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The geochemical and isotopic (strontium, boron, radium, oxygen, hydrogen) variations of geothermal
waters from five different regions in Morocco were investigated in order to evaluate the sources of
solutes and the mechanisms of water-rock interaction. During 2008 to 2010, twenty-two geothermal
water samples were collected from the southern, central, and northern parts of Morocco. The water
samples were analyzed for major and trace elements, stable isotopes (380, 3°H) naturally occurring
radionuclides (*?°Ra, 22%Ra, 2?*Ra), and isotopes of dissolved strontium (87Sr/%6sr) and boron (3''B). The
Moroccan geothermal waters exhibited a wide range of salinity, ranging from 590 to 25,000 mg/L with
predominance of chloride, sodium, sulfate, calcium, and bicarbonate ions. Integration of the geochemical
and isotope data suggests that the geothermal waters in Morocco originate from recharge of meteoric
water and water-rock interactions. The predominance of chloride and sodium and the relatively low Br/Cl
ratios (<1.5 x 10~3), combined with Ca/SO4 ratios ~1 suggest that halite and sulfate (gypsum/anhydrite)
minerals are the major rock sources for mineralization of the geothermal waters. The variations of
875r/%65r ratios (0.7076—0.7122) and 5''B (5.3%:—29.3%0) were used to distinguish two rock sources (1)
dissolution of marine sulfate/carbonate rocks with Sr isotope composition that correspond to the ex-
pected ratios in seawater during time of deposition; and (2) non-marine sources with higher 87Sr/36sr
and 8!!B, presumably from interactions with clay minerals and shale rocks. The variations of radium
isotopes indicate that the alpha-recoil of the parent nuclides on the host rocks caused mobilization of the
short-lived 2?“Ra and %?®Ra to the geochemical waters. The low 2*Ra/??%Ra ratios (activity ratios of 0.04
—0.14) measured in the geothermal waters mimic the Th/U ratios in the source rocks, which indicate
predominance of uranium over thorium. Our data show that some of the geothermal waters in Morocco
are characterized by high salinity, and in some systems also by elevated radioactivity above international
drinking water standards, which limits their utilization for agricultural and domestic applications.
Adequate treatment is therefore required to use geothermal waters in Morocco as an alternative or
additional water source. Other geothermal waters with low mineralization can be utilized as alternative
resource for the agricultural and domestic sectors without any restrictions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

spiritual, therapeutic, recreation, and agriculture, among other
functions. In Morocco, geothermal waters discharge from springs

Since early civilization, geothermal water has been utilized for and artesian boreholes and are prevalent in southern, central and
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northern parts of the country (Fig. 1). Some springs are known by
their therapeutic purposes for both bathing and consumption (e.g.,
Moulay Yacoub Fes, Outita, Moulay Idriss, Chafia and Abainou),
while other CO; rich mineral waters are bottled, and sold
commercially as mineral water (e.g., Sidi Hrazem and Oulmes).
Previous studies have surveyed the location of geothermal fields
through southern, central and northern Morocco (El Morabiti et al.,
1998; Lahrach et al., 1998; Zarhloule et al., 1998, 2007; Rimi, 2000;
Rimi et al., 1998, 2012; Ettayfi et al., 2012), while others evaluated
the chemistry, hydrogeology and isotopic (130, 2H, 13C, and ()
compositions of the groundwater systems (Cidu and Bahaj, 2000;
Hakam et al.,, 2001, 2015; Winckel et al., 2002; Tassi et al., 2006).
In this study we present new geochemical data of twenty-two
geothermal water samples collected from southern (Souss Basin
and Anti-Atlas Mountains), central (High Atlas and Tadlha Basin),
and northern (Rif Mountains) parts of Morocco (Fig. 1). While the
previous studies of geothermal waters in Morocco have focused on
water sources and residence time using stable and radiocarbon
isotopes, here we expand the geochemical toolbox and include
isotopes of strontium (87Sr/%8sr), boron (3''B), and radium (?*°Ra,
228Ra, 22%Ra) that together with geochemical variations are used to
the delineate the sources of solutes in the geochemical water, the
mechanism of solute mobilization, and the type of source rocks that
control the chemistry of the geothermal waters. In addition to the
geochemical study, this paper aims to provide an assessment of the

suitability of Moroccan geothermal water as an alternative water
source in areas of high water scarcity.

2. Background and methods
2.1. Sample sources

Geothermal samples were collected from 22 sites between
December 2008 and April 2010 to represent a wide geographical
range and a broad range of uses. Table 1 summarizes the source
type, location, use, geology, and characterization of the Moroccan
geochemical waters.

