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ABSTRACT

Fluid transport through clayey tills governs the quantity and quality of groundwater
resources in the Northern hemisphere. This transport is often controlled by a three-dimensional
network of macropores (biopores, fractures and sand lenses) within the clayey till. At present, a
non-destructive technique that can map and characterize the sand-lens-network does not exist,
and full excavation or extensive drilling is therefore the only solution. Acquisition and modeling
of crosshole ground penetrating radar (GPR) may provide the answer to this problem. We
collected one- and two-dimensional crosshole GPR data at a field site in Denmark between four
8-m-deep boreholes with horizontal distances varying between 2.64—5.05 m. We show that the
depth, thickness, and tilt of a coherent sand layer within the clayey till (approximately 0.4—0.6 m
thick) as well as the underlying sand formation can be mapped accurately using the GPR data.
We identified the sand efficiently as a highly resistive section with high electromagnetic wave
velocities, while the clayey till was conductive with lower electromagnetic wave velocities. We
found that the exact location of the sand occurrences was better delineated by the increase in
amplitude than the increase in electromagnetic wave velocity. We believe that crosshole GPR

may contribute significantly to groundwater protection and contaminant remediation initiatives.

INTRODUCTION

In the Northern hemisphere, large parts of the superficial geology consist of glacial
deposits that originate from the late Pleistocene glaciations (McCabe 1987; Shaw 1987;
Houmark-Nielsen, 2007; 2010). Knowledge of the water flow and transport pathways through

these glacial deposits is necessary in order to sustainably exploit and protect our groundwater
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reservoirs. In clayey till, the presence of macropores dominates the transport pathways. These
macropores exist as fractures, biopores from burrows and roots, as well as sand lenses (Keller et
al., 1986; McKay et al., 1993; Sidle et al., 1998; Jakobsen and Klint, 1999; Klint and Gravesen,
1999; Broholm et al., 2000; Nilsson et al., 2001; Jgrgensen et al., 2002). To date, focus has in
particular been on mapping fractures and biopores, while the existence and influence of
centimeter-to-meter-scale sand lenses have almost been overlooked (Gravesen et al., 2014).
However, sand lenses may create a three-dimensional network of pathways that enables much
faster transport of water and contaminants than through the surrounding fine-grained diffusion-
limited clay matrix (Kessler et al., 2012). Furthermore, the contaminants may be transported over
a much greater horizontal area than predicted using the overall geological and hydrological
parameters (Kessler, 2012). The sand-lens-network is non-trivial to map and at present a low-

cost non-invasive technique does not exist.

Instead, extensive drilling or detailed description of cliff faces (Kessler et al., 2012) can
be used to extract information on the macropore network. Three-dimensional information is
nonetheless difficult, extensive and time-consuming to obtain, and often results in a full
excavation of the site (e.g., Klint and Gravesen, 1999). Full excavation is not possible for urban
areas or contaminated sites and excludes time-lapse investigations of flow and transport.
Crosshole ground penetrating radar (GPR) is a high-resolution geophysical method, where an
electromagnetic (EM) wave is emitted from one borehole antenna and recorded at a receiver
antenna in a second borehole (Hubbard et al., 1997). The recorded EM signal provides
information on the electrical permittivity and the electrical conductivity of the investigated
formation, that can be related to velocity and the attenuation of the EM wave, respectively

(Annan, 2005). To date, published field studies using crosshole GPR only include sediments with
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low electrical conductivity, e.g., unconsolidated sands (Cassiani et al., 2006; Irving et al., 2007;
Haarder et al., 2015; Looms et al., 2008; Klotzsche et al., 2010; Gueting et al., 2015), sandstone
(Binley et al., 2002), and chalk (Keskinen et al., 2017). In general, clayey environments have
been avoided as the attenuation of the EM signal reduces the signal strength and thereby the

possible distance between boreholes.

In this study, crosshole GPR data is, for the first time, used to map sand-lens occurrences
within an unsaturated clayey till. The low water retention properties of sand result in a lower soil
moisture and therefore a higher EM velocity than in the surrounding wetter clay. Furthermore,
the contrast between the electrical conductivity of dry sand and wetter clay affects the

attenuation of the EM signal.

