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Abstract

could belong to medium enthalpy.

Introduction

Water chemistry is an investigative tool in the exploitation of
geothermal resources by determining the temperature of the orig-
inal reservoirs. In this perspective, geothermometer consists in es-
timating the temperatures of the last chemical equilibrium before
the arrival of surface water. It operates through empirical relations
known as “chemical geothermometers”. The majority of these geo-
thermometers were obtained from the comparison of water sam-
ples from deep reservoirs with measured temperatures. These re-
lations are therefore based on the chemical equilibrium of certain
elements dissolved in water with the reservoir rock.

The validity of these geothermometers, however, is subject to
several conditions, the most important of which is the establish-
ment of the equilibrium between the chemical elements present
in the solution is the mineral that controls it. In addition, it is as

Chemical geothermometers constitute an important indicator for investigation and exploration of geothermal resources.
They are used for predicting deep reservoir temperature. These geothermometers have been developed based on the interaction
occurring between groundwater and their host rocks. So, they are focused on chemical elements obtained from surface thermal
spring waters. The North part of Morocco, according to its geological setting, is an area with different thermal sources. Geochemical
investigation revealed that most of those springs are hosted in carbonate and evaporite allochthonous rocks. The application of
different models such as [1,2] highlighted that hose springs have undergone a mixing process with shallow water leading to the
decrease of their surface temperature and then acquired the shallow water behavior. The deep estimated temperature with the
fitting geothermometers (Quatrz, Na-K-Ca-Ma, Giggenbach diagram) remains below 100°C which assumes that in depth water
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sumed that the studied system is isocheimal between the reservoir
and the surface [3]. The validity of this hypothesis has been verified
for many geothermal systems [2,4,5]. Nevertheless, uncertainties
remain inherent in the application of geothermometer, which are
due to errors in the mineral parageneses involved in deep equilibria
and/or mixing phenomena of thermal waters with surface waters.
All this will have the effect of inducing a deviation from the initial
chemical composition of the waters in the reservoir.

Materials and Methods

Physical parameters, pH, electrical conductivity, and TDS were
measured in the field using a conductivity meter and a pH meter.
Major elements and silica have been analyzed in the Laboratory of
Geochemistry of the Ministry of Water, Energy and mines in Rabat,
Morocco. The analyzes of the dissolved gases in the thermal waters
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of some warm springs of the North of Morocco were made within
the framework of the research project of native sulfur in Morocco
launched by the Ministry of Energy and Mines. The campaign of
sampling and analysis of these gases interested only a few interest-

ing emergences previously chosen. These analyzes were carried out
only on dissolved gases. This study is carried on 42 warm springs
located in the North of Morocco (Figure 1).
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Figurel: Situation of studied thermal springs.

Result

Geothermometer investigation
Silica geothermometers:

The silica content of the thermal water that emerges on the sur-
face is governed firstly by the water temperature in the reservoir
of origin, its composition at depth and especially by the possibility
of maintaining its concentration at the point of emergence [6]. This
content is conditioned by the weathering of the silicate minerals,
which releases cations and silica into the water. The content of this
latter is generally fixed, according to the temperature of the area,
by one of the allotropic varieties of silica, namely, amorphous silica,
cristobalite, chalcedony or quartz. The solubility of these minerals
is expressed by the equation:

SiOypiay +2H,0 — H,SiO,

The species most encountered in geothermal reservoirs are
quartz and chalcedony. The presence of amorphous silica at emer-
gence, though rare, is a high enthalpy reservoir index [7]. The solu-

Table 1: Silica dissolved species values in studied water.

bility of these varieties of silica as a function of pH has been studied
by several authors [8, 9] and has been quantified between 25 and
350°C [10]. This phenomenon reaches its maximum around 200°C
and becomes less important beyond this temperature.

