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Abstract

Bedrock depth provides important information for many environmental and agricultural
applications, such as shallow groundwater monitoring, the determination of soil water
availability, and the estimation of crop production potential. Direct estimates of bedrock depth
from destructive soil observations are discontinuous and too expensive to be used in large
areas. Geophysical methods are often cited as possible alternatives. However, their ability to
provide reliable estimations of bedrock depth is known to depend greatly on local site
characteristics. Therefore, combining geophysical methods based on different physical
parameters may help to provide better predictions. This study examines the ability of the
Spectral Analysis of Surface Waves (SASW) method combined with the classical high
resolution Electrical Resistivity Tomography (ERT) method to predict soil depths in a 500 m
ranged Mediterranean hillslope (Southern France) with increasing soil depths along the slope.
SASW was performed using the data measured in the field with classical seismic equipment
(impulse source and geophones distributed along a line). In the same place, eight transects of
ERT (Wenner-Schlumberger array, 1 m electrode spaced) were measured under wet and dry
conditions. To calibrate the geophysical measurements, 81 boreholes (from two to five metres
deep) were interpreted to determine the bedrock depth, which was defined as the occurrence
in the depth of heterogeneous marine Miocene loose sandstone with centimetric laminations.
ERT and SASW were found to have highly variable performances for predicting separately
the bedrock depth along the hillslope. SASW correctly predicted the bedrock depth in the
lower part of the hillslope, whereas the data from ERT were disrupted by shallow permanent
groundwater. Conversely, ERT correctly predicted bedrock depth within the upper part of the
hillslope, whereas a high variability of SASW data near the topsoil caused difficulties for
bedrock depth prediction. From these results, it was possible to define an estimator of bedrock
depth according to the presence of shallow groundwater, which varies along the slope, such
that more importance is given to ERT estimates in the upper part of the hillslope and more
importance is given to SASW in the lower part. This study shows the usefulness of such a
sensor combination to estimate soil properties when the uncertainties of making predictions

vary according to the geophysical methods.
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1. Introduction

