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Abstract

An Electrical Resistivity Tomography monitoring experiment was carried out

in the uplands of Lao PDR in the Houay Pano experimental catchment. By comparing

data obtained from the calculated cross section of electrical resistivity with hand

auger observations, the detailed soil organisation in such a complex mountainous

environment was characterised. By comparing the seasonal variation of ground

electrical resistivity with the monitoring of groundwater level through a series of

piezometer monitoring points, ground water f1uxes along hillslopes can be measured

precisely. Our study confirmed that stream water mainly corresponds to pre-event

water stored in soils that is forced out by the infiltration of fresh rain water. The

study also indicated that ground water recharge is larger for hillslopes with fallow

vegetation than for cultivated hillslopes where soils are bare at the beginning of the

rainy season suggesting the importance of surface cover on infiltration.
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In the uplands of the Lao PDR population

growth and resettlement policies have

led to recent changes in land use. In

this region, cultivated areas on marginal

sloping lands have greatly increased,

fallow periods have become shorter and

new cash crops such as plants for biofuel

(e.g. jathropha) or plantation timber (e.g.

teak) are competing with former food

producing farmland or forest land.

In this context, knowledge of soil water

content is of major importance to

implement new sustainable agricultural

practices that conserve soil ecological

services. It is well known that within a

small catchment, the soil water content

may vary considerably both in space and

time. In an agricultural context, these

variations are controlled by complex

interactions between i) surface water

inputs (rainfall and streams), ii) soil

structure which controls water infiltration

and storage and iii) water uptake by

plants. The last two factors are strongly

influenced by changes in land use and

agricultural practices.

Generally, variations in soil water content

are measured using invasive methods

which disturb soil conditions (e.g.

measurements of the gravimetric water

168

content require sample removal, water

content measurements with Time Domain

Reflectometry or neutron probes require

that holes are drilled). Furthermore it is

often difficult to establish generalities

concerning large areas based on these

local measurements.

Due to improvements in the feasibility

of performing intensive calculations

with personal computers, Electrical

Resistivity Tomography (ERT) has

been used in many recent soil research

studies (e.g. Dahlin, 1996; Reynolds,

1997, Sarnouelian et al. 2005). Indeed,

this innovative geophysical method

operated from the soil surface is not

invasive, easily reproduced and the

different soil layers can be rapidly

characterised with very dense sampling.

The measured parameter is ground

electrical resistivity which depends on

i) the type, size and arrangement of

solid constituents; ii) water content; iii)

the ion concentration in soil water and

iv) soil temperature (Campbell et aI.,

1948; Rhoades et aI., 1976; Kalinski and

Kelly, 1993). The different soil layers are

delineated by measuring variations in

electrical resistivity along a cross section

(e.g. Griffiths and Barker, 1993; Robain

et al. 1996; Tabbagh et aI., 2000), and

water content changes in each layer are

nvv"J, 2008
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characterised by determining variations

in electrical resistivity with time (e.g.

Daily et al. 1992; Ramirez et al. 1993;

Benderitter and Schott, 1999; Hahesy

et al., 2000; Aaltonen, 2001; Zhou et al.,

2001; Michot et al., 2003).

This paper presents some results

obtained in the Houay Pano experimental

catchment using an integrated approach

combining high resolution non-invasive

ERT measurements and low resolution

invasive measurements made with auger

holes and piezometers. The study aimed

to i) assess the detailed soil organisation

and ii) obtain a comprehensive

understanding of the connexions and

fluxes between groundwater in hillslopes

and river banks, on the one hand, and

stream surface water, on the other

hand.

Material and rn.......h'..........

Site Description
The biophysical characteristics of the

surveyed site, namely the Houay Pano

catchment, are described in detail by

Valentin et al (this issue).

The traverse RIB48 presented in this

article is located in the central part of the

catchment (Figure 1a) where the valley

is rather large and corresponds to a
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swampy area. The land use on the right

hillslope was fallow and the left hillslope

was cultivated (rice). The geographical

coordinates of the traverse were

recorded with a hand GPS (GARMIN

XL12) and the topography determined

with a laser theodolite (NIKON DTM 332).

The elevation AMSL of the traverse was

referenced to a DGPS survey (TRIMBLE

5700) undertaken along the Houay Pano

stream in 2006.

The groundwater level variations

presented in this article were measured

with 4 piezometers (Figure 1b) located

approximately 0.5 m and 1 m above the

stream base level on the right and left

banks, respectively. Groundwater level

monitoring was made with a manual

probe, weekly until mid May 2007 and

then daily after that.

