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Abstract Since the end of the Cambodian Civil War in 1998,
the population of the Oddar Meanchey province has drastical-
ly increased despite the lack of adequate infrastructure, includ-
ing basic amenities such as drinking-water supply. To improve
the access to drinking water, governmental and aid agencies
have focussed on drilling shallow boreholes. The use of
groundwater for irrigation is also a growing concern to cope
with the occasional late arrival of the rainy season or to pro-
duce food during the dry season. Since the groundwater re-
source in the province has not been documented, a 4-year
study was undertaken (2011-2014), aiming to estimate the
capability of groundwater to supply domestic needs and sup-
plementary irrigation for rice production. Aquifer properties
were estimated by combined use of hydrogeological tech-
niques with the geophysical magnetic resonance sounding
method. Groundwater storage and recharge were estimated
based on new developments in the application of the geophys-
ical method for quantifying specific yield. The median
groundwater storage of the targeted sandstone aquifer is
173 mm, the recharge is diffuse and annually ranges from 10
to 70 mm, and the transmissivity is low to medium.
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Simulations of pumping indicate that the aquifer can easily
supply 100 L of drinking water per capita daily, even consid-
ering the estimated population in 2030. However, the shallow
aquifer can generally not deliver enough water to irrigate pad-
dy fields of several hectares during a 2-month delay in the
onset of the monsoon.
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Introduction

At the moment, about 34 % of rural inhabitants of Cambodia
do not have access to safe drinking water (WHO and UNICEF
2014 ) and 15-25 % of the population is undernourished
(WFP 2014). National averages mask inequalities: vulnerable
people living in the recently developing Oddar Meanchey
province cannot access safe drinking water and face periodic
food shortage.

The Oddar Meanchey Province is located in North-West
Cambodia (Fig. 1) where the former Khmer Rouge army
maintained its last stronghold during the Cambodian Civil
War. The area was entirely liberated in 1998 and the new
Oddar Meanchey province was then formed in 1999. After
the liberation, the population of the province increased from
69,279 in 1998 to 185,819 in 2008 (National Institute of
Statistics 2009) because people returned from refugee camps
and from displacement areas, but also because of the arrival of
landless families coming from other provinces of Cambodia.
Newcomers to Oddar Meanchey province found almost no
drinking-water infrastructures: in 1998, only 2.5 % of the
population had access to a protected water source, while the
national rate was about 30 % (National Institute of Statistics
2009). For their domestic supply, people harvest rainwater
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Fig. 1 Investigated area and
simplified geological map
(modified from Dottin 1972) with
lithology as per borehole cuttings
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during the monsoon and then use water stored in ponds when
the rain stops; however, ponds are very vulnerable to pollution
and often not perennial.

Almost 90 % of the families living in Oddar Meachey
province are farmers and their livelihood mainly relies on
a single rain-fed rice harvest per year (Nesbitt 1997). A
food security study conducted in 2008 indicated that
about 27 % of the people living in several regions of
Cambodia, including Oddar Meanchey province, were
potentially food insecure during the lean season (WFP
2008). To update and specify this figure, aid organiza-
tions (the Cambodian and the French Red Cross, CRC/
FRC) carried out a survey in August 2010 among 200
villagers located in two districts of Oddar Meanchey
province (Fig. 1). The assessment revealed that 80 %
of the people have already faced drought, i.e. a late onset
of the monsoon-causing water shortage at the first grow-
ing stage of the rice production. This temporary water
shortage has a direct impact on food production and
availability for 87 % of the families and also on income
generation for 66 % of them. A large majority of the
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interviewed people (84 %) stated that they were not pre-
pared to face delay in the onset of the monsoon, and
86 % of the people recommended improving their access
to water and their storage capacity to be prepared for
drought.

To supply communities with water all year round, govern-
mental and aid agencies are supporting drilling projects.
However, no quantitative assessment on groundwater re-
sources was available in Oddar Meanchey province because
of the recent history (i.e. civil war). Moreover, Oddar
Meanchey is located in a geological context whose potential
groundwater has rarely been investigated (e.g. Rasmussen and
Bradford 1977), since most of the published works focus on
the alluvial sediments of the Mekong River that are vulnerable
to arsenic contamination (e.g. Berg et al. 2007). A preliminary
compilation and review of information on groundwater has
been completed by Landon (2011) who confirms that most
of the works carried out in Cambodia concerned the alluvium
units and that there is a large uncertainty in groundwater re-
charge estimates (e.g. JICA and MRD 2002). As mentioned
by Johnston et al. (2013), the limited use of groundwater for



Hydrogeol J (2016) 24:195-209

197

irrigation in many areas of Cambodia is attributed to several
reasons such as poor knowledge of the resource and its
sustainability.

