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Souss—Massa shallow aquifer, particularly along the eastern part of the basin. Localized
stable isotope enrichments offset meteoric isotopic signature and are associated with high
nitrate concentrations, which infer water recycling via water agricultural return flows.
The 3H and '*C data suggest that the residence time of water in the western part of the
basin is in the order of several thousands of years; hence old water is mined, particularly
in the coastal areas. The multiple isotope analyses and chemical tracing of groundwater
from the basin reveal that seawater intrusion is just one of multiple salinity sources that
affect the quality of groundwater in the Souss—Massa aquifer. We differentiate between
modern seawater intrusion, salinization by remnants of seawater entrapped in the middle
Souss plains, recharge of nitrate-rich agricultural return flow, and dissolution of evaporate
rocks (gypsum and halite minerals) along the outcrops of the high Atlas mountains. The
data generated in this study provide the framework for a comprehensive management
plan in which water exploitation should shift toward the eastern part of the basin where
current recharge occurs with young and high quality groundwater. In contrast, we argued
that the heavily exploited aquifer along the coastal areas is more vulnerable given the rel-
atively longer residence time of the water and salinization processes in this part of the

aquifer.

© 2008 Elsevier B.V. All rights reserved.

Introduction

The salinity of water resources has been studied intensively
during the past decades, particularly in coastal aquifers,
stimulated by both scientific interest and social relevance
(Custodio, 1987; Richter and Kreitler, 1993; Appelo and
Postma, 1993; Vengosh and Rosenthal, 1994; Calvache and
Pulido-Bosh, 1997; Fedrigoni et al., 2001; Al-Weshah,
2002; Vengosh, 2003; Vengosh et al., 2002, 2005, 2007; Pet-
alas and Diamantis, 1999; Farber et al., 2004). Sustainable
management of available groundwater reserves is almost
impossible without adequate knowledge of the spatial dis-
tribution of fresh and saline groundwater and the processes
that determine the salinity variations in time and space. As
the present-day distribution of fresh and saline groundwater
in aquifers still reflects former hydrological conditions, it is
often unclear to what extent the current situation is the re-
sult of long-term (geological) processes or recent (anthro-
pogenic) changes (Edmunds et al., 2003; Risacher et al.,
2003; Vengosh et al., 2005; Boughriba et al., in press; Ben-
netts et al., 2006). Understanding the processes and factors
that control the evolution of saline water in the aquifers
over the years is an academic challenge and at the same
time has important practical implications for water re-
source evaluation and management.

In Souss—Massa basin (Fig. 1), situated in the west-south-
ern part of Morocco, agriculture, tourism and sea fishing are
the primary economic activities. These various activities re-
quire availability of significant water resources. Over the
last decades, the region has become one of the major eco-
nomic growth areas in Morocco. The Souss—Massa hydrolog-
ical basin covers approximately 27,000 km? in which
1500 km? lies over the plain. With a year-round growing sea-
son, irrigated agriculture in the alluvial basin produces more
than half of Morocco’s exported citrus and vegetables. The
area is characterized by a semi-arid climate and by marked
seasonal contrasting climate variables. The rainfall average
amounts to 250 mm/year in the plain area and 500 mm/year
in the mountain. The annual average temperature ranges
between 14 °C and 20 °C in the high Atlas and in the anti-At-

las, respectively, with significantly higher temperature
range of up to 48°C in the plain. The range of daily and sea-
sonal temperatures in the plain is also high (19 °C in winter
and 27 °C in summer). The precipitation period in a typical
year is between October and March and the dry period can
extend from April to September. The potential evaporation
is very high (>2000 mm/year) in the plain. The rainfall ex-
ceeds the evaporation during winter especially in the moun-
tains areas, which constitute the main recharge origin for
the Souss—Massa aquifer system.

The rivers of the region, locally called ‘‘oued’’, have an
intermittent flow regime, because the dry season is typi-
cally very long (6—8 months) every year. The main oueds
in this basin are the Souss and Massa rivers, which receive
many important flow tributaries, in particular from the high
Atlas mountains in the north and the anti-Atlas mountains in
the south (Fig. 2A).

The plain hosts a large number (more than 20,000) of
wells with depths varying from a few meters to nearly
300 m. Most of these wells, which tap a multilayered uncon-
fined aquifer, are penetrated into Plio-Quaternary sands
and gravels and supply water for irrigation. Some of the
wells are used for drinking water, and only few for industry,
and approximately 94% of the water is used for irrigation.
These exploitation rates, which are required to meet the
increasing demands of the current agricultural practices,
exceed the natural replenishment of these basins and had
led to depletion of the groundwater resources and degrada-
tion of their quality. The total water extraction in the basin
is estimated by the local water authorities as 650 million cu-
bic meters per year. On average, groundwater extraction in
the basin exceeds recharge by an estimated 260 million cu-
bic meters annually (D.R.P.E., 2004). This over-pumping of
the alluvial aquifer has resulted in water level declines rang-
ing from 0.5 to 2.5 m/year during the past three decades.
The water quality is highly variable and in some areas
reaches high salinity levels exceeding 37 gL~' (Hsissou
et al., 1999). Evaluation of the mechanisms that cause the
degradation of the groundwater quality in the Souss—Massa
basin is the focus of this paper.
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Previous chemical and stable isotopic (for only 5'%0 and
0?H) data (Boutaleb et al., 2000; Hsissou et al., 2001;
Ekwurzel et al., 2001; Hsissou et al., 2002; Ahkouk et al.,
2003; Dindane et al., 2003; Krimissa et al., 1999; Bouchaou
et al., 2003, 2005) provided preliminary indications on
chemical and isotopic water characterization. These studies
have suggested that the principle sources that effect
groundwater quality are: (1) water—rock interactions and
dissolution of evaporitic rocks from marginal areas, (2)
modern seawater intrusion, and (3) anthropogenic pollu-
tion. The aim of this paper is to further evaluate the pro-
cesses that affect the groundwater quality in the Souss—
Massa basin by using a larger set of isotopic and geochemical
tools. We employ a multiple isotope approach (5'%0, 62H,
3H, 875r/865r, B, o'3C and '¥°C) for delineating water
and salt sources and modeling mixing phenomena in the
aquifer. The overall objective of this study is to provide reli-
able tools for understanding groundwater quality degrada-
tion under conditions of over-exploitation in semi-arid
zones. We posit that integration of hydrological, geochem-
ical, and multiple isotopic tracers provide crucial informa-
tion for successful management of the water resources
under instable hydrological conditions where exploitation
exceeds replenishment.

Geology and hydrogeology settings

The Souss—Massa plain is an alluvial depression between the
high Atlas in the north and the anti-Atlas mountains in the
south. The age of the geological formations ranges from
Paleozoic to Quaternary. The plain is composed of Plio-Qua-
ternary sediments (sands, gravels and lacustrine limestone),
which covers a Cretaceous syncline in the north of the basin,
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General and detailed maps of the Souss—Massa basin in the west-southern part of Morocco.

and a Palaeozoic schistose basement in the south (Fig. 2A).
The Plio-Quaternary strata in the plain are locally heteroge-
neous both in vertical and lateral directions. The thickness
of the aquifer increases from east (30m) to west
(>200 m). The syncline axis is oriented on east—west direc-
tion (Fig. 2B). Its northern flank outcrops vertically in the
high Atlas and marks a vertical fault, which is known as
the South-Atlas fault. Its southern short flank outcrops
slightly in the centre of the basin. The high Atlas shows an
alternation of permeable and impermeable Mesozoic forma-
tions. Some layers contain evaporates minerals (gypsum in
Jurassic and Cretaceous, and halite in Triassic formations).
The Cretaceous layers resulting from the major transgres-
sion in the area, underlain the plain (Fig. 2B). This is con-
firmed by data revealed from boreholes that penetrated
rocks from surface alluvium through Turonian-age rocks.
The deep boreholes and geophysical measurements have
shown a large variability in the substratum (Ambroggi,
1963; C.A.G., 1963).

The anti-Atlas Mountains are characterized by carbonate
and crystalline formations. The presence of evaporite layers
in the Mesozoic formations of the southern side of the high
Atlas is likely to influence the water quality of the oueds
(temporary rivers) that drain this side of the aquifers and
those of the piedmonts. Succession of the Atlantic transgres-
sions between Cretaceous and Quaternary can explain the
variation of marine facies in the basin. The major marine
incursion was arrived during the Cretaceous period and the
latest humid period was in the Holocene (Weisrock, 1980;
Weisrock et al., 1985). The Holocene African humid period
occured between 9 and 6 ky BP. The level of marine incursion
were about 2 m above the present one.

