpF 2, which

is around field-capacity conditions (Van Dam et al., accepted2), the results for the core plug

I21p and the neural network results differ by a factor 3. The difference may be caused by the
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neural network modeling (the original data set in Schaap and Bouten (1996) contains more silt)

or by macro-porosity in the core plug. In modeling GPR reflections, relative contrasts in water

content and dielectric properties are more important than the absolute values. We therefore

assume the difference aroundpF 2 as a reasonable simplification. For all 85 samples, Figure 7c

shows the vertical variation inθ at pF 2, and ranges from around 0.04 to 0.06 (Table 5).

5.3 Dielectric properties

Under the reasonable assumption that the influence of adsorbed water can be ignored, a simple

three-phase dielectric mixing model was used to obtain relative permittivity fromθ (Bohl and

Roth, 1994):

εr = (θεαm
w +(1−η)εαm

s +(η−θ)εαm
a )1/αm . (3)

Here,η is porosity,εw is relative permittivity of water,εs is relative permittivity of solid mate-

rial, εa is relative permittivity of air, andαm is a constant (0.5 for isotropic and homogeneous

material; Roth et al., 1990). Forεs we used a value of 3.7 (Van Dam et al. accepted1). The

results for the 4 specific samples are given in Table 5. Figure 7d shows that theεr values lie

between 3.6 and 4.5. Both absolute values and observed range are comparable to those found

with the TDR measurements (Figure 4a,b). The most distinct step in permittivity lies between

samples 60 and 70 and is associated with variation in porosity. The major step in grain size at

sample 20 (Figure 7a) did not result in a prominent permittivity change.

6 GPR synthetic modeling

Using the average of the detailed TDR measurements 1223.005 and 1223.006 (Figure 5) and

the εr results for the thin section (Figure 7d), we constructed two models of electromagnetic

wave impedance. Figure 10 shows the reflection coefficient (RC) based on these impedance

models versus depth. The TDR-based model has 0.02-m measurement increments whereas the

detailed thin-section model has 0.75-mm measurement intervals. To construct synthetic 1-D

GPR traces from the impedance models we used pulseEKKO software (Sensors&Software,
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1996). The software transforms the impedance model from a depth scale into a time scale,

followed by computation of the impulse response for the layered model. Next, all generated

reflections are calculated, including multiples and interlayer reflections. The ground response

is obtained by convolution of a standard pulseEKKO wavelet (both 450 and 900 MHz) with

the impulse response. One of the assumptions of the software is a vertically incident wave,

which we accepted as a reasonable simplification. We ignored losses from spherical-waveform

spreading because of the limited thickness of the model. Attenuation was set at a constant value

(0.01 dB m−1) because of the limited variation in dielectric properties.

In the reflectivity model for the TDR data (Figure 10a), the first two events at 0.22 and 0.24-

m depth are associated with the increase inεr due to the transition to the fine-grained foreset

top (Figure 5). The next two negative events at 0.26 and 0.28-m depth are due to the subsequent

increase in grain size and decrease inεr at the bottom of the around 5-cm thick foreset top.

Figure 11 shows the individual contribution of eachRCevent to the composite reflection (stack).

In the 900-MHz synthetic trace the first twoRC events cause clearly visible excursions to the

left (Figure 11a). This is an illustration of signal dispersion (indicated by label©1 in Figure 10a),

and is due to the gradual transition inεr . The next two events cause reflections with an opposite

polarity and partly overlap the two previous reflections (Figure 11a). Here, the overlap causes a

large width of the positive excursion in the composite signal between 0.55 and 1.2 ns, relative

to the negative excursion between 0 and 0.55 ns. The final two events are too small to recognize

in the stacked signal. In the 450-MHz synthetic trace the resolution is too low to distinguish any

of the events separately. This image is a stack of 6 different, overlapping waveforms, producing

one composite reflection. Figure 11b clearly illustrates that the 450-MHz wavelength is too

long to discern both the top and bottom of the around 5-cm thick foreset top (λ/4≈ 7.5 cm).

Here, the first excursions of negativeRC events 3 and 4 coincide with the second excursions

of events 1 and 2, and cause a composite reflection dominated by constructive interference.

Accurate comparison of these results with the original GPR images is difficult because of the

assumptions in the synthetic modeling. The modeled and original data are different for angle of
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wave incidence. Also, losses by attenuation and by spherical-waveform spreading are difficult

to accurately model for the part overlying the foreset top. Thus, reflection strengths cannot be

compared.