This report aims at improving the knowledge on ground-
water potential for both the drinking-water supply and supple-
mentary irrigation in Oddar Meanchey Province, in order to
support the implementation of activities of governmental and
aid agencies. A study has been implemented over a 4-year
period using hydrogeological techniques—e.g. water-table
mapping, drilling boreholes, setting up pumping tests, moni-
toring groundwater levels and rainfall, analysis of water iso-
topes—together with the geophysical magnetic resonance
sounding (MRS) method. Based on new developments in
the application of MRS for assessing aquifer specific yield
(Vouillamoz et al. 2012a, 2014a), a sizable MRS survey has
been conducted for quantifying aquifer storage and recharge.
From the unrivalled data set obtained, the groundwater re-
source of shallow sandstones that are targeted by local drillers
has been estimated for the first time in the Oddar Meanchey
province.

Area of investigation

The investigated area (3,375 km?), located in the eastern part
of Oddar Meanchey province (Fig. 1), covers the districts of
Along Veng and Trapeang Prasat where about 71,000 people
were living in 2008, which was about 30 % of the total pop-
ulation of the province (National Institute of Statistics 2009).
Ninety per cent of the rainfall occurs from April to October (1,
754 mm/year on average, see section “Aquifer recharge” and
Fig. 9) and the annual mean air temperature is 29 °C.

The area is a plain which gently slopes from the north-east
to the south-west and is mainly drained by the Stoeng Sreng
River, which discharges to Tonle Sap Lake. Most of the rivers
dry up after the rainy season and there is no perennial runoff.
To the north, the plain ends at the Dangrek Hills along the
border with Thailand. The Dangrek Hills, formed from sand-
stones dating from Upper Triassic to Lower Cretaceous
(Dottin 1972), are the edge of a sandstone escarpment which
extends into Thailand. The beds are gently dipping to the
north (5-8°) and they comprise conglomerates, fine-to-
coarse-grained sandstone and variegated siltstone and mud-
stone. Tectonic faulting in the sandstones has not been ob-
served (Dottin 1972). In the investigated area, the sandstones
have been eroded (they clearly outcrop further south) and then
have been covered by alluvium dating from the Pleistocene to
the Holocene (known as Old Alluvium). The alluviums which
are composed of clay, silt and sand are the most widespread
geological unit in the investigated area. They are thin (i.e. few
meters thick), thus making outcropping of the upper

sandstones possible in different places (Fig. 1). The south of
the investigated area is probably an anticline of east-north-
east to the west—south-west direction, of the Devono-
Carboniferous substratum, which locally outcrops as Phnom
(i.e. small isolated hills) in the south-west of the area (Dottin
1972).

Materials and method

The study was implemented over a 4-year period (2011-2014)
and combined several methods including statistical analysis of
a database of 211 wells, geophysics and pumping tests at nine
experimental sites, 79 measurements of MRSs to complement
aquifer properties, estimation of recharge from the monitoring
of 12 piezometers (including six coupled with rain gauges),
two piezometric campaigns at 36 locations, and water isotopes
analyses from 24 wells and rainfall.

Estimation and supplementation of aquifer productivity
and storage

The only available data regarding groundwater in the study
area were from the well inventory of the national database
(Ministry of Rural Development of Cambodia 2010).
Among the 332 records, only wells with coordinates and de-
scribed basic properties were selected; these were then added
to a set of 30 wells (drilled by the CRC/FRC within the frame-
work of this study) out of which the total number of wells used
for the study was 211. Based on this data set, basic statistics
and spatial patterns of drilling success rate (i.e. ratio of the
number of successful wells that have an instantaneous yield
higher than 0.5 m/h to the total number of drilled wells), well
depth and productivity (i.e. instantaneous yield and specific
capacity) were documented. Moreover, 61 drilling reports
were available at the CRC/FRC office whose lithologs were
used to complement the description of the geological context
given by Dottin (1972).

For assessing aquifer transmissivity (7) and specific yield
(Sy), nine experimental sites were setup all over the study
area. At every experimental site, pumping tests were carried
out using a pumping well and one or two observation wells
located between 8 and 23 m away from the pumping well.
Pumping durations lasted between 72 and 120 h and
pumping yields ranged between 1.3 and 9.4 m*/h. Pumping
tests were interpreted by Vouillamoz et al. (2012a) using ana-
lytical solutions and drawdown log-derivative analysis
(Renard et al. 2009) implemented in AQTESOLV/Pro v4.5
software.