2.2. Analytical methods

Temperature (°C), pH and electrical conductivity (uS/cm) of the
waters were determined in the field at the point of discharge.
Water samples were collected, field-filtered with 0.45 pm, and
preserved in the field. All water samples were shipped to Duke
University for analysis of major and trace elements and isotope (O,
H, B, Sr, Ra) ratios. Major anions (SO4, Cl, Br) were determined by
ion chromatography (IC) on a Thermo- Fisher Dionex 2100, and
major cations (Na, Ca, Mg) were measured by direct current
plasma optical emission spectrometry (DCP-OES). Boron and
strontium were determined with a VG PlasmaQuad-3 inductively
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Fig. 1. A geologic map of Morocco with sampling location. Geothermal springs and boreholes investigated in this study are indicated with a triangle and circle, respectivley. The
legend shows the sample number IDs and the temperature values. Samples were sorted according to their geographical distribution.
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Table 1

List of the geothermal waters investigated in this study and background information on the water use, geology and site characteristics.

Sample Type Group Name & Location Uses Geology and characterization
#
1 S Rif My Yacoub in Bab Tiouka; = SPA Miocene (Tortonian) carbonate marls. This spring is characterized by high degassing of H2S.

Prerifan Ridge, Mt. Yacoub

Previous studies suggested either deep-water circulation and contact with Triassic evaporite

formations, or a contact with halite at the level of the draining fault. (Cidu and Bahaj, 2000)

Lower Lias formation composed of carbonate and anhydrite minerals

Tortonian (Miocene) marls. Previous studies have suggested that these waters have been
circulated within a carbonate aquifer and have a residence time between 0 and 6000 years BP.

(Winckel et al., 2002)

A 1516m borehole composed of (1) Quaternary lacustrine limestone (0—92m); (2) Miocene
Grey Marls (92—1316 m); and (3) Liassic Limestone and dolomites (1316—1516m).
Triassic gypsum formations, near a contact with Paleocene-Eocene marl, Lias dolomitic and

carbonate rocks, anticline, Eastern Morocco.

Triassic gypsum formations, near a contact with Paleocene-Eocene marlThe springs is

characterized by high degassing of CO2 and H2S

Miocene green marls, near E-W fault with Lower Lias dolomite and limestone rocks

This water is bottled and sold in Moroccan markets. A 270m deep borehole is composed of
Upper Miocene marls, sand and bioclastic limestone (0—70m) and Lias limestone and

dolomites (70—270m).

Granitic rocks characterized by high gaseous mineral water with high bicarbonate
Liassic limestone

Liassic limestone

A 1100 m depth borehole in Cretaceous carbonate and gypsum

Lower Cambrian limestone

Lower Cambrian limestone

A borehole drilled into confined Turonian carbonates.(Bouchaou et al., 2008)
Both are 390 m deep boreholes drilled into multiple aquifers of Turonian Carbonate that lie

underneath theTadla Plain.

2 S Hamma My Driss Zerhoun; SPA and drinking
Prerifan Ridge water
3 B My Yacoub; Southern Rift ~ SPA
Valley
4 B Ain Allah; Southern Rift SPA and drinking
Valley water
5 S Sidi Chafi SPA
6 S Hajra Safra; Eastern Rif Belt SPA
7 S Hamma Zalagh; Zalagh SPA and drinking
Mountain, Prerifan ridges water (limited use)
8 S Rif- Sidi Harazem; Southern Rift Drinking water
bottled Valley
9 S Sidi Harazem; Southern Rift Drinking water
Valley
10 S High My Hachem; High Atlas SPA and drinking
Atlas  Mountains water
11 S My Ali Cherif; Ziz River, High SPA and drinking
Atlas Mountains water (limited use)
12 S Ait Lamine; High Atlas SPA
Mountains, north of Agadir
13 B Anti- Lalla Mellouka; Anti- Atlas  SPA and drinking
Atlas  Mountains water (limited use)
14 S Abeinou; Anti-Atlas SPA and drinking
Mountains water (limited use)
15 B Souss Kleaa; Souss Plain Irrigation
1617 B Tadlha ONEP Drill; Tadla Plain Drinking wate
18,19 B Artesian; Tadla Plain Irrigation and
drinking water
20,21,22 B ONEP Drill; Tadla Plain Drinking water

Both are 400 m deep boreholes drilled into multiple aquifers of Turonian Carbonate that lie
underneath theTadla Plain.
All 3 are boreholes drilled through multilayer aquifers of Eocene and Turonian carbonates

beneath the Tadla Plain.