In the detailed thin-section model (Figure 10b), with data points 0.75 mm apart, which is

a small fraction of the wavelength (Table 2.1), it is obvious that the vertical resolution of the

GPR signal is far too low to resolve the thin lamination. Moreover, radar antennas transmit their

energy in a complex three-dimensional pattern (Van Der Kruk, 2001), troubling the attempt to

study the radar response of thin lamination using 1-D synthetic models. Nevertheless, from

seismic studies we know the importance to stay a few steps ahead of maximum resolution (e.g.,

Mayer, 1979; Bracco Gartner, 2000) and to understand the behavior of individual wave trains;

not only the behavior of the wave form propagating in three dimensions. As is seen in the 900-

MHz synthetic trace, individual reflections cannot be distinguished, but groups of events can.

The negativeRC′s between 0.205 and 0.215 m (indicated by arrow©2 in Figure 10b) together

form the excursion to the right in the 900-MHz trace. The group of positiveRC′s between 0.21

and 0.22 m (indicated by arrow©3 in Figure 10b) cause the stepped pattern in the synthetic

trace (indicated by arrow©4 in Figure 10b). Below this the interference by the numerous over-

lapping waveforms becomes too complicated to distinguishRC events in the synthetic image.

The most important indication that the reflected signal is a composite of interfering signals is

illustrated by the difference in reflected signal for two different frequencies. The 450-MHz

synthetic produces a totally different trace than the 900-MHz one. Also, it becomes apparent

from the synthetic models that the reflection pattern in the thin-section synthetics (Figure 10b)

has lower mean amplitude than the reflection pattern from the TDR model (Figure 10a). This

shows that interference from thinly layered sediment reduces the mean amplitude of radar re-

flections. Although at the scale of the individual wave train theRC′s in Figure 10b reach those

of the TDR-based model, a wavefront propagating in three dimensions will cause a decrease

in the amplitude of the interference pattern. In an actual measurement with a 3-D propagating

wavefront reflections from changes in permittivity that are thicker and laterally more continuous
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will overprint the low-amplitude interfering reflections. Kruse and Jol (submitted) show how

thin layers with small impedance contrasts get overprinted by reflections from larger contrasts.

However, reflections from sub-centimeter-scale layering may cause loss of energy and may ex-

plain, especially in the case of constructive interference and sediment with little along-bedding

variation, reflections that do not represent original bedding.

7 Discussion and conclusions

This study began with the premise that although GPR has proven a useful technique for the

imaging of sediments, detailed and quantitative knowledge about radar-wave reflection from

sedimentary structures is lacking. It is not known in great detail which textural characteristics

control water retention and, thus, reflections. Also, the minimum magnitude of change for a

reflection is unclear and little is known about the contribution of structures smaller thanλ/4 to

the total reflection.

It is shown that water content, and thus GPR reflections in unsaturated sediment, is con-

trolled by the size distribution and connectivity of the pore network. The exact characteristics

of the pore network are difficult to estimate. Instead, grain-size distribution and total porosity

can be used to estimate water-retention characteristics in sediment. Although other texture pa-

rameters such as grain orientation may have an influence on water retention we consider the

possible effects to be of minor importance. At field-capacity conditions (aroundpF 2), when

GPR is commonly used to study sediment, fine-grained and tightly packed material retains more

water than coarse and loosely packed material. The minimum required variation in grain size

necessary to produce reflections structures is small. Even the smallest change in water con-

tent will cause a contrast in dielectric properties and, thus, reflection of electromagnetic energy.

Quantifying the minimum magnitude of change necessary to produce a reflection that is visible

in GPR field measurements is less straightforward.

Figure 4c shows a maximum textural variation of∼80 µm for unit 7. TDR measurements

in this unit show that high-angle GPR reflections of fine-grained foreset tops are caused byεr
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variations between around 3.75 and 4.75. Impedance models based on the TDR measurements

across an around 5-cm thick foreset top allowed synthetic modeling of 450- and 900-MHz GPR

reflections. The results show that the reflected signal experiences dispersion due to the gradual

transition in dielectric properties. The thickness of the foreset top is just around maximum

resolution (λ/4) and reflections from the top and bottom of the foreset top interfere with each

other.

The digitized thin-section image rendered detailed information about variation in texture

normal to the bedding in an experimental attempt to model the radar response across of sub-

centimeter-scale sedimentary layering. A neural network and a dielectric mixing model es-

timatedεr at field-capacity conditions to vary between 3.6 and 4.5, which agrees well with

the values measured with TDR. Models of electromagnetic wave impedance and reflectivity

constructed from this 6-cm long transect allowed modeling the GPR response. the GPR syn-

thetics show that interference of reflected signals leads to reflection patterns that change with

frequency. However, the model is too small-scale with respect to both vertical and horizontal

resolution of the GPR signal to compare with actual GPR reflections of thinly bedded sediment.

Nevertheless, it is important to stress that interfering reflections from laterally continuous thin

bedding may cause reflection patterns that do not represent primary bedding. Future studies are

needed to improve understanding of thin-layer reflections.
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Table 1: Details of GPR sections and common-mid-point measurements (Locations in Figure 1).

