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Abstract: Recently, there has been increased interest in the use of seismic refraction surveys for the
exploration of groundwater investigations. The aim of this study is to delineate groundwater
potential zones using the seismic refraction technique. SmartSeis ST, with 12 channels seismograph
was selected for seismic refraction data acquisition in Phonhong district of Vientiane Province, Laos.
The seismic velocities distribution analysis indicated that there are three different subsurface
lithological zones ranging between (300—750m/s), (700-1650m/s), and (1500-2100m/s). Gradual
increase of seismic velocity indicates changes of lithological layers with vertical depth. This velocity
increase is due to the dense lithological formation which changes vertically deep from alluvial
sediments to dry sand and then to siltstone and gravel layers according to the borehole data. The
seismic refraction results show that the aquifer is a sand and gravel aquifer with a thickness of
unclear. The depth to the groundwater saturated layers ranging from 10 m to 25 m. The results of
this study have indicated that the application of the seismic refraction exploration method to find
groundwater is feasible and effective and can delineate groundwater potential zones in Laos.
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1. Introduction

Groundwater is an essential source as
freshwater in around the world, whereas a
growing number of countries in Southeast Asia
have encountered serious groundwater quantity
and quality problems such as declining
groundwater tables, subsidence, groundwater
quality, and overexploitation leading to
unsustainable management of groundwater
resources. These are major problems currently
challenging hydrogeologists and relevant
organizations. Properly managed, groundwater
is a renewable resource, with volume varying
with the seasons and character of the local
geology. Available volumes of surface water
may vary very strongly over time, and surface
water may be susceptible to various forms of
pollution. Groundwater is an important source
for irrigation, industries, and for both drinking
and domestic purposes, but the mindless pursuit
for utilizing more groundwater by all the users
has already started conducting tremendous
pressure on this essential resource [1].

The potash reserves in the Thangon area of
the Vientiane basin are considerable, with an
estimated 50.3 billion tonnes of ore grading 15%
potassium chloride [2]. Gypsum is mined e.g. at
the Ban laomakkha mine in the Savannkhet area
to the south, where reserves are estimated to be
at least 50 million tonnes. While minerals are
significant, the Lao economy is dominated by
agriculture, which represents most of the
employment in the country and about half of the
GDP. Together with the climatic conditions, this
means that effective management of water
resources is vital for sustained and effective
economic growth. As the economy has grown,
loads on water resources have increased,
requiring more advanced approaches to long-
term management.

In Laos, information and programs for the
monitoring and evaluation of groundwater
quantity and quality are limited. For example, a
drilling project in the 1990s in Vientiane
Province was implemented by Japan
International Cooperation Agency (JICA) for

domestic  supply in rural areas [3].
Unfortunately, 60% of the 118 deep wells drilled
were could not be used due to poor water quality,
such as high salinity [4]. As drilling is expensive,
it will be of great benefit if advanced geophysical
methods,  especially  seismic  refraction
exploration applied as reliable tools for
groundwater investigation and management [5].
Nils et al. (2011a) conducted research on
characterization of aquifers in the Vientiane
Basin, Laos, using Magnetic Resonance
Sounding and Vertical Electrical Sounding [20].
Both MRS and VES were carried out at three
areas namely Xaythani (Thangon), Thoulakhom
and Phonhong districts of Vientiane Basin.

The porous aquifers are described indirectly
through the relationship between the lithological
features and the body wave velocity. Several
approaches have been suggested that the
groundwater level is attributed to specific Vp
values [6-9] or the hypothetic aquifer layer is
determined via its Ve/Vs ratio [10-12] or
Poisson's ratio [13]. Besides, the more complex
theoretical approaches which are based on the
principles of the elastic wave propagation within
saturated and unsaturated porous media have
been proposed [14]. These approaches require a
comprehensive knowledge of the lithological
sequences of the investigating site. Meanwhile,
Grelle and Guadagno (2009) conducted research
entitle seismic refraction methodology for
groundwater level determination at three
different research sites at Campania region in
Italy with the known geological sequences
information [15].