To complement the transmissivity (7) obtained at the nine
experimental sites, a relationship between the transmissivity
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and the specific capacity (Q/s) was defined (e.g. Razack and
Huntley 1991). Using this relationship, transmissivity values
were calculated at 108 locations scattered over the investigat-
ed area where Q/s was documented in borehole reports.

To complement Sy obtained at the experimental sites, the
geophysical MRS method was used. The description of the
MRS method and its application to characterize aquifers can
be found in numerous publication (e.g. Baroncini-Turricchia
et al. 2014; Legchenko 2013; Lubczynski and Roy 2007,
Vouillamoz et al. 2007, 2008). The main interest of MRS as
compared to other geophysical method is to measure a signal
that is generated by groundwater itself, thus making the link
between geophysical parameters and hydrogeological proper-
ties rather direct. The main parameters derived from MRS
interpretation are the depth distribution of water content and
decay time 75*, i.e. an MRS parameter which is linked to the
average size of the pores that contain groundwater (Schirov
et al. 1991). Vouillamoz et al. (2012a, b) carried out MRS at
the nine experimental sites to compare the MRS decay time
[ms] with Sy [-] obtained from pumping tests, and they found:

if T," < 130ms= Sy —0 ()
if 7,° > 130ms=>Sy = 1.8-107*-7,"-0.02

In this study, 79 additional MRS measurements were car-
ried out to calculate Sy at 79 locations with Eq. (1). The
groundwater storage GWiorage [m] was also calculated as
(Vouillamoz et al. 2015):

GWstorage = Sy <Az (2)

where Sy [-] is the specific yield derived from Eq. (1) and Az
[m] is the thickness of the saturated aquifer obtained from
MRS interpretation.

The MRS measurements were carried out using the
Numis™* apparatus from Iris Instruments with a square-
shaped loop of 50-100 m length per side, thus giving an
investigation depth of 50-70 m below ground level (Bernard
2007). The measurements were interpreted with Samovar
V11.43 software (Legchenko et al. 2008).

Estimation of aquifer recharge

Both the well-known water-table fluctuation method (WTFM)
and the stable isotopes analysis have been used for estimating
the recharge. To apply the WTFM, 12 dedicated piezometers
were drilled and equipped with automatic pressure recorders.
The pressure was recorded on an hourly basis and then
corrected according to the change in atmospheric pressure
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recorded at two locations. On a regular basis (i.e. about once
a month), a manual measurement of the static water level
(SWL) was carried out for comparison with the automatic
pressure record, and adjustments where implemented if re-
quired. The total recharge R [m] was calculated as:

R = Sy-AH (3)

where Sy [-] is the specific yield, and AH [m] is the change in
water table over the time interval Ar=1 day. To calculate the
total recharge R (sometimes referred as gross recharge), AH is
set equal to the sum of the observed water-table rise and the
recession (Healy and Cook 2002). The change in groundwater
storage (sometimes referred as net recharge) was calculated on
a yearly time scale as (Healy and Cook 2002):

ASS = Sy : (Hmax_Hmin)/(tmax_tmin) (4)

where AS®Y [m/year] is the annual change in groundwater
storage, H.x [m] is the higher level of the water table that
occurs at day f,.x and H,,,;, [m] is the lower level of the water
table that occurs at day 7.

Next to six piezometers, an auger rain gauge equipped with
a datalogger was also installed to look for the link between
recharge and rainfall. The auger rain gauges was checked
using an appropriate procedure (i.e. adding a known volume
of water at a controlled intensity) and the rain flowing out of
the augers was collected into buried containers for cross-
checking the recorded volume of rain. Rainfall events and
groundwater level were monitored for 4 years at the six loca-
tions equipped with a piezometer and rain gauge. At the six
other locations only equipped with a piezometer, the ground-
water level was monitored for a shorter duration, i.e. 12—
48 months.

To better understand the process of the recharge, 52 analy-
ses of stable isotopes of oxygen and hydrogen (i.e. '*0 and
’H) were done, including six analyses of rain samples.
Groundwater samples were collected in September 2012 and
then between April and December 2014 at 24 locations
scattered over the investigated area. Rain samples were col-
lected in May, June, August, September and October 2014,
that is, between the early and the late rain events of the mon-
soon. Rainwater was collected in containers that were con-
nected to rain gauges by a pipe. To prevent isotopic fraction-
ation due to evaporation, the pipes reached the bottom of the
containers; the containers were properly closed and they were
buried to be protected from the sunlight. The collected rain-
water was composed of several rain events that occurred with-
in 1-2 months. The samples were sent to a laboratory in
Thailand (Bangkok) to carry out the analyses. Two piezomet-
ric monitoring campaigns were also carried out by measuring
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the surface-water level (SWL) at 36 locations in November
2012 (after the monsoon) and May 2013 (before the next
monsoon).

