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Abstract

Water transfers through a multilayered aquifer system are difficult to characterize. This study explores whether the concep-
tual model of water mixing at depth can be extrapolated over a hydrosystem extended across several tens of kilometers and
including multiple aquifer layers. The processes are investigated using a combination of isotope tracers and piezometric
monitoring over 10 years. The goal of this approach is to better understand how water transfer occurs throughout a complex
and poorly documented hydrosystem of the Mahafaly Plateau in southwestern Madagascar. The results show a clear smooth-
ing of isotopic variability with depth, associated with a smoothing of the recharge peaks. Isotopic values are strongly variable
in the near surface (from -6.8 to -2.5%0 '30) and stabilize at a critical depth (near 20 m) at around -4.7%o 1830, These results
indicate high vertical flows through the aquifer system, where there is neither obvious dominant recharge via preferential
pathways nor lateral mixing. Such a strong smoothing effect on groundwater isotopic variability with depth has been rarely
observed so clearly over a large spatial scale. These results provide information on a remote groundwater flow system at
a scale pertinent to groundwater resource assessment. The results also indicate that the Neogene aquifers of the Mahafaly
Plateau are poorly connected with other water resources (rivers, old sedimentary formations) except for the percolation of
water towards the deep Eocene karst. This means that groundwater resources in the Ankazomanga Basin are limited and that
it is essential to understand and quantify recharge for sustainable groundwater management.

Keywords isotopes - piezometric monitoring - mixing process - groundwater management - Madagascar

be observed at the seasonal scale and the rainfall event scale
(Munksgaard et al. 2012). This variability in rainfall isotope

Introduction

Stable isotope (8'30 and &%H) values of precipitation are
highly variable, both spatially and temporally (Dansgaard
1964; Rozanski et al. 1992). The temporal variability can
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values entering groundwater systems can result in high vari-
ability of stable isotope values in near-surface groundwater.
Moreover, near-surface evaporation processes and recharge
by open water surfaces add other sources of isotope sig-
nal variability (Benettin et al. 2018). Within deeper aquifer
systems, the stable isotope values are less variable due to
mixing. Where vertical groundwater flow is dominant, the
recharging waters from different rainfall events are progres-
sively mixed resulting in a less variable isotopic signature
with depth. As a result, deep groundwater where vertical
flow is dominant can have an isotopic signal close to the
average value of the precipitation waters recharging the sys-
tem over multiple time scales (Fig. 1).

Darling and Bath (1988) highlight the decrease of tempo-
ral variations of 8'30 of water in a lysimeter of 5 m depth.
Eichinger et al. (1984) and Beyer et al. (2018) confirmed

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10040-023-02731-5&domain=pdf
http://orcid.org/0000-0001-6998-4544

2338

Hydrogeology Journal (2023) 31:2337-2346

Fig. 1 Conceptual model of
smoothing of the isotope signal
with depth by water mixing
processes
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this attenuation of isotopic variability in natural soils and
the vadose zone. Several studies show the attenuation of
seasonal variability in groundwater isotope signals for vari-
ous geological contexts (e.g. Hamid et al. 1989; Clark and
Fritz, 1997; Schwarz et al. 2009). Clark and Fritz (1997)
assumed that the depth without seasonal variation (or mixing
depth) depends on the physical properties of the sub-surface
lithology. Wright and Novakowski (2019) also reported that
variations in the mixing depth were related to changes in
the geological context (sandstone, limestone, and crystal-
line). This mixing depth is also often situated below the
water table (Clark and Fritz, 1997). For example, Petrella
and Celico (2013) conducted a 14-month study of water
isotopes at multiple depths in a single borehole in a karst
environment, which identified a mixing depth around 15 m
below the water table.