In this study, we use the seismic refraction
exploration to investigate the groundwater
potential at Vientiane Province (Laos). The
using of seismic refraction methodology for
groundwater level determination of Vientiane
Province has never been conducted before. The
specific targets are to measure the position of the
water table, the thickness of the aquifers, and
water quality in these. Results of the field studies
are compared to ground-truth from boreholes,
including the soil profile.
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2. Geological Setting

The Vientiane Basin can be considered as a
northwest extension of the Sakon Nakhon basin
of the Khorat Plateau, Thailand. The Khorat
Plateau covers an area of about 170,000 km?
between latitudes 101° and 106° and longitudes
14° and 19° in the region of northeastern
Thailand and central Laos (Fig. 1). The plateau
is mostly gently undulating, without extreme
topography, and has an average elevation of
about 200m. The PhuPhan range separates the
Khorat Plateau into two basins, namely the
Khorat basin in south covering an area of about
36,000 square kilometers and Sakon Nakhon
basin in the north covering area of about 21,000
square kilometers [16-20].

The two sites studied are situated in the
Vientiane province of Laos. The sedimentary
rocks in the Vientiane Basin range from
Mesozoic to Cenozoic age. The Mesozoic

sedimentary rocks comprise 5 formations, in
ascending order name: PhuLekPhai (T1-2pp),
Nam Sait (T3ns), PhuPhanang (J-Kpn), Champa
(K2cp) and ThaNgon (K2tn) (Fig. 1). These
Mesozoic sedimentary rocks are overlain by
Quaternary sediments, which are in the
Vientiane basin along the valleys of the main
rivers consist of gravel, sand and clay including
laterite [21]. The correlation between
stratigraphy of Khorat Plateau and Vientiane
Basin is explained as shown in Table 1. The
shallow geological structure of the Vientiane
Basin contains alluvium such as sand, gravels
and clays (Fig. 1). Groundwater flows from the
high land to lower areas of sandstone generally
cannot store large quantities of groundwater and
communities regularly encounter problems of
insufficient yields from shallow wells in the high
land areas. Therefore, it’s necessary to conduct
seismic refraction technique to measure the
position of the water table and the thickness of
the aquifers in these areas.

Table 1. Stratigraphy of Khorat Plateau and Vientiane Basin

Khorat Plateau, Thailand Vientiane Basin, Laos
(modified from [22]) (modified from [21])
Age Formation Thickness Age Formation Thickness
(m) (m)
Vientiane
Neogene (Q4) 0.5
Quaternary (Q2-3) 20-25
(N2Q1) 70
Cretaceous-
Tertiary PhuThok (KTpt) 50-785 Cretaceous ThaNgon > 500
Cretaceous- | MahaSarakham 156-1294 (K2tn)
Tertiary (KTms)
Cretaceous KhokKruat (KkK) 100-350 Cretaceous %QZTS;‘ 400
Cretaceous PhuPhan (Kpp) 120-150
Cretaceous Sao Khua (Ksk) 280-420 Jurassic- PhuPha Nang 350
Jurassic- . Cretaceous (J-Kpn)
Cretaceous PraWiharn (JKpw) 56-136
Cretaceous PhuKradung (Jpk) 800-1100 Middle Triassic Nam Sait (T3ns) 700-850
- Early-Middle PhuLekPhai
Triassic Nam Phong (Trnp) 600-750 Triassic (T1-2pp) 650
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Figure 1. Geology of Vientiane Basin [23], key map
showing the extent of Khorat Plateau and the site
locations [16].