Results
Boreholes statistics

Of the 211 boreholes of the database, there were 37 unsuc-
cessful holes (i.e. instantaneous yield Qi measured after well
development is less than 0.5 m*/h), thus giving a success rate
of 82 %. However, numerous unsuccessful boreholes are most
probably not reported and thus are not recorded in the national
database; indeed, when only considering the well-controlled
database of CRC/FRC (69 wells, which are part of the 211),
the success rate is 64 %. This latter figure is consistent with the
anecdotal observations of drillers. Note that the use of geo-
physics (i.e. resistivity and MRS) for siting boreholes in
Oddar Meanchey province has increased the success rate of
the CRC/FRC from 64 % (39 wells) to 97 % (30 wells), as
previously observed in the neighbouring province of Siem
Reap (Vouillamoz et al. 2002). The success rate seems to be
higher in the north-east of the area, but the major finding is
that positive and negative boreholes can be as close as a few
tens of meters, thus indicating a strong spatial heterogeneity of
the aquifers.

The median depth of the drilling wells is 31 m, and 80 % of
the well depths range between 22 and 49 m (Fig. 2a). The

wells were first drilled using the rotary technique in the un-
consolidated alluvium and then using the down-the-hole ham-
mer technique in the consolidated rocks. Eighty per cent of the
wells were drilled by rotary drilling down to 1-11 m below
ground surface, thus confirming that the unconsolidated sed-
iment cover is thin and is not the preferred target of drilling,
although it can be the target for hand-dug wells. Eighty-three
per cent of the targeted consolidated sandstones are described
as clayey and/or thin matrix (i.e. claystone and mudstone,
Fig. 1). Some boreholes have found schist rock attributed to
the Devono-Carboniferous substratum in the south-west of the
area where the remaining upper sandstone deposit is thin be-
cause it has been deeply eroded. Some boreholes found vol-
canic rocks (probably Trachytes) attributed to the same geo-
logical period as the upper sandstones which outcrop further
south-east of the province (Dottin 1972).

The median instantaneous yield (Q1) measured at the end of
the well development is 2.3 m*/h with 80 % of the values
ranging between 1.4 and 4 m*/h. The specific capacity (O/s)
of the wells is log-normally distributed with a median value of
1.3-10* m*/s with 80 % of the values ranging between 3.4-
10> and 7.4-10 % m?/s (Fig. 2b). There is no clear link between
the O/s and the well depth (Fig. 2c), and the deepest wells
having a low (/s value, probably reflecting the tendency of
drillers to drill deeper when the yield is poor. Most of the wells
located in the east and north-east of the surveyed area have a O/
s higher than the median value, while the Q/s values of the
wells located at the centre of the area are usually less than the
median value (Fig. 3). However, as already observed with the
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Fig. 2 Boreholes characteristics: a depth frequency (164 wells); b specific capacity frequency (108 wells); ¢ specific capacity vs depth (108 wells)
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Fig. 3 Specific capacity (108
wells)
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borehole success rate, highly productive wells can be located at
only a few tens of meters from poorly productive wells.

Piezometric map

The piezometric map drawn from the 36 measurements com-
pleted at the end of the monsoon in November 2012 indicates
that the water table approximately replicates the topography
(Fig. 4a). The average depth of the water table below ground
level is 4 m. At the end of the dry season (May 2013), the
water table was about 2 m below the water table after the
monsoon at any elevation (Fig. 4b), thus indicating that the
horizontal component of flow does not change seasonally.

Aquifer transmissivity and storage

Eighty per cent of the transmissivities (7) obtained from the
interpretation of the pumping test at the nine experimental
sites range between 1.6-107° and 5.1-10~ m?/s with a median
value 0of 2.9-10"* m%/s. The transmissivity is well linked to the
specific capacity calculated at the pumping well (Fig. 5a). As
already observed by hydrogeologists, the link is a power func-
tion (e.g. Huntley et al. 1992; Razack and Huntley 1991):

T =2.4810%(0/s)*"” (5)

where T [m?/s] is the transmissivity calculated using the draw-
down in the observation borehole and /s is the specific
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capacity calculated at the pumping well [m?/s]. To comple-
ment the transmissivity obtained at the nine experimental sites
over the investigated area, T'was calculated with Eq. (5) using
O/s derived from 108 boreholes of the well database (Fig. Sb).
The calculated median transmissivity is 3.4-10~* m%/s and
80 % of the values range between 1.2:107 and 1.1-1072 m%/
s (Table 1). The range of transmissivity calculated from Q/s
values is only slightly larger than the range of transmissivity
obtained from the pumping tests at the experimental sites, thus
validating the use of Eq. (5) at the 108 locations.