The silica geothermometer shows the equilibrium of quartz
and other mineral phases of silica at high temperatures. It is the
best indicator of deep temperature if there is no dilution factor or
precipitation after cooling [11]. Before applying silica geothermom-
eter to the thermal springs of the Sebou watershed, it is advisable to
determine beforehand the mineral phases of the silica that control
the concentration of silica dissolved in these waters. This concen-
tration remains low and ranges from 6.8 mg/1(source of Sarij) to
35 mg/I (source of Kerma). Indeed, the chemical equilibrium simu-
lation program used (WateqF) showed that H4Si0O4 is the dominant
species in solution with respect to its main ionic form (H,SiO") (Ta-
ble 1). Theoretically, only the neutral form of silica (H,SiO,) partic-
ipates in equilibrium with the mineral species (quartz or chalcedo-
ny). The other two forms (H,Si0,) and (H,Si0,*) therefore remain
negligible. The concentrations of the analyzed silica can thus be as-
similated to those of H,SiO,, they can be used in the calculations of
temperatures by silica geothermometer (Table 2).

Sources N° H,Si0, H,Si0, H,SiO,

Matmata 1 1.66E-04 4.84E-07 4.83E-11

Bouezlane 2 1.16E-04 1.54E-07 4.40E-12
Fellaj 3 1.21E-04 2.78E-07 1.55E-11
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Skhira 4 1.16E-04 2.41E-07 1.06E-11
Sidi Harazem 5 1.56E-04 5.00E-07 6.14E-11
Skhinat 6 1.85E-04 3.34E-07 1.50E-11
Moulay Yacoub 7 5.26E-04 1.69E-07 7.62E-10
Ain Allah 8 1.87E-04 9.82E-07 3.68E-10
Skhounate 9 2.08E-04 3.83E-07 1.76E-11
Zerga 10 2.16E-04 7.14E-07 9.45E-11
Zalagh 11 2.85E-04 1.06E-06 1.88E-10
Traht 12 3.49E-04 8.28E-07 5.10E-11
Moulay Driss 13 2.13E-04 2.11E-07 7.97E-12
Tiouka 14 2.76E-04 1.02E-06 1.21E-10
Outita 15 4.68E-04 1.23E-06 2.41E-10
Es-Skhoun 16 2.99E-04 1.24E-07 1.11E-10
Anseur 17 2.16E-04 2.16E-07 4.36E-12
Maaser 18 1.83E-04 1.68E-07 2.80E-12
Beida 19 2.04E-04 4.62E-07 1.86E-11
Robbani 20 1.20E-04 1.14E-07 2.09E-12
Boutmine 21 1.26E-04 1.13E-07 1.75E-12
Ksob 22 1.21E-04 1.62E-07 3.47E-12
Sarij 23 1.13E-04 1.80E-07 4.33E-12
Fendes 24 1.11E-04 1.78E-07 4.30E-12
Boudraa 25 2.15E-04 1.99E-06 3.41E-10
Khanza 26 3.02E-04 9.31E-08 5.88E-13
Ghouzzal 27 2.73E-04 1.93E-07 2.39E-12
Kebbata 28 2.09E-04 4.14E-07 1.73E-11
Merest 29 1.91E-04 2.54E-07 5.57E-12
Mekkouch 30 2.53E-04 1.40E-07 1.38E-12
Mourra 31 3.17E-04 2.03E-07 2.81E-12
Rmel 32 2.16E-04 2.39E-07 6.12E-12
Tarmast 33 2.54E-04 1.29E-07 1.28E-12
Sidi M’hamed 34 3.00E-04 2.97E-07 4.37E-12
Mouilha 35 4.21E-04 3.19E-07 4.56E-12
Kerma 36 5.83E-04 4.28E-07 5.90E-12
Basra 37 2.08E-04 5.02E-07 2.36E-13
Zeroual 38 2.11E-04 1.27E-07 2.07E-12
Tafrant 39 2.16E-04 1.71E-07 2.77E-12
Bouabelli 40 2.50E-04 1.50E-07 1.76E-12
Harra 41 1.98E-04 1.81E-07 3.06E-12
Kebrita 42 2.30E-04 2.19E-07 5.64E-12
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Table 2: Silica geothermometers.

Geothermometers Formules Limites °C Auteurs
Quartz 1309
T = ——273,15 04a 250 Fournier, 1977-81
(sans perte de vapeur)r 5, 19— lOg S102
Quartz 1522
T = : - 273, 15 180 a 300 Fournier, 1977-81
(avec perte de vapeur) 57 75— 10g SlOz
1032
Calcedoine —273,15 0a250 Fournier, 1977-81

" 4,69—log SiO,

1000
«-Cristobalite = 4’ 78— log S102 - 273,15 20a250 Fournier, 1977-81
781
B-Cristobalite = 4,51 log SO, —273,15 202250 Fournier, 1977-81
731
Silice amorphe - 273, 1 5 20a250 Fournier, 1977-81

" 4,52 log SiO,

Les concentrations sont exprimees en mg/I.