1
2
i A major physical and chemical discontinuity can be observed between the regolith and
5 geologic material without weathering features, which constitutes “bedrock” (Brimhall et al.,
(75 1991; Ma et al., 2010). Bedrock generally constitutes an impermeable layer of shallow
S groundwater. For plants, bedrock depth (BD) is often indicative of the rooting limit (Shenk,
ﬂ 2008) and this knowledge is significant for determining the shape of a root system (Ganatsas
g & Spanos, 2005; Shenk & Jackson, 2002), soil water availability and crop production
ig potential. Moreover, describing the bedrock geometry is essential to defining the limits of the
16 outline of the Critical Zone (Brandley et al., 2006).
1573 Although the knowledge of BD remains an important issue in the soil sciences, few studies
;8 have evaluated it either by using classical or newer methodologies. Direct estimates of BD
&E% from destructive boreholes and pits are too expensive to be used in large areas, but
%i geophysical methods appear to be a possible non-invasive alternative. Classical Electrical
gg Resistivity tomography (ERT) is used to determine BD when there are highly contrasted
27 resistivity levels between the soil layers and bedrock, as significant technological
gg improvements have increased its spatial resolution. Beauvais et al. (1999) characterised the
%22 geometry of the soil layers above high-resistivity granitic bedrock using ERT. In the same
F\ég way, irregular BDs in karst terranes were measured by ERT, taking advantage of high contrast
g;‘r of resistivity between the clayey soil and limestone (Zhou et al., 2000). More recently,
%g Beauvais et al. (2007) mapped the weathering of ultramafic rocks with a combination of ERT
®8 and geomorphologic parameters. Another way to predict bedrock consists of studying
48 diachronic ERT to determine the water uptake localisation. Some other studies have also
j% shown the possibility of using diachronic ERT (Brunet et al., 2010; Descloitres et al., 2008;
jj Michot et al., 2003; Nitjland et al., 2010). Srayeddin & Doussan (2009) showed the suitability
jg of using diachronic ERT for mapping and quantifying the water uptake of maize and sorghum
47 crops after calibration with conventional monitoring. However, the efficiency of ERT was
jg decreased when bedrock exhibited poor resistivity contrasts with the upper soil layers
22 (Coulouma et al., 2010). In the case of saturated porous media, such as shallow groundwater,
gé the ERT signal becomes independent from the soil and bedrock’s electrical properties.
2‘51 Therefore, there are complex situations for which poor resistivity contrasts between soil layers
2(75 and bedrock or the presence of shallow groundwater have been observed.
58 Besides ERT, seismic methods are not currently used in the soil sciences but could be
28 particularly promising to solve these problems. Due to the development of subsurface
02
63
64
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characterisation studies for environmental or geotechnical purposes, the efficiency of seismic
methods for estimating ground velocity structures and mechanical properties has progressed
in recent decades and has found various applications in several fields, such as waste disposal
(Lanz et al., 1998), landslides (Grandjean et al., 2007), and hydrogeophysics (Sturtevant et al.,
2004). Recent equipment, generally containing 48 or 72 recording channels and PC-piloted
acquisition software, has made this method operational and contributed to its dissemination. A
few years ago, an adaptation of the sensor line, based on unplugged gambled geophones, was
proposed to reduce drastically acquisition times (Grandjean, 2006a; Debeglia et al., 2006).
This improvement was also supported by the development of new data processing protocols
like acoustical tomography (Azaria et al., 2003; Grandjean, 2006b) or the Spectral Analysis of
Surface-waves (SASW) (Grandjean and Bitri.,, 2006; Park et al., 2000) and related
multichannel applications (MASW) (Foti, 2000; Miller, 1999; Park et al., 1999a, 1999b; Xia
et al., 1999). The MASW method allows one to assess the shear resistance of materials and
was recently used to determine bedrock depth in contrasting areas and assess the soil’s
vulnerability to erosion (Samyn et al., 2011). Combining different geophysical methodologies
using fuzzy logic data fusion was also used to enhance the efficiency of BD prediction
(Grandjean et al., 2007). The aim of this paper is to present a combined approach of classical
geophysical methodologies, namely geoelectrical and seismic methods, in the complex case of
the presence of shallow groundwater and poorly contrasting bedrock. In particular, this study
examines the ability of classical high-resolution diachronic ERT combined with the MASW

methodology to predict BD in a 500 m ranged agricultural Mediterranean hillslope.

2. Site description

The study area is located in a Mediterranean climate area that is 60 km west of Montpellier
(southern France) on the 0.91 km? Roujan catchment (43°30°N, 3°19°E). The mean annual
rainfall of 650 mm is irregularly distributed throughout the year, and the major periods of
rainfall occur in spring and autumn. The mean temperature is approximately 14°C. The
substratum of the catchment is a loose and heterogeneous Miocene marine sandstone with
centimetric laminations and intercalations of loamy clay material. This sandstone constitutes
the bedrock of the studied toposequence (Figure 1). The soils (IUSS Working Group WRB,
2006) along the toposequence are directly developed over the Miocene loose sandstone with a

spatial distribution that depends on the location within the slope. The distribution is i) calcaric
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regosols in the upper part of the hillslope, which is sandy silt textured and described by a high
calcium carbonate content; ii) calcisols in the middle part of the hillslope; and iii) endogleyic
calcisols at the bottom part of the hillslope. At the slope scale, the soils are characterised by
an increase in soil depth and a change in soil texture in relation to the colluvial accumulations
of clay and gravels. The main characteristics of the soils are summarised in Table 1.