The specific yield has been calculated with Eq. (1) using
the 79 MRSs carried out over the investigated area. Two ex-
amples of MRS records and interpreted models are presented
in Fig. 6, together with the lithology obtained from the bore-
holes cuttings. O’Tameng was drilled in eluvial sand and
O’Russey in sandstone. The geophysical signal, and thus the
interpreted models, are strongly different: the MRS water con-
tent is higher at O’Tameng as compared to O’Russey
(i.e. respectively 9.5 and 1 %), but the 7,* parameter, which
is linked to the average size of the pores, is shorter at
O’Tameng, thus indicating a lower value of specific yield
(Eq. 1). Finally, the groundwater storage calculated with
Eq. (2) is higher at O’Russey as compared to O’Tameng be-
cause of higher specific yield and thicker saturated layer (i.e.
230 and 90 mm respectively, Eq. 2).

The range of Sy>0 calculated with Eq. (1) using the 79
MRSs is between 0.3 and 2 % (Table 1). Twenty-seven of the
79 measurements indicate a specific yield null (i.e. 75*< 130 ms,
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Fig. 4 a Piezometric map at the
end of the monsoon (36
measurements); b comparison of
piezometry before and after the
monsoon
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Eq. 1), which means that 34 % of the surveyed locations do not
have significant groundwater reserve; this value is in accordance
with the drilling statistics which indicate that 36 % of the drilled
holes are negative (see section “Boreholes statistics™). The me-
dian groundwater storage calculated with Eq. (2) is 173 mm, and
80 % of the values range between 62 and 400 mm. There is no
clear spatial pattern for the storage (Fig. 7).

Aquifer recharge

The recharge calculated at the 12 sites where the water-table
fluctuation was recorded (Fig. 8) ranges between 10 and
70 mm with a median of 28 mm (Table 1).The rainfall values
recorded at the six monitoring locations from 2011 to 2015 are
variable: the median annual rainfall is 1,871 mm (Table 1) but
the variation is large both in space and in time. The maximum
annual rainfall recorded at O’Angre in 2013 (2,437 mm) is
about twice the minimum rainfall recorded at Padeak Chrum

Elevation (mamsl)

in 2012 (1,219 mm). This large rainfall heterogeneity gives
the opportunity to assess the relationship between the recharge
and the rainfall. When considering the six sites where the
rainfall was recorded together with the fluctuation of the water
table (Fig. 9), the ratio of the annual total recharge to the
annual rainfall is stable for each site: the higher the rainfall,
the higher the recharge. Eighty per cent of the annual total
recharge values range between 0.5 and 4.3 % of the annual
rainfall with a median ratio of 1.5 %. Obviously, the annual
change in groundwater storage (i.e. the net recharge, Eq. 4)
follows the same pattern as the total recharge: it is closely
linked to the annual rainfall (Fig. 10a). If one considers the
link to be linear, aquifers will not be recharged if annual rain-
fall falls below 750-1,000 mm. Currently, the storage is in
equilibrium with the mean rainfall of about 1,700 mm: when
annual rainfall is below the mean value, the annual storage
balance (i.e. the difference in storage between the 1st of
January and the 31st of December the same year) is negative;
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Fig. 5 a Transmissivity versus
specific capacity at the 9 pumping
test sites; b transmissivity
calculated at 108 location using

Eq. (5)

on the other hand, the annual storage balance is positive when
the annual rainfall is higher than about 1,700 mm (Fig. 10b).

The analyses of stable isotopes are plotted in Fig. 11 to-
gether with the global meteoric water line (GMWL). The

Table 1 Aquifer properties,
recharge and rainfall

@ Springer

-2
(a) 10 3 KokSampor 1
= ® L
7 KokSampor 2@ O'Koki Chrum
3 e g ® O'Svay
L /
:u: E Trapeng Tav Chas .~
E ]
= - ; @ O'Tameng
10* — v
= P
3 O'Thmor./ .
a1 // ® Data
il P Fit: Egn. (5
OAngre i Sreelaw — Rizoes
-5 L ] <
10 T T L T T | T
10° 10* 107
Qfs (m*s)

end

() Pumping test
Transmissivity

® >3.4104 méis

—- District boundary
Main temporary river
% <34-104més [ Forested area (2006)

