
INTRODUCTION

Ophiolitic rocks cover about one percent of the earth’s 
surface. These rocks are the remains of the ancient oceanic 
crust and the upper mantle, which are widespread on the sur-
face of continents along the tectonic suture zones (Lods et 
al., 2020 and references therein). Ophiolitic mélanges are the 
result of severe tectonic deformation and mixing of rock ma-
terials in trenches (Hamilton, 1969; Dewey and Bird, 1971; 
Hall, 1976). Ophiolites show evidence of magmatic, tecton-
ic, and hydrothermal processes related to seafloor spreading. 
Therefore, these rocks are the best archives of the history of 
the evolution of ocean basins from the rift-drift and seafloor 
spreading stages to subduction initiation and final closure 
(Dilek and Furnes, 2014). Ophiolitic formations are effec-
tive in controlling the quantity and quality of groundwater 
resources in many regions. Studies show that the structural 
heterogeneities of these rocks, caused by the presence of dif-
ferent lithological units and multi-scale hydraulic disconti-
nuities, lead to complex hydrogeological features that are not 
yet well defined (Lods et al., 2020). 

The high reactivity of minerals in ultramafic and mafic 
rocks in ophiolites has a great effect on the chemical com-
position of groundwater, so it becomes unsuitable for human 
consumption in many aquifers. Accordingly, the quality of 
water for different uses has changed. The effect of ophio-
lites on groundwater quality has been investigated all over 
the world, including Australia (Gray 2003), Brazil (Bertolo 
et al., 2011a; 2011b), Cyprus (Neal and Shand, 2010), Greece 
(Moraetis et al., 2012; Dermatas et al., 2015; Kaprara et al., 
2015; Kazakis et al., 2015; 2017; Kelepertzis and Tziritis, 
2015; Dokou et al., 2016; Pyrgaki et al., 2021), Indonesia 
and Japan (Saputro et al., 2014), Italy (Bruni et al. 2002; Fan-

toni et al., 2002; Boschetti, et al., 2008; Apollaro et al., 2011; 
2019; Margiotta et al., 2012; Lelli et al., 2014; Critelli et al., 
2015; Paternoster et al., 2021,), Mexico (Robles-Camacho 
and Armienta, 2000), Oman (Vankeuren et al., 2019), Paki-
stan (Naseem et al., 2010), Serbia (Nikic et al., 2013), Tur-
key (Güler et al., 2017), United Arab Emirates (Wood et al., 
2010), and USA (Robertson, 1975; Ball and Izbicki, 2004; 
Henrie et al., 2004; Gonzalez et al., 2005; Izbicki et al., 2008; 
Ndung’u et al., 2010; Mills et al., 2011). 

According to the geological and tectonic conditions, 
Iran’s ophiolites are mainly composed of the mélange type 
and are exposed in the form of narrow and more or less con-
tinuous strips along the main longitudinal faults. In terms of 
geographical distribution, Iran’s ophiolites are divided into 
four groups: 1- ophiolites in northern Iran along the Alborz 
Mountain range, 2- ophiolites along the Zagros seam from 
Khoi to Kermanshah and Neyriz, 3- ophiolites in Makran, 
and 4- ophiolites and mélanges around the central micro-
plate of Iran, including the Shahr-e Babak, Naeen, Sabzevar, 
and Nehbandan-Chelkore (Stocklin, 1968; Takin and Furnes, 
1972). The effect of these rocks on the quality of groundwa-
ter has been studied in Khoi, Baft, Birjand, Sabzevar, Mari-
van, Torbat, and Firuzabad aquifers (Hajizadeh et al. 2011; 
Khaledi and Mohammadzadeh, 2012; Fazlnia et al., 2012; 
Nematollahi et al. 2016; Zamani et al., 2018; Mardani T., 
2018, Majidi et al., 2019).

The impact of the Naeen mélange ophiolite, located in 
central Iran, on the quantity and quality of groundwater re-
sources in the region has not been investigated so far. There-
fore, in the present study, an attempt has been made to an-
alyze the impact of the aforementioned rocks on the water 
resources of the region through the analysis of both quantita-
tive and qualitative data.
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ABSTRACT

The management of groundwater resources requires recognizing the natural and human factors affecting water quality and, if possible, controlling, reduc-
ing, or eliminating the detrimental effects, if any. In order to investigate the effects of ophiolite mélange on the quantity and quality of water resources in the 
Naeen region, central Iran, the quantitative data of 34 observation wells in the time span between 2005 and 2020, the qualitative data of 20 groundwater sam-
ples from the Naeen aquifer, and 22 samples of groundwater from the Daghe Sorkh aquifer were investigated. Groundwater flow maps, aquifer hydrographs, 
compositional diagrams (Piper, Stiff, Scholler, and Wilcox diagrams), analytical diagrams, ionic ratios, saturation indices, statistical analyses (correlation 
matrix, dendrogram, hierarchical cluster analysis), and neural networks self-organizing maps (SOM) were considered for quantitative and qualitative analyse 
of the Naeen and Daghe Sorkh aquifers. Based on the quantitative investigations of the Naeen aquifer, the drainage of four permanent Qanats located in the 
south of the ophiolitic massif is affected by structural features (fractures and faults), Cretaceous limestones, and alluvial fans in the northern high-elevation 
regions of the aquifer. Analyses of the qualitative data showed that cation exchange, carbonate dissolution, and silicate weathering are the dominant processes 
affecting groundwater chemistry. Alteration and dissolution of peridotites (chiefly dunites and harzburgites) of the ophiolitic complex are responsible for 
the transfer of magnesium and bicarbonate to the groundwater interacting with the ophiolitic rocks. The fineness of aquifer sediments, and consequently, the 
increase in residence time, the high amount of evaporation compared to rainfall in the study area, and the return of agricultural water with very high salinity 
have caused an increase in EC values of the groundwater in the study aquifer.
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Fig. 1 - Geographical location and geological map of the Naeen area. The reader  is referred to the PDF online for a colour version.
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STUDY AREA