Name X0 , Y0 Xmax , Ymax f Step size
[m] [m] [MHz] [m]

1 0.00 , 0.00 15.75 , 0.00 450 0.050
1 6.00 , 0.00 10.00 , 0.00 900 0.025
5 6.00 , 0.75 10.00 , 0.75 900 0.025
6 0.00 , 1.50 16.00 , 1.50 450 0.050
6 6.00 , 1.50 10.00 , 1.50 900 0.025
7 6.00 , 2.25 10.00 , 2.25 900 0.025
2 0.00 , 3.00 15.90 , 3.00 450 0.050
2 6.00 , 3.00 10.00 , 3.00 900 0.025
G 6.00 , 0.00 6.00 , 3.00 450 0.050
G 6.00 , 0.00 6.00 , 3.00 900 0.025
C 8.00 , 0.00 8.00 , 10.95 450 0.050
C 8.00 , 0.00 8.00 , 3.00 900 0.025
H 10.00 , 0.00 10.00 , 3.00 450 0.050
H 10.00 , 0.00 10.00 , 3.00 900 0.025
CMP 1 6.00 , 0.00 - 450 0.050
CMP 4 8.00 , 1.50 - 900 0.020
f = frequency.
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Table 2: Textural characteristics of the samples from unit 7 in trench I. Clay and silt are defined

as the weight fractions smaller than 2µm and between 2 and 62µm, respectively. The two most

relevant core plugs are shown in Figure 2.

N Grain size [µm] Clay content Silt content Organic matter
Mean Sd % Sd % Sd % Sd

Vertical transect 15 280.13 25.73 0.43 0.05 0.61 0.11 0.46 0.21
Core plugs 19 268.79 12.08 0.57 0.05 1.07 0.13 0.10 0.16
N = number of samples; Sd = standard deviation.
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Table 3: Textural characteristics of the samples from unit 7 in trench I. Clay and silt are defined

as the weight fractions smaller than 2µm and between 2 and 62µm, respectively. The two most

relevant core plugs are shown in Figure 2.

Sample N Grain size [µm] η
Mean Sd [m3m−3]

20 321 303.325 144.373 0.376
27 387 285.545 104.758 0.325
61 615 209.996 64.805 0.335
69 553 223.066 69.790 0.377
Average for 1-85 492 245.852 89.752 0.358
I21p - 293.209 85.879 0.446
N = number of samples; Sd = standard deviation;
η = porosity.
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Table 4: Neural network input and output for 4 specific samples in thin section I21 and for the

average of all 85 samples. Values for input parameters gravel percentage and organic-matter

percentage were set to zero whereasθs input was set equal to porosity (Table 3) and dry bulk

density was calculated throughρb = 2.65(1−η). Output parametersαvg andn define the posi-

tion of the inflection point and the amount of curvature in theθ-pF relationship (Equation (1)),

respectively. The marginal difference between porosity (Table 3) and modeled saturated water

content output can be neglected. Laboratory measurement results for core plug I21p are given

for comparison (in italics).

Sample Model input Model output
dgsd [µm] ngsd ρb [g cm−3] αvg [cm−1] n θs [m3m−3]

20 346.856 4.080 1.654 0.032 2.614 0.379
27 311.210 5.533 1.789 0.027 2.871 0.326
61 224.326 6.841 1.762 0.019 3.512 0.336
69 238.855 6.819 1.651 0.024 3.576 0.379
Average for 1-85 266.531 5.529 1.700 0.025 3.153 0.360
I21p - - 1.467 0.024 6.99 0.446
dgsd = measure for average grain size;ngsd = GSD uniformity;ρb = dry bulk density;
θs = saturated water content.
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Table 5: Volumetric water content (θ) and relative permittivity (εr ) at pF 2, for 4 specific

samples in thin section I21, for the average of all 85 samples and for core plug I21p (in italics).

For the thin section samplesθ was estimated using the neural network (Table 4). For the core

plug the water-retention characteristics were measured in the lab and fitted with Equation (1) to

find θ at pF 2. Relative permittivity was calculated from Equation (3). Theθ andεr values for

the core plug are low compared to the thin-section samples. The steep plateaus in the water-

retention curves partly cause the large difference becauseθ is very sensitive to small variations

in the height of the plateau.

Sample θ [m3m−3] εr

20 0.056 4.09
27 0.048 4.02
61 0.059 4.33
69 0.039 3.56
Average for 1-85 0.052 4.03
I21p 0.010 2.53
θ = volumetric water content;
εr = relative permittivity.
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Figure 1: (a) Study site with trenches. The inset shows the location of the study area in The

Netherlands. The dashed lines mark the detailed survey area, imaged with 450- and 900-MHz

antennas. (b) Measurement grid.

