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Abstract. Many human communities living in coastal areas that a change in rainfall patterns will probably not impact the
in Africa and Asia rely on thin freshwater lenses for their groundwater resource since most of the rain water recharging
domestic supply. Population growth together with changethe aquifer is flowing towards the sea and the river. However,
in rainfall patterns and sea level will probably impact thesea change in sea level will impact both the groundwater re-
vulnerable groundwater resources. Spatial knowledge of theerve and net recharge.
aquifer properties and creation of a groundwater model are
required for achieving a sustainable management of the re-
source. This paper presents a ready-to-use methodology for
estimating the key aquifer properties and the freshwater red Introduction
source based on the joint use of two non-invasive geophysical
tools together with common hydrological measurements.  In Africa and Asia, climate change along with rapid popu-
We applied the proposed methodology in an unconfinedation growth will probably impact all water resources. The
aquifer of a coastal sandy barrier in South-Western India. Wemanagement of groundwater in coastal areas is already crit-
jointly used magnetic resonance and transient electromagcal since the highest concentrations of human settlements
netic soundings and we monitored rainfall, groundwater leveloccur along the coasts where the rate of water withdrawals
and groundwater electrical conductivity. The combined in- has increased three times faster than the rate of population
terpretation of geophysical and hydrological results allowedgrowth since the 1900s (Unesco, 2006).
estimating the aquifer properties and mapping the freshwa- Small islands and coastal barriers in Africa and Asia are
ter lens. Depending on the location and season, we estimatesually populated with fishermen communities. Not only do
the freshwater reserve to range between 400 and 700AL m these communities rely on groundwater for their domestic
of surface areadff 50 %). We also estimate the recharge us-supply but also for providing water to the small fishing-
ing time lapse geophysical measurements with hydrologicatelated industries. In such areas, the infiltration of rain sup-
monitoring. After a rainy event close to 100 % of the rain is plies a freshwater lens lying on the top of saline groundwater.
reaching the water table, but the net recharge at the end dBut thin freshwater lenses are highly vulnerable to sea wa-
the monsoon is less than 10 % of the rain. Thus, we concludéer intrusion, and their management must be extremely care-
ful to be sustainable. Groundwater numerical modelling is a
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powerful tool for simulating the behaviour of such freshwa-  This paper presents a ready-to-use methodology for esti-
ter lenses under different conditions but it requires a spatiamating not only hydraulic properties of coastal aquifer but
distribution of input parameters such as the thickness of thalso for mapping fresh groundwater reserve and estimating
aquifer, its storage-related properties, its hydraulic conductecharge in unconfined conditions. The methodology is based
tivity and the salinity of the water. on the joint use of two geophysical tools (i.e. the magnetic
The preferred approach of hydrogeologists for estimatingresonance and the time domain electromagnetic soundings)
the properties of aquifers relies on drilling boreholes andtogether with common hydrological measurements (i.e. rain-
carrying out hydraulic tests. However, these techniques aréall and groundwater monitoring). The proposed methodol-
not always appropriate because of the risk of salty waterogy is applied for estimating the groundwater resource on a
intrusion. Moreover, drilling boreholes is costly and time- strip barrier in South-West of India.
consuming and the spatial density of sampling is rarely suf-
ficient for an effective characterisation. Thus, there is a need
to develop new tools and methodologies to assess the fresh-
water resource in small islands and coastal barriers. 2 Methodology
Non-invasive surface geophysical methods capable of pro-
viding rapid, dense and low cost data coverage can be ver2.1 Estimating specific yield and hydraulic conductivity
useful if they succeed to provide accurate estimates of aquifer with MRS
properties. Most of the previous works focused on the link
between aquifer properties and electrical-based parameteidagnetic resonance sounding (MRS) is a non-invasive geo-
(among others Slater, 2007; Soupios et al., 2007; Chandrahysical method designed for groundwater investigation (for
et al., 2008; Buchanan and Triantafilis, 2009; Steuer et al.a detailed description of the method see Legchenko and
2009). However electrical resistivity or conductivity, as the Valla, 2002). During measurements, the nuclei of the hydro-
majority of geophysical parameters, results from several facgen atoms of water molecules in the subsurface (i.e. protons)
tors and the relationships between geophysical paramete@re energized with an electromagnetic pulse, and the signal
and hydrogeological properties are usually site specific andesponse of the hydrogen nuclei is measured after the en-
valid only inside their calibration range (Vereecken et al., ergizing pulse is switched off. The maximum investigation
2006). But a non-invasive geophysical method can providedepth is about 100 m below ground surface in average condi-
a more close link to the presence of water. Indeed, magtions, but in salty water context (i.e. high electrical conduc-
netic resonance sounding (MRS) is selective with respect tdive medium) the maximum depth of investigation is drasti-
groundwater (Legchenko and Valla, 2002) and the resultingcally reduced (Legchenko et al., 2008).
MRS parameters are the distribution of groundwater content The main advantage of MRS as compared to other geo-
and decay time (related to pore-size) with depth. physical methods is that the recorded signal is generated by
In coastal areas, ground based geophysical tools alreadgroundwater molecules. Two characteristics of the MRS sig-
showed their capability to map freshwater and to estimatenal are related to hydrogeological properties (1) the initial
some aquifer properties (among others Goldman et al., 199lamplitude of the signal is proportional to the number of hy-
Kafri and Goldman, 2005; Nielsen et al., 2007; Zarroca et al.,drogen nuclei of the sampled aquifer, and (2) the decay rate
2011; Igel et al., 2012). Airborne geophysical surveys haveof the signal is linked to the mean size of the pores that con-
also been carried out for mapping resistivity of large surfacetain groundwater. After inversion of records, the MRS result
areas. Interpreted with ground based geophysical measurés the depth related distribution of groundwater contgfits
ments and sometimes hydrological data, this resistivity in-and decay rate (usuall).
formation has been useful for mapping geological structures Previous works already assessed the links between the
(e.g. Burschil et al., 2012; Gunnink et al., 2012; Jgrgenserfield scale MRS parameters and hydrogeological properties
et al., 2012) and for setting up groundwater models (e.g. def aquifers (e.g. Legchenko et al., 2002, 2004; Lubczynski
Louw et al., 2011; FanecaaBchez et al., 2012; Rasmussen and Roy, 2005, 2007; Plata and Rubio, 2011; Vouillamoz
etal, 2012; Sulzbacher et al., 2012). However, previous geoet al., 2002, 2005, 2008, 2012). Specific yieldis an es-
physical studies do not estimate all of the relevant aquifersential storage-related property of an unconfined aquifer be-
properties since hydraulic conductivity or specific yield are cause it quantifies the amount of water an aquifer releases
not included. Vouillamoz et al. (2007) has proposed a moreby gravity forces when drained. Not only & then used
comprehensive approach to estimate the 1-D properties dfor calculating groundwater reserve (de Marsily, 1986) but
coastal aquifers but it was applied in confined aquifer condi-also for estimating groundwater recharge (Healy, 2010). In
tions, thus concerning elastic storage and not specific yieldfine grained-rocks, Boucher et al. (2009) and Vouillamoz et
More recently, Ginther and Miller-Petke (2012) presented al. (2005, 2012) showed that on averafjgrs~ 3- Sy be-
an improved methodology to estimate hydraulic propertiescause part of the groundwater measured by MRS cannot be
of an island unconfined aquifer. drained by gravity (i.e. bound and capillary water). In coarse
grained-rocks where bound and capillary water are negligible
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as compared to gravitational water, the MRS water content isise of Eq. (4) without additional information on water re-