The vertical water mixing with depth can be disrupted
in two cases: 1) if lateral or deep groundwater inflows with
a different isotopic signature disturb the mixing process.
Several studies conducted in multilayer aquifers have high-
lighted isotopic signals specific to each groundwater level
due to different recharge conditions (Cartwright and Weaver
2005; Filippini et al., 2015; Pilla et al. 2006, Qian et al.,
2013). The isotopic composition of groundwater in the inter-
mediate aquifer is thus a mixing between different end-mem-
bers. ii) If waters are recharged via preferential pathways and
thus bypass the vertical mixing process. Brooks et al. (2010)
showed that preferential flows towards depth occur depend-
ing on the soil water status. Faults or groundwater pumping
can create unexpected preferential connections to upper or
lower aquifers that short-circuit the normal slow transfer
and mixing processes expected (Hamed et al. 2011; Dassi,
2011; Tarki et al., 2016). Cruz Jr et al. (2005) showed that
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in karst systems in Brazil, preferential flows, via fractures
and conduits, disrupt the organization of the isotopic signal
too much to determine a mixing depth.

This article investigates if the conceptual model of
water mixing with depth can be extended to the scale of a
hydrosystem of several tens of kilometers wide, and includes
multilayer aquifers. The complex hydrosystem of the Maha-
faly Plateau, in southwestern Madagascar, is a poorly docu-
mented area lacking geological and hydrogeological infor-
mation, and this limits the sustainable management of water
resources. Therefore, this study aims to improve the under-
standing of groundwater flows through this multilayered
aquifer system using isotope and piezometric monitoring.

Materials and methods
Geographic and climatic settings

The study area is located in southwest Madagascar in the
southeast of the city of Toliara. Onilahy River, in the North,
is the only perennial stream in the region. The Mozambique
Channel borders the study area to the west (Fig. 2a). The
rural study area is very isolated and these characteristics
impose strong logistical constraints for any hydrogeological
investigation.

Southwest Madagascar is a semi-arid region and the dri-
est area of the country. Annual rainfall is on average 400
mm near the coast with slightly increasing rainfall inland.
In comparison, the eastern coast of Madagascar is amongst
the wettest part of the island with more than 2000 mm/year
(Ollivier et al. 2023). The wet season occurs from Decem-
ber to March, and the dry season occurs from April to
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Fig.2 (a) Location map of the study area on the Mahafaly Plateau, with sampling points; (b) Simplified geological cross-section of the study
area (at latitude 23°47°00”; between Analalentika and Maroarivo villages in Fig. 2a) after Aurouze (1957) modified by Carriére et al. (2018)

November. Most of the wet season precipitation occurs dur-
ing convective events, inducing strong spatial and temporal
irregularities in rainfall. Heavy rains are mostly generated by
cyclones and tropical storms. These heavy rainfalls usually
originate from the Indian Ocean (East), but there are several
recent examples of cyclones originating from the Mozam-
bique Channel (West). The Mahafaly Plateau is a flat area
(Fig. 2). Therefore, it is assumed that the altitudinal isotopic
gradient (Dansgaard, 1964) is negligible across the study
area. The Ankazomanga Basin is the area studied further in

this work (orange area in Figure 2). This area is located on
the Mahafaly Plateau between elevations 170 and 250 meters
above sea level (m.a.s.]).

Geological and hydrogeological settings
The study area is located on recent sedimentary rocks
(Mesozoic and Cenozoic). There are Cretaceous rock out-

crops to the East of the study area (Fig. 2b). The Mahafaly
Plateau is composed of an ensemble of Eocene carbonate
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rocks described in detail by Karche (1961). These Eocene
formations were divided into three units by Aurouze (1957):
i) Eocene 1 (E1) composed of nummulitic limestone, cal-
careous sandstone, and oolitic limestone; ii) Eocene 2 (E2)
composed of clayey limestone with orbitolinids; and iii)
Eocene 3 (E3) composed of marly limestone, oyster marl,
and gypsum marl.

These Eocene formations are karstified with an advanced
degree of alteration depending on the facies. Unit E1 is the
most karstified unit and contains many spectacular sink-
holes and a highly developed cavities network (André et al.
2005). Consequently, the Eocene carbonate formations are
complex from a hydrogeological point of view due to this
heterogeneity.

