Journal of Hydrology 438-439 (2012) 97-111

journal homepage: www.elsevier.com/locate/jhydrol

Contents lists available at SciVerse ScienceDirect

Journal of Hydrology

_

7=

Geochemical and isotopic (oxygen, hydrogen, carbon, strontium) constraints for
the origin, salinity, and residence time of groundwater from a carbonate aquifer
in the Western Anti-Atlas Mountains, Morocco

N. Ettayfi?, L. Bouchaou®*, J.L. Michelot®?, T. Tagma?, N. Warner ¢, S. Boutaleb ?, M. Massault®,

Z. Lgourna®, A. Vengosh ¢

2 Applied Geology and Geo-Environment Laboratory, Ibn Zohr University, Agadir, Morocco
Y UMR «IDES», CNRS - Université Paris-Sud, Orsay, France
¢ Division of Earth & Ocean Sciences, Duke University, Durham, NC, USA

ARTICLE INFO

SUMMARY

Article history:

Received 5 December 2011

Received in revised form 29 February 2012
Accepted 4 March 2012

Available online 17 March 2012

This manuscript was handled by Laurent
Charlet, Editor-in-Chief, with the assistance
of P.J. Depetris, Associate Editor

Keywords:
Isotopes
Geochemistry
Groundwater
Salinity
Residence time
Semi-arid

Groundwater in many arid basins, particularly in developing countries, is the only available water
resource that sustains local communities. Yet, information on the basic hydrological parameters and
the sustainability of the groundwater exploitation are often lacking. This study investigates the origin
of groundwater from the Lower Cambrian carbonate aquifer of the Lakhssas Plateau in the Anti-Atlas
Mountains of southwestern Morocco. The study aims to reveal the origin of the groundwater, salinity
sources, and the residence time of the water. The study is based on a comprehensive geochemical and
isotopic (oxygen, hydrogen, carbon, and strontium) investigation of groundwater from different parts
of the basin. The hydrochemical and isotopes results indicated three types of groundwater in the Lakhssas
Plateau: (1) thermal water in the southern part of the basin with solute composition that reflects disso-
lution of calcium-sulfate and calcium carbonate minerals; (2) low-temperature groundwater at the
southern margin of the basin with low salinity (chloride content up to 100 mg/L) and chemical compo-
sition that is expected from equilibrium with limestone-dolomite rocks; and (3) low-temperature
groundwater in the northern, western, and eastern margins of the basin with a wide range of salinity
(chloride up to 800 mg/L). The different water types had also different stable isotope composition; the
thermal water was depleted in 80 and ?H (5'%0 as low as —7.6%.) relative to the southern (—5.9 to
—5.3%0) and northern waters (—5.7 to —3.8%o). The differences in 5'%0 and &°H between the southern
and northern waters are related to elevation that induced fractionation of oxygen and hydrogen isotopes
in recharge water originated from coastal moisture. The data suggest that the high salinity in groundwa-
ter from the northern, western and eastern margins of the Lakhssas Plateau is related to the presence of
schist rocks in these areas. The distinctive low Na/Cl and Br/Cl ratios, coupled with high silica contents
and high 87Sr/%5Sr ratios (up to 0.713) in the saline groundwater provide additional evidences for the link
between salinity and the schist rocks. In contrast, the thermal water had relatively low 87Sr/%Sr ratio
(0.7089), which is identical to the secular seawater Sr isotope ratio during the Early Cambrian period
and presumably reflects interaction with the Early Cambrian carbonate and sulfate aquifer rocks. In
the northern and southern groundwater, the 87Sr/®Sr ratios were higher and correlated with the Mg/
Ca ratios, inferring mixing between the Early Cambrian limestone and other rocks with higher 87Sr/%6sr,
such as the schist rocks. The radiocarbon data showed '“C activities ranging from 6 pmC in the thermal
water to 62 pmC in the southern water. Age-modeling, corrected for dissolution of the carbonate rocks
with dead carbon, simulated mean residence time of 10-15 ka BP for the thermal water and a range of
0 to 3 ka BP for the northern and southern waters, depending on the used models. The integration of
the data enables us to establish a conceptual model for the origin of groundwater in the Lakhssas Plateau:
(1) recharge to the aquifer from relatively heavy-isotope depleted recharge water, presumably during
wetter conditions about 10-15 ka BP. The recharge water interacted at high depth with limestone and
calcium sulfate minerals and emerged to the surface as thermal water at the southern part of the basin;
(2) more recent recharge from coastal moisture originated from the Atlantic Ocean. The stable-isotope
composition of groundwater was controlled by the elevation of their recharge areas: recharge at higher
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elevation, particularly in the southern margin resulted in lower 5'%0 and 8?H values; (3) the recharge
water interacted with the carbonate aquifer rocks, particularly with calcite and dolomite minerals. In
areas of exposure of schist rocks, the water-rock interaction induced salinization of the groundwater.
Overall, our data reveal that the limited water resources in this semi-arid zone of Morocco could be in
some parts less renewable and also saline. Future exploitation of this basin will have to account the salin-
ity factor and the suggested contribution of water recharged some thousands years ago.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The study of water resources in arid areas is becoming increas-
ingly important because of increasing demands and depletion of
water resources in these areas. In many parts of the developing
world there is no systematic monitoring of the hydrological sys-
tems and thus water level decline and degradation of water quality
are typically noticed only at evolved stages of aquifer deterioration.
This present study investigates the geochemistry of groundwater
from the arid to semi-arid area of Lakhssas Plateau in the Anti-At-
las Mountains of southwestern Morocco, where groundwater re-
sources are vital for the local populations, supplying drinking
water, irrigation, and sustaining the oasis ecosystems in south-
ern-western Morocco. The Lakhssas Plateau (Fig. 1) consists of
Paleozoic limestone that forms a regional carbonate (karst) aquifer
which discharge through several springs. The economic growth of
the region is directly linked to the development of oasis agriculture
and tourism, which both weigh heavily on water reserves in the re-
gion. The lack of information regarding the recharge of the aquifer
could affect its quantity and quality upon inadequate utilization
and poor management.