The faulted structure of the Cretaceous—Eocene syn-
cline can also allow hydrodynamic relations between the
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Figure 2 (A) Geological map of the Souss—Massa basin; (B) A geological cross-section in the studied area (position marked in (A).

different aquifers of the plain. The principal water resource
is provided by the Souss—Massa Plio-Quaternary plain aqui-
fer and by the dams (Fig. 1). The sand and gravel aquifer,
which was previously mainly exploited for irrigation, is
becoming a source of increasing importance for the domes-
tic supply of the Souss—Massa region. Groundwater occurs
under unconfined conditions in the Pliocene and Quaternary
formations of the plain, often overlying one or several con-
fined sub-aquifers, like the Turonian aquifer (Dijon, 1969;
Combe and El Hebil, 1977). The unconfined groundwater
is the main water resource of this multi-strata system,
which shows a high variability of the transmissivity values
(10~* to 10~" m?/s). The maximum values are found around

the Souss oued like sediments (conglomerates, sands and
lacustrine limestone) corresponding to the old bed oueds
that creates preferential flow paths of the groundwater.
The geology of many wells reflects the lateral and vertical
heterogeneity of this shallow aquifer. The soils of Souss—
Massa plain are diversified; ranging from sandy-loam soils
with low humus content and relatively high permeability
to soils with high clay contents. The former soil types are
characterized by a coarse texture with low content of clay
minerals and occur mainly in the Chtouka—Massa region and
in Atlas foothills surrounding the Souss plain. The later soil
types are xeric, brown-to-black, and having clayey—sand
texture with moderate amounts of clay minerals.
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Sampling points of wells and surface water in Souss—Massa basin, sorted by their geographical distribution (defined as

water groups, see Table 1). The general groundwater flow directions in the basin are also included.

The piezometric survey shows a flow direction from
east to west towards the Atlantic ocean, which constitutes
the main outlet of Souss—Massa aquifer (Fig. 3). The major
drainage axis appears along the Souss Oued. The riverbeds
have good permeability and constitute an appropriate site
for numerous pumping wells. This structure represents the
area where the risk of salinization of the groundwater by
seawater intrusion is high, in particular in the coastal
areas.

Method and sampling analyses

About 80 water samples were collected during two sam-
pling campaigns over a two-year period (2000—2001) from
surface water bodies (dams and oueds), wells, boreholes
and springs in various parts of the basin (Fig. 3), and were
analyzed for their chemical and isotopic compositions.
Temperature, pH, Electrical conductivity (EC) and total
alkalinity were measured in the field. Water samples were
collected from pumping wells after minimum of several
hours of pumping prior to sampling. Chemical analyses of
major elements were carried out in several laboratories,
including the ‘‘Applied Geology and Geo-Environment Lab-
oratory’’ of the University of Agadir in Morocco, the ‘‘Ana-
lytical Laboratory’’ of the Department of Geological and
Environmental Sciences, Ben Gurion University of the Ne-
gev in Israel, and the IAEA laboratories in Vienna. Analyti-
cal error as inferred from the balance between cations and
anions did not exceed 5%. Trace elements (B, Sr) were

measured at the analytical laboratory of the Department
of Geological and Environmental Sciences, Ben Gurion Uni-
versity of the Negev and at the Department of Geology and
Geochemistry, Stockholm University in Sweden. Cations
and boron were determined by ICP and anions by IC. The
14C activity (pmc) and "3C vs. %, vs. PDB (Craig, 1957) were
measured at the IDES Laboratory *‘ex Laboratoire d’Hydrol-
ogie et de Géochimie Isotopique’’ of Orsay, Paris, France,
with a precision of 0.4 pmc and 0.15 % for '“C and 5'3C,
respectively. Stable isotopes of oxygen and hydrogen as
well as tritium were analyzed at the Isotope Laboratory
of the ‘‘Centre National des Sciences and Technologies
Nucléaires (CNESTEN), Rabat, Morocco’’. Tritium concen-
trations are expressed in Tritium Units with a precision of
+0.5. Oxygen (6'®0) and hydrogen (9%H) isotopes are re-
ported relative to Vienna-standard mean ocean water
(VSMOW) and expressed in delta values with a reproducibil-
ity of +0.1%, and +19%,, respectively. Boron isotopes were
measured by a negative thermal ionization mass spectrom-
etry technique. The NIST SRM-951 standard was used and
"1B/1%B ratios are reported as &''B values. Strontium was
separated via ion-exchanger using Biorad AG50X8 resin at
Ben Gurion University and the isotopic ratios were mea-
sured by thermal ionization mass spectrometry (MAT-261)
at the US Geological Survey, Menlo Park, California, USA.
An external precision of 2 x 107> %, for the Sr isotope mea-
surements was determined by replicate analyses of the
NIST-987 standard. Laboratory preparation and mass spec-
trometry procedures are identical to those described in
Bullen et al. (1996).
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Results and discussion

Tables 1 and 2 present the chemical and isotopic data for
the two sampling campaigns (2000 and 2001), respectively.
The data and the following discussion are presented accord-
ing to the geographical distribution of the wells in the basin
(Fig. 3) and the conceptual cross-section of the aquifer
(Fig. 2A). The salinity (TDS) of the investigated water range
from 350 to 37,000 mg/L. We define water with salinity low-
er than 1000 mg/L as freshwater.

Tracing groundwater recharge

In spite of the scarcity of rain measurements in the Souss—
Massa area, previous observations have shown relatively
high 5'80 and §%H values in rainwater over the Souss—Massa
plain relative to much lower values over the mountains
(Bouchaou et al., 2005). Thus rain water measured in the
Agadir gauge on the coast has a significantly higher 5'20 va-
lue (—4%,) relative to the much depleted "0 signature in
rain in mountain gauges (—7.5%, at 1000 m a.s.l.) measured
in the Issen basin within high Atlas mountains. This distinc-
tion enables us to hypothesize two types of recharged
waters: (1) local rain with high 6'®0 and 4?H values; and
(2) high elevation rain over the high Atlas and anti-Atlas
mountains with low §'80 and §%H values. The latter water
source is not a direct recharge but rather reflects lateral
flow from the mountains areas.

The 6'%0 and #%H values of fresh water (<1000 mg/L)
from the investigated water are plotted and compared with
the global meteoric world line (GMWL; Rozanski et al.,
1993) with deuterium excess = 109, (Fig. 4). The data show
that most of the fresh groundwater from the Souss—Massa
basin has §'80 values that are closed to the GMWL. More-
over, the data show that groundwater from the upper
and middle Souss Plain has 6'80 values between —6%, and
—7.8%, whereas groundwater from the coastal areas from
the lower Souss and Massa plains have higher §'80 values,
in the range of —0.3%, to —6.5%, (Fig. 4). This distinction
suggests that groundwater recharge in the lower Souss
and Massa plains (Fig. 3) can occur in part from local and
coastal rains with higher 6'80 values combined with re-
charge of the upper Souss groundwater, while water
sources in the middle and upper Souss basins are derived
mainly from lateral flow of groundwater, originally re-
charged over high elevation in the mountains with low
5'80 values. Bouchaou et al. (1995) have shown isotope
gradient of 0.26%, of 6'0 values per meter altitude. The
580 variations (—5.6 to —7.5%,; Tables 1 and 2) in the
fresh groundwater (TDS < 1000 mg/L) of the upper and mid-
dle Souss basins suggest that groundwater recharge in the
study area originates from both high altitudes (600—
1900 m) rain with a mean 620 signature of —7%, and local
meteoric water with a lower §'®0 value. It seems that
mountain recharge is not available for the coastal ground-
water and thus the water resources in these regions are
more limited for predominately local recharge. In the same
time, the source of groundwater in the upper and middle
Souss plain is derived from external sources; lateral
groundwater flow originated in the high Atlas and anti-Atlas
mountains. This contribution is favored by the high perme-
ability and soil structure in this area.

In addition to the local recharge water, mixing with
external saline sources as well as surface evaporation could
potentially modify the stable isotope composition of the
investigated water. In both scenarios, the 6'0 and §%H val-
ues would deviate from the GMWL slope towards elevated
5'80 and §%H values with a lower §'30/5%H slope (Fig. 4).
Our data show that some groundwater samples have ele-
vated chloride (>100 mg/l) and nitrate (>50 mg/l) concen-
trations that are associated also with relatively high 680
values (Fig. 5A and B). In the coastal areas (Massa and
Chtouka plains) recharge of nitrate-rich water increases
the 580 to —49, while in the middle Souss plain, the §'80
is modified from ~—7.5%, to —69%, (Fig. 5A). This association
might suggest that recycling of agricultural return flows (Ah-
kouk et al., 2003) is an important recharge source in the
coastal area. This source is distinguished by high nitrate,
5'80, and #%H values. Consequently, we suggest that over-
exploitation of local groundwater combined with massive
agricultural utilization, particularly in the Massa, middle
Souss, and Chtouka plains, have resulted in formation of
agricultural return flows that have penetrated into the
pumping zones in the aquifer. This recharge component rep-
resents anthropogenic activities and causes direct degrada-
tion of the water quality of the aquifer due to the high
nitrate that is associated with this source. From a water
management prospective, future exploitation of the aquifer
in these areas will become limited for only agricultural uti-
lization given the high nitrate levels that are expected to in-
crease with higher contribution of this water source.
Moreover, any attempts to evaluate hydrological balances
and safe yields of groundwater resources in these areas
must take into consideration the fact that an important
component of the recharge is derived from recycling of
groundwater and not from external natural replenishment.