The composition of the Ankazomanga basin (orange
zone in Fig. 2a) is Continental Neogene formations with
alternations by several types of sandstone, marl, sand and
clay. The Continental Neogene formations do not outcrop in
the Ankazomanga basin because the area is entirely covered
by alterites (called red sand). It is assumed that these red
sands play a buffering and homogenizing role for infiltrated
water. The sand cover makes the geological characterization
of the study area difficult. Carriére et al. (2018) explored the
Ankazomanga basin using geophysical and hydrogeological
approaches. The results emphasized the strong heterogeneity

of the Neogene Continental formations (Fig. 3b). Indeed,
the conductive clay formations, shown in blue in Figure 3b,
are discontinuous and non-tabular. Two boreholes drilled
as part of the same study (Fig. 3c) confirm the variability
of Neogene facies. It is not possible to establish any link
between two boreholes separated by less than 2 km (Fig. 3c).
Consequently, the Continental Neogene formations are dif-
ficult to characterize in terms of groundwater flow processes.
These formations constitute a complex multilayered aquifer
perched above the karst developed in Eocene rocks (Carriere
et al. 2018).

Carriere et al. (2018) produced a piezometric map (Fig
S1 in the electronic supplementary material (ESM)) show-
ing that groundwater flows through the Continental Neo-
gene aquifer from east to west. There is no known aquitard
between the Neogene and Eocene. Given the recharge and
discharge dynamics observed in the Neogene aquifers (Car-
riere et al. 2021), it can be assumed that water from the
Neogene aquifers percolates into the Eocene karst.

Hydrochemical monitoring highlighted that the Eocene
karst and Continental Neogene waters are clearly con-
trasted. The analysis of Na vs. Cl (Fig. S2 in the ESM)
shows that the Ankazomanga basin waters (Continental
Neogene) have very low mineralization, with less than 3
meq/L of Na and Cl. However, the coastal springs waters
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Fig.3 Geophysical and drilling investigation around Tokoendolo vil-
lage (Carriere et al. 2018). (a) Location map of Tokoendolo village
and positioning of the geophysical transect. (b) Geophysical cross-
section obtained with time domain electromagnetic (TDEM) sound-
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(Eocene karst) are highly mineralized with 20 to 30
meq/L of Na and Cl. This high mineralization is related
to saline intrusions that can propagate far inland due to
the high permeability of karst (Guyot 2002).

Stable isotopes of waters

Groundwater was collected at 46 locations from two
areas: i) multilayer Neogene aquifers within the Anka-
zomanga basin on the Mahafaly Plateau. Samples were
taken from 38 traditional wells (Fig. 4a), cemented wells
(Fig. 4b), and modern boreholes (Fig. 4c) with depths
ranging from 3 to 45 m (blue symbols in Fig. 2a). ii) the
deep karst developed in Eocene rocks were sampled in 3
sinkholes, 5 coastal springs and 2 cemented wells. These
waters represent the natural outlet of the karst system
(green symbols in Fig. 2a). The water level in the karst is
close to sea level according to the Chevron Oil borehole
drilled in 1972 at 40 km from the coast (Guyot 2002).
Considering that the Ankazomanga basin is located 160 to
250 m above sea level, the depth of karst water is assumed
to be lower than 100 m deep in the study area.

A total of 119 samples were collected over 10 cam-
paigns carried out between 2013 and 2022 during both
dry and wet periods. Data and well specifications are
summarized in Table S1 in the ESM. The sampled wells
were exploited, avoiding problems related to water stag-
nation. Only 15 points were sampled several times to pro-
duce a monitoring. Groundwater was collected in smoked
glass vials. Samples were stored in locations protected
from temperature variations and then placed in the refrig-
erator as soon as possible.

Water was analyzed on a Los Gatos isotope ratio infra-
red spectrometer (IRIS) at the University of Avignon in
France (LGR DLT-100 liquid water stable analyzer accu-
racy +0.2%o vs. VSMOW for 8'%0 and +1%o vs. VSMOW
for 8°H).