The Naeen mélange ophiolite, with an area of 600 km2, 
is located in the north of the city of Naeen and is part of the 
ophiolite belt of the central micro-plate of Iran (Fig. 1). With 
its SSE-NNW direction, the ophiolitic sequence is the bor-
der of the central Iran domain with the Urumieh-Dokhtar 
magmatic arc, which crops out along the main Dehshir-
Baft-Naeen fault (Aghanabati, 2004). The Naeen mélange 
ophiolite is composed of metamorphosed peridotite, pyrox-
ene gabbro, gabbronorite, amphibole gabbro, plagiogranite, 
sheeted dykes, pillow lavas, and pelagic limestones of the 
Later Cretaceous along with quartzose shale and radiolarian 
cherts (Jabari, 1997). The ophiolitic sequence is pushed by a 
reverse fault on Eocene Flysch sediments and Oligo-Miocene 
sediments (Moghadam et al., 2009; 2013; Mehdipour et al., 
2011). 

In addition to the ophiolitic sequence, the study area in-
cludes two other geological complexes (Fig. 1). One is con-
stituted by the Paleozoic sedimentary rocks that crop out in 
the southeast and include siltstones, sandstones, dolomites, 
and crinoid limestones that have been metamorphosed in the 
greenschist facies. The other one comprises volcanic, igne-
ous, and sedimentary rocks belonging to the Cretaceous and 
Paleocene and volcanoclastic sedimentary rocks of the Oli-
go-Miocene age (Alai and Foudazi, 2004). The Naeen Plain 
aquifer, with an area of 1858 km2, is located in the subbasin 
of the Siah Kuh desert within the watershed of the central Ira-
nian plateau. Due to the dry and desert climate in this region, 
the maximum monthly evaporation in the summer months 
reaches 500 mm, while the average monthly precipitation 
rarely exceeds 50 mm. Therefore, due to the lack of surface 
water flow in this area, groundwater resources have been 
the only source of water supply for the residents for a long 
time. The groundwater resources of the study area are used 
for drinking and agriculture and are obtained from springs, 
wells, and Qanats, each one consisting of a series of verti-
cal tunnels similar to wells, connected by a slightly sloping 
underground channel. 

The aquifer of the study area is hosted in alluvial sedi-
ments deriving from the erosion of igneous, metamorphic, 
and sedimentary rocks (limestones and dolomites). It is of 
free type and is found at depths varying from < 3 m to > 75 
m. The thickness of the saturation zone in the Naeen aquifer 
varies from 36 to 153 m. The minimum and maximum trans-
missivity values of the aquifer are 150 and 615 m2 d-1, respec-
tively. Both the hydraulic conductivity and transmissivity of 
the aquifer increase from the west to the east of the plain. The 

greater increase in transmissivity in the eastern half of the 
aquifer compared to the hydraulic conductivity is due to the 
greater increase in the thickness of the aquifer in this area. 
The changes in the storage coefficient values in the upper part 
of the aquifer show that the northeastern and central areas 
of the aquifer are composed of coarser particles compared to 
other areas, where fine-grained clay occurs. The minimum 
and maximum specific storage coefficients of the aquifer are 
2.5% and 6%, respectively (Zharf Aab Tadbir Consulting En-
gineers, 2018).

MATERIAL AND METHODS

In order to quantitatively investigate the Naeen aquifer, 
the data from 34 observation wells available in this study area 
have been used to draw maps of groundwater flow and hy-
drographs of the aquifer from 2005 to 2020. The data from 
four meteorological stations have been used to investigate the 
changes in precipitation in the study area. There are 432 oper-
ating wells, 407 aqueducts, and 73 fountains in the Naeen re-
gion. The main drainage of the aquifer is done through Qanats.

Qualitative evaluation of the Naeen aquifer has been 
done through the data obtained from the chemical analysis of 
groundwater samples related to 18 Qanats (Q), one well (W), 
and one spring (S). Due to the small turbidity of the samples 
(< 1 NTU), the groundwater samples were not filtered. In 
each sample, pH and EC values were measured in the field 
using portable instruments (WTW). Ca, Mg, K, Na, Cl, SO4, 
CO3, HCO3, TDS, and Total Hardness (TH) were determined 
based on APHA (2017) methods at the central laboratory of 
the Regional Water Company of Isfahan (Table 1). 