Electrical Resistivity Tomography

(ERT)

ERT is based on the measurement of

ground electrical apparent resistivity. To

perform the measurements, an electrical

current of known intensity (I in Amperes)

is released into the ground using a pair

of metallic electrodes (C
1

and C
2

) and

then the resulting difference of electrical

potential (~V in Volts) is measured

between another pair of electrodes (P1

and PJ The electrical resistivity is given
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SYSCAL R2 uses a commutation

program to connect sequentially chosen

C
1
P

1
P2C2 qwadrupoles among the 64

electrodes. The 828 apparent resistivity

measurements obtained are represented

on a conventional graph (Figure 2). For

the Wenner-Schlumberger array, the X

The quadrupole configuration used is

known as the Wenner-Schlumberger

configuration. It corresponds to a

quadrupole C1P1P2C2 where the

distances C1P1 and P2C2 are equal

and where distance P1P2 is a fraction

of distance C
1C2. When this fraction is

equal to 1/3, the configuration is called

Wenner a.

The data set presented in this study was

obtained with a multi-electrode resistivity

meter (SYSCAL R2 - MULTII\JODE

equipment, Iris Instruments). With

this device the apparent resistivity for

numerous quadrupoles of increasing

size can be measured automatically with

an array of 64 equidistant electrodes.

For this study the unit inter electrode

spacing was 1.5 m which corresponds to

a traverse total length of 94.5 m.

Le. the variations of electrical resistivity

along a cross section (Lines and Treitel,

1984; Ellis and Oldenburg, 1994; Loke

and Dahlin, 2002).
2rr

1 1 1 1
--------+--
CIF;. Cl~ C2F;. C2~

with C1P1' C1P2. C2P1 and CP2 the

distances (in m) between the electrodes

of the measurement quadrupole.

P
a

corresponds to a value normalised

by the geometrical characteristic of the

measurement array and is called the

apparent resistivity. For homogeneous

ground it is equal to the actual ground

resistivity. For heterogeneous ground

it is a convolution of the different

resistivities. A set of measurements

using quadrupoles with increasing size

is required to calculate the distribution of

actual resistivities. The curve of apparent

resistivity as a function of array size is

known as the Direct Current Vertical

Electrical Sounding (DCVES). This

curve allows a 1D geoelectrical model

to be calculated (Le. the variation of

electrical resistivity along a vertical axe)

using specific software. ERT consists of

measuring numerous soundings close to

one another along a linear traverse. This

data set allows a 2D model of ground

resistivity variation to be calculated -

by the following equation:

K
/1V

Pa. = .- (in Q.rn)
I

K =-----:----,.-------
with

170
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coordinate is the centre of bipole P,P2'

The Y coordinate is a pseudo-depth

equal to half distance between C, and

C2 •

Each resistivity measurement was

repeated at least 3 times and up to 6

times, when the experimental deviation

was greater than 1%. Measurements

that still had an error factor of more than

1% were not used in the analysis. In the

most unfavourable cases, the rejected

measurement points represented

approximately 5% of the total set of

measurements along the traverse.

This paper presents ERT measurements

obtained in 2007 at the end of the dry

season (19/01), at the beginning of the

rainy season (24/04), and the middle

of the rainy season (01/08) (Figure 3).

This data set was processed using

the commercial software RES2DlNV

(Geotomo Software, Malaysia). Since

measurements were made in the same

location at different dates, a 20 model

of the underground resistivity distribution

as well as its variation with time could

be calculated (Loke, 1999; Leroux and

Dahlin, 2006).

September 2008

Results

Variations in the groundwater level

Rainfalls and groundwater levels

monitored during the period are

presented in Figure 4. Groundwater

fluctuations appear to be strongly

influenced by rainfall events with very

rapid rises in the groundwater level upon

rain and then sharp exponential decays.

This behaviour is linked to the storm

floods observed in the stream.

Readings from the piezometers close to

the stream (48R2 and T3A2), showed that

groundwater levels were almost constant

and lower than the stream baseline until

mid June.Afterthis date, levels increased

gently and only surpassed the stream

baseline after the heaviest rainfall events.

A strong difference between readings

from distant piezometers placed on the

left and right banks was observed. For

the right bank (48R1), the fluctuations

were the same as those observed with

the close piezometers. For the left bank

(T3A3) the variation amplitude was much

larger. A decrease starting above the

stream baseline was seen until the end

of the dry season. Then increases were

observed just after the beginning of the

rainy season, at first these were gradual

(until the end of June) and then became
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more rapid with very sharp fluctuations

of more than 0.5 m in amplitude.

ERr monitoring

The 20 models calculated from the

resistivity data are shown in Figure 5.

Three main layers can be seen in the

cross sections: a top resistive layer, a

conductive intermediate layer and a

resistive layer at the bottom. The more

complex soil organisation is also included

on the models. Important differences

were observed between the right and left

bank of the stream. These differences

concern both the shape and resistivity of

the layers.