coupled plasma mass-spectrometer (ICP-MS). Sample signals/
concentrations were bounded by matrix standards and repro-
ducibility was compared to external standards. Error in repro-
ducibility of external standards was less than 5%. Total alkalinity
was determined in duplicate by titration with HCl to pH 4.5. Stable
isotopes were determined by continuous flow isotope ratio mass
spectrometry (TCEA-CFIRMS), using a ThermoFinnigan TCEA and
Delta + XL mass spectrometer at the Duke Environmental Isotope
Laboratory (DEVIL). Analytical precisions for 8'0 and 3°H were
estimated as +0.1%o and +1.5%o, respectively. Replicate measure-
ments of 380 and 3?H were also performed by spectrometry using
a Picarro L2120 at the Applied Geology and Geo-Environment
Laboratory, Ibn Zohr University, Agadir, Morocco. Strontium and
boron isotopes were determined by thermal ionization mass
spectrometry (TIMS) using a ThermoFisher Triton. The average
875r/85Sr of the SRM-987 standard measured during this study
was 0.710266 + 0.000005 (SD). The SD for 37Sr/26Sr on duplicate
samples was +0.000008. The average ''B/1°B of NBS 951 boric acid
standard measured during this study was 4.0061 + 0.0005 (SD).
Boron isotopes were measured in negative ionization mode
(NTIMS) with an artificial seawater load solution (Dwyer and
Vengosh, 2008). Boron measurements are presented in standard
notation (3''B) relative to the 951 standard. The SD of duplicate
groundwater samples in this study was +0.0012 leading to a SD in
3B notation of +0.3%o. Radium isotopes (*>4Ra, >?5Ra and ??®Ra
were analyzed at the Duke University Laboratory for Environ-
mental Analysis of Radio Nuclides (LEARN).

2.3. Geologic and hydrologic settings

The geology of Morocco is complex with formations that range
from Precambrian to Quaternary in age. For simplicity, we divide
the geologic formations into six units based on age, Precambrian,
Paleozoic, Jurassic, Cretaceous, Neogene, and Tertiary-Quaternary
(Fig. 1). The Precambrian is localized mainly in southern Morocco
and composed of igneous granites and metamorphic rocks within
the Anti-Atlas Mountains. Overlying the Precambrian basement are
Paleozoic-age formations also largely in the Anti-Atlas Mountains
Morocco but also as in central part of Morocco in High Atlas
Mountains. The Paleozoic-age formations are generally meta-
morphic and sedimentary.

Triassic and Jurassic age sandstones, limestone and evaporite
deposits are abundant in the High and Middle Atlas Mountains.
During the Late Cretaceous there was a general transgression and
return to shallow marine conditions in the Atlas and the northern
Saharan regions. The Cretaceous—age units contain fluvial sand-
stones, marls and conglomerates. Paleocene-Eocene thin sandy to
marl sediments overlie unconformably the Late Cretaceous strata.
Neogene volcanic rocks are found mainly in northern Morocco with
occasional intrusive basalts from rift-related magmatism. The
youngest rocks, the Quaternary to Tertiary, are composed mainly by
alluvial sands, gravels, and lacustrine limestone. These thick allu-
vial and coastal deposits form major basins, including the Souss
Basin in southern Morocco near Agadir; the Tadlha Basin around
Marrakech in central Morocco; and several basins along the
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Atlantic Coast and from Rabat to Oujda (Fig. 1).

The Rif region in northern Morocco is a complex zone that
includes significant volumes of Cretaceous and Tertiary limestone,
as well as slivers of older rocks, including ophiolites and meta-
morphic basement. The Rif is a thrust zone, part of the Alpine
orogenic zone that has caused complex layering of sedimentary
formations, and mountainous areas. Other major Cretaceous to
Tertiary basins include the Plateau des Phosphates north of Mar-
rakech, which includes limestone and marls; and the Haut Plateau
in the northeast of Morocco, which includes calcareous lacustrine
deposits.

Precipitation in the High, Middle and Anti Atlas Mountains is
the major source of Morocco's water resources. Snowmelt and
rain feed productive aquifer formations in most of the major
sedimentary units, at various depths including karst aquifers that
are found mainly in the Rif and the High, Middle and Anti Atlas
Mountains. Given the complex geology, including several thrust
regions, geothermal water is often associated with spring systems
boreholes that have been drilled near fault zones.

3. Results
3.1. Chemical characterization

The geothermal water samples showed wide ranges in salinity
(TDS from 588 mg/L to 25,000 mg/L), temperature (24 °C to
54.4 °C), and pH (6.02—7.45; Table 2). The lowest pH measure-
ments were obtained in CO; rich springs (#3,9). Major element
chemistry reveals three major water groups (Fig. 2): (1) Na-Cl
water type with the highest TDS (#1, 3, 5, 6, 11 and 12); (2) Ca-
SO4 water type (#2, 12, 13, and 14); and (3) Ca-Mg-HCO3; water
type, with lower salinity (#4, 9, and 15 through 22).

