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The present study was conducted in the Wadi Fatima catchment in western Saudi Arabia with the primary
objective of finding themajor hydrochemical differences among geothermal and non-geothermal groundwa-
ter samples. Basedonthedissolved-silicacontentof124groundwatersamples, thechalcedonygeothermome-
ter with no steam loss was used to classify them as geothermal or non-geothermal. Themean total dissolved
solids (TDS) of thenon-geothermal andgeothermal sampleswere1254mg/Land4389mg/L, respectively. The
high TDS of the geothermal samples can be attributed to the higher temperature of circulation leading to a
greater degree of mineral dissolution, aswell as themixing of fresh, shallow groundwater with deeper saline
water,ascanbeseenonPiperandDurovplots. Silicateweathering is theprimaryhydrochemicalprocessactive
in the area. Basedon the saturation indicesof commonlydissolvedmineral phases, the geothermalwater sam-
ples showed higher saturation. Using chalcedony geothermometer can be an effective tool for classifying
groundwater from low-temperature reservoirs as geothermal and non-geothermal. Further groundwater
facies analysis, ionic relationships, and saturation indices can be employed to determine hydrochemical char-
acteristics of these two different types of waters.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction The situation is compounded when groundwater availability is
The Arabian Peninsula, especially Saudi Arabia, is under
extreme water stress owing to high demand and limited availabil-
ity (Lezzaik and Milewski 2018). Surface-water supplies in Saudi
Arabia are meager and are derived mainly from water stored
behind >400 dams across the country (Zaharani et al. 2011) but
mainly in the southern and southwestern regions, where rainfall
is higher than the national mean (Almazroui et al. 2012). Non-
renewable groundwater stored in the sedimentary formations of
the Arabian platform form the main water-supply resource in the
kingdom and constitute >80% of the total water available for agri-
cultural, domestic, and industrial consumption (Rehman et al.
2020). Groundwater stored in the shallow alluvial aquifers within
the valleys of the Arabian platform and Arabian Shield and the
unconsolidated deposits along the coast make up a small share of
the available groundwater resources (DeNicola et al. 2015).
coupled with deterioration in groundwater quality, especially in
the non-renewable water stored in the sedimentary aquifers that
are characterized by high dissolved-solids content, rendering it
unfit for consumption without any treatment (Zaidi et al. 2019).
Groundwater pollution from agricultural activities (Alabdula’aly
et al. 2010), trace metals (Basahi et al. 2018), and heavy metals
(Alomar et al., 2020) also have been reported from different parts
of the kingdom. Western Saudi Arabia is drained by several wadis
formed by the drainage of ephemeral streams originating in the
highlands of the Arabian Shield and draining toward the Red Sea.
The alluvial deposits along these wadi channels are an essential
source of local groundwater supply. Groundwater-quality investi-
gations have been performed for many of the wadis (Marko et al.
2014; Rajmohan et al. 2019).

Wadi Fatima is a major wadi in western Saudi Arabia and is the
largest northeast–southwest-trending wadi in the western Arabian
Shield. Various aspects have been investigated by many research-
ers, including groundwater quality (Alyamani and Hussein 1995;
Sharaf 2013); groundwater exploration by geophysics (Al-Garni
2009); subsurface structural mapping by geophysics (Al-Garni
2010); and description of the arid geomorphic features by remote
sensing (Alwash et al. 1986).

The objective of the present studywas to investigate the ground-
water quality in Wadi Fatima with a particular emphasis on silica
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hydrochemistry. Basedon thedissolved-silica content and theappli-
cation of commonly used silica geothermometers (Khan and Umar,
2010; Khan et al. 2015; Wang et al. 2018), groundwater from the
study area was classified as geothermal and non-geothermal, and
the groundwater characteristics were investigated. The present
study is the first of its kinds which involves the hydrochemical
assessment of groundwater samples fromwadi Fatima after its clas-
sification as geothermal or non-geothermal based on its dissolved
silica content. The chalcedony geothermometer used in this study
gives an idea about the aquifer temperature and the technique if
combinedwithother geothermometers andmeasurements of stable
isotopes in groundwater, can give an idea about the source and the
depth of circulation of the geothermal water. This can further help
in determining whether the given reservoir can be considered as a
potential source of geothermal energy or not.