The results of the chemical analysis of 22 groundwater 
samples were used in the qualitative investigations of the Da-
ghe Sorkh aquifer. Meanwhile, the qualitative data of water 
sources in the study area have been interpreted by consid-
ering the results of different measurements of each sample 
and also the set of measurements performed in one sampling 
location or different sampling locations. Graphical methods 
and statistical analyses were used to analyze the obtained 
chemical data. In addition to controlling the results of quan-
titative measurements, these methods make it possible to 
find the likely origin of the chemical composition of water 
resources. Graphical methods for displaying data obtained 
from the measurement of water samples were used to identify 
samples with anomalies and to determine chemical trends. 
These graphical methods included combined charts, Piper, 
Stiff, Scholler, and Wilcox diagrams. The computational 
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       Table 1. Parameters and elements measured in Naeen groundwater samples 
 

Parameter 
Detection 
Limit 

Analysis Method Instrument  

In field 
pH 0.01 pH meter WTW- pH 315i  
EC 1 μS cm-1, 0.1 ECmeter WTW - Cond 315i 

In Lab 
 

Cl 1.77 mg l-1 Titration ─ 
SO4 0.5 mg l-1 Spectrophotometer Shimadzu - UV 190 
CO3 1.5 mg l-1 Titration ─ 
HCO3 3.05 mg l-1 Titration ─ 
TH 2.5 mg l-1 Titration ─ 

Ca, K, Mg, Na,  
0.001 -200 µg 
l-1 

ICP-OES & MS Perkin Elmer Sciex Elan 

 
 
 

Table 1 - Parameters and elements measured in Naeen groundwater samples.
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and statistical methods included specific ratios, hierarchical 
analyses, and self-organizing maps (SOMs). The saturation 
indices have been extracted through hydrogeochemical mod-
eling using the PHREEQC software. Hierarchical analysis of 
samples (Q-mode) and parameters (R-mode) was conducted 
using Minitab software and neural network SOMs were pro-
grammed in the MATLAB programming environment. Fig. 2 
shows the flowchart of the present study.

RESULTS AND DISCUSSION
Quantitative investigation of the Naeen aquifer

According to the contours of the groundwater level, the 
fronts of groundwater inflow are from the west, northwest, 
and southwest of the aquifer. After entering the aquifer, the 
groundwater flows to the southeast and is discharged from the 
eastern side of the aquifer to the Siah-Kuh desert (Fig. 3). Ac-
cording to the Iso-Depth maps, the lowest depth of the water 
table (< 3 m) is located in the west and center of the Naeen 
aquifer, whereas other areas of the aquifer have higher water 

table depths (> 70 m). The main drainage of the Naeen aqui-
fer takes place through the existing Qanats. There are four 
permanent Qanats (Q16, Q17, Q18, and Q9) in the south and 
southwest of the ophiolitic mountain to the north of Naeen; 
the depth of their main wells is less than 50 m and their maxi-
mum outflow is 50 l s-1.

The effectiveness of the above-mentioned Qanats, mainly 
used for irrigation, is due to the structural fractures and the 
presence of Cretaceous limestones along with karst cavities 
and alluvial fans in the northern mountains, as confirmed 
through qualitative investigations of groundwater in this re-
search. The Naeen aquifer is recharged both by the mountains 
located in the west of the study area, where carbonates, igne-
ous, and metamorphic rocks crop out, and the ridge in the 
north of the study area where the ophiolitic complexes crop 
out. The hydrograph of the Naeen aquifer, based on the data 
from the observation wells in the years 2005 to 2020, gener-
ally shows a decreasing trend, with an average water level 
drop of 2 m during the 15-year study period (Fig. 4). Due 
to this drop in the water level, almost half of the Qanats and 
wells and all the springs have dried up.

Fig. 2 - Flowchart of the pres-
ent study.
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Qualitative investigation of the Naeen aquifer
The qualitative results of the Naeen study area, which 

were obtained during sampling in 2020, are presented in Ta-
ble 2. Groundwater samples have been analyzed in the labo-
ratory of the Isfahan Regional Water Company (ESRW). Ac-
cording to the laboratory protocol, charge unbalances < 5% 
are proportionally distributed among all solute concentrations 
and zero error is reported. Samples with a charge unbalance 
> 5% are reanalyzed.

pH and electrical conductivity (EC) values  
f the groundwater

The pH values of the groundwater in the Naeen aquifer 
range from 7.1 to 8.4. Half of the samples have pH values 
between 7.8 and 8.4, being relatively alkaline as typical of 
ophiolitic environments due to the limited development of 
soils and the consequently low production of CO2 through 
organic matter decay. The reason for the moderate increase in 

pH values of groundwater in the study area is their low CO2 
partial pressure. 

EC values of groundwater are in the range of 530 - 12700 
mS cm-1. Fig. 5, in which the EC and precipitation values 
in the years 2005 to 2020 are compared, shows that there is 
no clear relation between these two parameters. Significant 
changes are observed in precipitation, whereas EC is nearly 
constant. The difference between the maximum and mini-
mum EC values is only 170 mS cm-1, being equal to about 
5% of the average value, which is similar to the EC measure-
ment error. 

Hydrogeochemical diagrams
Piper diagram. Based on the position of the samples in 

the Piper diagram (Fig. 6), the groundwater of the study area 
is represented in three groups: from Ca,Na-HCO3 to Na,Ca-
HCO3, Na-SO4,Cl and Na-Cl, apart from sample S which has 
an unusual Mg-Cl,SO4 composition. The spread of samples 

Fig. 4 -  Hydrograph of the Naeen aquifer in a period from 2005 to 2020.