—

stable isotopes ratio of rainfall fits the GMWL well. The range
of values of the rainfall is similar to the range observed in
central Cambodia by Kabeya et al. (2007) and in Bangkok
(TIAEA nucleus database). The 46 groundwater data collected

Aquifer property Data set No. of Decile Median Decile
values No. 1 No. 9
Thickness [m] Borehole 164 22 31 49
Transmissivity [m*/s] Pumping test 9 1.6:107° 29-107 51107
Well database 108 12:107 34-107 1.1-1072
Specific yield [%] Pumping test 5 0.2 0.9 24
MRS 52 0.3 0.9 2
Storage [mm] MRS 52 62 173 400
Annual recharge [mm] Well-year” 31 10 28 70
Annual rainfall [mm] Rain-year® 24 1,698 1,871 2,228

*Well-year and rain-year are the number of wells and rain-gauges which have been monitored multiplied by the

number of monitoring years
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(a) MRS data and fitted model

(b) Borehole and MRS model
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Fig. 6 Example of magnetic resonance sounding (MRS): a MRS field measurement; b MRS model and lithology. ¢ is the pulse parameter of the
sounding, E, is the initial amplitude of the signal, 0,5 is the water content and 7,* is the decay parameter (Legchenko 2013)

at 24 different sites are aligned on the GMWL, thus indicating
diffuse recharge, i.e. no evaporation of rainfall before water
reaches the aquifer (Kabeya et al. 2007).

Discussion
Aquifer properties and recharge

The synthesis of the findings regarding the aquifer prop-
erties and recharge is plotted in Fig. 12. The transmis-
sivity ranges from very low to medium and is compa-
rable to the values of unconsolidated alluvium of the
neighbouring province of Siem Reap (Vouillamoz et al.
2002). The storage ranges from 62 to 400 mm (median

Fig. 7 Groundwater storage (52
locations)

R Lo # 4
Legend
Groundwater storage —- District boundary

* <173 mm
® > 173 mm

of 173 mm). To the authors’ knowledge, estimations of
groundwater storage in Cambodia have never been pub-
lished. As compared to the storage estimated in other
countries for unconsolidated aquifers (e.g. Vouillamoz
et al. 2012b) as well as in weathered hard rock aquifers
(e.g. Vouillamoz et al. 2015), the storage of the sand-
stone aquifer is low, thus confirming the clayey nature
of the sandstone. The borehole depth ranges from 22 to
49 m (median of 31 m).The thickness of the aquifer is
assumed to be almost equal to the borehole depth be-
cause the drillers usually stop drilling when the drilling
duration is too long (i.e. 15-20 min/m when using the
down-the-hole hammer technique), reflecting the change
in the lithology into a more consolidated rock (i.e. the
substratum). Note that some drillings are probably

Main temporary river
[ Forested area (2006)
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Fig. 8 Groundwater recharge (12
locations)
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Main temporary river
[T Forested area (2006)

stopped when the yield is high enough, which can bias
the thickness estimate.

The median recharge that occurred during the 4 years of the
study is 28 mm (10-70 mm), which represents only a small
percentage of the rainfall (from 0.5 to 4.3 %). To the authors’
knowledge, no previous study has estimated the recharge in
the Upper Triassic to Lower Cretaceous sandstones in
Cambodia. Estimations of recharge have been carried out in
unconsolidated younger sediments using several approaches
of groundwater modelling (IDE 2009), water balance (JICA
and MRD 2002), interaction of small streams and shallow
groundwater (Araki et al. 2008), or modelling of floods of
the Mekong River (Kazama et al. 2007). The recharge esti-
mated for this study is based on numerous field observations
(i.e. a total of 31 annual data obtained from the monitoring of
12 sites) which have been interpreted with the water-table
fluctuation method (WTFM). WTFM assumes that the
groundwater moves away from the recharge location at a rate
that is slower than the rate at which recharge water arrives
from ground surface (Healy and Cook 2002). Assuming this
is the case in this study, the application of the method is valid.
The comparison of piezometry before and after the rainy sea-
son indicates that the horizontal component of the groundwa-
ter flow does not change seasonally, thus suggesting a diffuse
recharge, i.e. a discharge that is distributed all over the area as
a direct response to rainfall events. The isotopic analyses also
confirm that rainwater infiltrates directly and rapidly (i.e. no
prior evaporation).

