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Abstract: In recent decades, there has been a growing emphasis on assessing aquifer vulnerability.
Given the availability of spatial data and the GIS advantages, mapping the groundwater vulnera-
bility has become a common tool for protecting and managing groundwater resources. Here, we
applied the GIS indexing and an overlay method to explore a combination of the potential contam-
ination factors needed to assess groundwater vulnerability in the Mosha aquifer. The data from a
borehole data logger and chemical analysis of spring water show groundwater responses to the
surface contaminating sources. To assess the aquifer vulnerability, the potential contaminating
sources were classified into three groups, namely (1) geological characteristics such as lithology and
structural geology features; (2) the infrastructures induced by human activities such as roads, water
wells, and pit latrines; and (3) land use. By considering these components, the risk maps were pro-
duced. Our findings indicate that the aquifer is very responsive to the anthropogenic contaminants
that may leak into the aquifer from urbanized areas. Additionally, roads and pit latrines can signif-
icantly release pollutants into the environment that may eventually leak into the aquifer and con-
taminate the underlying groundwater resources.
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1. Introduction

Groundwater is considered a valuable and finite natural resource that is the basis for
the development of societies. Additionally, groundwaters are the main freshwater re-
source in semi-arid regions and are usually subjected to anthropogenic contamination
such as industrialization, urbanization and agriculture, and inappropriate land use prac-
tices [1-6]. Progressive aquifer contamination may lead to permanent or temporary loss
of water resources, as it may significantly increase the cost of water treatment and reme-
diation [7-9]. The concept of groundwater vulnerability is a principal factor in the ground-
water contamination evaluation that plays a key role in the actions concerning water re-
source management [10,11]. An assessment of groundwater contamination may result in
maps that divide a specific geographical region into several zones based on their suscep-
tibility to contaminants [12-14]. In general, vulnerability includes two types: (1) intrinsic
vulnerability that is naturally controlled by the hydrogeological and geological properties
of the aquifer, and (2) anthropogenic vulnerability that is caused by the adverse effects of
human activities on the aquifer.

Regarding the available data and the characteristics of the aquifer, researchers have
developed different methods to identify groundwater vulnerability [15]. These methods
can be classified into three major groups, namely (1) statistical models, (2) process-based
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models, and (3) GIS overlay and index [16]. Choosing the most appropriate method for
determining the vulnerability depends deeply on the scope and purpose of a particular
study, data availability, the task scale, and the user’s time and cost [17]. Statistical models
are simple tools to predict groundwater contamination. These models correlate the mon-
itored parameters with the concentration of contaminants. These models are applicable in
non-complex areas where groundwater contamination is simply governed by analogous
physical factors. However, the major disadvantage of these models is that they need long-
time monitoring of chemical concentrations [18]. Process-based simulation models are
limited to predicting the chemical, physical, and biological processes of spatial and tem-
poral pollutant distribution. The major disadvantage of these models is that they are com-
plex and need a considerable volume of data input as well as significant computing power
[19]. In contrast, the GIS index and overlay methods consider a combination of the poten-
tial contamination-relevant physical factors (e.g., geological material, soil media, recharge
rate, aquifer depth, environmental factors, etc.). This method is the simplest technique to
assess groundwater vulnerability and is the most widely used approach [20].

The DRASTIC model is abbreviated from aquifer depth (D), recharge rate (R), aquifer
lithology (A), soil type (S), topography (T), the impact of vadose zone (I), and aquifer hy-
draulic conductivity (C), and it one of the GIS-based mapping methods [21]. The Suscep-
tibility Index (SI) vulnerability assessment is a variant of the DRASTIC method [21]. Ad-
ditionally, the GALDIT method is another variant of the DRASTIC method [21]. The GOD
method assesses the groundwater vulnerability, in which “G” stands for the groundwater
occurrence, “O” is the overall lithology of the aquifer, and “D” is abbreviated from the
depth to the groundwater table [22]. Later, Civita [23] inspired the development of the
SINTACS method from the DRASTIC method. SINTACS is the acronym for “Soggia-
cenza”, which means water table depth (S), “linfiltrazione” or net infiltration (I), “Non
saturo” or unsaturated zone (N), “Tipologia della copertura” or soil media (T), “Ac-
quifero” or aquifer media (A), “Conducibilita” or hydraulic conductivity (C), and “Super-
ficie topografica” or slope (S). Doerfliger and Zwahlen [24] developed a method for karstic
aquifers, named EPIK, which considers the Epikarst development (E), the protective cover
ability (P), the stipulation of the infiltration (I), and the growth of the karst mesh (K). An-
other mapping method was developed by Navulur and Engel [25] and was named SEEP-
AGE, which is abbreviated from the “System for Early Evaluation of Pollution potential
of Agricultural Groundwater Environments”. This method applies soil topography, water
table depth, soil layer depth, characteristics of the aquifer material, attenuation potential,
and the vadose zone’s impact. The identification of the appropriate method for a specific
study area highly depends on the hydrogeological conditions and the available data of
the concerned aquifer. These methods neglected some very important factors, including
road defrosting operations in mountainous areas, municipal absorption wells, the role of
mega-scale fault zones, the impact of small-scale rock fractures and lineaments, and the
contaminants that may be directly transmitted into the aquifer by the groundwater ab-
straction boreholes. However, multi-criteria decision analysis integrated with GIS tools is
one of the very useful techniques that one may effectively apply to assess the groundwater
vulnerability and to resolve its highly complicated decision-making challenges [26-28].