probably close to the specific yield: sistivity or aquifer porosity. To solve Archie’s equation in
coastal aquifer, Kafri and Goldman (2005) proposed to first
OMRs ~ Sy. 1) apply the equation to the sea water intruded portion of the

r<’3\quifer. Because sea water electrical conductivity (EC) is
known or can be easily measured, the only remaining un-
in coarse-grained rocks. In this paper, we compgrenea- known parameter of Archie’s equation is the porosity th:_;tt
: hence can be calculated for the sea water layer. Assuming
sured on sand samples witfirs. ) . ;
the porosity to be the same for the entire saturated thickness,

The decay rate of the MRS signal is linked to the mean size

of the pores that contain groundwater (Schirov et al., 1991).the calculated porosity value can be used to solve Archie’s

Based on equations linking aquifer grain size and hydraulice(:'u"’YF'O_n abmlie the sea watttar sgturated I?E]/er wTereEtcr;eT%r_ﬂy
conductivity (Kasenow, 2002), the relation between the MRs'€maining unknown parameter becomes the water L. 1his
decay rate and the pore size has been successfully used fB}ethOdO|09y IS relevgnt to estimate water EC. and porosity
estimating transmissivity and hydraulic conductivity of satu- in homogeneous aqun‘e'r, b!"t cannot be used if th'e porosity
rated rocks (for example Vouillamoz et al., 2002, 2005 2008_of the freshwater layer is different from the porosity of the

Plata and Rubio, 2008; Ryom Nielsen et ayll 201’1) Th,e Com’_salty water layer. Moreover, the determination of parameters

mon formulation used for calculating aquifer transmissivity ¢ andm is not possible, and values reported in the litera-
Turs is ture need to be used. Because the range of reported values

is large, the choice of relevant values is not straightforward
Tvrs = KMRrs - Az = C1 - OVRS - Tl? - Az 2) (Worthington, 1993).