The origin of water salinity

Chemical characteristics

The salinity of the groundwater is determined by the total
dissolved solids (TDS). The chemical variations (Table 1)
show three types of saline water with different proportions
of the major dissolved constituents (Fig. 6): (1) water with
high CL/TDS and relatively low SO4/TDS ratios in which Na
and Cl ions consist of the major dissolved salts (Fig. 6A);
(2) water with low Cl/TDS and relatively high SO,/TDS ratios
in which sulfate content controls the TDS (Fig. 6B); and (3)
water with relatively high NO3/TDS ratios (Fig. 6C). Saline
waters of Type 1 are identified in groundwater samples from
the coastal areas (Massa, Low Souss, and Chtouka plains;
Fig. 3) as well as in the middle Souss plain and high Atlas
outlet. Saline waters of Type 2 are identified also at middle
Souss plain and high Atlas outlet. High nitrate groundwater
(>50 mg/L) occurs in the Massa, Chtoouka and middle Souss
plains.

High Cl/TDS type water. Along the coastal areas (Massa, low
Souss, and Chtouka plains) the groundwater with the high
CL/TDS ratios are characterized by low Na/Cl (<1), SO,4/Cl,
and Ca/Cl ratios and marine (~1.5x1073) Br/Cl ratios.
These geochemical variations characterize seawater
intrusion (Vengosh, 2003) and thus suggest that seawater
intrusion is the predominant source for groundwater salini-



Table 1 Chemical and isotope (stable isotopes of oxygen and hydrogen and tritium) data in Souss—Massa basin (results from 2000 and 2001 sampling campaigns)

Code Nature Name Year T°C E.C. pH Ca Mg  Na K cl HCO; SO, NO;  Br TDS Na/Cl  SO,/ClL  Br/Cl 6%  H 3H
(us (molar) (molar) (molar) (%) (%) (TU)
cm™)

Massa plain (Group A)

AC23 Dam Retennu 2000 20 515 8.1 21.6 23 45 2.7 71 174 15 3.6 0.274 356 0.98 0.078 1.71E-03 0.3 —-4.9 2.7

du B,Y,T

P6 Channel  Canal 2000 19 583 8 42 11 31.1 1.9 62 149 20 5 nd 0.77 0.119 -2.19 -13.6 nd

d’irrigation

AC24  Well Puits de 2000 23 13610 8 276 265 2250 19.4 3976 1224 225 0.8 12.21 8248 0.87 0.021 1.36E-03 1.2 —4.8 1.7

Qsebt

AC25 Well Puits a 2000 25 4970 7.2 107.2 149 740 4.8 1136 519 270 27 3.536 2957 1.00 0.088 1.38E-03 -3.4 -23.7 0.3

coté de AC24
AC26 Well Puits El Mers 2000 24 7340 6.9 186.4 369 710 10.2 2237 276 80 85.6 7.046 3961 0.49 0.013 1.40E-03 -3.3 —20.4 0.3
AC27  Well Puits Ait 2000 24 5440 7.7 62.4 96 810 8 1356 389 108 91.8 4.443 2926 0.92 0.029 1.45E-03 -3.5 —22.8 1.3
Oumribt

AC28 Well Puits 2000 23 3650 7.5 46.4 101 540 1.6 888 321 66 57.5 2.876 2024 0.94 0.027 1.44E-03 —4.5 -27.9 0.4
Tibouzar

AC29 Well Puits Mr 2000 14 1182 8 36 49 104 6.9 178 272 62 0.1 0.673 709 0.90 0.129 1.68E-03 —1.5 -11.2 2.8
Slimane

AC30 Well Puits a 2000 14 1100 8.2 40 44 95 6.7 178 247 56 4.7 0.609 672 0.82 0.116 1.52E-03 1.8 —-11.4

coté de AC29

AC31  Spring Source de 2000 23 1157 7.7 40 75 74 2.6 142 377 46 24.5 0.638 782 0.80 0.120 1.99E-03 —6.1 -37.4 0

Talat
N’oungalf

AC32  Well Puits a 2000 23 1288 7.6 44 81 86 3.4 192 379 68 20.5 0.412 874 0.69 0.131 9.52E-04 —6.2 —38.8

coté de AC31
AC33  Spring Source 2000 25 1193 8 44 81 75 3 178 333 66 15.8 0.62 796 0.65 0.137 1.55E-03 —6.3 —40.8 0
Aghbalou

AC34 River Pont sur 2000 19 11220 7.9 90.4 374 1580 1.2 3181 482 320 2.7 11.55 6043 0.77 0.037 1.61E-03 -2.9 -15.3
oued Massa
(aval
Aghbalou)

AC35 Well Puits de Mr 2000 24 2120 7.5 45.6 102 153 5 462 277 90 17.1 1.346 1153 0.51 0.072 1.29E-03 —6.1 —40.7 0
KILANI

AC53 Borehole ONEP college 2000 51.2 106 218 3.4 525 336 96 46.4 1.691 1384 0.64 0.068 1.43E-03 4.9 -31.2 0
El Massira
(Massa) no. 2

AC24  Well Puits de 2001 24.6 4267 6.8 139.7 80.2 693.8 5.38 991.0 401.8 265.8 139.2 3.35 2720 1.08 0.099 1.50E-03 -3.71 —-20.3 1.7
Qsebt

AC60  Well Source 2001 25 987 7 69.8 57.7 80.3 2.77 197.6 280.8 44.4 25.1 0.78 759 0.63 0.083 1.75E-03 —-6.45 —-37.35 0
Agbalou

AC61  Well Forrage 2001 23.7 818 6.9 77.3 49.8 59.4 1.92 117.6 353.9 36.9 27.7 0.44 725 0.78 0.116 1.66E-03 —6.05 —43.15
ONEP Massa

AC33  River Station 2001  25.1 1164 7.7 100.4 65.3 105.3 2.25 245.8 387.0 46.3 42.2 0.78 995 0.66 0.070 1.41E-03 -5.4 —38.85
Belfaa

Lower Souss plain (Group B)

AC42 Borehole F,A 2000 43 3260 7.5 493.6 180 140 2.1 99 244 1600 2.2 0.219 2.18 9.82E-04 -5.3 —25.4 0

AC43  Borehole Jardin Ibn 2000 23 7140 6.9 56 259 1200 7.9 1864 588 350 11.5 6.677 0.069 1.59E-03 —4.8 -28.7 nd

Zaidoun

(continued on next page)
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Table 1 (continued)

Code Nature  Name Year T°C E.C. pH Ca Mg Na K cl HCO; SO, NO;  Br TDS Na/Cl  SO4/Cl  Br/Cl %0  §%H 3H
(ns (molar) (molar) (molar) %0)  (to) (TU)
cm™Y)
AC44 Borehole Puits no. 51 2000 24 7360 6.8 340.8 264 600 9.9 2077 386 320 20.8 6.264 4025 0.45 0.057 1.34E-03 -59 -37.3 0.3
AC45 Borehole Forage ONEP 2000 25 2260 7.4 72 81 280 3.2 462 361 108 40.2 1.55 1409 0.93 0.086 1.49E-03 —4.8 -30.2 O
AC46 Borehole No. 8 Petromin Al 2000 25 3930 7.1 54.4 221 360 6 710 520 300 4.5 2.695 2179 0.78 0.156 1.68E-03 —-6.9 —44.2 0.4
Hana (Ait
Melloul)

AC47 Borehole Forage 2000 30 1976 7 103.2 122 136 13 238 437 375 0.3 0.566 1425 0.88 0.582 1.06E-03 —-4.9 -343 0
Ferrugineux Kléa

AC48 Borehole Puits ONEP club 2000 23 2440 7 100 138 255 3.8 440 395 325 4.9 0.927 1663 0.89 0.273 9.35E-04 —6.1 -38.7 1.4
Med

AC49 Borehole Petrromin oil Al 2000 26 1514 7.4 88.8 75 114 3.2 234 376 124 5.1 0.709 1021 0.75 0.196 1.34E-03 -7.4 —47.5 0.2
farah (Ait
Melloul)

AC50 Borehole ONEP Ait Melloul 2000 25 1755 7 68 132 98 3 238 510 116 149 1.093 1181 0.63 0.180 2.04E-03 -7 —445 0

AC51 Borehole Forage Reserve 2000 23 621 7.8 312 22 78 6.4 82 232 22 18 0.185 492 1.47 0.099 1.00E-03 —4.1 -22.7 0
Royal

AC52  Well Royal sur la berge 2000 20 2550 8 37.6 38 410 43 522 554 28 2.6 nd 1635 1.21 0.020 nd nd nd nd

de U'oued

AC43  Well Jardin bnou 2001 24 4118 6.6 195.5 217.2 1066.3 8.03 2079.0 377.5 569.8 33.2 6.18 4553 0.79 0.101 1.32E-03 —4.71 —-24.6 nd