3. Data and Method
3.1. Seismic refraction exploration

The seismic refraction exploration applies
seismic energy that returns to the surface after
travelling through the earth subsurface along
refracted ray paths. The seismic technique is
based on a seismic wave’s propagation in the
subsurface, which depends on the velocity
variation in difference medium, but it is
applicable in cases where velocity varies
smoothly as a function of depth. The thickness
and velocity of ground between an interface can
be calculate by determining the arrival times for
direct and refracted waves from seismic section.
The velocities of longitudinal waves, P-wave, Vp
and of transverse waves, S-wave, Vs in a
homogeneous and isotropic medium are given

by the equation (1). The factors affecting seismic
velocity depend on their various compositions,
textures (i.e. grain shape and degree of sorting),
porosities and contained pore fluids, rocks differ
in their elastic moduli and densities (Table 2)
shows seismic velocity value varies with mineral
content, lithology, porosity, density and degree
of compaction [24]

2
V, = A+2u and Vg = Llaly (1)
\ » \ o

By virtue of their various compositions,
textures, e.g. grain shape and degree of sorting,
porosities and contained pore fluids, rocks differ
in their elastic moduli and densities and, hence,
in their seismic velocities. Information on the
compressional and shear wave velocities, Ve and
Vs, of rock layers encountered by seismic surveys
is important for two main reasons: firstly, it is
necessary for the conversion of seismic wave
travel times into depths; secondly, it provides an
indication of the lithology of a rock [24].

The relationship between earth subsurface
proprieties and body wave velocity has been
studied for many years, as a means of indirectly
characterizing porous aquifers. In existing
literature, different approaches have been
proposed some cases the water table is attributed
to specific primary wave velocity (Vp) values. In
the seismic refraction method, the magnitude of
wave velocity values for the estimation of the
depth of the aquifer has ambiguity for
interpretation because a wide range of Vp values
in connection to the water table level and these
values are not uniquely correlated to the aquifer
layer. Some authors attribute P-wave velocities
around 1500 m/s to represent a saturated layer
[15]. Meanwhile, another report proposes a P-
wave velocity between 1200 and 1800 m/s in
porous aquifers [9].

3.2. Data acquisition

The two study sites in Phonhong district of
Vientiane province is situated in the Vientiane
Plain is a large area of around 4,500 km? (Fig. 2),
where is located in the central region of Laos
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with a population of around 800,000. Annual
rainfall is around 2,500 mm but is largely
concentrated within the five-month-long rainy
season. The flat lowland with elevations vary
from 170 t0190 meters above sea level are
flanked to the east and west by mountains
covered by forests with elevations ranging up to
1600 meters and by the Mekong River to the
south (Fig.1). Laos has tropical monsoon climate
with a rainy from May to October, followed by a
cool dry season from November to February and
a hot dry season from March to April [25].

The SmartSeis ST with 12 channels
seismograph was selected for seismic refraction
exploration at the two study sites for 4 seismic
profiles (Fig.2 and 3), which seismic survey
profile length of 440 m, with geophone interval
of 5m, and consists of 8 spreads for each seismic
profile. The technique consisted of laying out 12
geophones in a straight line and recording arrival
times from shot points produced by striking a 5
kg sledge hammer into a steel plate at 7 shots per
spread: one inter-spread shot, three forward and
three reverse shots (Fig.4). Seismographs setting
for data acquisition for each profile at two sites
are the same. The first geophones of spread 1
located at 0 m and the 12" geophone at 55 m;
while the first geophone of spread 2 located at 55
m and the 12" geophone at 110 m then move to
next spread until reach to the first geophone of
spread 8 located at 385 m and the 12" geophone
at 440 m.

Table 2. The P-wave velocity of various earth

materials
Materials | P-wave velocity (m/s)
Air 331.5
Water 1400-1600
Sandstone and shale 2000-4500
Limestone 2000-6000
Sand and gravel 500-1500
Shale 2000-4500
Conglomerate 10-800
Alluvium 500-2000
Sand (dry) 200-1000
Sand (Saturated) 1500-2000
Clay 1000- 2500