2. Study-area description

2.1. Topography and climate

Wadi Fatima is one of the major drainage basins in western
Saudi Arabia trending in an east–west direction, perpendicular to
the Red Sea coast; it occupies an area of � 5400 km2. It is a
seventh-order basin, and includes two physiographic divisions of
Saudi Arabia, the western coastal plain and the Hijaz escarpment
(Sarwat Mountains) (Fig. 1). As a result, a wide variation in topo-
graphic relief ranging from sea level (Red Sea coast) to 2300 m in
the highlands of the Arabian Shield can be seen within the basin.
A wide variation in the rainfall pattern and temperature are
observed in both the upper and lower reaches of the wadi owing
to the variation in topography (S�en et al. 2017). The eastern part
of the basin, which is at a higher elevation, receives a mean annual
rainfall of 150 mm, whereas the western low-lying area of the
basin gets 80 mm on average (Niyazi et al. 2014). Similarly, the
minimum and maximum temperature varies within 23 �C–32 �C
along the coast but is �15 �C–28 �C in the highlands.
2.2. Geology

The stark difference in topography is also reflected in the geol-
ogy, as the western parts of the basin consist of Quaternary coastal
deposits, whereas the eastern part comprises Precambrian base-
ment rocks of the Arabian Shield (Fig. 2). Wadi Fatima is within
the rifted western margin of the Arabian Shield, which represents
Fig. 1. Map showing location, digital elevation model (DEM
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a major southwest-trending fault zone that has been active since
the Precambrian (Grainger 1992). A major part of the study area
is composed of late Proterozoic volcanic to volcaniclastic rocks that
have been subjected to multiphase deformation, metamorphism,
with igneous intrusions. The northeastern part of the basin is cov-
ered by the Quaternary basalts of Harrat Rahat. Along the wadi
channel and in the coastal areas are surficial unconsolidated Qua-
ternary deposits, including eolian sands and alluvial fan and ter-
race deposits, covering Tertiary sediments of the Shumaysi
Formation (Al-Garni 2009). The Precambrian Fatima Formation,
consisting of clastic sedimentary rocks, lies in the northwestern
part of the study area, north of the main wadi channel (Fig. 2).

2.3. Hydrogeology

The thickness of the unconsolidated alluvial deposits within the
Wadi Fatima drainage basin varies from 10 to 20 m in the Arabian
Shield to � 80 m in the coastal plains. The deposits comprise
mainly conglomerate, sandstone, and mudstone (Sharaf 2013). In
the Arabian Shield, the weathering of the basement rocks has
resulted in secondary porosity supporting shallow aquifers
(Sharaf et al. 2004). Overall, transmissivity values of the uncon-
fined aquifer range within 300–1800 m2/day, and specific-yield
values range within 0.12–0.2. Recharge of the shallow aquifer is
mainly from the infrequent runoff events, which saturate the
unconsolidated alluvial deposits above the weathered basement
right after the rainfall events. However, a rapid decline in the water
table occurs owing to evaporation and the infiltration of water to
the underlying weathered and fractured basement (Alyamani and
Hussein 1995).

3. Methodology

Major-ion and silica concentrations were obtained for 124
groundwater samples from the Saudi Geological Survey. Standard
groundwater sampling procedures as prescribed by APHA (2012)
were used. The physical parameters such as EC, TDS, temperature
and pH were measure directly in the field using multi-parameter
pocket meters. The major ions were analyzed using ion chromatog-
raphy whereas silica analysis was done using spectrophotometry.
The charge balance error (CBE) was calculated for the samples
and the samples used in this study had a CBE of <5%. The samples
were divided into two different classes (geothermal and non-
geothermal) based on Fournier’s (1977) no-steam-loss chalcedony
), and drainage pattern within Wadi Fatima catchment.