The Lakhsas area has been the subject of several geological and
structural studies (e.g. Belfoul, 2005; Oliva, 1977; Soulaimani,

1998; Soulaimani et al., 2005), which highlighted some structural
models in this area of Anti-Atlas Mountains (Fig. 1). Corresponding
hydrogeological studies were limited, however, and only included
reports carried out by the Hydraulic Agency of Souss-Massa-Draa
basin (Agence du Bassin Hydraulique du Souss-Massa-Draa, 2004,
2006). These reports focused mainly on the inventory of the
springs and wells in the area with few measurements of springs’
flow rates (Agence du Bassin Hydraulique du Souss-Massa-Draa,
2004, 2006). Exploitation of groundwater for drinking water sup-
ply in this aquifer began in the 1980s, but the pumping tests at
the majority wells have shown very low yield (Agoussine, 1991).
Consequently, hydrogeological studies based on only hydrological
monitoring of springs are not sufficient to characterize the aquifer
system and project its sustainability. Using hydrogeochemical and
isotopic methods could bridge this knowledge gap and provide
insights on the recharge sources, residence time and sustainability
of water exploitation (Azzaz et al.,, 2007; Barbieri et al., 2005;
Bouchaou et al., 2008, 2009; Han and Liu, 2004; Marfia et al., 2004).

This paper provides a comprehensive analysis of water re-
sources in Lakhssas Plateau in the Anti Atlas of Morocco through
an evaluation of multiple geochemical (major elements) and isoto-
pic tools (880, §2H, 87Sr/%6sr, §'3C, and A'#C) in order to evaluate
the origin, salinity, and the residence time of the groundwater. In

Sidi Rbat

LEGEND

Dlme quaternary

[ ] middle quatemary

[= 7] Bani quartzite(Ordovician)

[EZH sandstone and quartzites (Acadian)

=] upper limestone (Georgian)

[]tower limestone (lower cambrian)

Cong\omerate. schist and sandstone(PKIIl)

7] Schist, quartzite, limestone, Mirlef

conglomerate (PKII)

hyolite, dacite, ignimbrite (PKII)

V77 Mica-schist and migmatite (PKI)
nite and granodiorite

Granite and granediorite (PKI|

=] Granite with biotite and granodiorite I/’

o City

Faults

29"30N
1

e e e e e S
e

20°N
5
3

Fig. 1. Location map and geological sketch map of the Lakhssas Plateau area (from geological map 1/500,000 of Marrakesh).



N. Ettayfi et al./Journal of Hydrology 438-439 (2012) 97-111 99

particular, this study is focused on an evaluation of the role of
water-rock interactions on the water quality and the apparent res-
idence time detected by radiocarbon dating. These evaluations are
crucial for sustainable exploitation in a semi-arid region with very
limited water resources.

2. Geological and hydrogeological setting

Lakhssas Plateau is a Cambrian carbonate entablature, outcrop-
ping in the South-Western part of the Anti-Atlas as a high plateau
between Kerdous and Ifni Inliers. It separates Tiznit plain to the
North from Bouizakarne plain to the South (Fig. 1) and extends
over 47 km meridian length by about 30 km width and rises up
to about 1000 m.a.s.l.

Lakhssas Plateau is part of a semi-arid area with an average an-
nual rainfall of about 150 mm/yrs. Temperature average is about
15 °C in the winter and 35 °C in the summer.

The stratigraphy of the Lakhssas area is composed of late Prote-
rozoic-Cambrian carbonate rocks overlying a crystalline basement
(Kerdous in the east, Ifni in the west) through a major unconfor-
mity. The basement is composed of granites and metamorphic
paleoproterozoic gneisses (Kerdous group) overlain by neoprotero-
zoic quartzite and carbonate series (Lkest group) (British geological
Survey, 2001; Barbey et al., 2004; Charlot, 1978). The metamorphic
substratum is covered by volcano-sedimentary series of Pll5 group,
followed by those of PIII group that belong to upper Neoproterozo-
ic (Hassenforder, 1987).

In this area, the transition from paleoproterozoic volcano-clas-
tic formation to Lower Cambrian series is underlined by weak ero-
sional unconformity (Pique et al., 1999; Soulaimani et al., 2003).
The Cambrian series, from the bottom upwards consists of, green
siltites and pelitic sandstones (basic series) then dolomites and
marls (lower limestone series) and finally dolomitic limestone
with red sandy dolomites (“lie de vin” series), which forms the
medial part of anticlines toward the center of plateau. Finally rest
the superior limestone series, and then the schisto-limestone ser-
ies. The paleozoic series also depose the middle Cambrian schists
formations that occupies synclines centers and westerner feijas
(syncline of Tiznit and Bouizakarne) (Fig. 2).

Lakhssas Plateau displays tectonic movements that belong to
Hercynian orogenesis. During this event, the area was structured
according to a wide synclinorium (Fig. 3). This synclinorium shows
globally strong deformation in the center of the plateau basically
along subvertical faults; particularly those that line the Jbel inter
anticline borders (Fig. 1).

Sedimentary series of Lakhssas Plateau are crossed by an impor-
tant fault network, which continues under both plains of Tiznit and
Bouizakarne. The main structural lines are N-S trending, from low
Draa basin in the South, toward Souss basin in the North (Soulai-
mani and Bouabdelli, 2005; Soulaimani and Burkhard, 2008). It is
worth mentioning the great fault affecting the western fallout of
Kerdous anticline, which connects at southeast of Ouijjane the
Lower Cambrian limestone and Acadian schist.

Historically, the flow rate (1983-2002) recorded by some
springs on the northern edge of the plateau does not show signif-
icant variations through the years (Fig. 4), apart during exceptional
rainfall when increased flow rate was recorded. It seems that these
flow rates are supported by deep circulation of a probable old
groundwater, channeled into the faulted system of the paleoprote-
rozoic basement described above.

3. Materials and methods

The major springs and several wells of the Lakhssas Plateau
were sampled in October 2008, January 2009 and May 2010. Sam-

ples were collected in the northern area (n=23), southern area
(n=16), western area associated with granitic/metamorphic area
of Ifni Inlier (n = 6), and eastern area associated with older granitic
areas of Kerdous inlier (n = 5) (Fig. 1). Fifty samples were analyzed
for full major elements composition, subsets of 32, 11, and 14 sam-
ples were measured for isotopes of oxygen and hydrogen, carbon
(**C and 8'3C), and strontium, respectfully. Electrical conductivity
(EC), pH, Temperature and bicarbonate are measured in the field.
Samples were refrigerated before transport to the various
laboratories.