Piezometry monitoring

Piezometry monitoring started in 2014 as part of the ground-
water resource observatory for southwestern Madagascar
(GROSoM), (Carriere et al. 2021). On the Mahafaly Plateau,
six wells of the multilayer Neogene aquifer are still moni-
tored in the Ankazomanga basin. They have been equipped
with automatic piezometric probes (model TD-DIVER)
allowing an accuracy of + 1 cm H,O. Two barometric probes
(Baro-DIVER, accuracy + 0.5 cm H,O) are also used for
the compensation of piezometric data. The equipment was
programmed for hourly data acquisition.

The probes were installed in wells with depths ranging
from 8 to 35 m. For each well, the measurements provided
by the automatic probes were verified with a water level
meter both during the installation of the sensors and a few
months later for calibration control.

Results and interpretation

Stable isotope (5'0 vs 8?H) results show a large dispersion
of 8'80 values (-7 and -2 %o) and 8°H values (-50 and -5 %o;
Fig. 5). Groundwater points lie slightly to the right of the
global meteoric water line (GMWL), which is likely a result
of local rainfall variations (local rainfall isotope values were
not available to plot a local meteoric water line). Only one
groundwater sample, from the Ankandy shallow well (5 m),
shows a deviation to the right of the GMWL that may indi-
cate the effects of evaporation on groundwater, however a
local meteoric water line is required to confirm this. Ground-
water isotope values from both modern and traditional well
points on the Mahafaly Plateau are widely scattered. The
isotopic values from six wells at various depths were identi-
fied and are plotted with individual symbols in Fig. 5. This
highlights that wells shallower than 10 m (Ankandy and
Ankazomanga_PO01) have isotopic values that show a greater
temporal variability (-7 to -3%o for 5'%0) compared with the

Fig.4 Illustrations of the three types of wells sampled in the Ankazomanga basin (a) traditional well, (b) cemented well, (¢) modern borehole
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Fig.5 Dual isotope plot of
groundwater sampled in the
Ankazomanga basin and coastal
springs at the outlet of the karst
system. Signals of 6 wells in the
Ankazomanga basin are pre-
sented individually to appreciate
the signal variability between
campaigns (Ankandy, Anka-
zomanga_PO1, Ankazomanga_
P06, Maroarivo, Ambatofotsy,
Vovomena). The data were
acquired during 10 sampling
campaigns conducted between
2013 and 2022. GMWL is

the global meteoric water line
determined by Rozansky et al.
(1993). VSMOW is the Vienna
standard mean ocean water
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deeper wells (> 10 m) with stable isotope values ranging
from -5 to -4.5%o for 8'%0. The karst groundwater points
are grouped in the center of the scatterplot. This leads one to
assume that various mixing and homogenization processes
occur to smooth the isotopic signal across the multilayer
Neogene aquifer and the Eocene karst.

When the isotopic signal is plotted as a function of water
depth, it highlights the larger variability between the iso-
topic signal of shallow groundwaters (< 10 m) compared
with deeper (> 10 m) groundwater for both *H and §'%0
(Fig. 6). This signal heterogeneity can be explained by both
spatial and temporal variability in the water recharging the
hydrosystem. The temporal variability is likely due to the
isotope variability of the event and seasonal-scale rainfall
recharging the aquifers. The spatial variability between
wells is likely due to variations in infiltration conditions
due to the heterogeneous lithology (e.g. Fig. 3) influencing
the recharge rates of rainfall events and subsurface mixing
processes. With depth, the recharging waters are mixed and
provide an isotopic signature representative of the longer-
term recharge average. For example, the Vovomena well taps
groundwater at 28 m depth in the Continental Neogene aqui-
fer system and shows a very stable signal over the three sam-
pling campaigns (average of -4.85%o for 8'30 and -32.6%o
for 8°H). In addition, the signal of the Vovomena well is very

@ Springer

close to the karst groundwater values (average of -4.91% for
5'%0 and -33.4% for 8°H). The scatterplot has the shape of
a symmetrical funnel (Fig. 6). This indicates that there is no
significant water input at depth with a contrasting signal.