FIELD SITE

The field site is located at the most eastern edge of the Kallerup gravel pit, Denmark.
Geological borehole information available from the nearby area indicates 15-30 m glacial
sediments on top of limestone/chalk deposists (Jupiter database: http://www.geus.dk/DK/data-
maps/jupiter). The glacial deposits originate from the Weichselian glaciation and were deposited
in connection with the main advance from the Baltic region (Houmark-Nielsen, 1989). A very
thorough description of the sand-lens occurrences at the field location was performed by Kessler

et al. (2012).

In November 2015, four access tubes for crosshole GPR data collection were drilled
resulting in six borehole-pair combinations. The distances of these six combinations range

between 2.64-5.05 m. A 0.4—0.6 m thick sand occurrence was observed in all drill cuttings at
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approximately 1.40-2.35 m depth within the clayey till. Furthermore, sand occurrences were
found below 6.11 m—6.75 m depth. The sand occurrences are interpreted to be a coherent sand
sheet and the Hedeland meltwater formation, respectively, similar to the findings of Kessler et al.
(2012). For all the subsequent data analysis, the depths are relative to the ground-surface level at

borehole RT1, approximately 34.53 m above sea level.

METHODS

Crosshole GPR

Crosshole GPR measurements were collected using 100 MHz borehole antennae
(PulseEKKO system from Sensors & Software, ON, Canada). Three different measurement
surveys were used: 1) calibration gather in air, 2) equidistant-offset transmitter-receiver profiling
or zero-offset profile (ZOP), where the transmitter antenna and the receiver antenna are moved in
parallel, and 3) multiple-offset gather (MOG), where the data are collected with different

transmitter-receiver antenna-offsets resulting in crossing wave pathways (Annan, 2005).

Calibration gathers were collected holding both antennae in air and increasing the
antenna separation from 1.00 m to 4.00 m at 0.10 m increments (a total of 31 traces). The exact
time the transmitter emits energy (known as absolute time zero) can be determined using this
gather type, as the velocity of the emitted electromagnetic wave can be assumed to travel at the
speed of light through air (i.e., 0.3 m/ns) (Oberrohrmann et al., 2013). A calibration gather was
collected before and after each ZOP (seven in total) and four times during the MOG data

collection in order to account for equipment drift over time.
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During the ZOP data acquisition, we used an increment of 0.0625 m down the boreholes
and measured between 1.50—7.75 m depth (a total of 101 traces). A ZOP, including the
corresponding calibration gather, took between 11and 20 minutes to collect. All six possible

Z0OPs were collected.

For the MOG data collected in this study, we chose to collect a full MOG gather between
1.00 and 7.00 m depth with 0.25 m depth increments between antenna positions (25 fixed
transmitter positions with 25 different receiver positions, 625 traces in total). Such a MOG
survey took 80 minutes to collect and was only collected between boreholes RT1 and RT3. For a
later inversion, we removed traces with an acquisition angle from the horizontal greater than 45
degrees in order to avoid data affected by waveguiding along the antennae (Irving and Knight,

2005). The final MOG dataset used in the inversion, therefore, comprises 466 traces.

GPR post-processing and inversion

The first-arriving energy and the amplitude of the first positive cycle were found using a
semi-automated MATLAB routine. The trace energy, defined as the sum of the squared
amplitudes (e.g., Klotzsche et al., 2014), could instead have been used. But for the purpose of the
analysis presented here, the amplitude of the first positive cycle gives an adequate representation
of the trace energy, and is more robust to non-stationary low-frequency noise. For the ZOP
measurements, the traveltime, ¢, of the EM wave was converted to an EM wave velocity, v, by
accounting for the straight wavepath distance. The MOG dataset was used both for a simple

amplitude analysis and a full-waveform GPR inversion analysis.
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The full-waveform inversion (FWI) approach used for this work is the FWI algorithm of
Meles et al. (2010), which extended the work of Ernst et al. (2007) by honoring the EM vector
character and introducing a simultaneous updating of the electrical permittivity and conductivity.
Important parts of the pre-processing procedure include a 3D-to-2D conversion of the field data
and an estimation of the source wavelet. Both procedures are dependent on the electrical
permittivity and conductivity starting models and must therefore be re-done when these are
altered. A comprehensive description of how to apply the FWI approach to field data can be

found in Klotzsche et al. (2010) and Keskinen et al. (2017).