The variations of major elements of chloride, sodium, calcium,
magnesium, bicarbonate and sulfate with TDS (Fig. 2) show that
chloride and sodium are the major constituents that generate the
overall salinity, followed by sulfate, calcium, and magnesium. Bi-
carbonate concentrations were typically low (<600 mg/L) and
were not correlated with TDS; in only one geothermal system
from granitic rocks (#9), the bicarbonate levels were high
(1000 mg/L). In most geothermal waters the sulfate was associ-
ated with the TDS, except the most saline site (#3) with low sul-
fate contents (Fig. 2). Minor elements of boron and strontium also
showed high correlations with the overall TDS (Fig. 2).

3.2. Isotopic characterization

The stable isotopes of 880 and 3°H in the geothermal water
ranged from - 8.7%o to —4.5%0 and from —60.1%o to —32.2%o V-
SMOW, respectively (Fig. 3). The 3°H—3'80 variations were
compared to the Global Meteoric Water Line (GMWL;
3%H = 8*5'80 + 10; Craig, 1961; Dansgaard, 1964) and to the local
meteoric water line in Morocco (8°H = 8*3'80 + 14; Fig. 3), which
represents the local precipitation (Bouchaou et al., 2013; Raibi
et al., 2006; Ouda et al., 2004). The 5'0 and 3°H values of the
geothermal waters vary along the meteoric water line and not '%0-
enrichment from high-temperature water-rock interactions was
observed. Likewise, no correlations have been observed between
the stable isotopes ratios of oxygen and hydrogen and chloride
concentrations or Br/Cl ratio. The lack of correlations with salinity
and the similarly to the meteoric line therefore indicate ground-
water recharge without extensive evaporation or influence of
external saline water. Deuterium excess values (d-excess) ranged
from 4%o to 20%o (Table 2), with most values higher than 10%o. As
the air masses in Morocco originate mainly from the Atlantic
Ocean, the relatively high deuterium excess values suggest

Table 2

Major and trace elements, combined with stable isotopes (oxygen, hydrogen, boron, and strontium) and radium isotopes data of Moroccan geothermal waters. ND indicates the analysis was not determined, while BDL is below

detection limit.
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Fig. 2. Variations of sodium (A), chloride (B), calcium (C), magnesium (D), sulfate (E), bicarbonate (F), strontium (G), bromide (H), boron (1), Br/Cl (J), and %?°Ra (K) with TDS in the
geothermal waters in Morocco. All concentrations are in mg/L, except for 226Ra, which is reported in Bq/L. Note the high correlations with statsitical significance (i.e., high R? values
and p values < 0.001) for chloride, sodium, calcium, magnesium, strontium, and boron with TDS, while sulfate and bicarbonate were not always correlated with TDS.

significant contributions of moisture from a secondary origin such
as the Mediterranean Sea or local vapor flux through evaporation to
rainfall (Clark and Fritz, 1997). The samples showing high deute-
rium excess (#7, 9, 12, 18, 19, and 20) can be also explained by
recharge from high altitude (Bouchaou et al., 2009). A similar
process has been highlighted in other regions not influenced by the
Mediterranean air masses (Sosa et al., 2011).

Strontium isotopic ratios (37Sr/%%sr) varied among geothermal
waters from carbonate rocks from 0.7077 (#15; sourced from
Cretaceous limestone in Souss area) to 0.7122 (#7; sourced from
Miocence marls in Zalagh Mountain). A single geothermal sample
from the granitic area of Oulmes yielded much higher radiogenic
ratio of 0.7230 (9; Fig. 3). Boron isotopic ratios varied among
geothermal waters from carbonate rocks from 3''B of 5.3%o (11;
Liassic limestone at High Atlas Mountain) to 29.3%. (8; Lias

limestone and dolomites at Southern rift Valley Miocence marls in
Zalagh Mountain). A single geothermal sample from a granitic area
of Oulmes yielded low 8''B of 7.9%0 (9; Fig. 3). The high saline water
with high boron concentrations (1, 3) had also relatively high 5!'B
of 19.8%o and 25.5%o (Fig. 3).