The piezometric time series of wells monitored in the
Ankazomanga basin show seasonal dynamics of aqui-
fer recharge and discharge. The recharge peak is reached
towards the end of the rainy season around March. The well
exploitation causes a drop in the piezometric level, which is
visible with daily frequency, especially during dry period.
It is assumed that withdrawals may have a slight tendency
to attenuate seasonal recharge. The variability of recharge
dynamics between wells agreed with the hypothesis of water
mixing with depth. Figure 7 displays the piezometric dynam-
ics during the 2016/2017 recharge period. This is a typical
year when recharge is strong enough to be visible. Unfortu-
nately, this is the only year for which one can compare all
six piezometers simultaneously. Indeed, field conditions are
demanding for the equipment and frequent deteriorations
occur and cause gaps in piezometric records. The full-time
series are presented in Fig S3 in the ESM.

Wells tapping the shallowest water (Ankandy and Anka-
zomanga_PO01) are the most reactive to the rain (Fig. 7).
Their piezometric levels increase abruptly with heavy rains.
As soon as the rains end, their piezometric level begins a
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Fig.6 Variability of groundwater isotopic signatures with depth: (a)
8'%0 and (b) 8°H. Groundwater was sampled in the Ankazomanga
basin and coastal springs at the outlet of the karst system. Signals of 6
wells in the Ankazomanga basin are presented individually to appre-

long decline. As the wells tap deeper groundwater, recharge
peaks occur more smoothly. A delay of several months is
noticeable between the rainy season and the recharge peak
on these deep wells. These delays are explained by the time
necessary for water infiltration toward the water table. This
delay is particularly long for the Ankazomanga_P06 well.
This is due to a complementary lateral water movement
in addition to the vertical water transfer; this borehole is
located in a zone where the bottom of the aquifer is lower
(Carriere et al. 2018). The Vovomena borehole has a fairly
constant water level over the year and recharge occurs as a
dispersed, low-intensity pulse. This borehole has low pro-
ductivity (0.3 m*/h). Consequently, this borehole is rapidly
dewatered by exploitation but it does not dry up even during
the dry season.

Discussion

Isotopic and piezometric data provide consistent informa-
tion for the Mahafaly Plateau. Isotope tracing highlights a
smoothing of the signal variability with depth without dis-
turbance by other water supplies with a different isotopic
signal. This characteristic is typical of high vertical flows
(Clark 2015). The piezometry highlights a smoothing of
recharge peaks with depth. This information allows one to

ciate the signal variability between campaigns (Ankandy, Ankazom-
anga_PO1, Ankazomanga_P06, Maroarivo, Ambatofotsy, Vovomena).
The data result from 10 sampling campaigns conducted between 2013
and 2022. VSMOW is the Vienna standard mean ocean water

better understand the main hydrogeological functions of the
Mahafaly Plateau.

These results suggest that vertical transfers and the associ-
ated mixing process are not (or rarely) disturbed by another
source of water (i.e. lateral recharge or surface water entering
via preferential pathways). In other studies of multilayer aqui-
fers, the presence of lateral flows or preferential recharge to
deep aquifers has been identified to disturb the homogenizing
effect on isotopic signals (Cartwright and Weaver 2005; Pilla
et al. 2006, Qian et al., 2013; Filippini et al., 2015).

A critical mixing depth of about 20 m is observed if one
refers to the definition of Clark and Fritz (1997). Those
authors defined that the critical depth was reached at the
depth where all the points are centered on the mean plus or
minus the standard deviation. However, one must remain
cautious about the precision of this depth, as this study only
has 4 boreholes of more than 20 m. This critical mixing
depth is consistent with that found by Petrella and Cecilo
(2013) who found 15 m in a karst in Italy.