Fig. 2. Geological map of Wadi Fatima catchment, adapted from Brown et al. (1963), and location of groundwater sampling sites within catchment.
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geothermometer. The samples were then compared using different
methods to determine the dominant hydrochemical processes
operating within the two classes. Piper (GW_Chart) and extended
Durov plots (Al-Bassam and Khalil 2012) were prepared to identify
the different hydrochemical facies present in the area. Ionic com-
parisons were made in Microsoft Excel, and saturation indices of
the major mineral species present in the groundwater were calcu-
lated by applying PHREEQC v.3 interactive software (Parkhurst and
Appelo 1999). Location and geology maps were prepared in ArcGIS
10.6.
4. Results and discussion

The boxplot of the major ions and SiO2 in the analyzed ground-
water samples shows the minimum and maximum values, the first
and third quartiles, and the median and mean (Fig. 3). Na and Cl are
the dominant ions. The total dissolved solids (TDS) of the 124 sam-
ples range from 411 � 17,969 mg/L. The minimum and maximum
values, mean, and standard deviation for the measured parameters
3

(including pH, TDS, and chemical components) of the non-
geothermal and geothermal groundwater samples are compiled
in Table 1.
4.1. Silica geothermometry

The presence of dissolved silica in groundwater results mostly
from rock–water interaction causing chemical weathering of sili-
cate minerals in the aquifer. The concentration of dissolved silica
in the groundwater depends in part on residence time of the
groundwater in the aquifer. In the analyzed samples, silica concen-
tration ranged within 18.10–94.70 mg/L and averaged 42.20 mg/L.
The amount of dissolved silica in groundwater is also an indicator
of the depth of groundwater circulation, as studies have shown
that groundwater originating from greater depths has relatively
higher silica content (Fournier and Rowe 1966). Given the average
geothermal gradient, groundwater rising from greater depths is
assumed to have originated from reservoirs at higher tempera-
tures. Accordingly, the solubility of silica in groundwater is con-



Fig. 3. Boxplot showing minimum and maximum, median and mean, and first and third quartile values of analyzed parameters in groundwater.

Table 1
Minimum and maximum, mean, and standard deviation for measured parameters for samples of non-geothermal (N-GeoT) and geothermal (GeoT) groundwater. [Values of
measured parameters are expressed in mg/L except pH. TDS, total dissolved solids].

Parameter Minimum Maximum Mean Standard deviation

N-GeoT GeoT N-GeoT GeoT N-GeoT GeoT N-GeoT GeoT

pH 7.00 7.00 8.11 8.00 7.26 7.35 0.25 0.34
TDS 411.00 614.00 5715.00 17,969.00 1253.91 4388.61 849.87 4445.76
Ca 36.40 62.40 538.50 1740.00 169.92 427.60 100.40 396.68
Mg 7.80 21.80 162.10 579.60 43.81 147.61 29.94 147.33
Na 50.00 72.40 1515.00 4359.00 162.02 922.46 210.29 1111.14
K 2.70 1.80 22.00 23.10 9.82 7.68 4.58 5.03
Cl 41.80 62.20 2113.30 7478.00 335.00 1567.38 346.78 1892.60
HCO3 47.80 133.30 295.50 360.10 166.89 199.33 39.66 43.31
NO3 2.04 3.10 355.00 2150.00 107.60 336.73 73.12 384.88
SO4 18.50 69.20 1299.00 3264.00 262.14 784.09 210.65 751.63
SiO2 18.10 40.30 39.00 94.70 31.06 55.31 5.92 14.73
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trolled by not only the residence time of groundwater in the aqui-
fer but also the reservoir temperature (Wang et al. 2018).