Zaidoun
AC44  Well Puits no. 51 2001 29.1 8426 6.7 413.8 396.7 942.5 12.43 2747.0 255.7 551.2 26.5 8.49 5354 0.53 0.074 1.37E-03 —-5.84 -29 0.3
AC46 Well No. 8 Petromen 2001 24.9 1031 7.3 73.8 51.7 77.4 3.05 98.9 357.8 103.7 14.1 0.29 781 1.21 0.387 1.30E-03 -7.81 —47.75 0.4
Al Hana

AC47  Well Forrage 2001 31 2039 6.8 113.3 79.4 147.1 38.08 186.8 254.4 474.1 2.9 0.70 1297 1.21 0.937 1.66E—03 nd nd 0

ferrugeneux Klea

AC49  Well Petromin oil Al 2001 25.6 1645 7.2 96.7 84.8 113.0 3.04 278.3 3259 150.6 17.5 1.02 1071 0.63 0.200 1.63E-03 —7.19 —47.9 0.2

farah (Ait
Melloul)

AC50 Well ONEP Ait Melloul 2001 24.8 1666 6.5 87.9 102.4 83.0 6.30 235.3 404.4 113 66.2 0.74 1099 0.54 0.177 1.39E-03 —6.82 —45.45 0

AC58 Well ONEP Lmzar 2001 24.4 1549 6.9 884 8.3 191.0 3.30 377.4 357.3 126.6 32.7 1.4 1264 0.78 0.124 1.66E-03 —6.56 —46.3 nd

forrage, °10

AC59  Well ONEP Lmzar 2001 24.9 1388 7 55.8 55.1 154.8 2.91 207.6 342.5 93.5 21.9 0.74 935 1.15 0.166 1.59E-03 -6.4 —45.75 nd

forrage, °8

Middle Souss plain (Group C)

AC6  Well 118 briquettrie 2000 23 2050 7.2 108.8 126 120 6.6 320 336 150 53.1 0.98 1221 0.58 0.173 1.35e-03 —-6.5 —41.2 0.6

AC7  Well Puits pour 2000 23 2480 7 132 163 144 2.4 405 443 290 27 1.85 1608 0.55 0.264 2.03E-03 -5.7 -37.2 1.8

I’ AEP(120)
AC8  Well Douar Bouzoug 2000 25 1062 7.1 90.4 42 44 2 111 225 100 10 0.20 625 0.61 0.333 8.15E-04 -7.4 479 O
AC9  Well Puits ferme de 2000 23 2220 7.1 133.6 118 96 2.2 398 487 110 5.6 1.48 1352 0.37 0.102 1.65E-03 —-6.3 —38.6 nd
AAMI
AC10  Well Briquetterie a 2000 24 1092 7.2 72 84 30 2.2 131 438 40 2 0.49 800 0.35 0.113 1.66E-03 —7 —-428 0
coté DE la station
schell Temsia
AC11 Well Puits a coté du 2000 22 3320 7.4 126.4 35 500 5.4 742 390 98 3.5 0.21 1901 1.04 0.049 1.27E-04 -5.6 —37.8 2.6
no. 60
AC6  Well Briquetterie 2001 22.7 1886 7.4 67.9 134.6 127.6 596 318.7 306.9 183.4 103.5 1.13 1250 0.62 0.213 1.57E-03 —6.27 —-37.95 0.6
AC7 Well Puits pour UAEP 2001 22.4 1947 7.4 921 96.2 122.4 1.94 367.0 341.5 3441 46.1 1.54 1103  0.51 0.034 1.87E-03 —6.56 —38.9 1.8
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AC8
AC9

Well
Well

Douar Bouzoug
Puits ferme de
AAMI

Upper Souss plain (Group D)

AC12
AC13
AC14
AC15
AC16
AC17
AC18

AC19
AC20

AC21
AC22
AC36
AC37
AC38
AC39
AC40
AC41
AC100
AC101
AC102
AC103
AC104

AC105

AC106
AC14
AC16
AC18

AC21

Well
Well
Well
Well
Well
Borehole

Borehole

River
Well

Well
Well
Borehole
Well
Spring
Well
Well
Well
Spring
Spring
Dam
Channel

Dam

Dam

Spring
Well
Well

Borehole

Well

Ferme de Mr
Houjhaij aissa
Puits au Nord du
no. 68 (Baakla)
Puits no. 76
Puits Ait lazza
Puits de ’ORMVA
Ferme de Mr
KAYOUH Hassan
Ferme de Mr
ELOUAFI

Pont Aoulouz
Puits Mr Haj
Omar Ait Si

Puits station Agip
a Arazane

Puits au dessous
de Ras EL Ain
Forage Saouda
Puits no. 87
Source Tidsi
Puits no. 95
Puits no. 96 de Mr
BOUAB

puits no. 113

S. Ait Abdelah

S. Ain El Jadida
Retenue Bg. Imi
El khneg

Canal d’irrigation
1zaid

Barrage
Chakoukane

Aval du barrage
Imi EL

khenge

S.

Tamgoute

Puits Ait

lazza

Puits de ’ORMVA
Ferme

de

Mr ELOUAFI

Puits station
Agip a

Arazane

2001
2001

2000
2000
2000
2000
2000
2000
2000

2000
2000

2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000

2000

2000
2001
2001
2001

2001

24.1
21.7

25

25

17
22

23

25

27
26

27
21

25
20
24
21
22
21

24

22.7

23.8
22.6

23.5

947
1958

800
1187
975
990
953
867
1260

445
611

916
920
940
1012
678
662
964
1110
739
1277
419
554
950

625

505
975
830
760

957

7.1

7.1

7.2
7.2

7.3

7.3

8.7
7.6

7.2
7.2
7.1
7.2
7.6
7.3
7.2
7.1
7.6

7.5
8.2

8.1

8.3

7.8
7.2
7.63
7.6

7.13

65.8
129.2

92.8
143.2
104
102.4
97.6
107.2
155.2

40
51.2

69.6
73.6
86.4
85.6
57.6
66.4
83.2
99.2
64
124
40.8
54.4

75.2

41.6
104
82
74

84

59.9
149.6

20
47
39
27
42
25
50

19
25

57
57
48
64
52
58
62
39
38
17
25
49

25

25
39
34
38

48

40.9
112.9

45

49

49
65

27

28

23
28

36
36
52
14
12
14
42
64
27
33
2
25
55

34

49

33
18

35

2.12
2.36

2.2

3.6
2.3

3.3

_ AN AN
co o o o

2.3
2.5
4.1

6.5

2.1

2.9

77.0
458.0

Al

67

64
O8]

43

28

21
28

53

71

67
146

46
67

78
28
43
28
28
50

50

21
64
36
28

43

365.7
370.2

336
303
368
387
306
306
277

206
293

414
367
349
290
342
298
449
420
379
370
145
282
531

204

231
368
216
377

414

70.7
105.2

265
64
70
84
68
330

26
38

46

140
44
145
66

40

76

26
64
130
22

70

8.7
147.9

14.2

2.7
6.8
12.2
2.5

29.5
10
4.6
10.8
2.6

22.7
8.5
11.4
0.5

7.2

0.9

3.8

w

18

0.29
2.04

0.13
0.12
0.12
0.12

0.15
0.55
0.15
0.21
0.21
0.23
nd
nd
nd
nd
nd

nd

nd
nd
nd
nd

nd

691
1477

595
888
692
713
631
581
875

341
472

681
673
763
640
541
512
780
888
592
767
323
464
778

448

370
693
534
564

715

0.82
0.38

0.98

1.18
1.89
0.81
0.97

1.54

1.05

0.15

0.47
0.97

27
.49
.18
.21

= a A A

-

.38

-

.70

-

.05

-

.40

-

.18

1.41
0.99

1.26

0.339
0.085

0.073
1.461
0.369
0.488
0.544
0.584
4.352

0.457
0.501

0.320
0.239
0.705
0.071
0.321
0.289
0.419
0.663
0.580
1.245
0.870
0.528
0.089

0.561

0.457
0.369
1.333
0.290

0.601

1.70E-03
1.98E—-03

1.27E-03
7.42E—-04
9.15E—04
1.03E-03
9.42E-04
1.27E-03
1.13E-03

1.25E-03
1.17E-03

1.73E-03
2.21E-03
1.01E-03
1.67E—-03
1.75E-03
2.04E-03
1.38E—-03

1.31E-03

—7.63 —46.85 0
—6.18 —38.65 nd

—5.8 -332 0
-7 —-46.2 0
—7.4 —47.4 1.3
—7.5 —50.3 0
-7.2 —46.8 .3
—7.5 —48.1 1.9
—6.9 —-449 0
-7.2 —47.3 5.5
—6.8 —43.5 0
—6.7 -439 0.9
—6.1 -389 0.8
—6.9 —45.7 0.8
—6.6 —43.6