The clear mixing process with depth is explained by
the topographic and geological configuration of the Maha-
faly Plateau. The absence of uneven topography favours a
homogeneous infiltration of water towards deeper aquifers.
The Mahafaly Plateau is a flat area where the altitudinal
isotopic gradient is negligible. There is therefore no dis-
turbance related to differences in precipitation altitude.

@ Springer
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The Continental Neogene formations play a buffering and
homogenizing role for infiltrated water.

The analysis of relationships between hydrochemical
parameters and depth shows a smoothing effect with depth.
This concerns some variables such as fluorine (F), potas-
sium (K) and chlorine/bromine ratio (C1/Br) but this is less
clear than for water isotopes (Fig. S4 in the ESM). This
less relevance of hydrochemical variables to demonstrate
the mixing effect of water with depth is also related to the
multiple possible interactions between water and rocks that
make the relationship more complex.

The groundwater isotopic composition of karstified
Eocene aquifers is equal to the mean value of the near-sur-
face aquifers observed in the Neogene. This is coherent with
the expected mixing process from Neogene to Eocene. The
isotopic composition of deep karst should be a mix between
the unconfined part of the Eocene karst and the part covered
by the Continental Neogene. It is assumed that the mean iso-
topic signal of rainfall in the Ankazomanga basin is similar
to the signal of the whole Mahafaly karst Plateau. There is
also a strong smoothing effect occurring within the uncon-
fined part of the karst aquifer.

In terms of water resource management, these results sup-
port the hypothesis that the Continental Neogene aquifers of
the Ankazomanga basin are fairly isolated from other water
resources (river, old sedimentary formations, deep Eocene
karst). It can only be assumed that there are vertical transfers
of water from the Neogene to the deep karst. The Neogene
formations form a perched aquifer that is only recharged
by rainfall. This means that understanding and quantifying
rainfall recharge is essential to promote sustainable water
resource management. For example, the activities of several
development actors (i.e. NGOs, UN agencies) are promot-
ing the emergence of irrigated market gardening. This com-
mendable activity, which is a source of food diversification,
must be done without the risk of over-exploitation of under-
ground resources. For this reason, the GROSoM observatory
(Carriere et al. 2021) has been set up since 2014 to monitor
long-term piezometric dynamics.

Conclusions and perspectives

This study evaluated whether the conceptual model of
smoothing water isotope signals with depth can be extended
over an hydrosystem extended across several tens of kilom-
eters including multiple aquifer layers. Other authors have
tested this concept at smaller scales: i) over the root zone
(Beyer et al. 2018), ii) in the unsaturated zone (Schwarz et al.
2009), and iii) in the saturated zone (Petrella and Celico
2013). This work demonstrated that the smoothing effect of
water isotopic signals with depth can be observed on a larger
scale. Moreover, this is consistent with the piezometric time

series where a smoothing effect of the recharge peak with
depth is observed.

This simplified view of water transfer organization in the
underground allows a better understanding of the hydro-
geological functioning. The Mahafaly Plateau transfers are
essentially vertical. There is no significant lateral recharge
with a contrasted isotopic signature from the Onilahy River
to the North or from old sedimentary aquifers to the East. No
preferential infiltration is identified because the omnipresent
red sand cover in the Ankazomanga basin provides a buffer
effect for water transfer. No contamination is detected from
superficial evaporated water. The Continental Neogene of
the Ankazomanga basin constitutes a multi-layered aquifer
system that is fairly isolated from other water resources.

For further interpretation it would be relevant to: i) Esti-
mate residence time in groundwater. ii) Monitor the isotopic
quality of rainwater during one or more hydrological cycles
to determine the local meteoric water line. This action has
not been carried out until now due to the access difficulties
of the area. However, it would allow one to know the iso-
topic signal entering the hydrosystem to improve hydrogeo-
logical functioning understanding. iii) Carry out bacteriolog-
ical monitoring of the groundwater. This will allow one to
verify if the mixing process occurs progressively with depth
or if preferential pathways make possible the penetration
of polluted surface water directly into the deeper aquifers.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10040-023-02731-5.
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