Fig. 3 - Groundwater flow direction 
map of the Naeen aquifer in 2020.
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in the anion and cation triangles suggests that the hydro-
geochemical evolution of the groundwater in the region is 
Ca,Na-HCO3 → Na,Ca-HCO3 → Na-SO4,Cl → Na-Cl. The 
transition from Ca,Na-HCO3 → Na,Ca-HCO3 might be due 
to either cation exchange or dissolution of silicate rocks. 

Stiff diagram. Based on isomorphic Stiff diagrams and con-
centration values of the main ions in the water samples, a 
total of 20 groundwater samples were divided into six main 
types of : 
1- Ca-HCO3: Q1, Q3 
2- K+Na-HCO3: Q5, Q11
3- K+Na-HCO3, SO4: Q2, Q4, Q6, Q8, Q10, Q12 
4- K+Na-SO4: Q7, Q13, Q14, Q15 
5- K+Na-Cl: Q9, Q16, Q17, Q18, W
6- Mg-Cl: S

The water resources of the south of the ophiolitic outcrop 
have chloride water type (Fig. 7). 

According to Stiff diagrams, as the water samples evolve 
from the Ca, K, Na-HCO3 facies to the K, Na, Mg-Cl facies, 
the total dissolved ions (TDI) values increase concurrently. 
The changes in total dissolved solids (TDS) values according 
to the type and facies of water samples do not show a clear 
trend. Therefore, it is better to rely on TDI than on TDS. So-
dium facies are the dominant groundwater facies in the study 
area. Therefore, the process of hydrogeochemical evolution 
in the Naeen aquifer is as follows: HCO3 → HCO3 (SO4) → 
SO4 (HCO3) → SO4 → SO4 (Cl) → Cl. Considering the direc-
tion of groundwater flow in the aquifer, water samples change 
from Ca, K, Na-HCO3 type in the west of the area to K, Na-Cl 
type in the east of the study area.

1 

 

 

Table 2. Qualitative results of the Naeen study area recorded in 2020 
(concentration and sums of concentrations are in mEq l-1, <DL: below detection limit) 
 

Error ∑Anions ∑Cations EC 
(μS/cm) 

TH 
 1-mgL(

as 
)3CaCO 

pH 
(pH 

Unit) 

TDS 
)1-mgL( 3HCO Cl 4SO 3CO Ca Mg Na K UTM-Y UTM-

X Source Name 

0 8.8 8.8 8.7 320 7.1 525 4.5 2.3 2 <DL 4.3 2.1 2.4 <DL 3642311 644369 Qanat Q1 
0 8.3 8.3 8.1 210 8 521 3.6 1.7 3 <DL 3 1.2 4.1 <DL 3644851 646609 Qanat Q2 
0 5.8 5.8 570 225 7.7 371 3.2 1 1.6 <DL 3.5 1 1.3 <DL 3638009 652803 Qanat Q3 
0 9.6 9.6 912 190 7.9 593 3.9 2.5 3.2 <DL 2.6 1.2 5.8 <DL 3641961 660495 Qanat Q4 
0 6.2 6.2 598 165 7.6 389 3.4 1.1 1.7 <DL 2.4 0.9 2.9 <DL 3635215 662316 Qanat Q5 
0 8.1 8.1 774 195 7.8 5.3 3.2 2.2 2.7 <DL 2.7 1.2 0.2 <DL 3635645 664013 Qanat Q6 
0 18.1 18.1 1699 320 7.8 1189 5.6 5.5 7 <DL 4.5 1.9 11.7 <DL 3639953 664314 Qanat Q7 
0 9 9 912 170 7.9 593 3.8 2.5 2.7 <DL 2.2 1.2 6.5 <DL 3624581 676632 Qanat Q8 
0 54.5 54.5 5000 1061 7.6 3500 5.3 32.4 16.8 <DL 12.6 8.6 33.2 0.1 3644140 677981 Qanat Q9 
0 6.4 6.4 634 145 8.4 412 2.4 1.3 2.3 0.4 2 0.9 3.5 <DL 3630961 678785 Qanat Q10 
0 5.5 5.5 531 160 7.9 345 3.1 1 1.4 <DL 1.7 1.5 2.3 <DL 3618003 679623 Qanat Q11 
0 9.5 9.4 875 155 8 568 3.7 2 3.7 <DL 3 0.1 6.3 0.1 3625508 679690 Qanat Q12 
0 19.7 19.7 1937 320 8 1356 4.7 6.4 8.6 <DL 3.9 2.5 13.3 <DL 3618798 681252 Qanat Q13 
0 9.1 9.1 884 150 8 575 3.5 2 3.6 <DL 2 1 6.1 <DL 3622774 682743 Qanat Q14 
0 28.2 28.2 2630 420 8 1841 6 8 14.2 <DL 4.6 3.8 19.8 <DL 3619401 686079 Qanat Q15 
0 70.3 70.3 6610 1226 7.5 4627 3.7 45.1 21.5 <DL 16.8 7.7 45.6 0.2 3638725 693945 Qanat Q16 
0 59.6 59.4 5720 1075 7.6 3718 4.5 36.7 18.2 <DL 15.6 5.9 37.9 0.2 3637562 694230 Well W 
0 12.7 12.9 1283 461 8.3 898 0.9 7.9 3.9 <DL 1.3 7.9 3.7 <DL 3651291 696186 Spring S 
0 75.5 75.5 7040 1602 7.5 4925 3.4 52.8 19.3 <DL 19.2 12.8 43.4 0.1 3639838 696905 Qanat Q17 
0 137.8 137.8 12690 2703 7.4 8883 4.7 107.1 26 <DL 35 19 83.5 0.3 3638595 700307 Qanat Q18 

 

Table 2 - Qualitative results of the Naeen study area recorded in 2020 (concentration and sums of concentrations are in mEq 
l-1, <DL: below detection limit).