-7 —43.1 0

—6.6 -369 0
—6.8 -419 0.3

—6.8 —43.9 1.8
—6.36 —38.5 nd
—6.93 —43.6 nd
-5.11 -34.6 nd
—6.88 —43.8 nd
-5.85 —39.1 nd

-1.09 —-16.1 nd

nd nd nd
-7.35 —48.3 1.3
—-7.79 —-46.45 1.3
-7.26 —-42.45 0

—6.9 -43.4 0.9

(continued on next page)
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Table 1 (continued)

Code Nature Name Year T°C EC. pH Ca Mg Na K cl HCO; SO, NO; Br  TDS Na/Cl  SO4/CL  Br/Cl 6'%0  oH 34
(us (molar) (molar) (molar) (%) (%) (TU)
cm™Y)

High Atlas outlet (Group E)

AC1  Spring Source 2000 24 2950 6.7 320 293 30 2.9 43 288 1500 6.3 0.09 2483 1.08 12.882 9.29e-04 -6.3 -33.2 3.1

Amskroud

AC2  Well Puits no. 59 2000 25 1992 6.8 160 163 54 2.9 71 389 650 58.4 0.17 1548 1.17 3.381 1.08E-03 -5.6 309 O

AC3  River Bou El Baz 2000 13 59000 7.9 585.6 53 14700 19.3 20768 235 1020 5.7 1.66 37388 1.09 0.018 3.55Ee-05 4.2 —-17.4 1.9

AC5  Well Puits no. 60 2000 24 2950 7.2 164 37 250 3.9 568 317 132 0.8 0.16 1473 0.68 0.086 1.25e-04 6.3 —38.4 1.5

AC55 Dam B. Abdel- 2000 nd nd nd nd nd nd nd nd nd nd nd nd -5.38 —-38.3 nd

Moumen
AC4 Dam B Dkhila 2000 21 954 7.8 448 46 88 3 128 283 100 0.2 0.15 693 0.288 5.10E—-04 —4.1 -29.5 nd
AC1  Spring  Source 2001 24.1 2777 6.5 618.7 122.1 29.3 2.98 38.8 206.2 1769 1.4 0.12 5572.4 16.839 1.37E-03 -5.93 -32.05 3.1
Amskroud

AC2  Well Puit no. 59 2001 24.5 1932 6.6 231.0 102.3 61.6 3.24 96.0 255.3 741.2 8.8 0.19 3438.2 0.99 2.851 8.82E-04 -5.58 -29.75 0

AC3  River Bou lbaz 2001 14.2 6505 7.9 257.1 54.6 27145 21.83 4640.0 160.2 431.8 5.0 — 14797.9 0.90 0.034 — -5.02 -31.05 1.9

Chtouka area (Group E)

P9 Well Nappe Chtouka 2000 23 1353 7.3 60 42 190 1.4 240 295 35 58.3 922 1.22 0.054 -4.87 -30.5 nd

P10 Well Nappe Chtouka 2000 24 1074 7.5 34 21 150 1.5 89 222 75 89.9 682 2.60 0.311 -3.67 -23.8 nd

P43 Well Nappe Chtouka 2000 24 3630 7.8 124.8 84 540 4 994 217 90 134.1 2188 0.84 0.033 —4.17 -28.1 nd

P44  Well Nappe Chtouka 2000 20 2410 7.8 81.6 55 320 2.5 533 257 62 101 1412 0.93 0.043 —-4.27 -27.8 nd

P45  Well Nappe Chtouka 2000 25 1990 7.3 80 47 200 2.2 394 266 40 112.1 1141 0.78 0.037 -3.37 -16.9 nd

P46  Well Nappe Chtouka 2000 23 529 7.9 28 16 68 0.5 67 181 8 5.8 374 1.57 0.044 -3.37 -16.9 nd

P47  Well Nappe Chtouka 2000 22 1355 7.3 90.4 21 180 2.7 209 339 36 48.2 926 1.33 0.064 —4.57 -26.5 nd

P48  Well Nappe Chtouka 2000 24 1094 7.4 672 35 90 1.6 138 349 12 54.9 748 1.01 0.032 —4.83 -32.1 nd

P1 Well Nappe Chtouka 2000 25 1039 6.3 94 51 57.5 1.2 178 381 30 27.9 821 0.50 0.062 -5 -384 nd

P5 Well Nappe Chtouka 2000 25 1800 7.1 126 88 86 19.1 382 315 45 24.2 1085 0.35 0.044 —-6.36 —42.6 nd

P36  Well Nappe Chtouka 2000 25 1227 7.4 92 61 78 1.6 178 366 30 27.3 834 0.68 0.062 -5.84 -38.7 nd

P40  Well Nappe Chtouka 2000 24 1327 7.5 92 66 93.8 1.8 222 360 55 21.7 912 0.65 0.091 —-6.03 -35.3 nd

P7 Well Nappe Chtouka 2000 24 1552 7.2 106 56 92.9 2 231 386 30 26.7 931 0.62 0.048 -6 -30 nd

9/T
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Application of multiple isotopic and geochemical tracers
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Table 2 Isotope data in Souss—Massa basin (results from 2001 sampling campaign)
Code Source Sr mg/L(mg/L) 1/Sr 8751 /865y B(mg/L) "B (%.)(%) 813C (%) A™C (pmc)
Group A — Massa plain
AC24 Well 1.1 0.91 0.711313 0.56 44.6
AC60 borehole 0.37 2.74 0.710595 0.05 -9.71 73.4
AC61 Borehole 0.62 1.62 0.710266 0.21 -9.39 47.8
AC33 Spring 0.49 2.02 0.710263 0.06
Group B — Lower Souss plain
AC43 Borehole 3.16 0.32 0.708705 2.57 41.1 —-8.76 43.4
AC44 Borehole 5.77 0.17 0.70851 0.32 43.7 -9.23 56.8
AC46 Borehole 0.68 1.48 0.708794 0.07
AC50 Borehole 0.95 1.06 0.709622 0.11
AC58 Borehole 1.02 0.98 0.709406 0.25 43 -9.25 42.5
AC59 Borehole 0.73 1.37 0.70948 0.14
AC47 Borehole 3.56 0.28 0.707659 0.36 12 —-1.76 1.4
AC49 Borehole 0.9 1.11 0.709112 0.10
Group C — Middle Souss plain
AC6 Well 0.87 1.15 0.709436 0.14 37.1 —6.44 51.2
AC7 Wel 0.97 1.03 0.70976 0.14
AC8 Wel 0.52 1.92 0.709778 0.05
AC9 Wel 1.07 0.94 0.710131 0.13 42.8 -9.96 69.2
Group D — Upper Souss plain
AC14 Well —9.46 93.3
AC21 Well —6.9 52.9
AC16 Well —8.47 77.0
AC18 Well —8.34 52.4
Group E — High Atlas outlet
AC1 Spring 13 0.08 0.707629 0.13 14.6
AC2 Well 5.27 0.19 0.707679 0.08 21.1 —-8.92 58.9
AC3 River 4.58 0.22 0.711385 0.51 25.9 -9.39 86.0
0 ' [ In the Messa Plain, we observed however good correlation
between nitrate content and salinity (Fig. 6C) as well as po-
8 i sitive correlations between nitrate and chloride contents
and 680 values (Fig. 5). These correlations could indicate
6 i that the rise of the salinity is derived from rather evapo-
rated agricultural return flow. In only two samples (AC24,
AC34) the high salinity is associated with low nitrate con-
3 24 . centrations, which clearly indicates that the salinity is de-
g rived from seawater intrusion.
o 4 i In contrast, inland saline river water and groundwater
_ with high Cl/TDS ratios that are identified in the high Atlas
w0 : gg'l\_ﬂoe;z‘:‘ggi';‘s) prain) 1 outlet (AC3, AC5; Fig. 3) are characterized by Na/Cl—1 and
@ C (Middle Souss Plain) have conspicuogsly low 504/C‘l, Br/Cl and B'/Cl ratios'(Table
A D (Upper Souss Plain) 1). These chemical characteristics are typical of halite dis-
-48 ¥ E (High Atlas outlet) || solution. In fact the extremely high salinity measured in sur-
JIF (Chtouka Plain) face water at the Boulbaz point (AC3, TDS of 37,400
= 5 4 s 2 4 5 sampled during low water flow and 8300 mg/L during high
5°0 (%) water flow) reflects direct input of halite dissolution. The
location of these samples at the southern part of the high
Figure 4 &°H vs. 6'®0 values of groundwater and surface Atlas mountains, indicates that the evaporite source is lo-

water investigated in this study as compared to the global
meteoric water line (GMWL; Craig, 1961). Samples are sorted
according by geographical distributions.

zation in these areas. This conclusion is reinforced also by
isotopic evidences (see Section ‘‘Isotopic characteristics’’).

cated in the sedimentary sequence of the high Atlas moun-
tains, mainly from the Triassic evaporates. It has been
shown that the southern part of the Atlas mountains con-
tains several evaporitic formations, particularly in the Issen
Basin with alteration of halite and gypsum minerals (Bouta-
leb et al., 2000). The chemical variations observed in
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Figure 5 Variations of 4'80 values (%,) vs. chloride concentrations (A), and 5'80 values (%,) vs. nitrate concentrations (B) of

groundwater and surface water investigated in this study. Samples are sorted according by geographical distributions.

groundwater from the middle Souss plain (Fig. 6A—C) may
suggest that salinization of groundwater in this region is
controlled by mixing with this saline source and with the sul-
fate-rich saline source with low Cl/TDS and high SO4/TDS ra-
tios. However, only in one saline sample (AC11; Cl—750 mg/
L) the Br/Cl is low (3 x 10™%) and similar to the conspicu-
ously low Br/Cl (5% 10~%) of the water from a dam on the
Triassic basin that characterizes this saline end-member
(Fig. 7). In most of the groundwater from the middle Souss
plain the Br/Cl ratios are significantly higher (2x 1073 to
4.6 x1073%), which excludes this saline source from being
the predominant salinity source in the middle Souss plain.
The geochemical data suggest that this saline source would
have low Cl/TDS and high Br/Cl ratios.