Chemical analysis samples of 2009 were conducted in laborato-
ries in Duke University, USA. Ca, Mg, Na, Sr, Ba, Fe, Mn, and Si con-
centrations were determined by direct current plasma optical
emission spectrometry (DCP) and K was determined by flame
atomic absorption spectrometry. Major anion (Cl, NO3, and SO4)
concentrations were determined by ion chromatography (IC), and
bicarbonate concentrations were determined by titration to pH 4.5.

Chemical analysis of 2008 and 2010 samples was conducted at
the Applied Geology and Geo-Environment Laboratory, Ibn Zohr
University, Agadir Morocco, using methods of volumetric dosage
for HCOs, Ca, Mg and Cl, flame photometer for Na and K and spec-
trophotometer for SO4 and NOs.

Stable isotopes of oxygen and hydrogen were analyzed at the
IDES Laboratory of Paris-Sud University, Orsay, France. The results
for stable isotopes are expressed in the conventional & notation in
%o versus V-SMOW with a reproducibility of+0.1%. for §8'30
and +1%o. for 8%H.

Stable isotopes of carbon (5'3C %. versus V-PDB) were also mea-
sured at the IDES Laboratory, with a precision of 0.15%.. The '“C
concentrations were determined by accelerator mass spectrometry
(Artemis facility, UMS LMC14, Saclay, France, in the framework of
INSU national service) on Fe-graphite targets prepared at the IDES
Laboratory. The results are reported in percent modern carbon
(pmC), with the uncertainty for each sample.

Strontium isotopes were analyzed by thermal ionization mass
spectrometer (TIMS) at Duke University. Water samples were
evaporated in a HEPA filtered clean hood. Samples were then
digested in 0.55 mL of 3.5 N HNO; and then passed through an
Eichrom Sr-specific ion exchange resin to separate Sr prior to the
isotopic measurement. The separated Sr isotopes were dried with
H5PO4 and loaded onto out-gassed single rhenium filaments along
with 2uL TaO activator solution. All acids used in the separation
process were of Optima grade, water was quartz distilled (QD).
Samples and standards (NIST987) were then gradually heated to
obtain a 88Sr beam intensity of ~3 V, after which 300 cycles of iso-
tope ratio data were collected, yielding a typical internal precision
of ~0.000004 for &7Sr/%6Sr ratios (1 sd). The external reproducibil-
ity on the NIST987 standard yielded a mean 87Sr/®5Sr ratio of
0.710233 + 0.000009 (1 sd).

4. Results

Tables 1 and 2 show chemical and isotopic data from the differ-
ent sampling campaigns. The data and following discussion are
presented according to geographical and geological distribution
of sampling sites in the plateau (Fig. 1). We defined five water
groups: (1) northern group - samples that were collected from
wells and springs at the northern part of the Lakhssas Plateau
within the carbonate aquifer; (2) southern group - samples that
were collected from wells and springs at the southern area of the
Lakhssas Plateau within the carbonate aquifer; (3) geothermal
water (temperature > 30 °C); (4) samples located at the western
margin of the Lakhssas Plateau associated with the granitic rocks
of Ifni Inlier; and (5) samples located at the eastern margin of
the Lakhssas Plateau associated with the granitic rocks of Kerdous
Inlier (Fig. 1).
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Fig. 3. Synthetic geological cross-section of the northern and southern parts of the Lakhssas Plateau (see location of A, B, C and D in Fig. 1).

4.1. Physical and chemical characterization

The overall salinity (expressed by TDS) and temperature vari-
ations (Fig. 5) showed that the thermal water located at the
southern part of the Lakhssas Plateau had the highest salinity,
about three times relative to the low-temperature water samples.
Wells and springs from the western (Ifni Inlier) and eastern
(Kerdous Inlier) margins of the basin had the next highest salinity
(Fig. 5), followed by samples collected from the north and finally
the southern samples had the lowest salinity in general. All water
samples from the Lakhssas Plateau were generally characterized
by a neutral pH.

To better illustrate the different chemical composition of the
five water types, we plotted the chemical data in a Piper diagram
(Fig. 6); the groundwaters of the Lakhssas Plateau showed strong
variations in the space: Ca-Mg-HCO3; water type dominated in
the south and north edges of the plateau, whereas Ca-SO4 compo-
sition characterized the thermal springs and mixed water type
with chloride as the major anion were observed in the western (Ifni
Inlier) and eastern (Kerdous Inlier) margins of the basin.

Variations of the major elements as compared to chloride
showed that the northern water type had distinctively high chlo-
ride (as high as 800 mg/L), sodium, calcium, magnesium, and ni-
trate contents relative to those of the southern water type. The
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Fig. 4. Variations with time (1983-2002) of the flow rate of four springs situated in
the northern part of the Lakhssas Plateau.

thermal water was characterized by predominance of calcium and
sulfate (molar Ca/SOy4 ratio of 0.8-0.9; Ca and SO, represented 77%
of the total dissolved constituents) with relatively high contents of
potassium, sodium, and magnesium. Water samples from the wes-
tern and eastern margins of the basin had high chloride (820 mg/L),
sodium (molar Na/Cl ratio of 0.6-0.8), and magnesium contents
similar to those of water samples from the northern group (Fig. 7
and 8).

In contrast, bicarbonate contents were higher in the low-saline
groundwater of the northern and southern sections and the bicar-
bonate content decreased with increasing chloride content (Fig. 7).
Overall, the sum of bicarbonate, calcium and magnesium in the
southern group consisted up to 70% of the total dissolved
constituents.