<Table 1 here>

In the lower part of the catchment, shallow groundwater developed in a high porosity horizon
(aquiferous horizon) overlays the sandstone. The maximum piezometric level of the
groundwater is shown in Figure. 1. Two situations can be distinguished in the toposequence;
in the lower part, the groundwater is found within the soil layers, whereas, in the upper part,
the groundwater is below the soil and partly in the sandstone.

<Figure 1 here>

3. Materials and methods

3.1 Geological and pedological measurements

<Figure 2 here>

In March 2009, 81 boreholes (2-5 m deep) were made to describe the soil profiles and to
determine the BD (Figure 2). Each borehole was described according to the STIPA system
(Falipou & Legros, 2002) for soil horizonation. Bedrock was found in only 36 boreholes
when the drilling was deep enough to reach it. The morphological parameters were observed
in the field (texture, structure, colour, stone and classes of calcium carbonate content); BD
was also estimated in relation to these descriptions. The criteria for bedrock identification
were the presence of (i) a lamellar structure without macropores, (ii) a hue of 2.5Y or 5Y, (iii)
silty or sandy texture and (iv) no gravels or signs of colluvial redistributions. Groundwater
signs were annotated in each borehole and additional monitoring of the water table was
performed in eight piezometers to validate the presence of groundwater signs with the
observation data. Observed groundwater was delimited for each section and checked in

relation to the monitored piezometers.

3.2 Geophysical measurements
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3.2.1 Seismic measurements

<Figure 3 here>

The SASW method is a recently conceived seismic method used to determine shear wave
velocity (Vs) models. Measurements are performed directly at the soil surface without
invasive action, allowing for less expensive measurements than for conventional drilling
surveys. The main principle of the method uses the dispersive properties of surface-waves
(Park et al., 2000), meaning that each wave frequency component travels at a different
velocity. Smaller and larger wavelengths are influenced by the seismic velocities of shallower
and deeper parts of the subsurface, respectively. Because these dispersion effects can be
measured in seismic data, the Vs model — Vs variations with depth — that produced them can
be estimated using seismic data inversion theory. To obtain a reliable Vs model, three steps
are necessary: (1) seismic acquisition (Figure 3a); (2) the determination of the experimental
dispersion curves, i.e., the surface-waves phase velocity (Vph) variation with frequency
(Figure 3b); and (3) the inversion of the experimental dispersion curves to obtain the variation
of Vs with depth (Figure. 3d).

For step (1), data were acquired along eight linear transects (Figure 2) in June 2009. To obtain
a more convenient and better estimation the dispersion curves, we used an MASW. Samyn et
al. (2011) discussed the adaptation of the MASW method to soil investigation. It consisted of
24 takeouts with a 0.5 m interval. Each takeout was attached to a single, self-orientating,
gimbals-mounted, vertical geophone that was able to record signals from 10 to 200 Hz
frequencies (Figure 3b). To help ensure proper coupling, each gimbal geophone was housed
in a heavy casing (~1 kg). To damp the motion of the sensor around its rotational axis, the
inside of the casing was filled with a viscous oil. The entire system was towed behind a
vehicle to ensure an optimal time acquisition. A 24-channel Geometrics Geode seismograph
was used to record the impacts of a hammer source that was able to generate signals in the
ones to few tens of Hz frequency range. During recording, the wavefield was discretised and
truncated in both the time and space domains. The sampling periods in the time domain were
0.5 ms, and there were 1000 samples taken. The near offset (distance between the source
point and the first recording point along the line) was 0.5 m, the geophone spacing was 0.5 m,
and the offset range is 11.5 m (Figure 3a).

For Step (2), we processed the seismic data to identify wave dispersion. A 2D wavefield
transform method is commonly used to determine experimental dispersion curves. This

processing involves a 2D wavefield operation that transforms the seismic data from the space-
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time domain into the frequency-phase velocity domain, which is more convenient for
highlighting the dispersion features (McMechan and Yedlin, 1981). The dispersion curve is
then defined as the maximum peaks in the transformed domain (Figure. 3b).