High SO,/ TDS type water. A different saline source is iden-
tified in the high Atlas outlet with distinctively high SO,/TDS
and Ca/TDS ratios. The predominance of Ca and SO, ions
with Ca/SO4 ratios ~1 suggests that these waters (AC1,
AC2) are derived from dissolution of gypsum minerals, pos-
sibly in the Jurassic formations of high Atlas mountains.

High NO3/TDS type water. A large number of wells from the
Massa, Chtouka, lower and upper Souss plains have high ni-
trate concentrations that contribute to the overall salinity
of the water (Fig. 6C). In several wells the Br/Cl ratios are
higher than the marine ratios (molar ratio = 1.5 x 10~3). This
suggests that bromide might be derived from application of
methyl bromide pesticides (Ahkouk, 2004) that can be con-
verted to inorganic bromide.

Isotopic characteristics

In order to provide further constraints for the salinity
sources that affect the quality of groundwater in the Mas-
sa—Souss basin, we have investigated the isotopic variations
of oxygen, hydrogen, strontium, and boron. The discussion
below presents the results of each isotope systems in the

frameworks of chemical characteristics and geographical
distribution (Fig. 3).

Oxygen and hydrogen isotopes

As shown earlier, the variations of '®0 and &%H values in
fresh water are determined by the recharge regimes. In sal-
ine and contaminated groundwater however, the variations
of §'80 and 6%H values are controlled also by the composi-
tion of the saline and/or contaminant sources. In all of the
sub-basins, we have observed an increase of 5'®0 values
with chloride contents (Fig. 5A), thus reflecting the en-
riched 80 characteristics of the saline sources. Along the
coast, our data show that saline groundwater from the Mas-
sa and Lower Souss plains have both high 5'80 and marine
Br/Cl ratios (Fig. 7). Given these combined geochemical
and isotopic signals, these groundwater samples AC24,
AC25, AC26, AC27, and AC28 from the Massa Plain, and
AC 43 and AC 44 from the Lower Souss plain are derived
from a saline source with chemical characteristics that mi-
mic those of sea water intrusion (6'%0—0%,; Br/Cl—
1.5x 1073). The saline samples from the lower Souss plain
are located on the coast (Fig. 3) and associated with mod-
ern seawater intrusion. In contrast, the saline samples from
the Massa Plain are located far inland and are not associ-
ated with modern seawater intrusion. Some of these sam-
ples (AC24, AC26, AC27) have both high chloride and
nitrate concentrations (>100 mg/L), thus the high 5'80 val-
ues and salinity might reflect massive evaporation and sali-
nization of agricultural return flows. These anthropogenic
signals are not accompanied by any other geochemical
tracers as these saline waters have a seawater-like compo-
sition. We conclude that TDS of saline waters from the Mas-
sa Plain could be derived from surface evaporation and
recycling of agricultural return flow, but we cannot exclude
other saline sources, such as fossil seawater intrusion that
was entrapped in this part of the basin. In the Chtouka and
upper Souss plains, however, the correlation between ni-
trate and 680 (Fig. 5B) without corresponding chloride in-
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crease suggests net contribution of agricultural return
flows.

In the middle Souss Plain we observed an increase of 5'%0
with chloride content (Fig. 5A). This increase suggests that
the salinity sources in this area also have high 5'80 values. It
should be noted that the combined §'80 and Br/Cl data en-
able discrimination of two saline sources (1) saline source
with high 5'80 and low Br/Cl that is identified to the exter-
nal source from the high Atlas outlet (AC3); and (2) saline
source with high 6'80 and Br/Cl ratios, which is different
from any of the external saline sources in the high Atlas out-
let and may represent remnants of evaporated seawater
with high 680 and Br/Cl signals (Fig. 7B). This saline water
could be flushed from low-conductive parts in the aquifer.

Strontium isotopes
The linear correlation between Ca and Sr contents in the
investigated groundwater (Fig. 8A) indicates that Sr is a

good proxy for Ca variations and sources. The variations of
875r/86Sr with Ca (and Sr) contents (Fig. 8B) enabled us to
delineate different saline sources. In the coastal areas we
observed two opposite trends: (1) high Ca with high 7Sr/8¢sr
ratios (up to 0.7113 in the Massa plain); and (2) high Ca with
low 8Sr/8%sr ratios (as low as 0.7085 in the lower Souss
plain). We suggest that the increase of Ca (and Sr) is derived
from base-exchange reactions that are typically associated
with seawater intrusion into coastal aquifers. The Sr isotope
variations reflect release of Sr in the host aquifer sediments
(Vengosh et al., 2002). The data suggest that base-exchange
reactions in the Massa plains involved interaction with high
8751 /8651 sediments. We propose that these sediments were
derived from drainage of the anti-Atlas mountains, which
are composed primarily by silicate-rich igneous rocks
(e.g., granite) with presumably high &Sr/8Sr ratios that
characterize such rocks (e.g., Harrington and Herczeg,
2003; Koepnick et al., 1985; Blum et al., 1994; Naftz
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et al., 1997; Probst et al., 2000; Négrel et al., 2001; Négrel
and Petelet-Giraud, 2005; Swarzenski et al., 2001; Peter-
man and Wallin, 1999). In contrast, the sediments in the
lower Souss plains are derived from drainage of the sedi-
mentary rocks from the high Atlas mountains with signifi-
cantly lower ®Sr/%sr ratios. Thus base-exchange
reactions with these sediments result in Ca-rich water with
lower 87Sr/%sr ratios.

The high Atlas outlet saline water results from different
saline sources; (1) the chloride-rich saline end-member
with high Cl/TDS ratios (AC3) has a high &Sr/8%Sr ratio
(0.7114); and (2) the sulfate-rich saline source with low
Cl/TDS ratios (AC1, AC2) has a low ®Sr/8sr ratio

(0.7076). We propose that these isotopic signals reflect
the origin of the saline sources. Secular variations of
87Sr/88Sr ratios in seawater through time are recorded in
marine evaporites since Sr isotopes are not fractionated
during mineral precipitation from seawater. Likewise, dis-
solution, for example, of sulfate minerals by groundwater
would not modify the original 37Sr/8Sr ratio signature.
During the late Triassic or Liass, seawater had an 8Sr/%sr
ratio signature of ~0.7076 (Burke et al., 1982; Korte et al.,
2003; Veizer and Compston, 1974; Veizer et al., 1997,
1999). This value is identical to the sulfate-rich saline
water (AC1, AC2) and confirms that this saline source is
originated from dissolution of late Triassic or Liassic gyp-
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sum. In contrast, the high &Sr/8Sr ratio (0.7114) mea-
sured in the other saline source from the high Atlas outlet
is significantly higher than the &Sr/8%Sr record of any sed-
imentary rocks along the Phanerozoic (Veizer et al., 1997,
1999), and thus indicate that this saline source is derived
from interactions with silicate rocks.

It should be noted that the saline water in the middle
Souss plains (samples AC6, AC7, AC8, AC9) has high 87Sr/8%sr
ratios (0.7095 to 0.7101), which is different from the sul-
fate-rich source with lower 8Sr/®Sr ratios. This observation
is consistent with relatively high Br/Cl ratios that character-
ize this water type. Some samples (AC6, AC9, AC24) are
characterized by both high nitrate and &Sr/%Sr ratios.
One would suggest that the Sr isotope composition is also
masked by anthropogenic impact (e.g., fertilizers). Previous
studies have shown that anthropogenic contributions
through agricultural activity induces an input of Sr that
may modify the original Sr isotopes of the water (Bohlke
and Horan, 2000; Négrel and Deschamps, 1996; Négrel
et al., 2001; Négrel and Petelet-Giraud, 2005). The ni-
trate-rich groundwater in our study have high &Sr/®Sr ra-
tios of >0.7095, which could reflect the nature of the
fertilizers used in the study area.