This paper presents a methodology to overcome the dif-
where Kyrs is the hydraulic conductivity calculated from ficulties in solving Archie’s equation. We include measure-
MRS, Az is the thickness of saturated layer as definedments of not only electrical resistivity but of a complemen-
by MRS, 7; is the decay rate of MRS signal ar@r is  tary geophysical parameter that gives access to another un-
a parametric factor. For sandy conditiofis ~10-2ms™3  known parameter of the equation. MRS is relevant because
(Vouillamoz et al., 2008). it gives access to the MRS water content that is linked to the

) ) o o storage related parameters of saturated aquifer (Lubczinski
2.2 Estimating groundwater salinity from the jointuse 54 Roy, 2007; Vouillamoz et al., 2008, 2012). Note that Her-
of electrical resistivity and MRS trich and Yaramanci (2002) proposed to jointly interpret re-
istivity measurements and MRS based on Archie’s equation.

Geophysical methods that give access to information abougut their approach aimed at improving the interpretation of

the electrical resistivity of rocks are widely used for aquifer o rather than solving Archie’s equation and assumptions
characterisation because of the link that exists between elec-1RS 9 q P

: o . ~on values ofm and water EC were still needed. More re-
trical resistivity of rocks, rock water content and water salin-

ity. This link is expressed by the first Archie equation estab- &MY Ginther and '\”'"f'er'F.’et.k? (2012) proposed an im-
lished with clean samples, i.e. free of clay minerals (Archie proved joint inversion of resistivity measurements and MRS,

'They deduced salt concentration from a modified Archie’s

To our knowledge, no field scale experiments have been cal
ried out for confirming the relationship betwegirs andsSy

1942): equation which is parameterised using external data (i.e. di-
Pw _ om 3) rect push soundings). In our approach, MRS water con-
Paq tentOyrs is used to estimate aquifer porosity and to solve

h d he electrical resistivity of th q Archie’s equation together with measured aquifer resistivity
wherepy andpaqare the electrical resistivity ofthe waterand - \we first applied our approach to a sea water saturated
pf the saturatgd aquifer, respectlveiyg the porosny. an@h. layer for determining the value @i factor in Eq. (3). Then,
is a parametric factor. For geophysicists, Eq. (3) is difficult o only remaining unknown parameter is the water resistiv-

to §ol_v¢ because it contains two un_known parameters: thg;[y ow When applying our approach to study the aquifer.
resistivity of the water and the porosity. Moreover, value of

" depgnds on aquifer rockg and ranges betwegn 1.8and2fg 5 Sequential inversion of transient electromagnetic
consolidated sandstone, with a value of approximately 1.3 for and magnetic resonance soundings
unconsolidated sand (Archie, 1942). Archie’s equation has

beer_1 empirically confirmed by_numerous field experimentsgqara geophysical methods can be jointly used with MRS
and is often reported as (Worthington, 1993): to calculate the electrical resistivity of rocks. Hertrich and
ow ™" Yamaranci (2002) chose the common vertical electrical
Eq =7 (4) sounding (VES) and they developed a joint inversion algo-
rithm for VES and MRS. They demonstrated that their al-
wherea is a reservoir constant. Values @fandm are re-  gorithm improves the model characterisation as compared to

ported to vary widely with rock type, what complicates the the characterisation obtained from the inversion of a single
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method, but their approach is limited in its application by the MRS water content (%)
use of a simplified Archie’s law. Vouillamoz et al. (2007) pro- a 10 20 =0
posed a combined use of VES and MRS in the framework of ¢ B Ly hdw parnd
a hydrogeological approach for quantifying hydraulic prop- g _,_| sand & fresh water
- sand & brackish water

erties of a coastal aquifer. They demonstrated that inverting
VES with a fixed geometry obtained from MRS significantly _
diminishes resistivity uncertainties and thereby improves the 10—
estimate of water EC. Moreover, from joint MRS, VES and &
pumping test interpretation, they proposed semi-empirical%
relationships for estimating aquifer elastic storage, transmis-g§
sivity and water EC. @nther and Miller-Petke (2012) de- 20 —
veloped an improved joint inversion approach of VES and 7
MRS for estimating hydraulic properties of an island aquifer.
They demonstrated that their results presented slightly but _
generally lower uncertainties than the approach proposed by 30 —
Vouillamoz et al. (2007). 04 1 10 1001000

Based on numerical modelling, Behroozmand et al. (2012) Resistivity (Q m)
demonstrated that transient electromagnetic sounding (TEM

description of the method is given in numerous publications, : ) S ”
P 9 P 1.5 m for the first 3 layers. Numerical modelling is conducted with

e.g. Nabighian, 1991) IS_ probably the best ChOIC(—:_‘ amonga thickness of the first 3 layers ranging from 1.5 to 10 m and con-
complementary geophysical method to be used with MRS,