4.2. Isotopic characterization

The isotopic composition of the Lakhssas groundwater ranged
from —53.4 to —21.0% V-SMOW for 5°H and from —7.62 to
—3.83%0 V-SMOW for 8'80. The §2H-5"80 relationship for all water
samples was defined in relation with Global Meteoric Water Line
(GMWL), given by the following equation: 8*H = 8 5'80 + 10 (Craig,
1961) (Fig. 9). From a study conducted by Bouchaou et al. (in
press), which included measurements of stable isotopes in precip-
itation from the Souss-Upstream station (1000 m.a.s.l.), we defined
the local meteoric water line (5°H = 8 §'80 + 14) that is representa-
tive of the studied area. This line is very close to that defined by
Raibi et al. (2006, in Ait Lemkademe et al., 2011) for precipitation
over the High-Atlas Mountains (5°H =8 5'80 +13.5), and is also
similar to the “Moroccan” meteoric water line established by Ouda
et al. (2004) in central Morocco (5%H = 8 3'80 + 13). Fig. 9 shows
that the samples of Lakhssas groundwater plot close to this local
meteoric water line. Deuterium excess values (d-excess), calcu-
lated as d = 82H-8 %0 ranged from 7%o to 14%., with most values
higher than 10%.. As the air masses originate mainly from the
Atlantic Ocean, the relatively high deuterium excess values suggest
significant contributions of recycled continental water vapor to
rainfall (Clark and Fritz, 1997).

Water from the northern region had distinctively higher 530
and §2H values relative to the southern type and thermal waters.
The geothermal water had lower 8'80 and 5°H values (5'%0 as

low as —7.6%c). The relationship between chloride and §'80
(Fig. 10) showed that the northern water had both high salinity
and higher §'®0. Water samples with chloride content below
200 mg/L showed a linear correlation between Cl and §'80 values.

The 87Sr/35Sr ratios of northern and southern water types were
similar (range of 0.7093-0.7105) with one exception of higher
87Sr/8Sr ratio (sample from the north with 0.7130). A trend of
decreasing ®7Sr/%5Sr ratios with Sr content was observed for the
southern water types (Fig. 11). The thermal water had lower
87Sr/8Sr ratios of 0.70890-0.70897. The HCO; contents, 3'3C val-
ues, and A'C activities of the northern waters were different from
the southern part; the northern water had higher bicarbonate con-
tent, higher 5'3C values (—9.8%. to —7.5%0) and lower A'C activi-
ties (40-50 pmC) relative to the southern water with lower
bicarbonate content and §!3C values (—10.3% to —10.8%0) and
higher A'C activities (54-63 pmC). The thermal water had signif-
icantly higher §8'3C values (—5.7%0) and lower A'C activities (6
pmC). Variations of 8'3C versus A'C showed inverse correlation
for the northern water (Fig. 12).

4.3. Geochemical modeling

Since the major aquifer lithology of the Lakhssas Plateau is com-
posed of carbonate rocks, we calculated the saturation level of the
water samples with respect to different carbonate minerals. Gener-
ation of carbon dioxide, in the soil upon recharge could react with
the carbonate rocks in the aquifer, dissolving calcite and dolomite
according to the following reactions:

2CaC0s + 2C0, + 2H,0 = 2Ca*" + 4HCO;5

CaMg(C03), + 2C0; + 2H,0 = Ca*" + Mg?*" + 4HCO,

Saturation indexes were calculated by Diagrammes © version 5; a
computer program for hydrochemical calculations (Smiler, 2005).
The results of the calculations showed that almost all the water
samples were over-saturated with respect to both dolomite and
calcite (Fig. 13). Saturation indexes for all plateau waters ranged
from 0.05 to 1.12 for calcite and from 0.01 to 2 for dolomite (Table.
1). An additional indication for the dolomite contribution was the
relationship of Mg/Ca molar ratio (between 0.27 and 1.08) and
HCOs3 in a binary diagram (Fig. 13). The majority of points repre-
sentative of fresh waters was localized above the calcite-dolomite
dissolution line (in Barbieri et al., 2005), conversely to thermal
waters that are localized in calcite dissolution domain.

5. Discussion
5.1. Recharge and origin of salinity

In spite of an uniform low precipitation pattern of about
150 mm per year over the Lakhssas Plateau of the Anti-Atlas
Mountains, the data showed remarkable water-quality variations
between the northern and southern parts of the basin. While the
southern water was characterized by a low salinity Ca-Mg-HCO3
composition, water from the northern, western, and eastern mar-
gins of the basin had much higher salinity, with chloride content
up to 800 mg/L (Fig. 14). This change in salinity was also associated
with different stable-isotope composition, as the low-salinity
groundwater from the southern area was depleted in 80 and 2H.
Given the lack of spatial differentiation in precipitation, these dif-
ferences could be derived from (1) different elevation; (2) modifi-
cation due to recharge pathways; and (3) different timing and
climate conditions of recharge (i.e., wet versus arid conditions).

The correlation of chloride with other constituents in the water
such as Ca, Mg, SO4, HCO3; and Na (Fig. 7 and 8) in the northern



Table 1

Major-ion data for groundwater samples collected from 2008 to 2010 in the Lakhssas Plateau .