Determination of silica saturation index

5102 (mg/l) Amorphous silica

A

100}
80
Chalcedony
60 =
Quartz Arnorsson
Cuartz Fournier
40 1
201
HHAA Estimated temperature °C
| | | | -~
] 20 40 60 80

Figure 2: Solubility diagram of allotropic varieties of silica.
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The calculation of the saturation test of the silica of the studied
waters with respect to the allotropic varieties of silica highlights
that all waters are saturated with respect to quartz. However, the
degree of saturation varies from source to source; the sample of Ain
Allah (No. 8) is in perfect equilibrium with quartz, its saturation
index (logPAI/K) is close to zero, while the sources of [12,13] have
the highest saturation indices. However, these waters can also be
considered as being in equilibrium with chalcedony with, in this
case too, a very variable saturation index from one water point to
another. The equilibrium diagram of the different varieties of silica
(Figure 2) highlights that almost all the representative samples of
thermal springs are located around the curves of chalcedony and
quartz. The dissolved silica cannot therefore come from amorphous
silica because all the waters are undersaturated with respect to this
mineral. According to [12], waters that are under saturated with
amorphous silica at the emergence temperature are of two types.
The first type includes waters that have acquired silica by weath-
ering. Silica is therefore the majority species. They are therefore
very diluted water containing only a few chlorides. The second type
contains concentrated waters, with many chlorides and a low con-
centration of silica. The waters of our study area rank among the
waters of the second type according to their low silica concentra-
tions compared to other dissolved species.

Choice of silica geothermometer
The studied springs have a balance with both quartz and chal-

cedony. The choice of the geothermometer to use (quartz or chal-

Table 3: Estimated temperatures by Na/K geothermometer.

cedony) is therefore difficult. In all cases, given the strong variation
in the solubility of quartz and chalcedony with temperature, if the
allotropic variety of silica is poorly chosen, an error of 20 to 25 °C
is made in the estimation of the reservoir temperature. Since the
solubility of quartz at a given temperature (t°) is equal to that of
chalcedony at about (t° - 25) [12-14]. It should be noted that the
a cristobalite geothermometer and that of amorphous silica gave
negative temperatures, while the g cristobalite geothermometer
gave temperatures which are positive or negative but lower than
the emergence temperature. These two factors plead in favor of
the non-plausibility of these geothermometers. This would be due
to the under saturation of water regarding minerals that compose
these two geothermometers.

Cation geothermometers

The cation geothermometry is based on ion exchange reactions
between the coexisting mineral phases that allow the establishment
of a thermos-dependent global equilibrium. In thermal systems, the
balance between fluids and mineral assemblages has been widely
demonstrated from the chemical composition of fluids [15,16,2,5].
The type of reactions involved therefore depends on the miner-
al paragenesis representative of the rock matrix in the reservoir.
This paragenesis can be determined either by using cores from oil
drilling or by using chemical equilibrium simulation programs. The
cation geothermometers established by different authors are illus-
trated in (Table 3).

Sources N° T.emergence T.estimation
Matmata 1 31 37
Bouzemlane 2 25 62
Moulay Yacoub 7 54 77
Zerga 10 34 58
Trhat 12 27 52
Tiouka 14 26 42
Maaser
18
22.3

50
Khanza 26 20.2 28
Kebbata 28 21.2 39
Mekkouch 30 20 54
Mourra 31 22 31
Tarmast 32 19 37
Mouilha 34 18.7 27
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Na/K geothermometer

The Na/K geothermometer is based on the cationic exchange
between Na* and K* between geothermal fluid and aluminosilicates
according to the following equilibrium [17]:

NaAlSiO, + K+ — KAI(SiO,)O, + Na*

AlbiteMicrocline

Several authors have put in evidence that the solubility of sodi-
um increases more than that of potassium with temperature, hence
a Na/K ratio proportional to temperature. This ratio is largely af-
fected by the ionic association hence its utility for the evaluation of
deep temperature. In comparison with the silica geothermometer,
the Na/K geothermometer is less affected by the chemical re-equil-
ibration that occurred during the recovery of the solutions, but it
can be slightly modified by mixing with cold surface waters [14, 15].