Step (3) is meant to solve the inverse problem. It is used to find the parameters that best
characterise the soil layers (here, Vs value and the thicknesses of layers) from dispersion
curves that were estimated in Step (2). These curves are compared to predicted ones and
create residuals in the least square sense, which are minimised during the resolution of the
inverse problem (Tarantola, 1987) (Figure 3c). This resolution consists of adjusting a set of
soil model parameters — typically Vs and the thickness values of each layer — that offer the
minimum residuals. In general, seismic inverse problems are non-linear, but they can be
solved by iterative schemes (Tarantola, 1987). The inverse algorithm used in our study
implements all these aspects and is based on the work of Hermann (1987). The stop criterion
was defined for Vph residuals as less than 5 m/s. Figure 3d shows a Vs model, representing a
layered Vs structure, obtained using an inversion process of the dispersion curve in Figure 3b-

C.

3.2.2 Electrical measurements

2D Electrical Resistivity Tomography (ERT) sections were made along the same eight
transects in February 2009 in wet conditions and in August 2009 in dry conditions. ERT
measurements were performed using a Wenner-Schlumberger array with an electrode spacing
of 1 m. We used 50 electrodes simultaneously on each transect to provide the apparent
electrical resistivity over the profile at ~0.5 m increments down the profile until reaching a
maximum depth of 5 m. The electrical resistivity for each soil layer and bedrock was derived
from the apparent electrical resistivity measurement using an inverse method, i.e., the Gauss-
Newton code Res2dinv as described by Locke (2002). The electrical resistivity depended on
the temperature at the time of the measurement as well as on the water content, porosity,
conductivity of the soil solution and the mineralogy of the soil particles (Telford et al., 1990).
To compare the two ERT surveys, at different dates on the same field, the resistivity values
were corrected to a standard temperature of 25°C, using the following equation by Keller and
Frischknecht (1966): pas = pt . [1+o(T-25)] where pr is the electrical resistivity (€.m) from
the measured apparent electrical resistivity at temperature T, pys is the electrical resistivity
(€2.m) at a standard temperature T = 25°, and « is a constant equal to 0.02 for a temperature
range of 5-25°C.
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The temperatures were monitored at the piezometers at every metre of depth during the
electrical resistivity measurements. The results were fitted to obtain a corrected temperature
for each depth step and for each date of resistivity measurements.

3.3 Bedrock depth prediction from ERT

Water content, porosity in the first tilled horizon and the conductivity of the soil solution were
parameters that were susceptible to change between the two dates of the electrical surveys.
Only changes in the water content can significantly modify the electrical resistivity at a
standard temperature (Besson et al., 2010; Michot et al., 2003). Electrical resistivity values
measured for dry and wet conditions were plotted against soil depth at every metre of the
eight transects. These punctual ERT data were analysed to define the BD hypothetically
corresponding to the depth until no significant differences of resistivity between dry and wet
conditions were observed (Figure 4b). The significant differences were attributed to (i) the
vine water uptake between the wet period at the beginning of the vegetal activity and the dry
one at the maximum of the vegetal activity and (ii) the drainage out of the soil system. The
limit between the soil and bedrock represent a discontinuity in hydraulic conductivity and in
vine rooting depth, modifying the shape of a root system that is known to be larger than that
of other crops (Soar & Lovey, 2007; Trambouze & Voltz, 2001). From each electrical data
point, BD was then predicted as the depth beyond which no significant differences in
electrical resistivity were observed between the wet and dry conditions (Figure. 4a). However,
in the case of deep soils, the assumed hypothesis for BD prediction appears to be incorrect in
relation to the presence of the groundwater system (Figure 1) and to the effective vine rooting
depth, which is lower than the actual soil depth.