Because the solubility of SiO2 in groundwater is related to both
the temperature and pressure in the reservoir, silica geothermome-
ters commonly have been used in geothermal studies to determine
the temperature of the circulating water (Arnórsson 2000). The dis-
solution of silica in groundwater can be represented as SiO2 + H2-
O ? H4SiO4. Although silica has low solubility in groundwater at
temperatures of <180 �C, its polymorphs, such as chalcedony,
which has a less-ordered crystalline structure, is frequently used
as a geothermometer for calculating groundwater temperature.
Fournier’s (1977) no-steam-loss chalcedony geothermometer was
used in this study to determine the temperature of circulating
groundwater:

t� C = [1032/(4.69 � logSiO2)] � 273.15 ð1Þ

where SiO2 concentration is given in mg/L. Groundwater samples
with higher SiO2 contents show higher temperatures of circulation.
Based on Equation (1), groundwater temperatures calculated for the
analyzed samples ranged within 27.52 �C–107.15 �C and averaged
61.3 �C. One of the main objectives of this study was to determine
the hydrochemical characteristics of the geothermal and non-
geothermal groundwater. All the groundwater samples showing
chalcedony temperatures >60 �C were categorized as geothermal
water, and hydrochemical characteristics of the two groundwater
types are discussed. Based on chalcedony temperature, 57 samples
were classified as geothermal water and 67 as non-geothermal.

As mentioned earlier, SiO2 in groundwater is derived purely
from rock–water interaction, whereas Cl in groundwater can be
4

derived from geogenic or anthropogenic sources (Kincaid and
Findlay 2009). A wide variation in Cl concentration for particular
values of SiO2 concentrations in different groundwater samples
can indicate that the Cl was derived from anthropogenic sources
(Mukate et al. 2018). The plot of Cl versus SiO2 (Fig. 4a) shows
lower Cl contents (mean, 335 mg/L) for the non-geothermal sam-
ples (SiO2 < 40 mg/L) than for the geothermal samples (SiO2 > 40-
mg/L), which average 1567.4 mg/L. Because wide variation in Cl
values for similar values of SiO2 is not clearly shown by the plot,
the possibility of anthropogenic input of Cl to groundwater can
be ruled out. The plot of TDS versus SiO2 (Fig. 4b) shows a similar
pattern, with non-geothermal groundwater samples exhibiting a
lower mean value of TDS (1254 mg/L) compared to that of the
geothermal water (4389 mg/L). The higher Cl and TDS values for
geothermal waters indicate a greater degree of mineral dissolution
at the higher temperature of circulating water. However, the lack
of a good correlation between increasing SiO2 concentration and
TDS values indicates that groundwater TDS is also controlled by
geogenic factors other than silicate dissolution. The plot of Cl ver-
sus TDS (Fig. 4c) shows a strong robust correlation for both non-
geothermal and geothermal waters, indicating that the groundwa-
ter TDS is strongly influenced by Cl dissolution in groundwater. The
source of Cl could be from halite dissolution, saline-water intru-
sion, or the presence of brines at greater depths due to past marine
transgressions, such as during the Pleistocene Epoch along the
west coast of Saudi Arabia (Behairy 1983). During such periods of
transgression, saline water stored in unconsolidated alluvium
along the coast could be the reason for high TDS and Cl concentra-
tions compared to salt-water intrusion alone. In some areas, the



Fig. 4. Relationships among SiO2, Cl, and total dissolved solids (TDS). (a) SiO2 versus Cl; (b) SiO2 versus TDS; (c) Cl versus TDS.
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high salinity is also a result of the interaction of groundwater with
sabkha deposits, which are common along the west coast of Saudi
Arabia (Zaidi et al. 2017). However, only minor sabkha deposits
have been reported from the Wadi Fatima catchment.
4.2. Hydrochemical facies analysis

4.2.1. Piper plot
Based on chalcedony temperatures obtained from silica concen-

trations, 57 water samples were classified as geothermal (mean
TDS, 4389 mg/L) and 67 as non-geothermal (mean TDS value,
1254 mg/L), and then a Piper plot was prepared for each of the
two categories (Fig. 5).