Code Name Nature Date T°C pH EC(ps/ Ca Mg Na K HCO; Cl SO4 NO; Sio, TDS Mg/Ca Saturation index
cm) (mg/L) (mg/l) (mg/L) (Lr)ng/ (mg/L) ir)ng/ (mg/Ll) (mg/L) (mg/l) (mg/L) (molar) cal Dol An Gyp
Thermal Spring
M8-19 Abeino Spring  07/10/ 375 7.5 3350 571 104 185 16 250 291 1546 1 2964 0.30 0.95 157 -027 -0.12
2008
M9-18 Lalla Mellouka Spring  02/01/ 350 7.8 2850 530 86 51 21 220 39 1576 3 17.12 2480 0.27 1.12 1.86 -0.28 -0.10
2009
M9-19 Abeinou Spring  03/01/ 36.7 6.9 3470 548 88 211 27 244 265 1503 1 14.79 2830 0.27 0.36 035 -0.29 -0.13
2009
M10-18 Lalla mellouka Spring 04/05/ 363 6.8 2710 604 105 52 21 220 43 1580 1 2624 0.29 0.24 0.13 -0.24 -0.07
2010
M10-19 Abeino Spring  04/05/ 376 7.1 3430 570 97 145 25 244 277 1576 5 2937 0.28 0.55 0.76 -0.26 -0.11
2010
South Lakhssas
M8-04 Timoulay Spring  07/10/ 257 7.7 845 91 40 23 3 300 43 120 14 634 0.73 0.60 1.19 -1.74 -1.52
Oufella 2008
M8-17 Timoulay Spring  07/10/ 240 76 784 74 42 24 3 306 46 75 19 588 0.94 0.41 092 -2.01 -1.78
izdar 2008
M8-22 Lahrime Spring  07/10/ 228 76 648 58 37 20 2 310 44 18 19 507 1.06 0.33 0.79 -2.70 -247
2008
M8-21 Bouizakarne Well 07/10/ 228 76 837 82 43 27 2 390 55 36 18 652 0.87 0.55 113 -230 -2.70
2008
M8-20 Tagant Spring  07/10/ 238 75 867 74 47 35 3 464 71 20 29 742 1.06 0.49 1.12 -261 -239
2008
M8-23 Assaka Spring  07/10/ 225 7.2 691 62 36 24 2 305 50 21 19 519 0.96 -0.05 -0.01 -2.60 -2.37
2008
M9-17 Timoulay Spring  02/01/ 236 75 750 66 35 23 3 305 30 60 17 4.92 487 0.58 0.27 0.61 -2.13 -1.90
izdar 2009
M9-20 Tagant Spring  03/01/ 233 76 840 70 40 34 2 354 67 49 26 5.81 569 0.89 0.42 092 -222 -199
2009
M9-21 Bouizakarne Well 03/01/ 17.0 8.0 760 69 38 24 2 378 38 37 18 4.96 532 0.95 0.74 147 -233 -2.08
2009
M9-23 Assaka Spring  03/01/ 215 76 671 59 32 24 2 305 40 22 22 5.14 459 0.91 0.32 0.67 -259 -236
2009
M9-22 Lahrime Spring  03/01/ 226 76 630 57 31 21 1 317 35 21 16 5.04 439 0.92 0.33 0.73 -2.63 -240
2009
M10-04 Timoulay Spring  04/05/ 252 76 807 94 38 23 3 305 39 124 15 641 0.68 0.49 094 -171 -1.49
ofella 2010
M10-10 Aghmad Spring  04/05/ 222 76 617 60 32 24 1 305 43 22 21 508 0.90 0.33 0.71 -258 -235
2010
M10-17 Timoulay Spring  04/05/ 238 74 869 94 36 35 4 329 67 96 32 694 0.64 0.35 0.63 -1.82 -1.60
izdar 2010
M10-20 Tagant Spring  04/05/ 239 7.5 1000 92 44 45 3 354 107 50 42 735 0.80 0.45 091 -213 -1.90
2010
M10-21 Bouizakarne Well 04/05/ 237 79 860 89 43 29 4 342 59 96 16 677 0.81 0.82 1.66 -1.86 -1.63
2010
M10-22 Lahrime Spring  04/05/ 226 75 622 59 32 20 2 256 43 17 19 447 0.91 0.18 041 -270 -247
2010
M10-23 Assaka Spring  04/05/ 221 75 791 67 141 34 3 354 71 35 21 626 1.02 0.30 0.70 -237 -2.14
2010
North Lakhssas
M8-16 Mirkht Spring  07/10/ 230 7.5 1070 140 51 33 3 537 71 13 26 874 0.61 0.79 146 -258 -235
2008
M8-15 ighrem Spring  07/10/ 243 7.1 980 100 50 33 2 500 68 18 21 791 0.83 0.25 0.54 -254 -231

2008
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Table 2
Trace-element and isotope data for groundwater samples collected from 2008 to 2010 in the Lakhssas Plateau.
Code Name Br(mg/L) Br/Cl Sr(mg/L) ®7Sr/%sr  &%H 3180 d-excess  altitude d 3¢ Al4C A'%C error
(molar) (%0) (%0) (%0) (m.a.s.l) (%cPDB) (pcm) (pcm)
Thermal Spring
M8-19 Abeino -37.7 -6.13 11.35 433 -5.70 6.4 0.1
M9-18 Lalla Mellouka 0.07 0.00074 13.38 0.708905 839
M9-19 Abeinou 0.08 0.00013 14.26 0.708979 433
M10-18 Lalla mellouka -534 -7.62 7.61 839
M10-19 Abeino -341 -533 8.49 433
South Lakhssas
M8-04 Timoulay -363 -5.74 9.66 811 -10.27 53.1 0.2
Oufella
M8-17 Timoulay izdar -343 -5.88 12.79 668 -10.68 54.6 0.2
M8-22 Lahrime -341 -593 13.33 901 -10.73 57.5 0.2
M8-21 Bouizakarne -338 -5.60 11.01 663 —10.69 58.3 0.2
M8-20 Tagant -353 574 10.60 541 -10.33 62.6 0.2
M8-23 Assaka -353 584 11.48 801 -10.40 60.6 0.2
M9-17 Timoulay izdar  0.13 0.00193 5.56 0.709394 668
M9-20 Tagant 0.25 0.00164 3.01 0.709652 541
M9-21 Bouizakarne 0.17 0.00195 1.99 0.709965 663
M9-23 Assaka 0.20 0.00225 141 0.710257 801
M9-22 Lahrime 0.18 0.00232 141 0.709946 901
M10-04  Timoulay ofella -33.6 -567 11.77 811
M10-10 Aghmad -344 -5.56 10.07 900
M10-17 Timoulay izdar -338 -5.65 11.45 668
M10-20 Tagant -33.7 -5.67 11.63 541
M10-21 Bouizakarne -33.7 -5.50 10.31 663
M10-22 Lahrime -340 -5.88 13.04 901
M10-23 Assaka -35.0 -5.88 12.06 801
North Lakhssas
M8-16 Mirkht -315 545 12.13 718 -7.54 40.3 0.2
M8-15 ighrem -31.8 -5.50 12.17 682 -10.01 443 0.2
M8-14 Talaint -335 548 10.30 381 -9.84 48.5 0.2
M8-13 Reggada -303 542 13.03 381 -9.63 50.1 0.2
M9-13 Reggada 0.28 0.00185 1.78 0.710015 381
M9-14 Talaaint 0.31 0.00232 1.68 0.710019 381
M9-16 Mirkht 0.34 0.00252 2.16 0.709649 718
M9-24 Aghbalou 0.42 0.00158 2.10 0.710489 343
ouijjane
M10-01 Tamazzerte -308 -534 11.96 350
M10-02 Anamer -319 574 13.98 643
M10-13  Reggada 315 -528 10.76 381
M10-14 Talaint -31.1 -5.22 10.70 381
M10-15 Ighrem -31.1  -5.09 9.69 682
M10-16 Mirkht -28.1 -4.86 10.77 718
M10-24 Aghbalou -306 -5.21 11.10 343
ouijjane
M10-37 Bounnaamane -284 -4.89 10.79 411
Kerdous Spring
M9-25 Tanout 0.93 0.00150 3.62 0.710474 280
M9-26 Tanout 1.17 0.00152 5.24 0.710065 285
M9-27 Association 0.71 0.00098 5.08 0.713000 500
Tamacht
M10-09 Barrage anzi -23.8 —4.23 10.03 496
M10-25 Tanout -288 —-4.78 9.43 285
Ifni Spring
M10-03 Esboya -21.0 -3.89 10.12 388
M10-05 Sidi med -21.2 -397 10.51 450
youssef
M10-06 Bouguerfa -223 -4.68 15.16 440
M10-11 Laouina —-28.2 -4.66 9.16 278
M10-38 Agadir izdar -240 -3.83 6.61 296
M10-40 Aglou -284 -5.10 12.40 278