The cross section shows several

anomalies of high resistivity deviating

from the general resistivity pattern along

hillslopes in the top layer. These were

more pronounced on the right bank than

on the left bank. The conductive layer

extends over the whole cross section and

reaches the surface under the swampy

area. The resistivities are lower under

the hillslopes than under the swampy

area. An anomaly of low resistivity is

observed in the intermediate layer at the

foot of the right hillslope. The top of the

bottom resistive layer rises at the right

end of the swampy area.

Variations in resistivity with time did not

172

significantly change the general aspect

of the cross sections. Nevertheless

the differences relative to the initial

resistivities are significant. Their

statistical characteristics are presented

in Table 2. The mean measured apparent

resistivities did not vary between

January and April (transition between

dry and rainy season) but decreased

between April and August (transition

between the beginning and the middle

of rainy season). On the other hand,

the standard deviations of measured

apparent resistivities decreased for both

time intervals with a larger drop between

January and April than between April

and August.

The mean calculated resistivity

decreased for both time intervals. The

drop was lower between January and

April than between April and August. The

standard deviations also decreased for

both time intervals but, as in the case of

the measured apparent resistivities, the

drop was larger between January and

April than between April and August.

Regarding the distribution of the changes

in resistivity in the cross section relative

to dry season, some general trends can

be inferred:

• The transition between the dry and rainy

nm)'),2008
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seasons corresponded to a decrease in

resistivity at the top of the cross section,

a more or less pronounced increase

at intermediate depth and a complex

pattern at the bottom of the cross

section. It is also noted that increases in

resistivity in the intermediate layer were

connected with the soil surface between

the high resistivity anomalies observed

along hillslopes in the top layer. This

indicates that the pattern of the resistivity

variations with time is influenced by the

differentiations in the top layer of soils

which are shown by the anomalies in

resistivity.

• The transition between the beginning

a~d the middle of the rainy season

corresponded to an extension, both in

amplitude and in thickness, of decrease

in resistivity at the top of the cross section,

a diminution of the increase observed at

intermediate depth and a conservation

of the complex pattern observed at the

bottom.

• Important differences were observed

for the increase in resistivity at

intermediate depth between the left and

right banks. At the beginning of the rainy

season, the increase in resistivity was

continuous across the whole section and

extended to depth under the swampy

area. The amplitude of the increase

September 2008

was more pronounced for the right bank

than for the left bank. At the middle of

the rainy season, the resistivity increase

almost disappeared for the left bank and

was confined to several areas for the

right bank.

This study shows that ERT provides

relevant data to address the spatial

variations of soils in a complex context

such as a mountainous environment.

In particular it appears that using this

technique, landslides and bedrock

inhomogeneities, which strongly

influence the organisation of soils along

hillslopes, are clearly detected. This

information is very useful to guide the

implementation of observation and/or

experimentation plots.

By monitoring resistivity variations with

time the water fluxes can be assessed in

this type of environment. On one hand, it

confirms that in this catchment rain water

infiltrates very rapidly and pushes out the

pre-event groundwater which principally

contributes to the storm floods observed

in the stream. On the other hand, it

appears that the general pattern of water

content variations in the top layers is

strongly influenced by plant cover. High
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levels of water uptake occur in vegetated

soils and hence water content during the

rainy season is highly variable. Bare soils

present lower variations in water content

and consequently are more subject

to surface runoff which decreases the

budget of catchment groundwater

recharge.
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Table 1 - Elevation of piezometers relative to the local stream base level

Piezometer Elevation Delta Elev

T3A3 525.92 1.42

T3A2 524.81 0.31

Stream 524.50

48R2 524.94 0.44

48R1 525.57 1.07

Table 2 - Statistical parameters of measured and calculated electrical

resistivltles. The changes in resistivity models are both calculated

relative to January.

Date 19/01/2007 24/04/2007 01/08/2007

Number 828 828 828
Data: Number 836.6 463.8 403.3

Apparent
Max 24.0 22.0 20.4

Resistivity
Mean 69.8 69.9 61.5(Ohm.m)
STD 78.4 59.5 46.3

Number 1344 1344 1344
Model: Max 1189.6 591.2 495.9

Calculated
Min 7.8 8.5 8.3

Resistivity
(Ohm.m) Mean 107.5 95.0 79.3

STD 174.1 117.5 94.0

Max 146.4 103.1
Model Min -62.2 -65.1

Changes
Mean 3.2 -9.8(%)
STD 24.2 21.6
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Figure 1- (aJ Traverse RlB48 location and topography. (bJ Elevation profile showing

the location of piezometers (blue vertical lines).
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Conventional representation of a set of apparent resistivity measurements.
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180

Monthly rainfall in the Houay Pano catchment. The bar chart represents

monthly rainfall ; the line plot, the number of rainy days; the three dates on

which ERT measurements were made are indicated along x axis by the

diamond symbols.
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Daily rainfall (a) and groundwater level variations (b) .
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