Using ionic-abundance data, the geothermal waters were
divided into 5 hydrochemical facies. The Piper plot (Fig. 5a) shows
that Cl + SO4 dominates the hydrochemistry. With Na + K concen-
trations within 50%–75% and Cl + SO4 concentrations > 75%, 18
samples belong to the (Na + K)–(Cl + SO4) facies. These samples
are characterized by very high TDS values (mean, 9055 mg/L),
and their mean chalcedony temperature is 82.6 �C. With Ca + Mg
concentrations within 50%–75% and Cl + SO4 concentration >75%,
23 samples belong to the (Ca + Mg)–(Cl + SO4) facies. For samples
belonging to this facies, the mean TDS is 2888 mg/L, and the mean
temperature is 73.6 �C. The mixed (Ca + Mg)–(Cl + SO4) facies con-
Fig. 5. Hydrochemical-facies classification using Piper plot. (a) Geotherm
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tains 12 samples with mean TDS value of 874 mg/L and mean tem-
perature of 66.46 �C. The Ca + Mg and Cl + SO4 concentrations are
within 50%–75% in these facies. Circulation for these sampled
waters may have been at great enough depth to have caused tem-
peratures >60 �C; however, their limited residence time in the
aquifer has not increased mineral dissolution, as reflected in their
comparatively low TDS values.

Two geothermal-water samples belong to the (Na–K)–(Cl + SO4)
facies, where both ionic pairs are >75%. Their mean TDS value is
4501 mg/L, and their temperature is 83.5 �C. This groundwater
facies was absent in the non-geothermal water. Two samples
belong to the mixed (Ca + Mg)–(HCO3 + CO3) facies, where both
ionic pairs have concentrations within 50%–75%. These samples
are closest to meteoric-water composition and have a mean TDS
of 614 mg/L and chalcedony temperature of 88.8 �C. The reasons
for high silica concentration in these samples are not very clear.

The non-geothermal groundwater can also be divided into five
different hydrochemical facies (Fig. 5b). The (Ca + Mg)–(Cl + SO4)
facies is represented by 10 groundwater samples that have a mean
TDS value of 1451 mg/L and for which both ionic pairs have a con-
centration of >75%. In general, this groundwater facies represents
reverse ion exchange, whereby excess Ca and Cl left after bonding
with SO4 and Na, respectively, bond with each other to form the
rare CaCl2 salt (Zaidi et al. 2015). This groundwater facies was
absent in the geothermal water.
al-groundwater samples; (b) Non-geothermal-groundwater samples.
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The second facies is the (Ca + Mg)–(Cl + SO4) with Ca + Mg con-
centration within 50%–75% and Cl + SO4 concentration >75%. The
mean TDS value of the samples in these facies is 1265 mg/L. Max-
imum number of samples (30) falls within this facies.

Most of the geothermal waters are in the unconsolidated
coastal deposits in the downstream reach of Wadi Fatima. These
deposits, which were formed mainly by the chemical and mechan-
ical weathering of the basement rocks of the Arabian Shield, may
contain traces of radioactive elements. Instances of radioactive ele-
ments, such as 226Ra, 232Th, and 4K, in the groundwater from Mak-
kah province have been reported by Alseroury et al. (2018). The
decay of these radioactive elements may lead to high heat genera-
tion and, in turn, a higher temperature for the circulating water.
Because higher temperatures also are related to depth of circula-
Fig. 6. Extended Durov plot showing main geochemical processes controlling grou
groundwater samples.

6

tion, depths (or thicknesses) of alluvial deposits were compared.
In the part of Wadi Fatima that is in the Arabian Shield, alluvial
deposits are shallower than in the coastal plains in the lower
reaches of the Wadi. Thicker deposits allow groundwater to circu-
late to greater depths, which explains the dominance of geother-
mal waters in the lower reaches of Wadi Fatima.
4.2.2. Extended Durov plot
An extended Durov diagram (Fig. 6) is commonly used in