Although the data set produced in this study by field char-
acterization of the aquifer is unique in Cambodia (i.e. 108
values of transmissivity, 79 values of storage and 31 values

@ Springer

of recharge over an area of 3,375 km?®), there is no clear proof
of any spatial pattern in the distribution of the properties. The
aquifer in the east and north-east of the investigated area gen-
erally seems more productive, but transmissivity and storage
can be highly different at the scale of a few tens of meters. The
main explanation for the variation of the properties of the
aquifer is probably the variation of clay content of the
sandstones.

A few boreholes that reached the substratum (schist in
Fig. 12b) below the sandstone are clearly more productive
than boreholes drilled in the common sandstone.
Unfortunately, this observation could not be confirmed with
new boreholes since the two attempts to drill deep enough into
the Devono-Carboniferous substratum were unsuccessful: the
drilling rig was either not powerful enough or the hole too
unstable to reach the targeted depth at Kok Sampor village.
Note that the cost of deep drilling is several orders higher than
the shallow drillings, making aid agencies focus on the latter.

Groundwater resource

The first question asked by the humanitarian and development
actors to the researcher concerns the use of groundwater to
supply people with drinking water. The national census of
2008 recorded the population of the investigated area at 71,
651 (National Institute of Statistics 2009). The average annual
growth rate between 2008 and 2013 in Oddar Meanchey prov-
ince was 4.39 % (National Institute of Statistics 2009, 2013)
and the national average rate is estimated to be 1.38 % from
2013 to 2030 (UNICEF 2015), thus giving a total population
in the investigated area of about 112,000 people in 2030.
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Today, the daily water consumption is not known exactly but
it might increase as people move out of poverty. Assuming
that the daily consumption will increase to 100 L per capita
per day, and assuming that the entire supply will come from
groundwater abstraction, the required volume will be 11,
200 m*/day or 1.2 mm/year of equivalent water thickness.
As compared to the current groundwater recharge (R~
28 mm/year), the abstraction for domestic supply is
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definitively low. Moreover, the groundwater storage
(GWsiorage=173 mm) can clearly buffer any change in the
recharge, thus increasing the resilience of the population to
climate or anthropogenic changes.

The second question asked by the practitioners concerns
the role groundwater can play to support food production,
and mainly rice. As presented in the “Introduction” section,
the objective is to supply supplementary irrigation to the
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Fig. 10 Relationship between
rainfall and storage: a change in
storage (net recharge) versus
rainfall; b storage balance
between Jan. and Dec. versus
rainfall

paddy fields when the onset of the rainy season is late. Since
data on the frequency of late onset of the monsoon is not
available (i.e. it requires a long duration of rainfall monitoring
that does not locally exist), the estimate of the duration of the
so-called drought is based on a survey carried out on 200

Fig. 11 Stable isotopes analyses:
a groundwater sampling locations

(24 sites); b stable isotopic
composition of rainfall (6
samples) and groundwater (46
samples)
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people in the investigated area. Interviews revealed that the
need for supplementary irrigation can last 2 months, from
May to June. The rice-crop water requirement in the study
area can be estimated using the reference evapotranspiration
(Allen et al. 1998) calculated from weather data recorded at
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Fig. 12 Synthesis of aquifer characterization: a All data sets (the diamond is the median, the range is given by the deciles); b data set according to the
lithology (the diamond is the median). Numbers are the number of data used for the calculation

Along Veng from 2011 to 2014. The reference evapotranspi-
ration was 3.3 mm/day on average in May and June with a
narrow range of variation (i.e. standard deviation of 0.38).
Adding distribution losses, the water requirement is estimated
to be 6 mm/day, which is in the range of the estimates in other
provinces of Cambodia (from 5 to 10 mm/day, e.g. Chem et al.
2011; IDE 2009). Thus, 60 m*/day of water is required for
supplying a paddy field of a surface area of 1 ha (hectare),
which is the common surface area required for a family (Mund
2011). To estimate if the sandstone aquifer can produce 60 m?
daily over 2 months, a simple model based on the well-flow
analytical solution is set up (Kruseman and de Ridder 2000).
The use of a confined (Theis) or unconfined (e.g. Neuman
with §=Sy/100) analytical solution has a limited impact on
the simulated maximum drawdown (i.e. difference of 3 %).
A first model is set up using the median properties of the
sandstone aquifer. The result indicates that the maximum
drawdown after 60 days of pumping (10 h of pumping per
day) is about 6 m (Fig. 13), which is probably the maximum
acceptable value, since it is about 23 % of the median aquifer
thickness. Thus, only half of the sandstones surveyed in the
study can supply a family rice plot of 1 ha. A second model is
then set up using the properties of the schist rocks which
exhibited the highest transmissivity and specific yield values
encountered in the framework of the study (Fig. 12). The
result indicates that 300 m® can be pumped daily (maximum
drawdown of about 7 % of aquifer thickness), which can sup-
ply about 5 ha of paddy field or five family plots (Fig. 13).
These results obtained with the use of the Theis analytical
solution are optimal results since they do not consider that
aquifers can be heterogeneous (e.g. presence of a no flow
boundary within the radius of influence of the pumping,
which is more than 1 km for the modelled pumping), and
the results do also not consider the head losses created by
the well, which can drastically increase the calculated draw-
down (Kruseman and de Ridder 2000). Finally, the pumping
simulations indicate that the sandstone aquifer can generally
not be used for large-scale supplementary irrigation for rice
crops; only specific locations would produce enough water for
supplementary irrigation at the family scale (i.e. 1 ha), and a
site-specific study is necessary to define the amount of water