<Figure 4 here>

3.3 BD prediction from MASW

Vs are very sensitive to the mechanical properties of the soil skeleton and less so to the water
content. They range from very low values as low as 15 m.s™ in extremely loose clays to more
than 1000 m.s™ in consolidated materials. Therefore, they are able discriminate well between
loose and competent materials (Puech et al., 2004). In general, MASW data points indicate a
low-velocity coverage layer (around 150-200 m.s™) with a 1 to 4-5 m thickness according to
the location in the toposequence. Further down, the velocities increased with depth and
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reached 400 m.s™, indicating a more competent material that has assimilated to the underlying
bedrock (Figure 4a). From each seismic data point, BD was predicted on the 1D vertical Vs
profiles considering the inflexion point between the low-velocity coverage layer and the high-

velocity underlying layer (Figure 4b).

4. Results and discussion

4.1 Measured BD

Figure 5 shows the observed BD and groundwater level from the boreholes and piezometers
along the eight transects. The median of observed BD was 1.7 m with significant differences
along the slope. Bedrock outcrops were generally localised at the topslope position of the
toposequence, whereas one outcrop was located in the middle part of the west hillslope. BDs
greater than three metres were only observed in the lower part of the hillslope.

The water tables observed in the boreholes on the date of the soil measurements were
classified in relation to their presence within the soil. Water tables are always present within
the soil in the lower part of the hillslope where soils are deeper than two metres (Figures 1-5).
The observed water tables were in agreement with the monitored piezometric data.

<Figure 5 here>

4.2 Resistivity of the soil layers and bedrock

<Figure 6 here>

At each borehole location, the temperature-corrected resistivity values for the wet and dry
conditions were categorised according to the main soil layers and bedrock. Figure 6 shows
that the mean resistivity values did not exceed 50 Q.m. The observed range of the values was
similar to previous measurements recorded for the same soil and bedrock types (Telford et al.
1990). In the tilled horizons, the standard deviation and maximum values showed significant
variability due to differences in soil structure (Coulouma et al., 2006) and in soil type
(Andrieux et al., 1993). The same behaviour was observed in the bedrock due to differences
in bedrock type, e.g., within or without centimetric lamination of loamy clay material. The
lower mean resistivity value logically corresponds to an aquiferous layer that is saturated

throughout the year.
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No significant differences in resistivity were found between soil layers or tilled horizons and
bedrock under both conditions. Differences in resistivity between both conditions in tilled
horizons and soil layers can be attributed to the water dynamics in the vadose zone. A single
analysis of the resistivity values does not allow us to exploit the differences in water dynamics

between the soil and bedrock, which is believed to be one possible way to determine BD.

4.3 BD prediction

4.3.1 Contribution of each methodology

<Figure 7 here>

The observed BDs that were determined from boreholes were compared to ones predicted
from the ERT analysis (Figure 7a). A very low determination coefficient was observed for the
entire dataset (R®=0.08). In the case of the presence of groundwater, BDs were
underestimated by the ERT analysis. These estimated BDs probably correspond to the depth
of vine water uptake that was limited by root development in relation to the presence of a
capillary fringe near the water table level. Conversely, ERT analysis was effective when not
in the presence of groundwater.

Measured BDs from boreholes were also compared to ones predicted by the MASW method
(Figure 7b). A very low determination coefficient was also observed for the entire dataset
(R®=0.13). BDs were overestimated in conditions of reduced soil depth. This overestimation
was due to the lack of high frequencies that are required for the characterisation of the
shallowest materials. Conversely, the MASW method was not deterred by the presence of
groundwater. In fact, Vs are sensitive to the properties of the soil skeleton and less so to the

water content, whereas the ERT signal was disrupted by the groundwater.

4.3.2 Combined methodologies

The results allow us to define the applicability of each methodology at the scale of the
toposequence based on the presence of groundwater within the soil. According to their
applicability, the combined BD was derived by the BD predicted from ERT in the absence of
groundwater and from MASW in the presence of groundwater. A buffer zone of 20 metres
centred on the limit was defined because of the difficulties in making accurate delimitations

for the presence or absence of groundwater. Within this buffer zone, weighted means of the
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predicted BD for each methodology were calculated to define a combined BD in relation to
the distance from the limit. BDs predicted from the combination of ERT and MASW analysis
were then compared to the observed BDs (Figure. 8). Utilising this combination significantly
improved the estimation of BD (R?=0.77).