Fig. 5 - EC variations in the Naeen aquifer in a period from 2005 to 2020. 



	 25

Fig. 6 - Location of the Naeen groundwater sam-
ples in the Piper diagram. The reader is referred 
to the PDF online for a colour version.

Scholler diagram. According to the Scholler diagram, ground-
water samples in the west and southwest of the study area are 
within the permissible range for all parameters (Fig. 8). In 
contrast, the ion concentrations of samples of W, Q18, Q17, 
and Q16, especially for sulfate, sodium, and magnesium, 
are higher than the permissible limits for drinking purposes. 
These four samples are located in the area of Naeen City and 
in the vicinity of ophiolitic outcrops. The permissible and 
non-permissible values of the main ions in the Scholler dia-
gram are considered based on the WHO standards (World 
Health Organization, 2022).

Wilcox diagram. According to the results of the Wilcox dia-
gram, the groundwater samples of the Naeen aquifer are di-
vided into five categories (Fig. 9). In particular, among the 
four samples that are located in the vicinity of the ophiolitic 
outcrops, the samples from Q17, Q16, and W are in the C4S4 
category and are not suitable for agriculture, whereas sample 
Q18 is not included in the Wilcox plot due to its very high 
EC value.

Bivariate graphs. In the bivariate graphs of TDI against the 
main ions of the water resources of the study area (Fig. 1S), 
a TDI value equal to 100 mEq l-1 represents the boundary 
between the low-TDI southern and western samples and the 
eastern groundwater samples adjacent to the ophiolitic rocks. 
The five samples with TDI > 100 mEq l-1 show a concurrent 
increase in the concentrations of Cl, SO4, Na, Mg, and Ca 
ions, as well as in TDI, and are positioned (apart from the 
Q18 sample in the SO4 vs. TDI plot, see below) along a trend 
passing through the origin of the axes, which is representative 
of pure water vapour. Thus, the sample points move progres-
sively away from the origin due to increasing evaporation, 
which is the simplest process possibly controlling their char-
acteristics. The decreasing HCO3 concentration with increas-
ing TDI of the samples of Q9, W, Q16, and Q17 might be due 

to calcite precipitation, which is expected to have negligible 
effects on Ca concentration since the latter is much higher 
than the HCO3 concentration. The position of the Q18 sample 
below the evaporation line in the SO4 vs. TDI graph cannot 
be explained by gypsum precipitation because all the con-
sidered aqueous solutions are undersaturated with respect to 
this mineral. Considering that the Q18 sample is found above 
the alignment of the samples with TDI > 100 mEq l-1 in the 
HCO3 vs. TDI graph, it might be affected by bacterial sulfate 
reduction sustained by concurrent oxidation of organic matter 
[CH2O], as indicated by the following reaction (Berner and 
Berner, 1996; Stumm and Morgan, 1996): 

SO4
2- + 2 CH2O = 2 HCO3

- + H2S.
The combined diagram of Mg2+/Ca2+ versus Na+/Ca2+ 

shows the lithological units affecting water quality (Han and 
Liu, 2003). According to this diagram (Fig. 10), the quality 
of groundwater resources of the Naeen aquifer is mainly con-
trolled by silicate dissolution and subordinately by carbonate 
dissolution. Moreover, evaporite dissolution cannot be disre-
garded because (1) gypsum is present in the Qom formation 
(thick successions of marine marls, limestones, gypsum and 
siliciclastics; Reuter et al. 2009) cropping out in the study 
area, and (2) the minerals typical of evaporite deposits, such 
as halite and gypsum, may be locally deposited upon extreme 
evaporation and may be redissolved, although to a local scale 
only. 

Definite ionic ratios
The source rock minerals of aquifers can be identified 

from the composition of the groundwater and the concentra-
tion of each of the ions. If the composition of an aquifer is 
known, the process of investigating the hydrogeochemical 
data for possible reactions in the groundwater will be easy. 
The ion ratios used for the groundwater samples of the Naeen 
aquifer are based on the mass balance method (Table 3). 
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Fig. 7 - Location of the Naeen 
groundwater samples showing 
the chemical type and the TDI 
values. The reader  is referred 
to the PDF online for a colour 
version.

1 

 

 

         Table 3. Source-rock deduction in the Naeen groundwater [uncertainty 0.1, reference values  
         from WATEVAL (Hounslow, 1995) 

 

Samples Na/Na + Cl> 0.5 Mg/Ca+ Mg < 0.5 Ca/Ca+SO4 > 0.5 0.8 < Ca + Mg/SO4 < 1.2 Cl/ ΣAnions < 0.8 