The non-evolution of the Na/K ratio during water rising was
corroborated by the example of [12] who showed, in the Pyrenees,

that the blockage of this ratio was the precipitation of kaolinite
during its cooling, which consumes all available aluminum and
therefore prevents any new formation of feldspars. The equations
have been calibrated in relatively dilute solutions and give abnor-
mal results when applied to brines [16]. To remedy this situation,
[17] have studied the possibility of using this geothermometer to
approach the temperature of formation waters, including the wa-
ters of oil fields where salinities are generally very high. They pro-
posed a modified version of the Na/K geothermometer (Table 3).
The Na/K geothermometer is strongly discussed [18] and its great
handicap is its unsuitability for surface water [19].

To determine the appropriate equations for the waters of the
thermal springs studied, the values of the Na/K ratio at the emer-
gence temperature have been plotted on the diagram of the varia-
tion of this ratio as a function of the temperature and on which are
also the lines relating to the thermometric equations proposed by
the different authors are represented (Figure 3). From this repre-
sentation, we can distinguish four groups:

2- Giggnbach, 1988

3- Fournier, 1979

4- Mieva & Nieva, 1987
5- Arnorsson, 1988

6- Truesdell, 1976

7- Tonani, 1980

1- Albite microcline equilibrium (Arnorsson, 1988)

8- albite adular equilibrium (Arnorsson, 1982)
9- Ma-montmorillonite-K-montmorillonite (Arnorsson, 1982)

Figure 3: Variation of log (Na/K) vs the absolute temperature (Fournier, 1979).
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a)

b)

d)

e)

Group1 is characterized by a set of sources having logNa/K
less than or equal to 1.5. Representative points for this group
are Sources no. 3,4, 5, 6,8,9,11, 16, 17, 20, 21, 22, 23, 24, 25,
27,29, 32, 34,37, 38, 41 and 42. The projection of these sam-
ples is set below all the curves corresponding to the empirical
equations. Which means that these equations are not adapted
to these sources. These latter display very high estimated tem-
peratures compared to emergence temperatures. These sourc-
es could be under saturated regarding the minerals involved in
the exchange reactions between Na* and K* and which served
as a basis for the establishment of these geothermometers,

Group2 which includes a set of sources for which logNa/K is
between 1.5 and 2. These samples are plotted in the vicinity of
the equations of [20, 21]. These sources are no. 1, 2, 7, 10, 12,
13,14, 15,18, 26,28, 30, 31 and 39. The estimation of the deep
temperature by the Na/K geothermometer will therefore be
better approximated. for these sources, by the equations men-
tioned above. The temperatures obtained by these two equa-
tions differ, if there is a difference, only by 2 degrees at most,

Group3 is represented by source (no. 35) which remains very
close to the straight line established from the [14],

Group4, too, is represented by a single source (no. 33) which
remains close to the line established from the Giggenbach
equation (1988),

The place occupied by each representative sample of the
sources of the last three groups with respect to the empirical
straight lines relating to the Na/K geothermometers allows at-
tributing, to each source, the thermometric equation which is
adapted to it as to the value of its Na/K ratio (Table 2).

Na-K-Ca geothermometer

Fournier and Truesdell, 1974, proposed the Na-K-Ca geother-
mometer because of the participation of calcium in the reaction
in competition with sodium and potassium. They assume that the
control of this geothermometer is based on the balance between
alkali feldspars, plagioclase, and calcite. This geothermometer was
therefore proposed considering the reactions involving Na*, K* and
Ca*™. These reactions are of three configurations (Fournier and
Truesdell, 1974):

(x+2y) K" +solid <> xNa* + yCa™ + solid
(2y—x)K* +xNa"* +solid <> yCa™* + solid

(x=2y) K" +yCa*"solid <> xNa" + solid

The approximate equilibrium constant for the above reactions
can be written in the following general form:

LogK =log(Na/K )+ Blog /%
a

K is a constant that can take various values depending on the
stoichiometry of the considered reaction. The relationship between
logK and temperature becomes linear for K=1/3 at temperatures
above 100 °C and 4/3 for lower temperatures. The resulting line
can be used to estimate the depth temperature in a range of 0 to
340°C (Figure 4).
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Figure 4: Diagram of temperature estimation by Na-K-Ca (Fournier et Truesdell, 1973).
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The equation for this line gives the expression of the Na-K-Ca
geothermometer: 1647.