The use of salt (in particular NaCl) to defrost roads is very common in the world. In
those regions with heavy snowfalls and freezing winters, high concentrations of salt are an-
ticipated in snow melt. Road deicing salt may contaminate groundwater resources, as it may
percolate through the soil into surface/groundwater bodies. The risk of groundwater pollu-
tion is very high in those areas where the highway drainage system has no collection basins
[29]. The ability of defrosting salt to contaminate fresh groundwater depends on two major
factors: (1) the frequency of precipitation and (2) the characteristics of the roadside soil (such
as texture and permeability). Additionally, whether the contaminated groundwater will en-
ter the boreholes adjacent to the roads may depend on several factors, including (1) the dis-
tance of the borehole from the highway, (2) the borehole depth, (3) the groundwater flow
direction, and (4) the permeability of the aquifer material [29].
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Elevated levels of chloride concentration in surface and groundwater as a result of
highway defrosting campaigns have been documented worldwide [30-38]. The chlorine
concentration in groundwater may increase by up to 2900 mg/L in areas where salt has
been stored improperly [39]. Additionally, the infiltration of road-defrosting snowmelt
into the aquifer could increase the groundwater’s chlorine concentration by up to 6000
mg/L [40]. Rivett et al. [41] believe that “...salt application trends over recent decades may
remain influential. This is particularly true where aquifers have high storage capacity and
correspondingly low turnover of resource”. Normal road deicing may elevate the ground-
water chlorine concentrations as far as 100 m from roads [42]. Additionally, road defrost-
ing salt may also impact bedrock wells [43]. However, freshwater may significantly dilute
the salinity pulses in the groundwater [44]. The effect of the salt used in road deicing on
groundwater quality is a linear phenomenon and occurs along the road. Therefore, the
key factor in this process is the engineering characteristics of the road. However, the in-
fluence of geological structures such as fault zones cannot be denied. However, their im-
pact is insignificant compared with road engineering characteristics, defrosting fre-
quency, and drainage system performance. Moreover, estimating the accurate portion of
the highway that may contribute to a specific source of water well contamination is chal-
lenging. Every year, Iranian roads and highways receive more than 20 million tons of
road-deicing chemicals (predominantly in the form of salts and sand mixtures). However,
there are very few efforts to assess the impact of road-deicing chemicals on groundwater
vulnerability [45]. Hence, this study aims to apply a multi-criteria decision analysis tech-
nique integrated with GIS tools to assess the groundwater vulnerability in a mountainous
area with heavy snowfalls during winter and a rapid urbanization rate.

2. Hydrogeology Settings

The Mosha aquifer, which is located in the Alborz zone in the north of Iran, consists
of various geological formations with different karstification potentials, which have been
affected by active faults, especially the Mosha Fault (Figure 1). The Mosha aquifer is a
multi-layered setting in which non-developed karstic rocks, fractured sedimentary rocks,
and alluvial sediments in the northern parts create the local groundwater recharge re-
gions. However, probably the aquifer is being fed to a small extent from the southern part
(Figure 2). The Mosha Fault, which is a basement-involved thrust (Figure 2), is the most
prominent structure in the study area [46]. A significant number of springs and boreholes
are located within the Mosha Fault zone as well. Therefore, this fault appears to play a
crucial role in the emergence of springs. Consequently, the Mosha Fault zone is a major
groundwater passage in the study area.
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Figure 1. Geological map and cross-sections of the study area.

The Mosha Plain study area is located in a marginal climate zone, where the northern
section of the river catchment is of the very wet climate type, but the southern section is
of the wet climate type. Regarding the long-term meteorological data (2015-2019), the an-
nual average air temperature and average annual precipitation are 13.35 °C and 394.3 mm,
respectively [47]. The average depth of the groundwater level in alluvial and fractured
rock aquifers is 12.4 and 19.8 m, respectively. Considering the water table in the wells and
the surface topography, the general groundwater flow direction follows the Mosha Fault
zone and the F-1 Fault zone southward (Figure 2).
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Figure 2. A map showing the karstic zones of the study area as well as the Mosha Fault and ground-
water flow directions. Solid black lines represent major inter-city roads.