water as well as in the western and eastern margins is related to
the local geology. The northern, eastern, and western sections of
the Lakhssas Plateau are associated with schist rocks either overly-
ing the Lower Cambrian carbonate rocks (northern section) or
underlying in the form of the Proterozoic schist-gneiss basement
(eastern and western margin, see Fig. 2 and 3). The study of Krim-
issa et al. (2004) suggested that the high chloride content (up to
4300 mg/L) of groundwater from the Chtouka-Massa plain, north
of the Lakhssas Plateau, was derived from weathering of biotite

mineral and unidentified chloride minerals in the schist rocks. This
interpretation was based on actual measurements of high chloride
contents of the schist rocks leachates. One of the parameters that
characterized the high saline groundwater in the Chtouka-Massa
plain was the relatively low Na/Cl ratio (Krimissa et al., 2004). This
geochemical observation is consistent with our data that showed
relatively low Na/Cl (i.e., lower than unity or seawater ratio) in
the saline water from the Lakhssas Plateau (Fig. 8). In addition,
the northern water had significantly higher silica concentrations
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Fig. 5. Relationship between temperature and total dissolved salts. Samples are
sorted according to their geographical distribution.

(Fig. 15) that could reflect interactions with igneous rocks. Further-
more, the northern waters with the highest chloride (and silica)
contents had also lower Br/Cl ratios (<1.5 x 10~3), which was con-
sistent with the relatively lower Br/Cl ratios in schist-salinized
water reported by Krimissa et al. (2004). Thus, the combination
of high silica and low Na/Cl and Br/Cl ratios of the saline water sug-
gests that mineralization of the associated schist rocks played a
role in salinization of water resources along the northern, western
and eastern margins of the Lakhssas Plateau.

In contrast, the low salinity of the southern water was associ-
ated with predominantly carbonate rocks without possible salinity
effects of the schist rocks. It is also possible that the schist cover in
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the northern margin reduces the permeability of the unsaturated
zone, leading to higher evaporation during recharge while unsatu-
rated zone composed of only carbonate rocks in the south has
much higher permeability and less evaporation and potential iso-
topic fractionation.

In addition to salinity, the northern and Ifni (western margin)
waters had higher §*H and §'®0 values relative to the southern
water and thermal water; although all groups had §?H-5'80 slopes
and deuterium excess values close to the GMWL and the Local
Meteoric Water Line (Fig. 9). The meteoric slope (~8) rules out
evaporation as a major salinisation process. The differences in
the 8°H and §'80 values between the different waters in the Lakhs-
sas basin could be related to the elevation of the recharge area.
Fig. 16 shows the relationships between sample elevation and
5180 values, as compared to the isotopic regional gradient estab-
lished by Cappy (2006) in the Upper Draa catchment in the south-
ern part of the High Atlas Mountains. This study showed clear
relationships between elevation and stable isotope composition
of precipitation along a 320 km transect close to the study area.
Thus, the relative heavy-isotope depletion of the southern water
is related to the higher elevation (Fig. 16) of the recharge water rel-
ative to recharge into the northern part of the basin.

Finally, the thermal water, which is also located in the southern
part of the basin, had significantly different chemical and isotopic
compositions. The predominance of Ca and SO,4 (Ca/SO,4 ratio ~0.8),
moderate levels of HCO; and the high Sr/Ca suggest that the dis-
solved constituents of the thermal waters were derived from cal-
cium-sulfate (gypsum, anhydrite) and calcium carbonate
dissolution. Evidence for Lower Cambrian evaporites was reported
in Benssaou and Hamoumi (2004). Alternatively, one could suggest
that the high sulfate concentration in the thermal water were de-
rived from oxidation of sulfides in a process in which H,S and CO,
degased from the subsurface and were converted into sulfate and
bicarbonate (e.g. White et al., 1971). Yet given that the Ca/SO4 ratio
was close to unity, that Ca and SO, represented 77% of the dis-
solved constituents, and the high Sr/Ca ratio that characterizes
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Fig. 6. Piper trilinear diagram. Samples are sorted according to their geographical distribution.
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Fig. 7. Calcium, magnesium, bicarbonate and sulfate concentrations (mg/L) versus chloride concentration (mg/L) of groundwater. Samples are sorted according to their

geographical distribution.

gypsum mineral, we privilege the hypothesis of sulfate mineral
dissolution. The thermal water was also characterized by much
more 2H and '®0 depleted isotopic composition (Fig. 9) that indi-
cates a different water origin, presumably from past recharge un-
der colder and more humid conditions than present ones.