! ; - A sidering a water content of 20 % in medium- to coarse-grained sand
because of its superior resolution of conductive layers (agrx=0.2s).
compared to direct current resistivity). Indeed, conductive
layers affect the magnetic field values and thereby the MRS
response, and the authors demonstrated the need for suffi-
ciently deep and accurate resistivity information for MRS in- the salty water layer (which has the greatest impact on the
version. They developed a fast computation method for it-magnetic fields) is reasonably defined by the first TEM in-
eratively updating the MRS response in the framework of aversion. Moreover, as showed by Legchenko et al. (2008)
joint MRS/TEM inversion. They found that their inversion the uncertainty in TEM results has an insignificant effect on
approach improves the determination of aquifer characterisMRS.
tics in conductive environments, and that the use of MRS To assess the capability of TEM and MRS methods to
diminishes the equivalence of the resistivity model. More- characterise shallow aquifers on strip barriers or small is-
over, they also showed that laterally constrained inversion olands, we propose a similar hydrogeological model of a thin
joint MRS/TEM results in a reasonable accurate estimationand shallow freshwater lens. A water content and geoelectri-
of smooth structures. cal models are then calculated according to the hydrogeolog-
In our study, we selected TEM method for complement-ical assumptions presented in Fig. 1. Synthetic geophysical
ing MRS measurements, and we used a sequential inveidata are generated according to this input model with thick-
sion scheme. In contrast to the common stepwise inversiomess of the first 3 layers ranging from 1.5 to 10 m. Then, lay-
where the results of one method is used to define the startingred model inversion is conducted to determine the accuracy
model for the non-constrained inversion of the other methodfor recovering the input model.
(Behroozmand et al., 2012), the sequential inversion is an it- We compute synthetic data according to the field condi-
erative interpretation where the result of one method is usedions encountered in our survey. Concerning TEM, we con-
to constrain the inversion of the other one and so on. In oussider low noise condition and we use a time range of 5uS
approach, the sequential inversion uses the best capability db 1.6 ms with a coincident square loop of 25 m side (shaded
each method for constraining the inversion of the other onezone in Fig. 2a). We add 1 % of noise to the synthetic data.
the geometry of the salty water layer obtained from a non-The starting model for inverting the synthetic data is a 5-
constrained TEM inversion is used to constrain the MRS in-layer model (chosen according to our hydrogeological a pri-
version. Then, the depth to the saturated layer obtained fronori). Then, we reduce the number of layers assessing the im-
the MRS is fixed in a new TEM inversion. Note that the pact on the RMS (i.e. the root mean square fitting error). The
MRS inversion is conducted based on the resistivity obtainedsmallest number of layers which provides the smallest RMS
from the first TEM result. As showed by Behroozmand et comparable to the added noise (1 %) is selected as the best fit
al. (2012), our sequential inversion introduces some errors iroutput model. Note that several output solutions can equally
the resulting model because the magnetic fields are not upft the input data (i.e. equivalent solutions with comparable
dated as it is done in a joint inversion process. In our studyRMS). We assess the range of acceptable solutions using the
the resulting error in the MRS results is negligible becauseequivalence analysis tool of IX1D V3 package (Interpex).

sand & sea water

substratum

Fig. 1. Geoelectrical and water content models with a thickness of
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Fig. 2. Example of geophysical field measurmerfegy. TEM measurements: the grey zone is the time window used for the synthetic mod-
elling. (b) MRS measurements.

Concerning MRS, we compute synthetic data considering thdayer is obtained. Note that our modelling results are only
low noise conditions of the surveyed area and the capabilvalid for low noise and shallow layers conditions. Indeed,
ities of the used device (Fig. 2b): the loop size (25 m side,noisy data will generate a larger range of equivalence both
2 turns) and pulse duration (10 ms) are chosen to fit the shalin TEM and MRS results, and the results of the newly devel-
low target, with a Larmor Frequency of 1720 Hz and an incli- oped joint inversion approaches will probably be more accu-
nation of the geomagnetic field of 1R. 10 nV of Gaussian rate than our simplified sequential approach (Behroozmand
noise is randomly added to compute synthetic data. Outpuét al., 2012; Gnther and Miller-Petke, 2012).
solution and uncertainty in the MRS results (i.e. the equiva-
lence analysis) are calculated with the Samovar V11 packagé-4 Estimating the recharge of the aquifer
(Legchenko et al., 2011). ) o