1647

Na Ca
2,47+ log— |+ S| 2,06 +10 /—

T = -273,15

1 C o (o}
ﬂ:4/3 if [2.06+10g[1,72]>0] and T° <100 °C)
[2.06+10g[ /]vaj>0] et T° >100°C Concentrations
a

B =1/3 can be used for temperatures T<100°C when

fCa
log[ E] is negative (Kharaka et Mariner, 1989).

The Na-K-Ca geothermometer is used instead of the Na/K geo-
thermometer in areas where the latter would lead to inaccuracies
due to lack of control of sodium and/or potassium [13,22]. The
application of this geothermometer to the thermal springs of the
Northern Morocco has given, in most cases, very high temperatures.
Except for sources no. 1, 10, 12, 18, 33 and 35, where the estimated
temperatures by this geothermometer are close to those obtained
by the quartz geothermometer, the other estimated temperatures
are either too high or too low compared to at the emergence tem-
perature. These sources apparently do not lend themselves to the

p=13 it

in moles.

application of geothermometers based on calcium.

The chemical equilibrium simulation program used has shown

that calcium levels are controlled by equilibrium with carbonates,
mainly dolomite, calcite, and aragonite [23]. This calcium is there-
fore involved in equilibrium with carbonates and does not inter-
vene in the exchange reactions between the silicates controlling
the Na/K ratio in the water. In addition to the rate of complexation
of calcium that tends to the formation of ionic complexes, the con-
sequence is a decrease in the molality of Ca?* free. All these argu-
ments tend to limit the calcium intervention in exchange reactions
between Na* and K* and thus testify to the non-adaptation of the
Na-K-Ca geothermometer to the thermal springs of the Sebou wa-
tershed.

Na-K-Ca-Mg geothermometer

This geothermometer has been proposed to correct overesti-
mated temperatures by the Na-K-Ca geothermometer [24] consid-
ering the influence of magnesium contents. This correction allows
a decrease of ATMg of the temperature obtained by the geother-
mometer Na-K-Ca. The relative content of Mg** with respect to the
sum of the concentrations of dissolved Mg**, Ca** and K* has been
schematized by the ratio R which is defined as follows:

R=—M8 100
Mg+Ca+K

Concentration is equivalent per liter. The procedure for this
correction is as follows:

*Calculation of 7,

(Na—K Ca) according to the method proposed by
[25]

*Calculation of R: the relationship between TINa_K_Ca_Mg) and R
is represented on the (Figure 5). Depending on the value of R, two

cases occur:

**5< R<50 (Figure 6):

E
g . i
+ \ *
g -\ \\ \ ““.‘; k)
£\ : TP -
- \?\:\ ?'\ \\\ \\"‘ \~"‘\
= b ‘\- "‘lu.
K\ \ \\\ Ya o e
~ ~ ~ = -
IR YL RIS, -~
\\\\ "‘N-__‘ ‘-""--.__-__- .._‘__---
T o e G
bt -+ i 0 "

Figure 5: Relationship between the R ratio and the temperature estimated by the Na-K-Ca geothermometer
(Fournier and Potter, 1979).
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T.Ne-K-Co (°C)

Figure 6: Diagram for the estimation of AMg as a function of the temperatures evaluated by the Na-K-Ca geothermometer for 5
<R <50 (Fournier and Potter, 1979).

% vy 4
TNa-E-Ca ("0

Figure 7: Diagram for the estimation of AMg as a function of the temperatures evaluated by the Na-K-Ca geothermometer for
1.5 <R <5 (Fournier and Potter, 1979).
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ATMg = 10.66—(4.7415x10gR)+(325,87x log R (1.032410° (log)’ ))/T—(1,968x107x(10gR)/T)2 +(1.605410" (log R)') /7

** 1.5 <R <5 (Figure 7):
ATMg =~1,03+(59.97Ixlog R) +(145.05x(log R)* )~ (3671 1x(log R)’ /T) ~(1.67x(10g R)/T*)

with 7/ )+273.15

(NafoCa

The application limits of this geothermometer are:

* T('Na—K—Ca) > 700C
**0.5<R<50

ATMg (°K) is therefore the overestimation given by the Na-K-
Ca geothermometer. The temperature estimated by the Na-K-Ca-Mg
geothermometer (°C) is:

T,

Na—-K-Ca—Ma

=T,

Na—-K-Ca

— ATMg —273.15

Finally, if the R ratio is greater than 50, the reservoir tempera-
ture is assumed to be approximately equal to that at emergence,
regardless of the high estimates obtained by the Na-K-Ca geother-
mometer.