3.3. Data processing

The Seislmager software performed for
seismic refraction data interpretation in order to
map subsurface geology in the study area. This
software has a system package for picking the
first arrival time for P-wave known as the
PickWin program. This software uses nonlinear
traveltime tomography consisting of ray tracing
for forward modeling and simultaneous iterative
reconstruction technique (SIRT) for inversion.
The main features of the algorithm are: an initial
model is constructed so that the velocity is
layered and increased with depth, the first arrival
traveltimes and ray paths are calculated by the
ray tracing method based on the shortest path
calculation as described by Moser (1991) and a
traveltime between a source and a receiver is
defined as the fastest traveltime of all ray paths.
The velocity model is updated by SIRT and the
seismic velocity of each cell is also updated
during the process [26]. The flow chart of
seismic refraction data processing (Fig.5) and
the procedures in seismic refraction inversion
processes are explained as flowing:

(1) The field data file is based on readable
file format of the software for the data analysis
and processing.

(2) Gain control is conducted to the data to
accentuate weak arrival times and other wavelets
to improve the quality of the wavelet traces when
to be picked.

(3) First arrival times are manually picked
through visual inspection from collected time
record on software like PickWin and saved for
subsequent analysis.

(4) A traveltime curve is generated through
the layer assignment technique in interpretation
model like Plotrefa.

(5) The model is divided into a large number
of smaller constant velocity grid cells. The
model is then inverted by performing ray tracing
with the grid cells adjusted in an attempt to
match the calculated traveltimes to produce a 2D
initial velocity model.

(6) This is repeated until the number of pre-
defined iterations within the software has been
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completed as the resulting final subsurface model and comparing the modelled traveltimes
model or earth velocity model. to field data, and adjusting the model grid-by

Because the seismic profiles were acquired grid in_order to mat_ch the calculated traveltimes
on generally flat ground, timing corrections due to the field data._Thls then generates the resulting
to elevation variation along the profiles were subsurface velocity model also known as tomogram
unnecessary. The velocity model is inverted by /inverted velocity model after the number of
performing ray tracing, via an initial velocity program predefined iterations has been completed.
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Figure 5. Flow chart of seismic refraction data
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4. Results and Discussion

The results obtained from the seismic
refraction data analysis in the two sites revealed
these regions can be categorized as a three earth
layers with the velocity of each layer increasing
with depth in the composition of the earth
subsurface. Two parallel south-north transverse
seismic profiles namely profile 1 and 2 at sites 1
showed similar result. The traveltime curves and
velocity models are shown in (Fig. 6 and 7). The
P-wave velocity of topmost layers, where lowest
seismic velocities ranging from 300 to 700 m/s
with an average velocity of 500 m/s were
detected, corresponds to an area within the sand
and clay top soil which is mainly as dry alluvial

sediments, whereas the thickness of the first
layers range from 0 to 5m. The second layers
found the yellowish green colours and seismic
velocity vary from 700 to 1500 m/s with an
average of 1100 m/s, corresponds to an area
which is mainly thick saturated clayey layer and
the thickness of the second layers range between
5m to 15m. The third layers found blue colours
and seismic velocity range from 1500 to 2000
m/s with an average of 1750m/s, corresponds to
an area which is mainly gravel and siltstone with
the depth from ground surface to the third layer
is greater than 15m indicating suitable areas for
groundwater potential zones. It is clearly when
we compare the velocity with that of water or
sand (saturated) materials in Table 2.