The long-lived radium nuclides of ?*Ra and ?*°Ra showed large
variations in 226Ra, between 0.003 Bq/L (#6) to 1.69 Bq/L (#11). The
highest 2*°Ra levels were observed in both the High Atlas Moun-
tains (#11: 1.69 Bq/L) and the Anti-Atlas Mountains (#13: 0.72 Bq/L
and #14: 0.65 Bq/L; Fig. 4). The 2*®Ra levels were systematically
lower than those of ?°Ra, and the data show 2?8Ra/?*®Ra activity
ratios distribution along two lines: (1) higher 2?8Ra/*?%Ra activity
ratios of 0.14 for geothermal waters from carbonate and marls rocks
from the Rif area; and (2) lower ?*Ra/?*®Ra activity ratios of 0.04
for geothermal water from the Atlas Mountain and one sample
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Fig. 3. Variations of oxygen, hydrogen (A), strontium (B), and boron isotopes (C). The
upper plot show 82H versus 3'80 values as compared to the Global Meteoric Water Line
and the local Moroccan Meteoric Water Line. The similarity to the water meteoric
water lines suggest that the geothermal waters originated from recharge of meteoric
water and water-rock interaction has not modified the stable isotope composition. The
middle plot (B) respresents 87Sr/86Sr ratios versus strontium concentrations. The single
sysmple from a grantic area (#9) from Oulmes District in Central Massif is marked with
the letter G. Note the high radiogenic 87Sr/®55r ratios of the geothermal water from the
granitic area relative to the sites that flow from carbonate/sufate rocks with much
lower 87Sr/®55r ratios. The bottom plot (C) represents 3''B versus boron concentrations.
The large 3''B variations were not correlated with boron concentrations.

from the granitic rock (Fig. 4). Although the temperature and TDS of
some geothermal systems show correlations, most saline and
higher temperature systems (e.g., 3) showed lower 2?°Ra activities
(Fig. 2K). The variations of the short-lived >?*Ra were directly
correlated to >?®Ra with %24Ra/**®Ra activity ratios ~1 (Fig. 4).

4. Discussion
4.1. Sources of solutes in the moroccan geothermal waters

All of the waters sampled in this study are saturated with
respect to calcite and dolomite, while the majority are under-
saturated with respect to gypsum and anhydrite, with the excep-
tion of five samples (#6, 11, 12, 13, 14). All samples show ionic
balance <5% except #3 with 18%. This error may be because K was
not measured during this study.

While the majority of geothermal waters investigated in this
study were collected from systems composed of carbonate rocks,
the distribution of major elements in the geothermal waters in-
dicates that the dissolved solutes originated from dissolution of
halite and sulfate minerals. The predominance of chloride and so-
dium, combined with typically low Br/Cl ratios (below the seawater
ratio of 1.5 x 10~3; Fig. 2j) indicates that halite dissolution is the
principle source of the salinity in the Moroccan geothermal waters.
Likewise, the association of Ca and sulfate with Ca/SO4 ratios close
to unity (Fig. 5), suggests that the high sulfate and calcium contents
of the geothermal waters originated from gypsum dissolution.
Combined, the geochemical data suggest that water-rock in-
teractions caused dissolution of evaporite rocks rather than car-
bonate rocks. In most of the geothermal systems, the bicarbonate
levels were low (200—500 mg/L) relative to other constituents
derived from halite dissolution such as Na and Cl (Fig. 2). The car-
bonate levels reflect the equilibrium between carbonate rock
dissolution and carbonate coprecipitation into secondary carbonate
minerals. The only exception is the geothermal water from the
granitic area of Oulmes (#9), where the bicarbonate content was
very high (1000 mg/L), reflecting intensive-water-rock interactions
with silicate minerals, which is common for geothermal waters
from silicate rocks systems (Nicholson, 1993; Favara et al., 2001;
Vengosh et al., 2002; Carreira et al., 2008; Marques et al., 2006,
2012; Dupalova et al., 2012; Loges et al., 2012).

In addition, the majority of geothermal water samples had 5'80
and 3°H values that plot near the GMWL and LMWL (Fig. 3A),
without indications of evaporation or water-rock interactions (i.e.,
enrichment of '30). This suggests that the geothermal waters
originated from meteoric water that was recharged to the subsur-
face through permeable media without secondary surface evapo-
ration. The majority of geothermal samples were collected at high
altitude or near the faulted mountain zones, which explains the
relative depleted values of 80 and ?H in some of the geothermal
waters. The four samples located above the LMWL (#12, 18, 19, 20)
were collected from deeper aquifers within the Tadlha and Souss
plains. This supports the hypothesis that the water originated from
the high Atlas Mountains, which was highlighted in previous
studies (Bouchaou et al., 2009; Winckel et al., 2002; N'da et al.,
2016; Penna et al., 2014). Consequently, the data suggest that the
geothermal waters in Morocco originated from common meteoric
water that recharged to the subsurface and interacted with evap-
orite rocks composed of halite and sulfate minerals.