W 0.51 0.27 0.46 1.18 0.62 
S 0.32 0.86 0.25 2.36 0.62 
Q6 0.66 0.31 0.50 1.44 0.27 
Q7 0.68 0.30 0.39 0.91 0.30 
Q17 0.45 0.40 0.50 1.66 0.70 
Q1 0.51 0.33 0.68 3.20 0.26 
Q12 0.76 0.03 0.45 0.84 0.21 
Q11 0.70 0.47 0.55 2.29 0.18 
Q18 0.44 0.35 0.57 2.08 0.78 
Q14 0.75 0.33 0.36 0.83 0.22 
Q13 0.68 0.39 0.31 0.74 0.32 
Q9 0.51 0.41 0.43 1.26 0.59 
Q15 0.71 0.45 0.24 0.59 0.28 
Q4 0.70 0.32 0.45 1.19 0.26 
Q8 0.69 0.35 0.45 1.26 0.28 
Q2 0.71 0.29 0.50 1.40 0.20 
Q16 0.50 0.31 0.44 1.14 0.64 
Q10 0.73 0.31 0.47 1.26 0.20 
Q5 0.73 0.27 0.59 1.94 0.18 
Q3 0.57 0.22 0.69 2.81 0.17 

Table 3 - Source-rock deduction in the Naeen groundwater [uncertainty 0.1, reference values from 
WATEVAL (Hounslow, 1995).
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Fig. 8 - Location of the Naeen groundwater samples in the Scholler diagram. The reader  is referred to the PDF online for a colour version.

Fig. 9 - Location of the Naeen ground-
water samples in the Wilcox diagram.
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The ratio of Na+

Na++Cl−
 in almost all the water samples is 

more than 0.5, indicating that sodium enters the groundwater 
from a source other than the dissolution of halite, such as the 
weathering of plagioclases (albite). For the water sample S 
(i.e., of spring located in the area where ophiolitic rocks crop 
out), due to the high concentration of chloride (7.9 meq/L) 
compared to sodium (3.7 meq/L), this value is less than 0.5. 
In most samples, the ratio of

 
Ca2+

Ca2++SO2
4
–  

is around 0.5, which 

indicates the possible origin of calcium from carbonate or 
silicate dissolution. Values less than 0.5 for this ratio in some 
samples are due to the high concentration of SO4 compared 
to the concentration of Ca ions. The reduction of Ca ion con-
centration in groundwater might occur as a result of the ion 
exchange process or calcite precipitation. Values of the ra-
tio Ca2++Mg2+

SO2
4
–

, which are greater than 0.8 and lower than 1.2, 

might indicate the occurrence of dedolomitization, that is, 
precipitation of calcite and dissolution of dolomite triggered 
by gypsum/anhydrite dissolution (Hounslow, 1995). Based 
on the values of the (Ca + Mg)/SO4 ratio, this process might 
occur in almost half of the water samples in the study area. 

In all investigated samples, the ratio of
 

Mg2+

Ca2++Mg2+
 is less 

than 0.5, which indicates the possible dissolution of both 
calcite and dolomite in the study area. The exception in this 
case is the water of the spring located in the ophiolitic mass,  
where this ratio is 0.86 due to the high concentration of Mg. 
The weathering of Mg-silicates in ultramafic rocks such as 
serpentinite increases the concentration of Mg compared to 
Ca in groundwater (Hounslow, 1995). Values of the ratio 

Cl –

ΣAnion
 lower than 0.8 might indicate rock weathering. Ac-

cording to the calculated specific ratios, the dissolution of 
carbonate and silicate minerals might impact the hydrogeo-
chemical conditions in the Naeen aquifer. However, disso-
lution of a given mineral can occur only if the aqueous solu-
tion is undersaturated with respect to it. For this reason, it 
is important to compute the saturation state of the waters of 
interest concerning relevant minerals, which is investigated 
in the next section.

Saturation profiles
Based on the saturation index calculated through hydro-

geochemical modeling for the Naeen groundwater samples, 
all samples are undersaturated with gypsum and halite and 
supersaturated with calcite and dolomite, apart from a few 
exceptions (Fig. 11). This means that dissolution of halite 
and gypsum (which is actually present in interlayers of the 
Qom formation cropping out in the study area) is possible. In 
contrast, the dissolution of calcite and dolomite is impossible 
in general, whereas the precipitation of these two carbonate 
minerals is possible. This does not exclude the occurrence of 
calcite and dolomite dissolution in an early stage of evolution 
when the waters were possibly undersaturated with these two 
carbonate solid phases. 

Thus, it cannot be excluded that the dominant process oc-
curring in the aquifer, upstream of the sampling points, is car-
bonate dissolution. The quality of the groundwater in these 
sites, upstream of the sampling points, is controlled by calcite 
and dolomite dissolution, whereas gypsum dissolution might 
have a partial and local effect. As discussed in the previous 
section, gypsum/anhydrite dissolution might cause dedolo-
mitization, that is, precipitation of calcite and dissolution of 
dolomite (Hounslow, 1995).

When groundwater resources saturated or supersaturated 
with carbonate minerals interact with igneous rocks contain-
ing sodium plagioclase, the dissolution of this silicate driven 
by conversion of CO2 to bicarbonate is possible. The process 
causes an increase in both bicarbonate and sodium as well as 
the possible acquisition of the sodium-bicarbonate composi-
tion.  Nevertheless, sodium-bicarbonate composition might 
also be acquired through cation exchange. A typical example 
is freshening, which is the backflow of calcium-bicarbonate 
waters in coastal areas previously affected by salinization.