Finally, we use the two-dimensional finite-difference time domain forward solver of the
FWI algorithm to test the effect of reducing the sand lens to 0.12 m thickness, and whether the

sand lens is coherent or interrupted between the boreholes.

RESULTS

One-dimensional profiles

In Figure 1a, we present the ZOP collected between boreholes RT1 and RT3. The traces
are normalized to the maximum recorded amplitude, but are otherwise only time-zero corrected.
We found that a standard dewow correction (Gerlitz et al., 1993) did not remove all low-
frequency noise and resulted in an undesirable precursor. The five additional ZOPs are not
included here but show similar tendencies to the presented data. In all ZOPs, a signal is recorded
throughout the investigated depth-range. At depth intervals of 1.5-3.0 m depth, as well as below

5.5 m, the signal arrives earlier and is less attenuated than at the other depth intervals. In Figure
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la we also present profiles of the EM velocity and the normalized amplitude of the first positive

cycle. Furthermore, the observed drill cuttings from RT1 and RT3 are included in the figure.

The depth interval represented by the lowest traveltime (i.e., the higher EM velocity)
corresponds to the sand occurrences in the drill cuttings. As expected, the signal is also less
attenuated at these depths due to the lower soil moisture of the sand, but also the lower bulk
electrical conductivity. Note that the elongated wavetrains within the sand layers indicate the
presence of multiples and the occurrence of waveguiding within the sand layers. Since this high-
velocity sand layer is present in low-velocity clay, the waveguide cannot be a low-velocity
waveguide but would be a leaky waveguide (see also van der Kruk et al., 2009). The exact
boundaries of the sand occurrences are not sharp in the EM velocity profile, as the signal arriving
first at the receiver at depths near the sand occurrence is not the direct wave through the clayey
till, but instead a critically refracted head wave in the till that is emitted by the fast-wave
traveling signal in the sand layer. In contrast, the amplitude of the refracted wave is significantly
reduced compared to the amplitude of the direct signal through sand, and the sand occurrences
are therefore better identified using the amplitude of the EM wave. Overall, the results in Figure
1 clearly show that it is possible to identify sand layers in unsaturated clayey till at the Kallerup

field site of approximately 0.4-0.6 m thickness using crosshole GPR.

Figure 1 inserted here.

At the Kallerup gravel pit, the sand layer at 1.40-2.35 m depth is expected to be coherent and
between 0.4—-0.6 m thick (Kessler et al., 2012). We wish to explore whether crosshole GPR can
be used to map very thin sand layers (down to 0.12 m thickness) or identify areas where the sand

layer is not coherent, but instead interrupted between the boreholes. To this end we use the
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forward solver from the FWI routine (see section on GPR post-processing and inversion), and
the estimated source wavelet obtained in the full-waveform analysis (see section on Two-
dimensional analysis). Furthermore, the relative dielectric permittivity is assumed to be 5 and
12.6 for the unsaturated sand and clayey till, respectively, corresponding to an EM wave velocity
of 0.134 m/ns and 0.085 m/ns. The electrical conductivity is assumed to be 10 mS/m and 40
mS/m for the unsaturated sand and clayey till, respectively, corresponding to an electrical
resistivity of 100 Qm and 25 Qm. The resulting synthetic ZOP measurements using three

different synthetic models are shown Figure 1b—c.

Synthetic model 1 in Figure 1b represents the conditions at Kallerup gravel pit as it
assumes a coherent sand layer between RT1 and RT3, corroborated later during excavation of
the site. In order to connect the sand occurrences observed in the drill cuttings at the boreholes,
the sand layer tilts slightly downwards towards RT3, and the Hedelund sand formation tilts
slightly upwards towards RT3.The synthetic ZOP data exhibit overall trends similar to the
collected field data in Figure 1a. First of all, the depth intervals of the sand occurrences are
characterized by relatively high EM velocities and low attenuation of the first peak. Further, the
attenuation effect is able to better delineate the exact depths of the sand occurrences as the
amplitude is dampened significantly both when the first arriving energy has traveled through the
clayey till but also when it results from refracted EM waves. The effect on the EM velocity is

smoother, affecting GPR data collected up to 0.5 m away from the sand layer.