Discussion

The application of the Na-K-Ca-Mg geothermometer to the
studied sources allows first to eliminate some sources which tem-
perature obtained by the Na-K-Ca geothermometer is less than
70°C, this concerns sources no. 1. 2. 9. 10. 18. 31. 32 and 33 and
subsequently those with an R ratio greater than 50 (sources no. 3.
21.29 and 30). This geothermometer has given for the other sourc-
es temperatures which remain however high which evokes that the
effect of the correction was not reached temperatures which re-
main acceptable knowing that they are not too high but superior to
the emergence temperature. Nevertheless, these temperatures are
lower than those given by the Na/K geothermometers. This would
be due to a mixture of waters relatively rich in magnesium.

A method of evaluating the results and examining the consis-
tency of the estimated temperatures is to plot the temperatures of
the magnesium-corrected Na-K-Ca geothermometer as a function
of the temperatures estimated by the quartz geothermometer as
described by [25]. Waters that project to the right of equal tempera-
ture line are probably unmixed waters. Water plotted below this
line can be affected by mixing, precipitation of calcite or calcium
exchange with shallow sodium. Samples located above this equilib-
rium temperature curve may represent evaporitic concentrations
or high concentrations of silica due to equilibrium with chalcedony
or dissolution of amorphous silica. The (Figure 8) highlights the re-
lationship between these two types of estimated temperatures in
the Noth of Morocco springs. This figure highlights the individual-
ization of two groups. The first group is composed of 18 sources all
located below the line of equal temperature. These sources would
therefore be affected by cold water contamination that could prob-
ably intercept the thermal water during its ascent to the surface.
These sources can also give rise to a cationic exchange between cal-

cium and sodium, but there is no precipitation of calcite since no
source is supersaturated with respect to this mineral to give rise to
such precipitation.

The second group is formed by sources no. 5. 6. 7. 8. 14. 15. 16.
25.40 and 41. These sources are indeed saturated with respect to
chalcedony. In addition, for sources no. 5. 6. 7 and 8. The evaporitic
concentrations reported by [25] can be in narrow connection with
the Triassic evaporites which constitute the substratum of the Lias-
sic reservoir, suspected until today as the original reservoir at these
sources. It should be noted that the source no. 8 remains the closest
to the temperature equilibrium line and therefore according to the
principle of this graph, we can say that this source is the only one
not to be mixed with the superficial waters.

Na-K-Mg diagram

This diagram was developed by [2] with the aim of classifying
balanced waters with pure mineral phases to a given tempera-
ture, waters balanced with solid solutions and immature waters,
i.e.,, waters that have not yet reached equilibrium (Figure 9). This
diagram can therefore provide information on the origin of water
(superficial or mixing), the total equilibrium and finally it allows a
rough estimate of the temperature of last balance. In this diagram,
the concentrations of the elements Na*, Mg** and K* are used at re-
spective proportions Na/1000, AMg and K/100. The total equilib-
rium curve is a curve where the two geothermometers Na/K and
K/AMg are merged. It remains to be noted that these geother-
mometers involved in this diagram are based on a balance invoking
the four Na*, K*, Ca®* and Mg** cations in aluminosilicate minerals
(albite, microcline, muscovite, chlorite, and calcite) and silica [2].

The application of this method highlights that the tempera-
tures estimated by the two basic geothermometers of the Na-K-Mg
diagram are very different. Na/K temperatures [2] range from 37°C
to 472°C while those of K/AMg are relatively low and range from
14°C to 142°C. This variation can only be explained by the rate of
re-equilibration of the exchange reactions during the upwelling to
the surface [26]. [27], adversly, thinks that the discrepancy between
the temperatures of the two geothermometers of [2] can result
from a mixture of different waters without the existence of a wa-
ter-rock equilibration after mixing.