On one hand, numerical modelling conducted with TEM The water tgble fluctugtlon method (WTFM) is widely used
alone shows that resistivity and depth of the salty water layef©"_c@lculating unconfined aquifer recharge (Healy, 2010).
is determined with a low uncertainty: 15 cm on the depth to WTFM is based on the assumption that rise in groundwa-
the layer and 0.2m on its resistivity value for the depth ter Ieyel is dug to mIgts of \(vater recharging .the water table.
range encountered in our simulation. However, the dry sandf vertical flow is dominant (i.e. the rate at which the ground-
and the fresh and brackish water layers cannot be separatelyater flows away from the measuring location is significantly
resolved if the individual layers are less than 5m thick. onsSlower than the rate at which the recharge water arrives at the
the other hand, numerical modelling also shows that MRSWAater table), recharg can be calculated as
inversion poorly resolves the water contéks and the sat-
urated thicknesa z independently, but the produgiiirs - A, R =S -AH/At )
is better resolved. Then, the resolutiordgks can be signif-
icantly improved if the geometryz of the saturated layers

is known. The sequential inversion combines the best capa- 'i'he main difficulty in applying WTFM is the knowledge
bility of each method and improves the determination of the specific yields, (Scanlon et al., 2002). Sin@grs is re-
model as compared to the results of each method interpretegd . to Sy Vouillémoz et al. (2068) proposed to Ug@rs

independently. Indeed, our numerical modelling shows thak,, estimating recharge in sandstones in Niger. In this study,
(1) the water content and the static water level are estimateq|,e have collected 5 sand samples below the water table for

with a mean error of:= 8 % and- 7 %, respectively, (2) the  |5p5rat0ry analysis. From the comparison between the water

saline water Iaygr i; (_jefined with a low uncertainty (less than.nient of samples anlrs, we have derived a relation-
+ 5% on the resistivity value antl 1 % on the layer bound-

) ) ship betweerfiyrs and Sy, and we have calculated aquifer
aries), and (3) the fresh and the brackish water layers bo“”q'echarge from coupled water table monitoring, MRS and
aries are estimated with an accuracy which is controlled byrenm measurements.
the depth and thickness of the layer. The thickness and the
resistivity of the freshwater layer are resolved with an error
of + 3% and+ 20 %, respectively, if the layer is 10 m thick.

If the thickness of the freshwater lens is less than 10 m, the

fresh and brackish layer cannot be separated and a single

whereAH is the change in water table over a time interval
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Fig. 3. Location of Sasihithlu barrier and measureme(@3.Geophysical measurements (including pre and post monsoon time lapse).
(b) Hydrological measurements.

3 Experiments the end of the monsoon (Octobre/November). Additional
MRS and TEM measurements were carried out during the

3.1 Investigated site monsoon on two profiles (P1 and P2, Fig. 3) every 30 to
60 days.

The proposed methodology has been applied on a coastal bar- For each survey, 16 MRS have been implemented along
rier in South-Western India, Karnataka state (Fig. 3). The so-3 profiles (P1, P2 and P3) with the Numi#¥§ apparatus from
called Sasihithlu barrier is about 4 km long and 150 to 600 m.Iris Instruments. A coincident square-shaped loop measuring
wide. It is bounded on the West by the Arabian Sea and ore5 m per side was used (except at one location where a 50 m
the East by the Pavanje river. Pavanije river is seasonal, i.e. #ide loop was used). The high signal to noise ratio (average
flows only during a few months per year and sea water in-of 9) indicates the good quality of the measurements. MRS
vades the river up to about 12km inland (Chandrakantharecords were interpreted with Samovar software V11.3 using
1987). The barrier consists of sands of medium to coarsethe known TEM resistivity for computing the magnetic fields
grained size (Jayappa and Subramanaya, 1994). Sands lgiyegchenko et al., 2008).
on a granitic-gneisses basement of Archean age which out- A total of 140 TEM soundings have been carried out
crops in the southern part of the barrier. The thickness of thg60 soundings in February/March and 80 soundings in Oc-
sand deposit is unknown. The highest elevation of the bartober/November) using the TEM-FAST 48HPC instrument
rier is a strip dune located on the backshore with a maximurmfrom AEMR (Applied Electromagnetic Research). A coinci-
elevation of 4ma.m.s.l. (above mean sea level). dent loop of square shape and 25 m per side has been used.
The annual rainfall is 3900 mm (average for the 1970 toThe electromagnetic noise level was low and the signal to
1985 period) which mainly occurs during the southwesternnoise ratio remained high for all measurements within the se-
monsoon from June to September (Chandrakantha, 1987). |ected time window (usually higher than 50 for the late times,
Most of the families living on Sasihithlu barrier have their Fig. 2a). TEM data were interpreted with IX1D V3 software
own hand dug well which provides water all through the (Interpex).
year. The average depth of 65 monitored wells is 3.3m be- Groundwater level and electrical conductivity (EC mea-
low ground surface, and the average static water lever issured just below the water table and at the bottom of the
0.2ma.m.s.l. The freshwater lens morphology is not known.wells) have been monitored in 65 wells on a weekly basis.
Additionally, an automatic recorder was installed in a well
3.2 Methods and material for monitoring the water level and EC every hour. Two auto-

matic rain gauges have also been installed for monitoring the
Two geophysical surveys have been carried out: a first on@ajnfall.
before the monsoon (February/March) and a second one at
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Fig. 4. Location of measurements, Profile 2.
20