Synthetic model 2 in Figure 1c represents the case where the sand layer is only 0.12 m
thick (corresponding to the cell size). Despite the thin layer, the velocity of first-arriving wave is

highly affected by the sand occurrence. However, the effect on the amplitude of the signal is not
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easily discernable and could easily be missed if the depth increment of the ZOP strategy is too
coarse. The results of synthetic model 2 are perhaps surprising, and were therefore corroborated

using a different full-waveform GPR forward solver (Irving and Knight, 2006) (not shown here).

Finally, synthetic model 3 in Figure 1d represents the case where the sand lens is not
coherent, but instead interrupted between the boreholes by a vertical 0.12 m clayey till section.
This scenario represents the most challenging subsurface structure to identify and is of particular
interest as an interrupted sand lens would potentially have major consequences for the flow and
transport pathways. The effect of this vertical clay section is minor, reducing the velocity and the
amplitude of the EM wave slightly, 2% or 0.003 m/ns and 17%, respectively. It would not
therefore be possible using this type of analysis and data gather (ZOP) to distinguish this
scenario from the case where the sand is coherent. However, the effect on the synthetic data is

present, and may therefore potentially be exploited using more advanced data analysis.

Two-dimensional analysis

In order to see whether the tilt of the sand lens can be identified, we analyze the MOG
data using a simple amplitude analysis based on the amplitude values of the first positive peak.
This approach is similar to the work of Klotzsche et al. (2014). Here, traces having amplitude
values below and above 15000 mV are assumed to have travelled through clay and sand,
respectively. We stress that this amplitude cut-off value is chosen arbitrarily and subjectively and
cannot be transferred to other field sites. At the given site, the cut-off value represents
approximately the mean amplitude value of the EM wave travelling through only sand and
clayey till. Changing the cut-off value between 10000 and 20000 mV does not change the result

markedly. The tilts of the two sand occurrences show up clearly in Figure 2a. Nonetheless,
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similar to the analyzed ZOP data above, this type of analysis does not contribute with

information regarding the coherence of the sand lens.

Figure 2 inserted here.

Finally, we use the collected MOG data in a FWI algorithm. We have chosen to include
only the FWI result after 10 iterations. The aim of this study is to show the potential of the GPR
data by illustrating the information content and sensitivity of the collected GPR data. We do not
aim for obtaining the best, final, and most likely representation of the subsurface at Kallerup
field site as this is beyond the scope of this paper. As a result, we do not therefore present the
details of the inversion, including the estimated final source wavelet, the root-mean-square plot

of the data misfit, or a presentation of the modelled and measured radargrams.

A low-resolution starting model (e.g., the ray-based inversion result) is typically used in
the FWI algorithm such that only the data content is driving the updating of the models.
However, the starting model should also yield synthetic data within half a wavelength of the
measured data to guarantee a successful FWI (Meles et al., 2011). The ray-based inversion result
of the MOG data from Kallerup (not shown here) provides a very smooth model of the
subsurface and as a result the half-wavelength criterion is violated in the vicinity of the sand
occurrences. We choose instead to use a detailed starting model based on the available borehole

information and the amplitude analysis shown in Figure 2a.

The starting model and the result of running the FWI algorithm 10 iterations are shown in
Figure 2b-c. Despite the highly informed dielectrical permittivity and electrical conductivity

starting models, the GPR data contains additional information. After just 10 iterations, the



Geophysics letters 12

corresponding subsurface models contain variability within the sand and clayey till sections and
the data misfit is decreased from 1.7003x10° to 1.1696x10°° (approximately 31%). The internal
structures within the clayey till section are particularly clear with lower conductivity values
observed between 4—-6 m depth (yellow colors). Even though a thorough grain-size analysis was
not made at the site, large boulders and more sandy till was observed at similar depths during a

subsequent excavation, which could explain this observation.

CONCLUSION

The use of crosshole ground penetrating radar to map sand lenses and internal structures
in clayey till may constitute a major leap forward in the characterization and predictive modeling
in such environments with significant benefits for groundwater protection and contaminant

remediation initiatives.