5.2. Water-rock interactions

This study utilizes strontium isotope geochemistry as a tool to
evaluate the role of water-rock interactions on the water solutes.
Our analysis was based on the assumption that the different rock
formations in Lakhssas Plateau (Fig. 2 and 3) had distinctive
875r/86sr ratios: (1) the underlying Proterozoic crystalline (granito-
ide and metamorphic) basement with expected radiogenic high
875r/8sr (>0.711); (2) the Lower Cambrian limestone and/or
anhydrite with expected 87Sr/2Sr ratio of ~0.7089 that represents
the seawater secular Sr isotope ratio for the Early Cambrian Period
(Montafiez et al., 2000); (3) the overlying Middle-Upper Cambrian
schist rocks with expected radiogenic high 8’Sr/%Sr (>0.710). The
Sr isotope data of the groundwater from the Lakhssas Plateau indi-
cated that only the thermal water had a 37Sr/%6Sr ratio that was
consistent with the expected 87Sr/85Sr ratio of Early Cambrian sea-
water as manifested itself either in carbonates or evaporates. In
contrast, both the northern and southern water types showed
higher 87Sr/36Sr ratios (0.7094 to 0.71048; Fig. 12), inferring contri-
bution of both Early Cambrian carbonates and schist rocks with
higher 37Sr/3®Sr ratios. One sample (M9-27) collected near the
eastern margin of the basin close to Kerdous Inlier had very high

875r/85Sr ratio of 0.7130, which indicated predominant contribu-
tion of solutes originated from interactions with the schist rocks.
The variations of 87Sr/%Sr ratios with respect to Mg/Ca ratios
(Fig. 17) suggest that the chemistry of groundwater from both
the northern and southern areas was controlled by mixing rela-
tionships between two end-members with low and high
87Sr/86Sr-Mg/Ca ratios. We assumed that the low ®7Sr/%Sr and
Mg/Ca end-member, as represented by the thermal water, was
derived from dissolution of Early Cambrian limestone, while
the high ®7Sr/®Sr and Mg/Ca end-member was derived from
mineralization of schist rocks. The average Mg/Ca molar ratios
measured in saline groundwater from the Chtouka-Massa plain
that apparently was salinized by mineralization of schist rocks
(Krimissa et al.,, 2004, Krimissa, 2005) was 1.9, which corre-
sponds to the Schist end-member (marked as “S” in Fig. 17).
Alternatively, one may argue that the dolomite component in
the aquifer also had a relatively higher 87Sr/%6Sr ratio (marked
as “D” in Fig. 17), and thus the trend observed in the groundwa-
ter reflects the mixing relation between solutes originated from
limestone (low Mg/Ca and 87Sr/%¢Sr) and dolomite (high Mg/Ca
and 87Sr/%6Sr) dissolution. If that was the case, the 87Sr/®6Sr mod-
ification in the dolomite rocks relative to the original composi-
tion of the marine limestone could be generated by secondary
dolomitization with solutions having higher 8’Sr/®Sr ratios rela-
tive to the composition of the Early Cambrian limestone.
Finally, the balance between the sum of calcium and magne-
sium as compared to DIC, which was composed primarily of
HCO;, showed an excess of Ca®* and Mg?* relative to HCO; (Fig
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18). At the same time the Ca/HCO; ratios were typically lower
than unity, inferring that dissolution of limestone alone could
not account for the calcium and magnesium excess. One possible
explanation was that the calcium and magnesium excess was
derived from mineralization of the non-carbonate fraction such
as the schist rocks. This was particularly shown in the northern
and Ifni (eastern margin) waters that are associated with schist
rocks relative to the southern water that seemed to be in equilib-
rium with mostly carbonate rocks.

5.3. Residence time

Carbon-isotope measurements (A'C and §'3C) of dissolved
inorganic carbon (DIC, mainly HCO; ) were used to provide infor-
mation on the apparent residence time of groundwater in the
Lakhssas Plateau. The relationships between A!'“C and §'3C are
illustrated in Fig. 11. The data showed lower A'C and higher
8'3C values (n=4) in the northern groundwater (A'C of 40-50
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Fig. 10. Relationship between chloride concentration and 8'®0. Samples are sorted
according to their geographical distribution.
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Fig. 11. Strontium isotope ratios (87Sr/®Sr) versus 1/Sr concentrations (mg/L)~".
Samples are sorted according to their geographical distribution.

pmC, 8'3C of —7.5-10%. V-PDB) and higher A'*C (54 to 63 pmC)
and lower §'3C values (—10.5 * 1%o V-PDB) in the southern ground-
water. In contrast, the thermal water showed much lower A*C (6
pmC) and higher §'C (—5.7%. V-PDB). In addition, the northern
waters had higher DIC contents relative to the southern waters
(Fig. 18).

In the semi-arid ecosystem of the Anti-Atlas, the vegetation is
rather sparse, mainly consisting of some argan trees. The 5'3C val-
ues of such plants (Calvin, C3, photosynthesis cycle) would be close
to —27%o V-PDB (Clark and Fritz, 1997). Bacterial decay of organic
matter in the soil produces CO, that has initially the same 8'3C val-
ues. However, the partial diffusion of soil CO, towards the atmo-
sphere leads to enrichment by about 4%. of the fraction that
remains in the soil (8'3C~ —23% V-PDB). Finally, during the
hydration of soil CO, to aquatic CO,(aq) and dissociation of CO,(aq)
to HCO;, the carbon isotopes fractionate again, resulting in '3C
enrichment in the dissolved bicarbonate (Douglas et al., 2006; Fon-
tes, 1992; Gonfiantini and Zuppi, 2003; Mook, 1980; Mahlknecht
et al., 2006; Salomon and Mook, 1986), which depends on pH
and temperature. At 25 °C and neutral pH, the net isotopic fraction-
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Fig. 12. Relationship between 5'*C and A'“C for some north and south springs of
the Lakhssas Plateau. The line represents a theoretical closed-system mixing
between modern DIC (PB: A'C =100 pmC and d'3C=—15%. V-PDB) and marine
carbonate rock (PM: A'#C =0 pmC and d'3C = 0% V-PDB). The arrow indicates the
effect of an increase of residence time.

ation is estimated as ~8%. (Appelo and Postma, 1993; Clark and
Fritz, 1997), and thus C3 plants are expected to generate HCO;
with §'3C ~ —15%o V-PDB.

Consequently, we modeled the DIC isotopic variations as mixing
between (1) DIC originated from soil CO, and conversion to HCO;
with modern A'*C =100 pmC and §'3C ~ —15%o; and (2) DIC orig-
inated from dissolution of the Early Cambrian limestone and/or
dolomite with A™C ~ 0 pmC and §'3C ~ 0%. Line A in Fig. 12 rep-
resents the possible mixing relationship between these two end-
members. In order to calculate the apparent residence time of
the groundwater, we used the decay equation of '“C corrected
for the mixing model. This approach is known as the IAEA model
(Salem et al., 1980). In addition, we used two other isotope-ex-
change models; the Fontes and Garnier‘'s model (Fontes and Gar-
nier, 1979), which takes into account the exchange of DIC with
either the biogenic CO, or the solid carbonate phase, and the Eich-
inger’s model (Eichinger, 1983), which can be useful in the case of
strong exchange with the solid phase. The three models being
more or less sensitive to the different estimated parameters, their
joint use allows giving an idea of the uncertainties on groundwater
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“ages”. For all these models we assumed a closed system condition,
and the '3C fractionation factors were calculated using the mea-
sured values of pH and temperature for each sample.