Figure 2: (a) Trench wall panorama showing sedimentary units and (b) lacquer peels of the

trench. The lacquer peels show faint foreset lamination indicated by thin dashed lines and the

locations of grain-size samples (vertical spacing 0.05 m), TDR measurements, box cores, and

core plugs.

Figure 3: GPR sections from line 1 that allow correlation with the trench wall panoramas and

lacquer peels in Figure 2. The 450-MHz image (a) has the same horizontal and vertical scale

as Figure 2a. In the 900-MHz image (b), which has a horizontal and vertical scale half that

of Figure 2b, the frame shows the outline of the lacquer peels in Figure 2b. The numbered

labels in the radar sections refer to the text and represent:©1 , reflection from the top of unit

6; ©2 , reflection from unit 2 and 4;©3 , reflection from foreset associated with sample I21 in

Figure 2b;©4 , reflection from foreset associated with sample I22 in Figure 2b. Both radar

sections are plotted with an AGC gain.

Figure 4: Variation in relative permittivity (εr ) for TDR sections (a) 1223.002 and (b) 1223.001

with depth and (c) variation in grain size with depth (see Figure 2 for locations). The numbered

labels©3 and©4 correspond approximately to the clinoforms indicated in Figure 3. The fact that

event©3 in TDR section 1223.002 and event©4 in TDR section 1223.001 have about the same

depth is the result of the dipping of the foresets. In the grain-size section, the fine grain sizes

associated with the foreset tops in Figure 2 are superimposed on the large-scale trend in grain

size.

Figure 5: Four cross plots illustrating the influence of sedimentary structures on relative permit-

tivity. TDR sections 1223.005, 1223.006, and 1223.007 were measured at locations of known

foreset tops; section 1223.008 was taken at a position where no foreset was visible. See Figure 2

for the locations. The numbered labels©3 and©4 correspond to those in Figures 3 and 4.

30



Figure 6: Digitized thin section of box core I21. The image is based on four high-resolution

(176× 176 pixels per mm2) overlapping photographs that were taken perpendicular to the

sedimentary structures under an angle with the vertical (Figure 2b). Here, the image is tilted

towards vertical such that the sedimentary layering appears approximately horizontal. The ruler

to the right of the image shows the positions of the 85 samples. For sample 1 the measurement

window is shown. Marked samples 20, 27, 61, and 69 have characteristic texture (Figure 7a,b)

and are analyzed in Figure 9.

Figure 7: Vertical transects of (a) mean grain size and (b) porosity along the long axis of thin

section I21. (c) The water-content atpF 2 along the same transect was calculated using a neural

network model that describes theθ-pF relationship based on cumulative grain-size distribution

and porosity. (d) The relative permittivity was calculated using a dielectric mixing model (Equa-

tion (3)). Open circles indicate specific samples 20, 27, 61, and 69 that are analyzed in Figure 9.

Figure 8: Cross plot of porosity versus mean grain size for thin section I21.

Figure 9: Plots of (a) cumulative grain-size distribution (GSD) and (b) water-retention charac-

teristics for samples 20, 27, 61, and 69 in thin section I21 and for core plug I21p. The 4 specific

samples in thin section I21 are characteristic in mean grain size (Figure 7a) and porosity (Fig-

ure 7b). The positions are shown in Figure 6. The cumulative GSD’s from the thin section were

calculated using Van Den Berg et al. (in review) and fitted with Equation (2). The grain size

from the core-plug sediment (location in Figure 2a) was measured with a laser-particle sizer.

Theθ-pF relation was calculated using a neural network model (Schaap and Bouten, 1996) for

the thin section samples and using standard lab measurement techniques for the core plug. The

open circles represent the lab data for I21p; the solid line is the fit with Equation (1).
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Figure 10: Radar reflectivity and synthetic radar traces constructed from (a) TDR measure-

ments 1223.005 and 1223.006 in Figure 5 and (b) the image analysis results in Figure 7d. The

impedance models used for the synthetic modeling assume a 0.2-m thick homogeneous layer

before the first event. The impedance andRCmodels have a depth scale whereas the synthetic

traces have a time scale. Since wave velocity varies with depth, relative thickness of the layers

changes. The synthetic radar traces have the same horizontal scale. The dashed wiggle shows

the wavelet that was used to convolve with the impulse response model. The numbered arrows

©1 - ©4 are referred to in the text.

Figure 11: Diagrams showing the stack of 6 interfering reflections from the TDR-based

impedance model at (a) 900 MHz and (b) 450 MHz. The numbers 1 to 6 refer to the events

in the TDR reflectivity model (Figure 10a). The composite trace is dominated by destructive

and constructive interference. We ignored multiples and interlayer reflections as we consider

them to contribute little to the total reflection.
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