Meanwhile, two parallel north-south
transverse seismic profiles namely profile 3 and
4 at site 2 showed similar results. The traveltime
curves and velocity models are shown in (Fig. 8
and 9). The P-wave velocity of topmost layers,
where lowest seismic velocities ranging from
300 to 750m/s with an average velocity of
525m/s were detected, corresponds to an area
within the sand and clay top soil which is mainly
as dry alluvial sediments, whereas the thickness
of the first layers range from 5 to 10m. The
second layers made up of the yellowish green
colours and seismic velocity ranges from 750 to
1650 m/s with an average of 1200m/s were
detected, corresponds to an area which is mainly
thick saturated clayey layer and the thickness of
the second layer ranges between 10 to 20m. The
third layers made up blue colours and seismic
velocity range from 1650 to 2100 m/s with an
average of 1875 m/s were detected, corresponds
to an area which is mainly gravel and siltstone
with the depth from ground surface to the third
layer is greater than 20m indicating suitable
areas for groundwater potential zones.
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The results of seismic refraction technique
found the depth of the main aquifer ranges from
18 to 20 m that respond well with Magnetic
Resonance Sounding and Vertical Electrical
Sounding at three areas namely Xaythani
(Thangon), Thoulakhom and Phonhong districts
of Vientiane Basin [27]. The results from the
MRS measurements show that the aquifer
thickness ranges from 10 to 40 m and the depth
of the main aquifer ranges from 5 to 15 m [27].
The free water content is up to 30% and the
decay times vary between 100 and 400 ms,
suggesting a mean pore size equivalent to fine
sand to gravel while the resistivity of the aquifers
is highly variable but is usually higher than 10
Q-m suggesting that the water is fresh [27].
Meanwhile,  determining  water  quality
parameters of aquifers in the Vientiane basin,
Laos used geophysical and water chemistry data
[28]. The results found water layers are
identified with the main water layer situated
between 13-30 m in depth with no water below
[28]. From the VES models it becomes clear that
the low-resistive layer (3 Qm) starts between

Diseros(m)

34-37 m, which is an indication that this layer is
most likely clay (Fig.11) [21]. In additionally,
drilling found the water table at a depth of 20 m
in Phonhong district. Soil samples collected
from this depth have been identified as gravel
and siltstone, matching the velocity model result.
The detailed soil profile is included in Fig. 10b.
The different geological formations observed
from the borehole 1 (BH 1) stratigraphy data
matched well with the seismic results (Table 3).

Integrated seismic and drilling results at
seismic profile 1 where is Naxou village, which
correlated well with vertical electrical sounding
at site S19 of Nils et al. (2011a) (Fig.3), indicated
that found water table range from 15 to 30m with
average seismic velocity around 1875m/s is
considered as gravel and siltstone aquifers in
research sites. According to the seismic
exploration results, the thickness of all three
layers of Site 2 at Phonhor village is larger than
that of Site 1 at Naxou village. It means that the
aquifer layer (N2Q1) at Site 2 is thicker than that
at Site 1.
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Figure 9. The traveltime curves and velocity models for seismic profile 4 at site 2.

Table 3. Comparison between drilling results at BH 1 and seismic result of velocity model

Drilling results at BH 1 Velocity model results at profile 1

Depth (m) | Stratigraphy Depth (m) | Velocity range (m/s) | Stratigraphy

0-5 Clay and sand top soil

5-8 Sandy and clay 0-10 300-750 Clay and sand top soil

8-12 Clay and sand

12-15 Mudstone and clay

2 (S;:Sel and siltstone 10-20 750-1650 sy cley

20-22 (water table)

2225 | Siltstone >20 1650-2100 Gravel and siltstone
(water table, aquifers)
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5. Conclusion

The seismic refraction exploration method
has proved useful in subsurface mapping in earth
layers depends on depth. In Phonhong district,
the average seismic velocities of 600 m/s for the
upper layer, interpreted as alluvium sediments
with thickness of 5 m. The middle layer has a
thickness of 14 m and average seismic velocities
of 1200 m/s and is interpreted as thick saturated
clayey layer. Third layer's average velocities are
1750 m/s and are interpreted as gravel and
siltstone (water saturated) with 18m vertical
extensions. This result is agreement with the
drilling results of borehole 1 at site 1 in the
Phonhong district found the water table at depth
20 m and the soil sample collected at this depth
has been identified as gravel and siltstone.
According to velocity and lithology of third
layer, which could form good reservoir for
groundwater potential, were identified. The
change in velocity may largely be as a result of
the variation in subsurface lithology, texture,
structure, grain size, compaction, cementation
and the level of groundwater saturation.
Thickness of all three layers has gradually
increasing from northern to southern part of the
study site 2. The results of this research work

have indicated that the application of the seismic
refraction  exploration method to find
groundwater in Laos is feasible and effective and
can delineate groundwater potential zones in the
study areas.
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