<Figure 8 here>

Continuous geophysical measurements allowed us to estimate BD based on the presence of
observed groundwater for the entire geophysical dataset using the ERT and MASW
combination. Figure 9 shows the results of the BD prediction for each geophysical transect.
The general trend of shallow soils at the top of the hillslope and increasing soil depth down
the slope is consistent with the observations of Figure. 5. However, BD varied strongly along
the toposequence. Outcrops of bedrock are generally localised on the top of the hillslope
(between 250 and 300 m from the bottom of the hillslope) except in three outcrops (between
150 and 180 m from the bottom of the hillslope). The irregular shape of the BD predicted
from the MASW method at short intervals did not represent the actual features of the bedrock
because of the 1D hypothesis used in the seismic inversion process, which was independent
from the closest predictions. Conversely, the BD predicted from ERT analysis showed a
regular bedrock shape, which was made possible by the 2D integrator inversion process of
electrical resistivity. It is likely that this corresponded better to the actual shape of the
bedrock. Complementary data processing, such as smoothing operations of the bedrock shape
in relation to geomorphologic information, are necessary to provide the realistic shape of the
bedrock along the entire toposequence. Nevertheless, we conclude that the general
distribution of the predicted BDs is likely to be a reasonable first-order approximation of the
actual situation in the subsurface.

<Figure 9 here>

4.4 Discussion

The detection of bedrock using geophysical methods depends greatly on the definition of the
bedrock and the bedrock’s properties. ERT is generally used in contrasted areas, such as
clayey soils developed over limestone (Zhou et al., 2000) or weathered soils over magmatic
materials (Beauvais et al., 2007), when significant differences in electrical resistivity between
bedrock and soil are evident. In our case, the contrast in resistivity between calcisols and

heterogeneous loose sandstone was not sufficient to determine the limit between soil and
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bedrock. Since the first successful use of diachronic ERT, analysing the pattern of the water
uptake by a grapevine has constituted an alternative way of determining the limit of bedrock
in vineyard areas. However, this methodology is not efficient in the presence of groundwater.
Combining it with a sensor that is based on another physical parameter greatly enhances
bedrock detection. Therefore, seismic surface waves have great potential for discriminating
between loose and compact materials and are not sensitive to the water content despite poor
BD prediction in the case of shallower soils. This hypothesis is founded on the presence of
laminations, which correspond to marine sedimentation processes. This is considered to be a
criterion for bedrock determination in conventional measurements. These laminations
increase the differences in hardness between soil and bedrock. In addition, the effects of this
limit on rooting depth and soil hydraulic conductivity have been verified in boreholes and pits
(Andrieux et al., 1993; Coulouma et al., 2006).

Figure 8 shows BDs estimated from a combination of the ERT and MASW methodologies.
The MSE (0.24 m) of the prediction is acceptable but higher than in previous studies on
bedrock estimation directly from diversified geophysical methodologies (Gerber et al., 2010;
Zhou et al., 2000). Other works have estimated BDs from soil databases or DEM with larger
RMSE results (Dalke et al., 2009; Ziadat, 2010). However, the experimental conditions of
this study were chosen specifically in relation to (i) the difficulty in defining bedrock in the
case of loose bedrock and poorly contrasted materials and (ii) the variability of bedrock
properties and depth along the toposequence. Even better results are expected from a
combination of the ERT and MASW methods for BD prediction in more contrasted
environments. Samyn et al. (2011) discussed the feasibility of calibrating shear wave
velocities using penetrometer soundings to increase the accuracy of BD prediction using
seismic surface waves and the accuracy of a combined BD prediction. This calibration should
improve the relation observed between Vs and soil layers defined from pedological
parameters to determine a hypothetical threshold corresponding to bedrock shear wave
velocity.