The age-dating results of the three models are presented in Ta-
ble 3. The computed mean residence times (MRT) of the low-tem-
perature groundwater from the Lakhssas Plateau depend on the
used model. They are close to O (mathematically negative) for
the Fontes and Garnier’s model and range from 800 to 3400 yrs
BP for the IAEA model, with very small differences between the
southern groundwater (800-2200yrs BP) and the northern
groundwater (1900-3400 yrs BP). These differences are more pro-
nounced for the Eichinger’s model; the southern groundwater
would be recently recharged (0-200 yrs BP), while the MRT of
northern groundwater range from 800 to 2000 yrs BP. These diver-
gences between the models are very often observed when the ef-
fects of radioactive decay on the '*C concentration of DIC are
limited compared to those of water-rock interaction that induce
changes in '“C balance, which seems to be the case for the low-
temperature groundwater from the Lakhssas Plateau. However,
the results suggest some contribution of relatively old groundwa-
ter (a few thousands of years) to the sampled springs and wells,
particularly in the northern part of the basin.

The thermal water in the southern part of the Lakhssas Plateau,
originating from a much more depleted 2H and !0 recharge, had a
significant higher radiocarbon age of 10-15 ka BP, depending on
the used model. This is consistent with what is known about the
return to wetter conditions in Northern Africa during the last
deglaciation period (e.g. Gasse, 2000, and references therein) and
infers a much older recharge of the geothermal water.

6. Conclusions

This study provides a detailed evaluation of the hydrochemistry
and isotope geochemistry (O, H, C, Sr) of groundwater from the car-
bonate Lakhssas Plateau in the Anti-Atlas Mountains of southwest-
ern Morocco. Integration of the geochemical data indicated that
the water quality and hydrochemistry of the groundwater origi-
nated primarily from water-rock interactions with the aquifer
rocks. The integrated data indicated two types of groundwater
(1) low-temperature groundwater that originated from the Atlan-
tic Ocean moisture with similar stable-isotope composition to
modern rain; and (2) thermal water in the southern part of the ba-
sin that originated from a much more heavy-isotope depleted
precipitation.
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Fig. 13. Saturation index of calcite and of dolomite versus HCO; and Mg?*/Ca?* molar ratio versus HCO;.
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For the low-temperature groundwater, the higher elevation
towards the south induced stable isotope fractionation effects that
resulted in relatively low &°H and 5'®0 values. The salinity of
groundwater from the western, northern, and eastern margins of
the basin was higher than that of the southern waters. The Sr

Altitude (m.a.s.l)

Fig. 16. Relationship between §'®0 in groundwater and the elevation of the
sampled springs and wells.

isotope data coupled with variations of major element ratios such
as Na/Cl, Br/Cl, and Mg/Ca suggest that the high salinity was
related to mineralization of schist rocks that are abundant at
western, northern, and eastern margins of the basin but not at
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sorted according to their geographical distribution.

the southern part, where the aquifer is composed of only carbonate
rocks. The majority of the water chemistry and Sr isotopes were
controlled by equilibrium with limestone and dolomite rocks,

10 .
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whereas interactions with schist rocks increased the content of
the dissolved constituents (including dissolved silica) with a strong
radiogenic ®7Sr/%5Sr fingerprint. The water in the south had lower
8'3C and higher A'“C values relative to the northern water, which
could be due to water-rock interactions. However, among the
three “C age models that were used, the Eichinger’s model com-
puted longer mean residence time for the northern groundwater
(1-2 ka) than for the southern groundwater (recent). The IAEA
model indicated a mean residence time of a few thousands of years
for both northern and southern groundwater.

In contrast, the thermal water found in the southern part of the
basin was recharged by much more ¥0 and ?H depleted water,
about 10-15 ka BP, presumably under a wetter and cooler climate
than at present. The thermal water interacted with Ca-sulfate
(gypsum, anhydrite) and limestone rocks, leading to a 7Sr/®¢Sr ra-
tio that matched the expected Sr isotope composition of the Early
Cambrian seawater.

As with many other exploited basins in developing countries,
information on the hydrology and sustainability of the groundwa-
ter resources in the Lakhssas Plateau in the Anti-Atlas Mountain of
southwestern Morocco is limited, if exist at all. The integrated data
presented in this study suggest that the groundwater in the basin
did not originate only from modern recharge. In addition, the data
showed large water quality differentiation with high quality water
in the southern part of the basin relative to highly saline water in
the northern, western, and eastern parts. Given the weakness of
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Table 3

Carbon isotope data, and mean residence times (“ages”) calculated by three dating models: Fontes and Garnier’s model (Fontes and Garnier, 1979), IAEA model (Salem et al., 1980)

and Eichinger’s model (1983).

Sample Name A'#C DIC pmC 3'3C DIC %0 V-PDB «Age» Fontes Garnier a BP «Age» IAEA a BP «Age» Eichinger a BP
Thermal water

M9-19 Abeino 6.4 -5.7 10 000 14 000 15 300
Southern water

M9-17 Timoulay Izdar 54.6 -10.7 <0 2200 200
M8-04 Timoulay Oufela 53.1 -10.3 <0 1700 0
M9-22 Lahrim 57.5 -10.7 <0 1900 <0
M9-21 Boui-Izakarn 58.3 -10.7 <0 1800 <0
M9-23 Assaka 60.8 -10.3 <0 1200 <0
MS8-20 Tagant 62.6 -10.3 <0 800 <0
Northern water

M9-14 Talaint 48.5 -9.8 <0 2500 1300
M9-13 Reggada 50.1 -9.6 <0 2100 800
M8-15 Ighrem 443 -10.0 <0 3400 2000
M8-16 Ifri 40.3 -75 <0 1900 1000
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recent replenishment, we predict that continued exploitation of
the groundwater in this semi-arid zone could further increase
the salinization of the water resources, particularly in areas in
the basins with presence of schist rocks.
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