Finally groundwater from the Cretaceous (Turonian) con-
fined aquifer (AC47), is characterized by low &Sr/8%Sr ratios
of 0.70766. This ratio corresponds to the 8/Sr/%sr ratio of
Turonian seawater (Veizer et al., 1997) and thus indicates
that most of the Srin that water is derived from water-rock
interaction with the carbonate aquifer rocks. The low
8751 /855y of the deep groundwater is different from the typ-
ically high &Sr/2%Sr in groundwater from the lower Souss
Plain, and thus provides a useful tool to delineate water
sources in that part of the aquifer.

Boron isotopes
The relationship between B and Cl contents (Fig. 9A) pro-
vides an evaluation of the relative enrichment of boron in
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the water. The combination of B/Cl and boron isotopic ra-
tios (expressed as 6''B values) provides a useful tool to
delineate the sources of groundwater contamination (Veng-
osh et al., 1994, 1998, 2005; Bassett, 1990; Bassett et al.,
1995; Davidson and Bassett, 1993; Eisenhut et al., 1996;
Eisenhut and Heumann, 1997) and sources of salinity (Veng-
osh et al., 1992). Seawater has a distinguished boron isoto-
pic composition (5''B=39%,) while non-marine saline
sources and anthropogenic effluents (e.g., sewage,
5""B =10%,) have significantly lower 6''B values. Our data
(Fig. 9B) show that coastal groundwater from the Massa
(AC 24) and Lower Souss (AC 43, AC44, AC58) plains have
typically high 6''B values (>39%,) that is consistent with
the isotopic composition that is expected for seawater
intrusion (Vengosh et al., 1994). In contrast, groundwater
from the Cretaceous (Turonian) confined aquifer (AC47) is
characterized by low §''B (12%,) value and relatively high
B/Cl ratio (6.4 x 10~3) that are different from the composi-
tion of seawater intrusion. Given the low A'C (see below)
and low ¥Sr/%Sr ratios, we relate this composition to
water-rock interactions with the host carbonate rocks in
the confined aquifer. Indeed, low 5''B values were also re-
ported in groundwater from a similar Turonian aquifer (Ju-
dea Group) in Israel (Vengosh et al., 1991).

The high Atlas outlet saline waters yield different boron
isotopic signals; sulfate-rich water of AC1 has a §''B value of
159, and very high B/Cl ratio, whereas the chloride-rich sal-
ine water (AC2, AC3) has higher ''B values of 20—25%,. This
composition is consistent with the isotopic composition ex-
pected for marine gypsum given the isotopic fractionation
between evaporated seawater and marine evaporates
(Vengosh et al., 1992). This is also consistent with the Sr iso-
topic signal that suggest dissolution of sedimentary Triassic
gypsum. In contrast, the lower 3''B value of the Cl-rich
water suggests contribution of silicate rock with typically
lower &''B signal (~0%,). Once again, this is consistent with
the extremely high &Sr/8%Sr ratio of this saline source. As
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Figure 9 Variations of boron vs. chloride concentrations (mg/L); (A) and 5''B values (%) vs. B/Cl ratios (molar units) (B) in
groundwater and surface water investigated in this study. Samples are sorted according by geographical distributions.
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shown for other geochemical and isotopic parameters, the
boron isotopic composition of the saline groundwater from
the middle Souss plain (AC6 and AC9) is not similar to either
of these saline sources. Instead, the relatively high 6''B val-
ues of these samples (379, and 43%,) are consistent with the
composition expected for remnants of evaporated seawa-
ter. This corresponds to the relatively high Br/Cl ratios of
these samples that suggest origin from early stages of evap-
orated seawater.

Water residence time

In order to facilitate a sustainable water resource man-
agement program for the Souss—Massa aquifer system, it
is desirable to delineate the residence time of the water
(i.e., modern vs. old water; Schlosser et al., 1988; Mook,
1980; Michel, 2005; Plummer, 2005), differentiate be-
tween modern and ancient seawater intrusions (Yechieli
et al., 2001; Sivan et al., 2005), and to distinguish be-
tween modern seawater intrusion and entrapped forma-
tion water. The residence times of the investigated
waters in the aquifer may hold also the key for evaluating
their origins.

Tritium

The tritium data from the Souss—Massa aquifer basin show
very low values ranging from 0 to 5.5 TU (Fig. 10). A large
number of the groundwater samples, 26 out of 61 samples
has tritium level of zero, and 42 samples (~70%) have tri-
tium levels below 1 TU. The higher values were observed
in surface waters AC19 (5.5TU) and AC23 (3 TU). Since
tritium activities in precipitation in the region are not
known, we used the surface water tritium signature as a
representative of modern meteoric signal, in the range
of 5—10TU (IAEA//WMO, 2004). As the water recharges
vertically within the basin and laterally from the recharge
zone adjacent to the aquifer basins, the tritium activities
are expected to decrease with time. In contrast to the
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surface water, most of the groundwater samples have
very low, mostly zero tritium levels, which indicate that
both the vertical and lateral recharge process are longer
than about 30 years. The lack of high tritium activities
in groundwater suggests that the 1960’s tritium peak (Sch-
losser et al., 1988; Mook, 1980; Michel, 2005; Plummer,
2005; Yechieli et al., 2001) has already diminished in that
groundwater system. Alternatively, if all groundwater
samples were very young (of the last decade), one would
expect to have tritium levels similar to those measured in
the surface waters.

In the Massa Plain, we observed an inverse correlation
between 6'80, NO5 and tritium (Fig. 10). This reflects the
mixture between '80-enriched and young surface water, de-
rived primarily from recharge in the anti-Atlas mountains
(marked as AA in Fig. 10) and deep older groundwater with
lower §'80 values. In contrast, recharge on the eastern side
of upper Souss basin (HA in Fig. 10) is characterized by high
tritium and low §'80 values, reflecting less evaporation of
surface water in that part of the recharge zone of the aqui-
fer (Fig. 3).

It is interesting to note that some of the saline waters
have measurable tritium levels. In the high Atlas outlet,
the saline water (AC1 and AC3) has tritium activities of 3
and 2 TU, respectively, which indicates that the salts (NaCl
for AC1 and CaSO,4 for AC3) were dissolved by young mete-
oric water. In the coastal areas, saline waters from the Mas-
sa Plain (AC24; Cl=1000 mg/L) and Lower Souss Plains (AC
44; Cl=2750mg/L) have tritium activities of 1.7 and
0.3 TU, respectively. Saline groundwater from the coastal
aquifer of Israel with salinity level identical to seawater
has tritium range of 2—3 TU (Sivan et al., 2005). Given that
seawater in the mid-1960s had tritium peak of about 38 TU
(Roether and Schiltzer, 1991) the tritium range measured in
the Israeli coast corresponds to seawater penetration inland
between the mid-1960s and the mid-1980s (Sivan et al.,
2005). Consequently, the values measured in the Massa
and Low Souss basins reflect relatively modern seawater
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Figure 10 Tritium (TU) vs. nitrate concentrations (mg/L); (A) and 6'30 values (%,); (B) in groundwater and surface water
investigated in this study. Samples are sorted according by geographical distributions.
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intrusion. In the fresh water-seawater mixture, it seems
that the freshwater component has a lower tritium content,
which reduces the overall tritium activity of the saline
groundwater.

Carbon-14

Carbon-isotopic measurements ('“C and §'3C) on dissolved
inorganic carbon (DIC, mainly HCOs) were used to provide
information on the relative ages of the ground water
pumped from fourteen points within the basin. The 6'3C val-
ues vary between —9.969%, and —1.769%, vs. PDB with an
average of —8.74 +1.1%,. This range suggests that DIC in
the system is derived from: (i) dissolution of limestone/
dolostone in the Atlas Mountains (5'3C = 0%,) and (ii) conver-
sion of soil CO, (5 3C = —25%,) to bicarbonate (Mook, 1980;
Salomons and Mook, 1986; Fontes, 1992; Douglas et al.,
2006; Mahlknecht et al., 2006). The 'C activities range
from 1.35 to 93.3 pmc (Table 2). Sample AC47, which repre-
sents the Cretaceous confined aquifer, displays the lowest
values of 6'*C and A™C; —1.76%, and 1.35 pmc, respec-
tively. This enriched '3C and low A™C values can be ex-
plained by massive interaction with old carbonate rocks in
this confined aquifer, where the influence of renewable soil
CO, is negligible (Grassi and Cortecci, 2005).