Hierarchical cluster analysis
Based on the Pearson correlation matrix for the main ions 

of the Naeen aquifer water samples (Fig. 12), all the investi-
gated variables, except for bicarbonate, have a high correla-
tion with each other, and there is no significant negative cor-
relation observed among the available variables. This finding 
was predictable because correlation coefficients are mainly 

Fig. 10 - The position of the Naeen ground-
water samples in the Mg2+/Ca2+ versus Na+/
Ca2+ diagram (based on Gaillardet et al., 
1999).
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affected by the samples of high salinity, which have high con-
centrations of Cl, SO4, Na, Ca, and Mg. 

For the hydrogeochemical classification of the groundwa-
ter samples of the study area, the Q-Mode and R-Mode hier-
archical clustering methods were used in separate exercises. 
The average Euclidean distance method was used to calculate 
the similarity coefficient in quantitative traits. The grouping 
of water samples was done according to Ward Jr. (1963). In 
this method, in each step of the analysis, the combination of 
each pair of samples may be taken into consideration, and 
both groups whose integration increases the amount of vari-
ance to a lesser extent are placed in one group, and the same 
is also followed in the next stages of grouping.

Hierarchical Q-Mode cluster analysis was performed 
based on the values of hydrogeochemical parameters includ-
ing EC, Na, K, Ca, Mg, Cl, SO4, and HCO3 (Fig. 13). Based 
on this analysis, the groundwater samples of the Naeen aqui-
fer are classified into two main groups: chloride and bicar-
bonate-sulfate. The samples located in the south of the ophi-
olitic mass (Q17, Q9, Q18, Q16, S, and W) with high TDI 
values and chloride type are placed in one group. Due to EC 
and TDI values that are much higher than other samples, Q18 
is placed in a separate group, while its chemical properties are 
similar to other samples located in the south of the ophiolitic 
mass, and together with them, it is considered a subgroup of 
one main group.

Fig. 11 - Calcite and dolomite saturation 
indices in the Naeen aquifer.

Fig. 12 - Pearson correlation matrix for the 
Naeen groundwater samples.
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Fig. 13 - Q-Mode cluster analysis for the Naeen 
groundwater samples.

Fig. 14 - R-Mode cluster analysis for the ground-
water samples of the Naeen aquifer.

Fig. 16 - Effects of input variables on each node for Naeen groundwater 
samples. 

Fig. 15 - Output groups based on the self-organizing map of study samples.
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Other samples are a mixture of bicarbonate, bicarbonate-
sulfate, and sulfate samples, whose lack of full hydrochemi-
cal maturity has caused them to find conditions close to each 
other in the hierarchical clustering process. The water group, 
which contains the largest number of water samples, is con-
sidered an elementary member with the dominant type of bi-
carbonate and low TDI values. The Q18 sample is introduced 
as the final member in the path of hydrochemical evolution of 
the Naeen aquifer. Other samples show mixing between the 
first and last groups.

Based on the hierarchical cluster analysis of samples (R-
Mode) for the water samples of the study area, calcium and 
chloride are the most similar to each other, having a very high 
correlation coefficient (Fig. 14). Other main ions are placed 
in separate groups.

Self-organizing maps
Based on the output of the self-organizing maps (SOMs) 

for the Naeen groundwater, samples Q9, W, Q16, and Q17, 
located in the south of the ophiolitic mass, are placed in one 
group (Fig. 15), whereas sample Q18 is attributed to a sepa-
rate group due to its TDI higher than that of samples Q9, W, 
Q16 and Q17. According to the Stiff and Piper diagrams, all 
these samples have high TDI values and belong to the sodi-
um-chloride type. Samples S, Q13, Q15, and Q7 are placed 
in the same group in SOM, although sulfate is the prevailing 
anion in sa les, with bicarbonate to bicarbonate-sulfate chem-
istry and almost similar TDI values, are in another group.

Fig. 16 shows the effect of input variables on each node 
in SOMs. In these maps, the lighter the colour of the node, 
the more impact the parameter has on that node. In fact, the 
sample corresponding to that node has the highest concen-
tration or value of that parameter. SOM is useful for detect-
ing the maximum and minimum concentration in the shortest 
time for a large amount of data. The output of these maps 
for specific groundwater samples shows that all samples have 
similar bicarbonate concentrations. On the other hand, almost 
all the other parameters have higher values in the samples of 
the left side of SOM, that is, in the group of high-TDI chlo-
ride waters.

Investigating the effect of ophiolitic mass on groundwater 
salinity

The overall evaluation of groundwater quality in terms of 
salinity is usually performed based on TDS. Various classi-
fications have been presented for TDS, and in most of them, 
the limits are determined based on drinking water. According 
to the classifications of Todd and Mays (2005) and Freeze 
and Cherry (1979), fresh waters are waters with TDS less 
than 1000 mg l-1, whereas waters with TDS values greater 
than 1000 mg l-1 are considered saline waters. Accordingly, 
40% of the groundwater samples of the Naeen aquifer are in 
the range of saline water. Generally, salinity is determined by 
increasing chloride concentration. Chloride is a conservative 
constituent and its concentration changes can be completely 
related to the input source.

Chloride concentration in groundwater samples of the 
Naeen aquifer changes in the range of 35-3800 mg l-1 and in-
creases from the southwest to the east where ophiolitic rocks 
crop out (Fig. 2S). The high correlation (> 0.8) of chloride 
ion with all the main ions (except bicarbonate) and also with 
the EC parameter suggests that the main factor controlling 
the quality changes of the groundwater of the Naeen aquifer 
is evaporation (Fig. 3S).