In addition to the major elements, we use the strontium and
boron isotope variations provide further information on the rock
types that control the geothermal water chemistry. The different
geological formations in Morocco (Fig. 1) had distinctive 87Sr/86Sr
ratios of several geological units that include: (1) the underlying
Precambrian crystalline (granitic and metamorphic rocks) base-
ment with radiogenic 87Sr/86sr (>0.712); (2) marine carbonate and/
or sulfate (anhydrite) rocks with 87Sr/8Sr variations that represents
the seawater secular Sr isotope ratios during the Paleozoic, Triassic,
Jurassic, Cretaceous, and Miocene; and (3) the overlying Mid-
dle—Upper Cambrian schist rocks with expected radiogenic
875r/36Sr (>0.710). The Sr isotope ratios of barites in Paleozoic rocks
were measured and ranged from 0.71077 to 0.71714 (Castorina
et al., 1999). The radiogenic ratios were attributed to leaching of
pre-Hercynian schist rocks during the Hercynian orogenesis. As
shown in Fig. 3B, the 87Sr/3%sr ratios of the geothermal water from
carbonate and sulfate rocks varied from 0.7077 to 0.71222, while a
single sample from the granitic area of Oulmes yielded much higher
radiogenic radio of 0.7230 (#9; Fig. 3B). The high radiogenic
875r/86sr ratios in Oulmes water are associated with high bicar-
bonate concentrations (1000 mg/L) and Na/Cl ratio (>1), which are
consistent with the composition expected from silicate rocks
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and sulfate and the Ca/SO4 ratio ~ unity sugget that disslution of sulfate (gypsum)
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dissolution.

In order to further examine the relationships between the
875r/%6Sr in the geothermal water and the rock sources, we sorted
out the geothermal water samples based on the system lithology.
Our sample collected includes five rock types (1) Cambrian Paleo-
zoic (#13—14); (2) Liassic (Jurassic — #2, 4, 5, 8, 10 and 11); (3)
Turonian (Late Cretaceous —#12,15, 16, 17,, 20—22); (4) Senonian
(Late Cretaceous —#18, 19); and (5) Miocene-Neogene (#1, 3, 7).
The variations of 87Sr/®8Sr from these five lithological groups are
presented in Fig. 6 and compared to the 87Sr/®5Sr ratio of seawater
of the specific time of deposition, based on the secular 87Sr/%Sr
variation of seawater with geological time (Burke et al., 1982;
Veizer, 1989). The geothermal waters associated with Cambrian
rocks had slightly lower 87Sr/86Sr ratios relative the expected
seawater ratio during the Cambrian (Fig. 6). In contrast, in the other
systems we show systematic higher 87Sr/%5Sr ratios relative to the
expected seawater curve (Fig. 6). This is particularly shown in the
geothermal water from Miocene rocks with much higher 87Sr/86Sr
ratios that the expected seawater ratio during the Miocene. This
indicates that the carbonate and sulfate rocks are not the sole
sources for strontium, and other rock sources, such as clays and
shale with typically high Rb and radiogenic 87Sr/®5Sr are contrib-
uting to the geothermal waters.

The 3"'B values of the geothermal waters varied from 5.3%o to
29.3%o, without any correlations with the boron content (Fig. 3C). In
the case of the geothermal system from the granitic area of Oulmes,
the 3''B of 7.9%o could correspond to the granitic rocks composi-
tion. For the other geothermal systems, we show that geothermal
waters with low 87Sr/%8Sr ratios, which reflect predominance of
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Fig. 6. Box plots of 7Sr/%%Sr variations of the Moroccan geothermal waters sorted by
the geology and lithology of the host rocks. In each rock formation the 87Sr/36Sr var-
iations were compared to the 87Sr/%®Sr value expected for seawater during time of
deposition based on the secular 87Sr/%55r variations of seawater with time (Burke et al.,
1982; Veizer, 1989). The data show that in most cases the 87Sr/°Sr of the geothermal
waters were higher than the ratios expected for seawater during time of formation.

carbonate and sulfate rocks contribution, the 3''B values are typi-
cally low (5%0—17%0; Fig. 3C), which is consistent with the
composition expected from dissolution of marine carbonate and
sulfate minerals (Vengosh et al,, 1991). Some geothermal waters
with higher 87Sr/25Sr ratios also have higher !B values (19.5%o—
29.3%o; Table 2). The higher 3''B values in the latter case could be
result from further modification of boron through adsorption pro-
cesses, in which 1°B is selectively retained to clay minerals while
the residual groundwater becomes enriched in 'B. Alternatively,
the relatively higher 3'!B values could reflect mobilization of boron
from desorption sites on marine clay minerals, which are charac-
terized by 5''"B—20—30%0 (Vengosh et al., 1991, 1994).