We used the stable carbon isotopes as an indicator for
the degree of carbon ‘‘dilution’’ by water—rock interactions
and dissolution of old carbon from the host aquifer rocks.
Given the isotopic fractionation of carbon isotopes during
dissociation of hydrated CO, into HCO; (fractionation factor
of about 9%,) the original §'3C of soil CO,(~ —23%,) is ex-
pected to be converted to DIC with 6'3C ~ —15%, (Clark
and Fritz, 1997; Appelo and Postma, 1993). Thus, we con-
sider two end-members; a predominant rock contribution
with 6"3Cearp ~ 0%, and A'*C ~ 0 pmc, and a soil CO, source
with 6"*Crecharge ~ —15%, and A™C > 100 pmc. In a such sys-
tem, the dilution factor, g, depends on the mixing ratios be-
tween the different end-members (Clark and Fritz, 1997):

q= (513CDIC - 513Ccarb)/(513crecharge - 513Ccarb) (1)

where 5'3Cpc is the measured 5'3C in groundwater. Fig. 11
presents the variations of ¢'3C and A'*C values. The data
show that some of the samples lie on a mixing line between
the carbonate rock end-member and a recharge source with
0" Crecharge ~ —15%, and A™C ~ 130 pmc. In order to calcu-
late the apparent age of the groundwater, we use the decay
equation of '*C corrected for two different models. In the
first model, we used q values obtained from the mixing of
8'3C end-members (Eq. (1)) to correct for ‘‘carbonate dilu-
tion’’. In the second model, we used the combined mixing
of 6'3C and A™C (Line A in Fig. 11) to estimate the initial
values of "C that correspond to the measured 4'3C values.
We calculated the relative deviation of the measured C
activities from the expected initial values along the mixing
line. For the two models we assume a closed system condi-
tion in which no renewable DIC is recharged from the unsat-
urated zone. This assumption is justified given the low,
mostly zero, activities of tritium in the water. According
to the first and second models, most of the groundwater
yields an apparent age range of 3.5—7 Kys BP and modern
to 4 Kys BP, respectively (Table 3). The only exception is
sample AC47, which represents the Cretaceous (Turonian)
confined aquifer (A™C = 1.35 pmc) with calculated ages of
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Figure 11 A™C (activity of 'C normalized to per-cent

modern carbon; pmc) vs. 5'3C values (%,) in groundwater and
surface water investigated in this study. Samples are sorted
according by geographical distributions. Line A represents a
theoretical closed system mixing between modern DIC (derived
from soil CO, with A'*C—130 pmc and §'3C ~ —15%,) and marine
carbonate rock DIC (A™C—0 pmc and §'3C—0%,). Groundwater
samples with A™C and 5'3C values along this line are hypoth-
esized to reflect mixing between soil-derived DIC and carbonate
rock dissolution under a closed system and thus are modern,
whereas deviation from that mixing line is modeled to "*C decay
and thus residence time of the groundwater.

Table 3 Carbon isotopes data and residence time calcula-
tions according to (1) 6'3C mixing model; and (2) Combined
A™C and 6'3C mixing model, derived from Line A in Fig. 11
(see text for details)

Sample ID 6'®C  A™C g (6'3C) Model1 Model 2
(%0) (pmc) ages ages
(years) (years)
AC60 -9.71 73.4 0.65 3600 1123
AC61 —9.39 47.8 0.63 3872 4264
AC43 —8.76 43.4  0.58 4446 4633
AC44 -9.23 56.8 0.62 4019 2836
AC58 -9.25 42.5 0.62 3997 5170
AC47 -1.76 1.4  0.12 17716 19906
AC6 —6.44 51.2 0.43 6991 734
AC9 -9.96 69.2 0.66 3385 1800
AC14 —9.46 93.3  0.63 3812 0
AC21 —6.9 529 0.46 6420 1035
AC16 —8.47 77.0 0.56 4726 0
AC18 -8.34 52.4 0.56 4853 2628
AC2 -8.92 589 0.59 4298 2322
AC3 -9.39 86.0 0.63 3872 0

18 and 20 Kys BP, according to the first and second models,
respectively. This indicates that water derived from this
deep confined aquifer was recharged during the late Pleisto-
cene. In contrast, most of the investigated groundwater
yielded apparent ages of modern to a few thousands of
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years. According to the second model, groundwater samples
that represent recharge water from the upper and middle
Souss Plain and from the high Atlas have typical young ages
of modern to 2 Kys BP years, whereas groundwater from the
lower Souss and Massa plain on the coast have apparent old-
er ages of 2—5Kys BP. This observation is also consistent
with tritium data (Tables 2 and 3). In the coastal area, the
apparent older age estimates are for both fresh and saline
groundwater (e.g., AC44 and AC 43) since most of the DIC
in the fresh-saline mixture is derived from the fresh water
component. Likewise, the high saline water from the high
Atlas outlet (AC3) has modern C age, which is also consis-
tent with the high tritium activities in this sample. We con-
clude that modern recharge of groundwater occurs along
the eastern and northern sections of the Souss Basin while
groundwater along down-gradient flow paths, in the Lower
Souss basin and Massa Plain (Fig. 3), are older and thus
reflecting modern recharge and/or recharge during the
Holocene (<6 Kys BP).

Conclusions

This study presents the results of several isotopic and age-
dating isotopic tools in an attempt to reveal the origin of
recharge water, the salinity, and the residence time of sur-
face and groundwater resources of Souss—Massa region in
western Morocco. ldentification of the geochemical pro-
cesses that control the salinity and evolution of the
groundwater is essential for predicting the long-term vari-
ations in groundwater quality in the Souss—Massa aquifer
system. The data revealed a complex hydrogeological sys-
tem in which several sources of salinity have been
identified:

(1) Sea water intrusion along the coastal areas of Massa
and Lower Souss basins, characterized by high Cl/
TDS, low Na/Cl and SO4/Cl, marine Br/Cl
(~1.5x1073), and marine 5''B (~40%,) and high ¢
80 and §°H values. In the Massa basin, base-
exchange reactions with aquifer sediments have
extracted Sr with high ®Sr/8Sr ratios (up to
0.7113) whereas similar water-rock interaction in
the lower Souss basin yielded lower &Sr/%sr ratios
(as low as 0.7085). We relate these differences to
different sediment inputs; contribution of sediments
from weathering of silicate rocks in the anti-Atlas
mountains in the south relative to weathering of car-
bonate rocks from the high Atlas mountains with
lower 87Sr/86Sr ratios in the north.
Recycling of agricultural return flows in the aquifer
as reflected by the high nitrate concentrations (up
to 150 mg/L) and high §'80 and 6H values. In some
cases (e.g., the Massa plain), salinization by old sea-
water intrusion is coinciding with anthropogenic
contamination.

(3) Dissolution of evaporites along the outcrops of the
high Atals mountains in the northern part of the basin.
Two types of evaporite dissolution are identified:

(i) NaCl type with high Cl/TDS and Na/Cl, low Br/Cl and
B/Cl, low ¢'"'B (15%,) and high &Sr/%Sr ratio
(0.7114) that reflect dissolution of halite minerals.

—_
N
~

(if) CaSO,4 type with low CL/TDS, high SO4/Cl, Na/Cl, B/Cl,
low 8''B (20—259%,) and low 87Sr/%Sr (0.7076) ratios
that reflect dissolution of Late Triassic or earlier Lias-
sic gypsum deposits.

(4) Mixing with entrapped residual evaporated seawater
in the middle Souss Basin with relatively high Br/Cl
(~2x1073), high 6"'B (~37 and 43%,), and high
8751 /8851 ratio (0.7095 to 0.7101).

The stable isotopes data indicate that the Souss—Massa
shallow aquifer is highly influenced by the contribution of
recharge water from the high Atlas mountains that has a
high rainfall, particularly in its upstream part along the
upper Souss plain. The data indicate that the high Atlas
mountains constitute the main recharge area of the
Souss—Massa shallow aquifer. In addition, tritium and '“C
data revealed modern groundwater in the recharge zones
of the aquifer, while deep groundwater in the confined
and down-flow parts of the aquifer are older and reflect past
recharge during the Holocene. The results of age estimates
based on 3H and '¥C data suggested that relatively old
groundwater is practically mined at some wells. This indi-
cates that the Souss—Massa basin is very vulnerable to con-
tamination process, and the rates of salinization (e.g.,
seawater intrusion) or anthropogenic contamination (recy-
cling of agricultural return flow) are faster than natural
replenishment of the aquifer. We distinguish between two
major areas in the basin: (i) the Souss upstream part with
a high water quality and modern recharge, and (ii) the
downstream coastal areas with low water quality derived
from different salinity sources and long residence time of
groundwater. Obviously, continued water utilization in the
coastal and near-coastal areas would further increase the
depletion of water resource and degradation of groundwa-
ter quality. These factors should take into consideration in
future water management plans; decrease pumping from
the more vulnerable and contaminated coastal groundwater
and further exploration of the high quality and renewable
water resources in the upper zone of the Souss Basin. More-
over, the results of this study indicate that future explora-
tion of the deep groundwater from the Cretaceous
(Turonian) confined aquifer would result in production of
good quality water but with very old ages (~20 Kys BP),
which infers exploitation of non-renewable water resource.
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