Naeen aquifer is mainly recharged by the mountainous 

reliefs located to the west of the plain, where carbonate, igne-
ous, and metamorphic formations crop out, and subordinately 
by the mountainous reliefs positioned to the east-northeast 
of the plain, where the ophiolitic complexes crop out. The 
quality of Naeen groundwater is affected by water-rock inter-
actions including cation exchange, dissolution- precipitation 
of carbonates including calcite and dolomite, and to some ex-
tent, dissolution of gypsum. There are no clear outcrops of 
evaporite formations in the study area and the only available 
evaporite deposits are gypsum interlayers of the Qom Forma-
tion, which cannot have a significant effect on the hydrogeo-
chemical characteristics of groundwater. In addition, subsur-
face studies and well logs of selected piezometric wells in 
Naeen alluvial formations have not confirmed the existence 
of any subsurface evaporite layer and show alluvial forma-
tions constituted only by clay, sand, and gravel.

The abundance of fine-grained deposits such as clay and 
marl deposits and the relatively low values of hydraulic con-
ductivity in the Naeen aquifer increase both the groundwater 
residence time in the aquifer and the hydrological response 
time to recharge waters, which is more than six months based 
on the representative hydrograph of the aquifer. As a result, 
the speed and intensity of the water-rock interactions in the 
aquifer increase, resulting in an increase in the solutes and 
salinity of the groundwater. Furthermore, the main process 
driving the increase in salinity is evaporation. 

The Naeen ophiolitic complex extends northeastwards, 
from the north of Naeen city, in the Daghe Sorkh basin. The 
EC values of the groundwater samples from the Daghe Sorkh 
area, located to the west of the ophiolite outcrop, are far 
higher than the values of this parameter in the Naeen aquifer, 
with values up to 30,000 microS/cm, which is twice as high 
as the maximum EC value in the Naeen aquifer (Fig. 17). 
The highest salinity of the groundwater in the Daghe Sorkh 
belongs to the Sohail well and Separo Qanat, located close to 
the mountainous reliefs where the ophiolitic rocks crop out, 
with EC values of 30,000 and 15,000 microS/cm and chloride 
concentrations of 275 and 120 mEq l-1. 

According to the graphs of major ions versus EC for the 
groundwater samples of the Naeen and Daghe Sorkh aquifers 
(Fig. 18), the similar distribution of the water samples of both 
areas indicates the similarity of the processes controlling the 
chemistry of these samples. 

CONCLUSIONS

The present study is an attempt to investigate the ground-
water quantity and quality in the Naeen aquifer using graphi-
cal, statistical, and hydrogeochemical methods. The hy-
drograph of the aquifer shows that in the last 16 years, the 
groundwater level of the Naeen aquifer has dropped by about 
2 m, and the changes in precipitation in the study area are 
one of the controlling factor. The Naeen aquifer is mainly 
recharged by the mountainous reliefs located to the west of 
the plain, where carbonate, igneous, and metamorphic for-
mations crop out, and subordinately by the mountainous re-
liefs positioned to the east-northeast of the plain, where the 
ophiolitic complexes crop out. Based on the Piper and Stiff 
diagrams, the groundwater samples of the Naeen aquifer can 
be divided into three main groups: Ca, K, Na-HCO3, K, Na-
SO4, and K, Na, Mg-Cl. The results of the qualitative evalua-
tion of the aquifer indicate relatively alkaline conditions with 
EC values in the range of 530-12700 microS/cm. According 
to the Scholler diagram, the samples located close to Naeen 
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City and in the vicinity of the ophiolite outcrop have concen-
trations of sulfate, sodium, and magnesium higher than the 
permissible limits of drinking water. 

According to the results of the Wilcox diagram, in this 
part of the aquifer, the groundwater samples are not suitable 
for agriculture. Based on the saturation indices calculated 
through hydrogeochemical modeling, the groundwaters of 
interest are saturated or supersaturated with calcite and do-
lomite. Hierarchical cluster analysis of R-Mode and Q-Mode 
for the groundwater samples of the Naeen aquifer shows that 
the samples are generally placed in two main groups of K, 
Na, Mg-Cl (samples located to the south of the mountainous 
reliefs where ophiolitic rocks crop out) and Ca, K, Na-HCO3, 
SO4. According to SOMs, the Naeen aquifer groundwater 

samples are found in three groups: the group with high TDI 
values and K, Na, Mg-Cl type (near the ophiolitic mass), the 
group with medium TDI values and K, Na-SO4 type, and the 
group with low TDI values encompassing Ca, K, Na-HCO3 
type to Ca, K, Na-HCO3, SO4 type.

Analysis of qualitative data shows that the processes of 
cation exchange, dissolution of carbonates, and weathering 
of silicates are the dominant processes affecting the chemical 
quality of groundwater in the region. In addition, the fineness 
of aquifer sediments and consequently, the increase in resi-
dence time, the large amount of evaporation compared to the 
rainfall in the area, and the return of agricultural water with 
very high salinity, have also caused an increase in the EC of 
groundwater in the study area.

Fig. 17 - Changes of Cl ion (right side) 
and EC values (left side) in the ground-
water of the Daghe Sorkh and Naeen 
areas. The reader  is referred to the PDF 
online for a colour version.
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Supplementary Material
Supplementary data associated with this article can be 

found in the online version at https://ofioliti.it/index.php/
ofioliti/article/view/719
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