. . . Fig. 5. Example of results of sequential inversion at the beach side.
Five sand samples were collected at different locations bera) MRS7, (b) TEM74 and(c) hydrogeological interpretation.

low the water table (1 to 2.3 m) for laboratory analysis. The
samples were dried at 3C for 48 h, and then fully saturated.

The volumetric water content was calculated by weight fors; factor of Archie’s first equation for the sandy sea water

comparison with the MRS water content. saturated layem{irs = 0.27 andoaq=0.832m) as
To validate our approach, we drilled 9 observation
piezometers and we used the 65 wells monitoring data. We log (@)
did not carry out hydraulic tests in order to prevent the up-;, — — ™/ (6)
coming of saline water. log (Bumrs)

The m-values calculated from 16 MRS/TEM soundings all

over the investigated area range between 1.16 and 1.36,
4 Results and discussion with an average of 1.27. Note that the value proposed by
Archie (1942) for clean sand is 1.3. Knowing the m-value,
we can now use the parameterised Archie equation for calcu-

4.1 Parameterisation of Archie's equation lating the water EC whatever the depth and location.

TEM and MRS soundings are implemented on the beach (fo
example TEM74 and MRS7, Fig. 4). The result of the se-

quential inversion reveals a layered model with a homoge-pp, example of the application of the proposed methodol-
neous water content of 27 % from 1 to 17m below ground oy is presented in Fig. 6. The TEM and MRS field data are
surface (Fig. 5a) and a 5 layered resistivity model (Fig. 5b.first inverted using the sequential process presented Sect. 2.3
note that the inversion of TEM alone results in only 4-layer (Fig. 6a). The output geophysical model fits well both TEM
model). The resistivity of the first layer is not known because 5,4 MRS data and proposes a water content of 30 % between
(1) the TEM measurement has poor resolution from grouncy 4ng 19.5m below ground surface with a 4 layered resistiv-

surfgce to about 1.5 m dgep with the used configuration a_nq*y model (Fig. 6b). Then, we proceed to the hydrogeological
equipment and (2) resistive targets are not well resolved W'ﬂ]nterpretation of the geophysical models (Fig. 6¢):
TEM measurements (Albouy et al., 2001). Crossing both

MRS and TEM results obtained with the sequential inver- 1. The distribution of groundwater EC with depth is calcu-
sion, one can propose an obvious hydrogeological interpre-  lated from the TEM resistivity model using the parame-
tation (Fig. 5¢): from ground surface down, we interpret a terised Archie equation. Because the TEM does not dif-
dry sand layer, a sandy layer saturated with probably brack-  ferentiate the freshwater from the brackish water lay-
ish water, then a sandy layer saturated with sea water. The ers, we use a simplified model which sets that the water
4th layer, which is more conductive than the sea water layer, EC is linearly increasing with depth. This assumption is
is interpreted as a clayey weathered gneiss (saturated with  probably acceptable because it results in calculated wa-
sea water) as observed in deep boreholes drilled several kilo-  ter EC values close to measured values. For example the
metres north of Sasihithlu barrier. The last resistive layer is value of water EC measured in the piezometer adjacent
the gneissic substratum. To parameterise the Archie equa- to the MRS loop (Fig. 4) is Efezometer 630 US crm?!

tion, we measure the electrical conductivity of the sea water ~ which is close to the value calculated for the same depth
(ECsea=56 mScn! < py, =0.182m) and we calculate the from the TEM measurements Fg&y=600uScm?

.2 Quantification of the freshwater reserve
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Table 1. Average thickness of the freshwater lens and corresponding freshwater volume.