that can be produced. Because the water requirement is far less
for vegetables than for rice crops (i.e. smaller surface area and
a water requirement of a shorter duration), groundwater can be
used to water gardens.

Concerning groundwater quality, the investigated area is
usually classified in the “low” to “very low” risk of arsenic
pollution (e.g. Berg et al. 2007); however, a systematic control
of the arsenic content is recommended when groundwater is
used for drinking, cooking or irrigation (e.g. Lado et al. 2008)
in areas where no or only few data have been collected; thus,
arsenic concentration was checked by the FRC/CRC in 2010
before the beginning of the study. All the samples collected in
138 wells scattered in the investigated area indicated an arse-
nic concentration less than 2 pg/L (the WHO guideline for
drinking water is 10 pg/L).

Replicability of the study

This study was carried out in the framework of a collaborative
project between two parties, i.e. aid agencies (Cambodian and
French Red Cross, CRC/FRC) and a French research institute
(Institut de Recherche pour le Développement, IRD). The in-
terest in such a collaboration is the complementarity of the
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Fig. 13 Modelled drawdown for 10 h of daily pumping for 2 months
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skills. On the one hand, aid agencies have direct access to the
human communities and have effective logistics to implement
activities in the field, while, on the other hand, scientists can
support aid agencies to address development challenges
through specific inputs. Lessons learned from this 4-year
study indicate that the compulsory conditions to be met to
obtain useful results for both parties are (1) scientific activities
and expected results clearly defined and integrated in the pro-
posal of the development project, (2) dedicated staff and
budget allocation to implement the scientific field work, and
(3) a sufficiently long period of time for assessing the hydro-
logical cycle, i.e. 45 years. Fulfilling these conditions may
lead to a successful replication of such a study in other
regions.

Conclusion

This work is the first ever study carried out on the groundwa-
ter resource in Oddar Meanchey province to support govern-
mental and aid agencies in the implementation of drinking-
water supply and food security projects. The study was imple-
mented over a 4-year period from 2011 to 2014.
Hydrogeological techniques were used together with the geo-
physical MRS method, resulting in an estimation of aquifer
productivity, storage and recharge. It was found that the sand-
stone aquifer is generally clayey, thus exhibiting a low-to-
medium transmissivity and a median storage of 173 mm.
The recharge has been quantified to range between 10 and
70 mm or 0.5-4.3 % of the annual rainfall. Based on this
unique data set, the capacity of the sandstone aquifer to supply
100 L of drinking water daily to the expected population in
2030 has been checked and it was found that the sandstone
aquifer can easily supply drinking water to the Oddar
Meanchey people. However, the shallow sandstone aquifer
can generally not supply enough water for the large-scale sup-
plementary irrigation of rice. Because the aquifer is heteroge-
neous, it can locally exhibit more advantageous properties that
can be sufficient for irrigating small plots for a few families for
about 2 months. Detailed studies will have to be carried out at
the local scale for quantifying the potential for such irrigation.

Deeper aquifers have not been studied in this work, even if
some results indicated that groundwater resources can be
higher in the fractured schist of the Devono-Carbonifereous
substratum as compared to the surveyed Upper Triassic-
Lower Cretaceous clayey sandstone. The development of a
new project focussing on the deeper groundwater resource
can hopefully confirm this assumption and then propose
new options for using groundwater for irrigation.

Finally, groundwater is a component of the water cycle and
a more comprehensive assessment of the water resource can
be achieved by an integrated water resource survey. This study
is a first step in the quantification of the water resource of

@ Springer

Oddar Meanchey province, and it aims at suggesting that ap-
propriate quantitative studies must be promoted to support
strategies to address current needs and to adapt to future
demands.
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