We have shown that it is possible to use crosshole GPR to detect sand occurrences at the
Kallerup gravel pit in Denmark.The sand lens and the Hedeland sand formation affected the
electromagnetic wave velocity due to the lower retention properties of the sand compared to the
clayey till. But also the amplitude of the electromagnetic signal was increased significantly at the
sand occurrences due to the lower electrical conductivity of the sand. The distinction between
sand and clayey till may therefore also be possible under saturated conditions. However, the

added water will decrease the amplitude of the electromagnetic signal markedly.

A synthetic test illustrated that even a sand lens with a thickness of 0.12 m was apparent
from the EM wave velocity profile when a dense sampling of the measurements was applied. It

was not possible to identify the slope of the sand lens or whether it was coherent using a one-
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dimensional measurement survey (i.e. ZOP). Nevertheless, the synthetic GPR data were affected
by the vertical clay section intersecting the sand layer, and this information content may
potentially be exploited using a two-dimensional measurement survey (i.e. MOG) in

combination with more advanced data analysis.

Finally, a FWI algorithm was used to illustrate that the GPR data also contains
information regarding variability within the clayey till that could correlate to more sandy and

therefore more hydraulic conductive areas.
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LIST OF FIGURES

Figure 1. a) The zero-offset profile collected between borehole RT1 and RT3, along with
analyzed EM velocity and amplitude profiles. The raw data and the interpreted drill cuttings are
included to enable direct comparison. b) — d) Synthetic analysis using the forward solver in the
FWI routine. ZOP data for three synthetic models are produced: b) Assuming a coherent sand
layer between borehole RT1 and RT3. ¢) Model including a thin (0.12 cm) horizontal sand layer.
d) Assuming that the sand layer is interrupted by a 0.12 m-thick clay “layer” halfway between
the boreholes. The grey lines in c¢) and d) are the results of Synthetic model 1, and are included to
facilitate direct comparison. In a) and b) an asterisk marks the depth of constructive interference
between the direct EM wave travelling through the clayey till and the critically refracted head

wave emitted from the fast-traveling wave in the sand layer.

Figure 2. Two-dimensional data analysis. a) Simple amplitude analysis using the first
positive peak of the multiple-offset gather collected between borehole RT1 and RT3. The color
coding represents a binary subsurface of sand and clayey till assuming a cut-off amplitude value
of 15000 mV. The electromagnetic wave is in the plot assumed to travel the shortest direct path.
The drill cuttings are included to enable comparison. b) — c)The starting models and the
subsurface models after running the FWI algorithm 10 iterations. The top panel presents the
electromagnetic wave velocity images, while the lower panel presents the electrical conductivity
images. The black dashed lines mark the boundary of the muted zone around the boreholes. The
full-waveform inversion procedure does not alter the physical properties of the subsurface within

the muted zone and therefore retain the properties of the starting model.
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Figure 1. a) The zero-offset profile collected between borehole RT1 and RT3 (leftmost), along
with analyzed EM velocity (second from left) and amplitude profiles (third from left). The raw
data and the interpreted drill cuttings are included to enable direct comparison. b) — d) Synthetic
analysis using the forward solver in the FWI routine. ZOP data for three synthetic models are
produced: b) Assuming a coherent sand layer between borehole RT1 and RT3. c¢) Model
including a thin (0.12 cm) horizontal sand layer. d) Assuming that the sand layer is interrupted
by a 0.12 m-thick clay “layer” halfway between the boreholes. The grey lines in ¢) and d) are the
results of Synthetic model 1, and are included to facilitate direct comparison. In a) and b) an
asterisk marks the depth of constructive interference between the direct EM wave travelling
through the clayey till and the critically refracted head wave emitted from the fast-traveling wave
in the sand layer.
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Figure 2. Two-dimensional data analysis. a) Simple amplitude analysis using the first positive
peak of the multiple-offset gather collected between borehole RT1 and RT3. The color coding
represents a binary subsurface of sand and clayey till assuming a cut-off amplitude value of
15000 mV. The electromagnetic wave in the plot is assumed to travel the shortest direct path.
The drill cuttings are included to enable comparison. b) — ¢) The starting models and the
subsurface models after running the FWI algorithm 10 iterations. b) presents the electromagnetic
wave velocity images, while c) presents the electrical conductivity images. The black dashed
lines mark the boundary of the muted zone around the boreholes. The FWI procedure does not
alter the physical properties of the subsurface within the muted zone and therefore retains the
properties of the starting model.