Another way to evaluate the solute sources in the geothermal
water is through the correlation between 87Sr/38Sr and Ca/SO4 ra-
tios. The data show (Fig. 7) that geothermal waters with Ca/
S04 ~ unity have typically low 87Sr/%8Sr that correspond to disso-
lution of marine sulfate minerals with Sr isotope composition that
correspond to the ratio in seawater during time of sulfate deposi-
tion. On contrast, the rise of the Ca/SO4 ratios is associated with
higher 37Sr/80sr ratios, inferring contribution of Sr and Ca from
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other rock sources. We propose that desorption of Sr from marine
clay minerals would also generate radiogenic (higher) 37Sr/®6sr
ratios in the water given the typically high potassium, and thus
87Rb in clay minerals. Consequently the association of relatively
higher 8"'B, 87sr/%5Sr and Ca/SO4 ratios (Fig. 7) could reflect the net
contribution of marine clay minerals, which are different from the
marine sulfate with lower 3''B and 87sr/%6Sr as well as Ca/SO4 ~1.

4.2. Radium nuclides distribution in the moroccan geothermal
systems

The variations of 22°Ra (half life of 1600 years), 2*8Ra (5.8 years),
and %?*Ra (3.7 days) in the Moroccan geothermal water are pre-
sented in Fig. 4. The data show predominance of *°Ra over 2*Ra
(i.e., low ?*8Ra/?*®Ra activity ratios), while the >?Ra activities were
consistent with 22®Ra (i.e., 2>Ra/?*®Ra activity ratios ~1; Fig. 4).
Previous studies have shown that Ra levels in geothermal waters
are typically controlled by the temperature and salinity of the
water, with warmer and saline waters have typically higher Ra
activities (Sturchio et al.,, 2001; Vinson et al., 2013). Yet our data
show that both temperature and salinity only partially controlled
the 2%6Ra variations (Figs. 2 and 4c).

The distribution of 2*Ra and #?°Ra show patterns of two groups
(1) geothermal waters with 228Ra/??6Ra activity ratios of ~0.14
(Liassic rocks of the High Atlas Mountain); and (2) geothermal
water with lower 2*Ra/??®Ra activity ratios of ~0.04 (geothermal
from the Rif area and one site associated with granitic rocks; Fig. 4).
In both cases, the low 2?8Ra/?%®Ra activity ratios could indicate (1)
slow-rate rock dissolution that resulted in decay of the short-lived
228Ra nuclide; and (2) Ra mobilization from rocks via alpha recoil
characterized by predominance of uranium (source of *®Ra) over
thorium (source of 228Ra). If dissolution were the mechanism for Ra
mobilization, the levels of the short-live 2?Ra would be negligible.
Yet the 2?#Ra/??®Ra activity ratios close to unity indicate that Ra is
mobilized through alpha-recoil process, rather than dissolution
process. The apparent secular equilibrium of ?4Ra with its grand-
parent nuclide *?8Ra suggests that continuously recoil of these el-
ements from the aquifer rocks, which control the distribution of Ra
nuclides in the geothermal waters. Consequently, the low
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Fig. 7. 87Sr/®55r ratios versus Ca/SO4 ratios geothermal waters from Morocco sorted by
their geographic location. The data show that geothermal waters low 87Sr/®6r corre-
spond to Ca/SO4 ratios ~ unity that reflects direct dissolution of marine sulfate min-
erals. The increase of 87Sr/36Sr is associated with an increase of Ca/SO, ratios, reflecting
contribution of other source rocks, presumably marine clays with radiogenic 8”Sr/86Sr
ratios.

228Ra[*?5Ra activity ratios in the geothermal waters (Fig. 4) reflect
the rock composition with predominance of uranium over thorium,
rather than the rate of water-rock interactions. Since uranium is
predominant in both granitic and carbonate rocks, we see only a
small difference in the 2?8Ra/??®Ra ratios in geothermal waters from
carbonate/sulfate versus granitic rocks.

The absolute concentrations of radium nuclides exceed in some
sites the EU drinking water threshold levels (1 Bq/L for 2*®Ra; 0.1
Bq/L for *?®Ra), particularly for sites #11, 13, and 14. The U.S. EPA
drinking water regulations are more restrictive, with an upper limit
for combined ?*°Ra and ?*®Ra (0.185 Bg/L). Combined “*®Ra and
226Ra levels in a fraction of the Moroccan geothermal water
exceeded the U.S. EPA threshold level.