Dry season (February—March)

Rainy season (October—November)

Average Uncertainty Average Uncertainty
North of the area 2.2m 43% 29m 34%
(uninhabited) 500 L m? 670Ln2
South of the area  1.8m 37% 2.0m 51%
(inhabited) 420 L m?2 460 L m 2

(Fig. 6¢). Then, the maximum value of water EC which 3. The MRS results can also be used for calculat-

is acceptable by the local communities for domestic
supply (EGiomestic water< 1500 uS cmt) is used to esti-
mate the thickness of the freshwater lens. Note that this
thickness is calculated for three TEM solutions: the best
fit solution which has the lowest RMS value, and two
solutions issued from the equivalence analysis which in-
dicate the maximum and the minimum resistivity and
thickness of the layer.

ing the hydraulic conductivity and the transmissiv-
ity using Eq. (2). The hydraulic conductivity is
KvMrs=4x10*ms1 and the transmissivity of the
freshwater lens igyrs=6.2x 107*m?s~1. The hy-
draulic conductivity estimated in the monitored well is
3.6x10*ms 1<K <9x10*ms! thus suggest-
ing that value ofCy used in Eq. (2) is appropriate
(Cr=102ms3).

2. To calculate the groundwater reserve from MRS resuItsUSing rapid MRS/TEM measurements, one can apply the
one needs to know the relationship between the specifiggme 1-D methodology all over the targeted area. Then,
yield Sy and the MRS water contefiiyrs. The poros-  2_p sections can be calculated using simple interpolation
ity of the sand samples collected below. the water ta-j-petween 1-D measurements (Fig. 7a) and 3-D interpola-
ble ranges between 28.3 and 33.6 % with an averaggjons techniques can be used for mapping the freshwater lens
relative uncertainty of 0.1 % (due to the uncertainty in (Fig. 7b). Finally, from all the TEM and the MRS carried
weight measurements). This porosity is less than the 0yt before and after the monsoon, we are able to estimate
tal porosity because part of the bound water attachedpe freshwater thickness and corresponding freshwater vol-
to sand surface by molecular attraction cannot be reyyme (Table 1). We computed the uncertainty of our results
moved by the used laboratory method. Total porosity hased on uncertainties in geophysical inversion (both MRS
excluding bound water is named effective porosity “ne” gng TEM). We conclude that our approach allows estimating

by hydrogeologists (if we neglect the unconnected andyroundwater reserve with a relative uncertainty of 30 to 50 %
dead-end pores, Lubzinski and Roy, 2007). The MRS(Tapje 1).

water content measured on the same location is ranging
between 27 and 36%. Even though a 2480 °m® 43 Recharge and groundwater resource estimate
sample cannot be rigorously compared to MRS mea-
surements# 280 1 for the survey)fwurs is close to  For estimating the recharge, we use both hydrological mon-
‘ne” for the sampled sand. Moreover, the long MRS jtoring (Fig. 8) and geophysical time lapse results (Fig. 9).
decay rates indicate coarse average grained-size of therom the water table monitoring, we observe that the ground-
sand (Fig. 6b) for which the amount of capillary wa- water level increases rapidly in response to rainy events.
ter is probably negligible as compared with the amount|nstantaneous recharge (i.e. the amount of rain which en-
of gravitational water. Thus re Sy ~ fiurs. The distri-  ters the water table at an event scale) calculated using the
bution Of@MRS with depth is then used to calculate the WTFEM over short rainy periods (a Coup|e of days) ranges
groundwater reserve as the prodéigks - Az whereAz  petween 85 and 100% of the rain. This result is not sur-
is the saturated thickness. Note that the sequential inprising since there is no surface runoff on the sandy barrier
version which sets the depth to the bedrock in the MRSan( since evaporation and transpiration are probably low at
inversion limits the uncertainty in the MRS results (low that time scale. Figure 8 also indicates that groundwater level
equivalence, Fig. 6a and b). The total water reserve afjecreases quickly after the rainy events. Hence, no low fre-
this location is 5.5 im~2 of surface area. However, quency variation in groundwater level can be observed be-
only 600L of water £ 50L according to the equiva- tween the dry and rainy seasons: the depth of the water ta-
lent solutions) per square metre of surface area have aBje remains approximately constant at the year scale. How-
EC lower than the threshold value and are considered aéver, groundwater EC measured at a constant depth below
freshwater. ground surface presents some season-scale variations: it in-
creases during the dry season as the result of the upcoming of
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Fig. 8. Rainfall, water level and water EC monitoring. SWL is the static water level measured in piezometers.

mineralised groundwater and decreases during the rainy sed-EM interpretation with a high accuracy-(1 % of uncer-

son with the infiltration of low-mineralised rainwater. Hence, tainty on the layer boundary, see Sect. 2.3) the comparison
at the monsoon time scale, the rain water which infiltrates thebetween TEM results is possible. The first TEM sounding
aquifer is deepening the salty water interface more than raisis carried out in the dry season (February) and indicates a
ing the water level. salty water interface at 6 m below ground surface. A second