The projection of the Na*, K* and Mg?* contents on the diagram
(Figure 9) shows the sources no. 14. 26. 33 and 35 are close to the
equilibrium line while the sources no. 7, 38 and 42 are in partial
equilibrium without the total equilibrium being reached. The 35
remaining sources are plotted in the field of surface waters. This
group of sources near the magnesian pole could be induced by a
very pronounced mixture of thermal waters with superficial cold
waters so that these cold waters can impose their characteristics
and their chemism on the thermal waters. This does not reject the
fact that these waters of the magnesian pole are indeed waters from
surface water tables. Since almost all the plotted samples are far
from the equilibrium line, this does not allow an adequate estimate
of the original reservoir temperature. In general, the non-equilib-
rium of deep water can be attributed to rapid percolation of water.
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N,-Ar-CH, Diagram

The ratio of the gases on the diagram N,-Ar-CH, (Figure10) re-
veals that the representative points of the six considered sources
are plotted between the two lines which indicate the minimum and

the maximum of the ratio N,/r of the meteoric waters, near the ASW
(Water Saturated Air). This would indicate a probable meteoric or-
igin to these elements. Source no. 14 is projected into the mixing
zone of gaseous species originating primarily from the magmatic
and crustal origins [28].

crustale

N2/100

magmatique

air
33 météorique

T Asw

CH4/500

Ar

Figure 10: Diagramme N,-Ar-CH,.

Conclusion

The application of silica geothermometer to the studied ther-
mal springs based on the saturation state of these waters with re-
spect to the different allotropic varieties of silica at the emergence
temperature has shown that cristobalite geothermometers K, K*
and amorphous silica are inapplicable to the studied sources, be-
cause of the saturation of these with respect to these minerals [29].
Quartz and chalcedony, to which water is saturated, are the only
silica geothermometers that seem to be applicable to the studied
waters. For chalcedony, waters generally have saturation indices
less than 0, whereas for quartz, its saturation indices are positive.
As a result, silica geothermometer works well with quartz with
chalcedony.

Regarding the alkaline geothermometer, the application of the
Na/K geothermometers, given the multitude of obtained values
using the different thermometric expressions relating to this ratio,
indicates that there is not a single equation that works with all geo-
thermal systems of the North Morocco [30, 31]. Each equation is
specific for a temperature range of the Na/K ratio and for a specific
mineral paragenesis that controls this ratio. Therefore, for sources

with a low Na/K ratio (less than or equal to 1.5), this geothermom-
eter is inapplicable. Apparently, the exchange between Na* and K*
ions is exclusively controlled by the mineral parageneses formed of
feldspar or montmorillonite. For sources where this ratio is great-
er than 1.5, this geothermometer allowed to obtain plausible tem-
peratures.

The application of the Na-K-Ca geothermometer shows that it
is not applicable to all sources. Its estimated temperatures are, in
most cases, very high compared to emergency temperatures. The
magnesium geothermometer Na-K-Ca-Mg gave temperatures that
remain roughly like those estimated by silica (quartz) for many
sources. Some authors reflect the underestimates given by these
geothermometers to the actions of contamination of thermal wa-
ters by superficial cold waters. The application of Giggenbach’s
method revealed that the studied waters are all below equilibrium.
This situation can be attributed to a continuous introduction of
cold-water fractions in the ascent of the thermal water.

The gases associated with the thermal waters of the Sebou
watershed have different origins; atmospheric and deep. Some
parameters intervene in the reduction of the content of certain
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gases such as the reduction, in depth, of oxygen. Carbon dioxide and
methane seem to come from the decomposition of organic matter.
The mismatch between methane and hydrogen would mean that
the latter does not come from the dissociation of the first. Its origin
is probably deep and/or related to the reduction of water. Nitrogen
and argon would be related to a meteoric origin, except for the
Tiouka spring where the origin of these gases could be deep. This
result should be confirmed by a future investigation involving gaz
and isotope geothermometer. However, the surface thermal water
with their temperatures often below 30°C and classified thus as low
enthalpy and could be used in balneotherapy or Spa therapy such
as Hammam Chaabi in the Mediterranean coastline close to Dar
Kebdani village. These waters could also be used in fisheries and

greenhouse agriculture.
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