4.3. Implications for water utilization

In order to evaluate the link between water quality and water
use of the geothermal waters from Morocco we integrated the
water quality data (Table 2) with the water use, specified in Table 1
for each site. We sorted the geothermal water by its use;
geothermal waters that are used for spa recreation only, spa com-
bined with sporadic drinking water, and regular drinking water and
irrigation utilization. The variations of chloride, sulfate, TDS, and
combined 2?6Ra-+2?8Ra activities in the Moroccan geothermal wa-
ter sorted by water use are presented in Fig. 8. The data show that
the saline geothermal waters (4000 to 16,000 mg/L; sites #1, 3, 5—7,
11) are characterized by chloride and sulfate levels above the sec-
ondary drinking water regulations (both 250 mg/L). Likewise, so-
dium concentrations and the calculated Sodium Absorption Ration
(SAR) values are high (a range of 3—220), which pose risks for soil
stability when these waters are used for irrigation. Geothermal
waters with lower concentrations of TDS (1800—3500 mg/L; sites #
2,9,12, 13, 14) have much lower Cl and Na concentrations but high
sulfate concentration (except site #9 with high alkalinity). The
sulfate levels (1200 to 1900 mg/L) exceed the Secondary drinking
water regulations U.S. (250 mg/L). The World Health Organization
(WHO, 2004) did not include sulfate in the health-based guidelines
for drinking water, nut nonetheless showed cases for laxative ef-
fects in populations using drinking water with sulfate >1000 mg|/L.
Geothermal water samples with low TDS (600—1400 mg/L; sites #
4,8,10,15, 16, 17,18,19, 20, 21, 22) also contained low concentrations
of other dissolved constituents below any drinking water standard.
In particular, geothermal waters that are used for irrigation had low
boron contents (Table 2) below 1 ppm that could cause plant
toxicity. Likewise, all the geothermal waters had low uranium
contents (up to 3 pg/L Table 2), an order of magnitude below the
international drinking water standards (e.g., U.S. EPA of 30 pg/L).

Overall, the data show that several geothermal waters that are
used for both spa and sporadic drinking water have chloride and
sulfate levels above the Secondary drinking water limit, and in
some cases also above 1000 mg/L of sulfate that can cause laxative
effects. Yet most of the geothermal waters that are used for regular
drinking water and irrigation have chloride and sulfate levels below
the Secondary drinking water limit. In contrast, the **°Ra+2%%Ra
activity levels exceeded the U.S. EPA drinking water standard of
0.185 Bq/L in several geothermal waters that are used for both
regular and sporadic drinking water, irrigation, and spas (Fig. 8). In
particular, geothermal waters from sites #9,13, and 14 had high
226Ra-+228Ra activities (0.8—0.9 Bq/L) and sites from 2,19, 20, and 21
had lower levels (0.20—0.26 Bq/L) above the threshold value of
0.185 Bq/L. These radiation levels should be considered so as to
avoid direct supply of these geothermal waters to the domestic
sector, but instead could be used when blended with other water
sources to mitigate the radium effect.
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Fig. 8. Variations of TDS, chloride, sulfate, and >?°Ra-+2%®Ra (in Bq/L) concentrations in
geothermal waters from Morocco, sorted by water use. The geothermal waters are
used for recreation (spa) [yellow rectangles], recreation (spa) and sporadic drinking
water [red circles], and for regular drinking water and irrigation [blue diamonds]. The
data show that many saline geothermal waters have chloride and sulfate levels above
the U.S. EPA Secondary drinking water standards and some even above sulfate contents
of 1000 mg/L that, according to the WHO, can cause laxative effects. Some of the sites
that are used for drinking water (both sporadic and regular use) have combined
226Ra+228Ra activities above the U.S. EPA drinking water standard of 0.185 Bq/L that
could pose human health risk upon long-term utilization. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

5. Conclusion

This study reveals the sources of solutes in geothermal waters
from Morocco. Integration of multiple isotope tracers indicate the
most of the Moroccan geothermal waters originated from meteoric
water recharge combined with water-rock interaction. While most
of the geothermal waters (as springs and boreholes) flow through
carbonate rocks, the data show that dissolution of marine evaporite
rocks (halite and gypsum/anhydrite) is the principle source of
solutes that control the chemistry and the salinity of the
geothermal waters. The strontium and boron isotope data are
useful to delineate the relative contribution of marine carbonate/
sulfate rocks, Sr isotopic ratios close to the secular 8’Sr/80sr varia-
tions of seawater, relative to contributions from clay minerals and
shale rocks, with high (radiogenic) 87Sr/%6sr and 8''B. Radium iso-
topes indicate that Ra is mobilized from alpha-recoil of parent
nuclides on the host rocks with low 228Ra/??®Ra ratios that mimic

the low Th/U ratios in the rocks. Water quality and radioactivity in
Morocco showed three types of geothermal waters; highly saline
with high concentrations of chloride and sodium, brackish with
high sulfate and radium activities, and low-saline waters typically
with high quality. The highly saline geothermal water should not be
used for the domestic or agricultural sectors without adequate
treatment. The brackish waters that are used sporadically for
drinking could pose some health effects due to high levels of sulfate
and radium. The relatively low salinity waters can be used for both
irrigation and drinking, although we have identified several sites
with marginal high radium that should be addressed by treatment
or blending prior to any utilization for the domestic sector. None-
theless, all of the geothermal waters can be used for the tourist
industry as part of spa development, particularly in the High Atlas
region.
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