groundwater studies for identifying the main hydrochemical pro-
cess operating within an aquifer according to the position of sam-
ples within nine fields in the central plotting square (Llyod and
Heathcote 1985; Musaed et al. 2020).
ndwater chemistry. (a) Geothermal-groundwater samples; (b) Non-geothermal-
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Geothermal- and non-geothermal-groundwater facies fall
within Durov Fields 5, 7, 8, and 9. Different groundwater facies plot
in Durov Field 5, which includes a more significant number of non-
geothermal than geothermal samples (Fig. 6a and 6b). Durov Field
9, which represents the Na–Cl facies, includes a greater number of
geothermal than non-geothermal water samples (Fig. 6a). This
facies indicates saline-water intrusion, halite dissolution, or the
presence of ancient saline water within the aquifer. The geology
and the distance of the sampling wells from the sea favor the pres-
ence of ancient saline water obtained from previous episodes of
marine transgression in the region. Durov Field 8, common to both
types of groundwater samples, indicates the mixing of freshwater
in the aquifer with deep ancient saline water and some degree of
reverse ion exchange. Durov Field 7, represented by the Ca–Cl
facies, indicates saline-water intrusion or reverse ion exchange
and includes more non-geothermal- than geothermal-water sam-
ples. Mixing of ancient saline water with recent freshwater (Durov
Field 9) is apparent in the geothermal-groundwater samples
(Fig. 6a), whereas groundwater mixing between different facies
(Durov Field 5) can be seen in the non-geothermal waters (Fig. 6b).

4.3. Silicate weathering

Carbonates, silicates, and evaporites are the main mineral
groups that undergo chemical weathering (Garrels et al. 1973).
Na-normalized ratios of Ca, Mg, and HCO3 commonly have been
used to obtain evidence of the weathering of these minerals in
groundwater (Mukherjee and Fryar 2008; Khan et al. 2020). Rela-
tively low ratios of Na-normalized endmembers indicate silicate
weathering (Gaillardet et al. 1999), whereas extremely low Na-
normalized ratios are indicative of evaporite weathering. The con-
tinental crust has a mean molar ratio of 0.6 (Taylor and McLennan
1985). The mean Ca/Na molar ratio determined in this study was
0.625, which indicates the predominance of silicate weathering.
In a plot of Na-normalized Ca versus Mg, all the water samples fall
within the zone of silicate weathering (Fig. 7a). In a plot of Na-
normalized Ca versus HCO3, some samples also fall within the
evaporite-weathering region (Fig. 7b). Evaporite weathering is
more pronounced in the geothermal samples that show a higher
percentage of Na (very low HCO3/Na ratios). High TDS values also
characterizes these samples.

Silicate weathering reflects the geology of the Wadi Fatima
basin (Fig. 2). The western part of the basin contains Precambrian
igneous and metamorphic rocks of the Arabian Shield; these rocks
are composed mainly of silicate minerals. Deposits along the coast
in the western part of the basin were derived from the physical
weathering of basement rock, subsequent transportation of the
resulting sediments, and the silicates’ chemical weathering by
interaction with groundwater.

4.4. Saturation indices

The most-common modeling approach used in hydrogeochem-
ical studies is thermodynamic calculation of saturation indices of
mineral phases. PHREEQC software (Parkhurst and Appelo 1999)
uses geochemical parameters to compute indices of minerals that
are capable of saturating a solution. Saturation-indices calculation
using this code have been commonly used for hydrogeochemical
modeling. Based on the ions dissolved in groundwater, the pro-
gram calculates saturation indices for all possible mineral phases
present.

Saturation indices were calculated for the principal mineral
phases present in the groundwater samples, which yielded relative
abundances that can be represented by silicates > carbonates >
evaporites. All the groundwater samples are highly unsaturated
with halite (�7.14–3.28) (Fig. 8a) and unsaturated or at or near
7

equilibrium with gypsum (�2.33–0.66) and anhydrite (�2.63–
0.24) (Fig. 8b). The samples vary from saturated to undersaturated
for the carbonate minerals: calcite (�0.42–1.35), aragonite (�0.57–
1.21) (Fig. 8c), and dolomite (�1.0–2.7) (Fig. 8d). However, because
carbonate weathering is minimal in the study area owing to the
nearly complete absence of carbonate minerals, the obtained
results of carbonate saturation do not satisfy the actual in-situ
conditions.