Finally, the applicability of each methodology is based on the presence of groundwater within
the soil. This information is not readily available and requires shallow groundwater
monitoring. An alternative is to use soil morphological indicators of saturation that could help
in detecting and mapping water tables (Tassinari et al., 2002). However, this study only
provides information regarding the applicability of the tested methodologies; it is possible to

use other indicators, such as topographical ones (from DEM) and pedological ones that are
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either derived from ground observed morphological indicators of saturation (Tassinari et al.,

2002) or from an available soil map.

5. Conclusion

This study examines bedrock detection in the regularly encountered complex situations of
loose bedrocks with the possible presence of shallow groundwater. An expensive and
discontinuous drilling approach was compared with classical ERT and a new application of
SASW. ERT and SASW separately provide insufficient bedrock detection at the scale of a
500 metre-ranged toposequence. However, an analysis of diachronic data combined with
SASW at the scale of the toposequence enhanced the efficiency of bedrock detection
according to the presence of shallow groundwater. Bedrock detection can be improved by
using easily calculated geomorphological or topographical parameters as indicators of the
efficiency of each geophysical methodology. However, this combination of methodologies

according to prior soil knowledge must be tested in different representative soilscapes.
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FIGURE CAPTIONS

Figure 1 : Schematic soil toposequence of the study area.

Figure 2 : Experimental design.

Figure 3 : a) Example of a seismic record; b) c-f image calculated from the example seismic
record, the extracted dispersion curve overlays the image in black dots; c¢) comparison
between observed (black dots) and computed (red solid line) dispersion curves after inversion
process. Both dispersion curves are well fitted; d) obtained 1D vertical Vs model after

inversion process.

Figure 4 : a) Example of bedrock delimitation from a punctual analysis of a diachronic ERT

data; b) Example of bedrock delimitation from a punctual analysis of a seismic data point .

Figure 5: Representation of the observed bedrock depth and the groundwater level from

boreholes and piezometers.

Figure 6 : Resistivity values according to the observed lithologies at the boreholes locations;
Black lines represent means and standard deviations, coloured bars represent minimum and

maximum resistivity values.

Figure 7: Plot of predicted BD against observed BD at the locations of the boreholes from a)
ERT analysis and b) MASW analysis; Triangles represent BD with observed groundwater ;

Circles represent BD with no observed groundwater.

Figure 8 : Plot of predicted BD from the combination of ERT and MASW analysis against
observed BD.

Figure 9 : BD prediction along the geophysical transects using ERT and MASW combination.

Predicted BD is roughly consistent with observed BD on the all transects.
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TABLES

Table 1: Chemical and physical analysis of the main soils along the toposequences

*according to Guidelines for soil description, FAO

, 2006

** particle size <2 um for A, 2-50 um for L and 50-2000 um for S

Properties Horizon* Depth (m) Colour*  Structure* Texture** CaCo3
A L S kg

Calcisol (inthe  Hp 0-050 7.5YR44 BS 31 33 36 88
middle partof the Bk 050-1.35 2.5Y64 BS 21 53 26 376
hilislope) C 1.35-160 25Y66 BS 16 57 27 411

Bedrock >1.60 2.5Y66 Layered 7 21 72 240
Endogleyic Hp 0-0.80 10YR44 BS 19 27 54 119
Calcisol (in the B 0.80-1.20 10YR43 BS 26 30 44 7
bottom partofthe g 1.20-1.95 2.5Y53 AB 30 32 38 63
nilislope) Bk 195-240 25Y53 BS 24 35 41 308

Bedrock >2.40  25Y63 Layered 18 37 45 281
*according to Guidelines for soil description, FAO, 2006

** particle size <2 pm for A, 2-50 um for L and 50-2000 pum for S
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