For estimating the recharge at the monsoon time scale, w&EM is carried out in July after a total of 1.090 m of rain

compare TEM and MRS measurements carried out at thend reveals a deepening of the salty water interface of 2.4 m.
same location but at different period of time. An example Using the WTFM (Eq. 5) the amount of water which reaches
of the geophysical time lapse measurements is presented e water table and stays at the surveyed location is 0.7 m
Fig. 9. Since the depth to the sea water layer is defined byr 66 % of the rain. A third TEM is carried out in October
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after a new 0.874 m of rainfall. Surprisingly, the TEM indi- 2001). Logically, our numerical study shows that fresh and
cates that the sea water interface rises 1.5m. This observdrackish layers can be replaced by a single layer without im-
tion is consistent with the groundwater monitoring and it canpacting the fitting of the model (Sect. 2.3). Moreover, mea-
be explained by rainwater reaching the water table and thesurements of groundwater electrical conductivity in wells
flowing towards the sea and the river (boundary conditions),indicate that there are no sharp boundaries between fresh-
and probably being taken by some evapotranspiration. Conbrackish-salty waters, but rather a mixing layer with EC in-
sidering the 60 TEM measurements carried out before andreasing with depth from fresh to sea water EC. Thus we
after the monsoon all over the targeted area, the average netoposed to use a linear gradient of electrical conductivity
aquifer recharge is 9 % of the rain. Note that the MRS timewith depth and we calculated the depth corresponding to the
lapse carried out on the same dates as the TEM does not irt500 pS cm? threshold thanks to the parameterised Archie’s
dicate any change of the depth to the water table within theequation. This simplified approach enabled us to quantify an
uncertainty oft 8 cm (Fig. 9). approximate thickness of freshwater, but a more comprehen-
Finally, joint analysis of MRS/TEM time lapse and wa- sive model could also be proposed based on observations car-
ter table monitoring indicates that about 100 % of the rainried out in fully screened and deep enough observation bore-
infiltrates and recharges the water table, but only few per-oles (which were not available for our study).
cents (less than 10% according to TEM) of this instanta- The characteristics of the TEM-FAST device and the con-
neous recharge remain in the aquifer at the end of the monfiguration used in this study are well adapted to shallow tar-
soon. Thus, a change in rainfall patterns will probably not im- gets. However, a first 1.5 m thick resistive layer can be sup-
pact the freshwater resource of the sand barrier, but a changeressed without impacting the RMS of the obtained model
in sea level will have a strong impact because any rise obecause the first time of measurement (5 us) does not allow
mean sea level will modify the boundary head conditions: itthe detection of such shallow depth. Thus, we looked for
will reduce the thickness of the freshwater lens together withanother common electromagnetic method for improving the
the net recharge. resolution of shallow targets. We carried out frequency con-
ductivity sounding (CS) using 2 light multi-turn coils. We
implemented the CS with the EM-34 device (Geonics) using
3 coil separations corresponding to 3 frequencies, and setting
the coils coplanar in a horizontal plane and in a vertical plane.

This study outlines some of the difficulties encountered while T"US: @ total of 6 measurements were performed over a sin-
assessing freshwater resources in coastal areas with geophﬂ-e I_ocatlon using all th? available conflgurgtlops. Both nu-
ical tools, and more specifically for thin lenses. merical modelling and field measurements indicate that the

Not only TEM alone but also joint use of TEM and MRS >-/ayer model presented in Fig. 1 can be solved with a 3-
do not allow the differentiation between fresh and brackish!2Yer solution that exhibits a low RMS of 1 %. Although the
water layers. This limitation is well-known by geophysicists "219€ of equivalence of the first layers is narrower as com-

as suppression phenomenon. Suppression is common Whmred_ to TEM, the CS cannot either dlffer_entlate fre_sh and
a layer of intermediate resistivity lies between two layers Prackish water layer. Moreover, the sampling of CS is very

with higher and lower resistivity, respectively (Albouy et al., PO (i-€. 6 data and only a decade in penetration depth) as

5 Discussion
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compared to TEM (i.e. average of 34 data over 3 decades dflowever, this paper shows that the joint use of MRS and

time). Thus, we conclude that CS does not improve the charTEM in the framework of a hydrogeological approach is al-

acterisation of thin lenses as compared to TEM. ready an appropriate methodology for quantifying freshwater
Concerning the MRS method, the output parameters stilresource. Moreover, new developments in the MRS method,

need to be parameterised with known hydraulic conductivityjoint use of time lapse MRS/TEM and joint inversion of

and storage-related parameters. Today, the methodology d&ARS/resistivity measurements are promising for improving

veloped in this paper for quantifying groundwater resourceaquifer characterisation.

cannot rely on geophysical tools alone but needs a coupled

hydrological and geophysical approach. However, the poten-
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