The silica dissolved in groundwater may form crystalline SiO2

(quartz) or a cryptocrystalline form (chalcedony) when saturated.
The groundwater is saturated with silica but chalcedony is less sat-
urated than quartz, as the groundwater is undersaturated with
respect to amorphous silica (Fig. 9). The relative saturation indices
of silica in the groundwater samples may be represented as
quartz > chalcedony > amorphous silica. Overall, the silica satura-
tion is higher in the geothermal water than in the non-geothermal
water. Groundwater interactions with the silicate-bearing sedi-
ments in western part of the wadi basin and the rock–water inter-
action with silicate minerals in the eastern part of the basin are the
reasons for silica dissolution and its consequent saturation in the
groundwater.

The saturation index of amorphous silica is the lowest of the
three forms of SiO2 and ranges within �0.06–0.81. The saturation
index of crystalline SiO2 (quartz) is the highest and ranges within
0.46–1.21; all the groundwater samples are saturated with quartz.
Chalcedony, the cryptocrystalline form of silica, has a saturation
index ranging within 0.03–0.78. Some samples are at equilibrium
and saturated with respect to chalcedony. In general, the
geothermal-groundwater samples are more saturated than the
non-geothermal ones.
5. Conclusions

The chalcedony geothermometer has been effectively used to
classify the collected groundwater samples as geothermal or
non-geothermal. The samples were analyzed to determine major
hydrochemical differences between the two water types. Of the
124 groundwater samples, 57 that had chalcedony temperatures
>60 �C were classified as geothermal water, and the remaining
67 samples, which had chalcedony temperatures of <60 �C, as
non-geothermal. The geothermal-groundwater samples show
higher mean TDS values, indicating a greater degree of mineral dis-
solution due to the high temperature of the circulating waters.
Piper plot shows that all 124 groundwater samples belong mainly
to the (Ca + Mg)–(Cl + SO4) and (Na + K)–(Cl + SO4) facies, but more
of the geothermal-water samples belong to the (Na + K)–(Cl + SO4)
facies. The Durov plot reveals a more significant number of non-
geothermal than geothermal samples fall within Durov Field 5,
which is generally a consequence of mixing of different groundwa-
ter facies. The geothermal-groundwater samples populate Durov
Field 9, which is represented by Na–Cl facies. From this study,
the origin of the Na–Cl facies appears to be attributable to mixing
of shallow freshwater with originally deeper saline water in the
aquifer. In general, silicate weathering is dominant among rock–
water interaction processes for both groundwater types and corre-
lates with the geology of the basement rock and sediments where
silicate minerals are prevalent. However, the Na-normalized HCO3

plot shows the presence of evaporites, which can be due to the
dominance of Na derived from mixing of freshwater with saline
water. With respect to the dissolved-silica saturation index, the
groundwater varies from undersaturated to saturated, and the
index increases from amorphous silica to chalcedony to quartz.
Overall, the geothermal-water samples show a greater degree of
silica saturation. The high temperature of the circulating waters
has led to silica dissolution and ultimately its precipitation when



Fig. 7. Mixing diagram using Na-normalized molar ratio for groundwater samples; all samples fall within range of silicates to evaporite endmembers. (a) Na-normalized Ca
and Mg; (b) Na-normalized Ca and HCO3. [Composition of three main-source endmembers are shown using dashed boxes (evaporites, silicates, and carbonates)]

Fig. 8. Saturation indices for mineral species commonly dissolved in groundwater. (a) Halite; (b) Anhydrite and gypsum; (c) Aragonite and calcite; (d) Dolomite.

Fig. 9. Saturation indices of three silica polymorphs (amorphous silica, chalcedony,
and quartz) in groundwater.
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the water is saturated with silica. Other than silica/chalcedony
geothermometers, a host of other cation geothermometers are
available however for a reliable interpretation of the temperature
values obtained from these thermometers, it is necessary to under-
8

stand the exact hydrochemical processes influencing the ground-
water chemistry. To understand the origin of the circulating
waters and hence understand the exact hydrochemical processes
it is necessary to carry out stable isotope assessment of the
groundwater samples from the study area.
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