The BH-1 borehole, which is located within the F-1 Fault zone, is the only well in the
study area that is equipped with a data logger and records the groundwater temperature,
water table fluctuations, and electrical conductivity on an hourly basis interval (Figure 2).
The BH-1 borehole is about 80 m deep and withdraws the groundwater from the fractured
rock aquifer. The BH-1 borehole data logger shows a significant increase in groundwater
electrical conductivity (EC) after road-deicing campaigns (Figure 3). This results in unpre-
dictable groundwater quality changes that increase water treatment costs.
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Figure 3. The BH-1 groundwater EC historical data and climatological historical records in the near-
est meteorological station (Iran Meteorological Organization database, 2019). Points A, B, C, and D
represent the groundwater EC increase after road-deicing campaigns. Some very low points in EC
are due to the removal of the probe from the well to perform well maintenance operations. In these
cases, air fills the space between the electrodes of the electrical conductivity sensor, which is an
electrical insulator. The rest of the cases are probably due to the operation of the pump in the well,
which causes air bubbles in the water and causes errors in the measurement of EC.
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3. Materials and Methods

Iran Water Resources Management Co. (IWRM) conducted a nationwide census of
all groundwater resources during the period of 2010-2012. Regarding the census data, the
information on 50 permanent springs (EC, pH, and temperature) and 303 wells is valid
and reliable for the Mosha Plain study area. The following data were observed for each
well: (1) well depth and depth to the water table, (2) total annual discharge, (3) ground-
water electrical conductivity (EC) and temperature (T), and (4) groundwater acidity (pH).
There are 236 wells located in the alluvial areas and 67 wells in the fractured rock aquifers.

The climatological data were downloaded from the Iran Meteorological Organization
database [47], including the (1) daily precipitation height, (2) air daily average tempera-
ture, and (3) snowfall events (Figure 3).

Further, two additional sources were selected (SP-1 and SP-2, Table 1) and after a
snowfall event in 2019, five samples were taken from each and analyzed for Na+, and Cl-
concentrations as well as the electrical conductivity (EC) (Table 1). Flame photometry and
titration methods were used to measure Na+, and Cl- concentrations, respectively.

Mapping linear structures using remote sensing techniques is a principal approach
in groundwater studies, especially in fractured rocky aquifers. In this study, the sign of
fracture on the land surface is meant to be lineament. Initially, the lineament map was
manually prepared using Landsat 8 satellite images in Envi 5.1 software. Then, using
Landsat satellite images (Panchromatic bands), in the PCI Geomatica software environ-
ment, the lineaments were automatically extracted. Geomatica is a useful software pro-
gram that uses an algorithm to analyze satellite images for features and fractures based
on borders with different brightness and makes it possible to obtain the orientation and
distribution of linear elements. However, the PCI Geomatica algorithm may mistakenly
show roads, water channels, farms border, and crests as lineaments (pseudo-lineaments).
Thus, the pseudo-lineaments were deleted from the map. Finally, using the Density func-
tion of the Spatial Analyst Tools in the ArcMap software, the maps for lineaments’ inten-
sity were obtained (Figure 4A).

Unfortunately, there is no centralized municipal sewage collection system in the
study area, and domestic wastewater gathers in private pit latrines and eventually leaks
into the geological medium. In other words, each residential unit or residential complex
has at least one pit latrine to collect municipal sewage. Municipal wastewater can be the
source of a variety of pollutants such as nitrate, phosphate, salt, artificial sweeteners, fatty
acids, hormones, etc. Therefore, it is necessary to study the effect of sewage absorption
wells. For this, we produced the pit latrines using the Bing satellite image search engine
(Figure 4B).

Table 1. Results from chemical analysis of the samples taken after a snowfall event and following a
road-deicing campaign in 2019.

Name Date EC (uS/cm) Cl- (mg/L) Na* (mg/L)
5 January 2019 670 86 23
6 January 2019 717 100 24
BH-1 7 January 2019 742 110 25.7
9 January 2019 742 114 25.7
16 January 2019 741 100 26.6
5 January 2019 1452 300 123
6 January 2019 1116 160 46.2
SP-1 7 January 2019 1100 180 49.6
9 January 2019 1119 186 48.4
16 January 2019 1846 450 195
5 January 2019 495 18 17.8
6 January 2019 288 10 15
SP-2 7 January 2019 521 20 11.2
9 January 2019 500 20 10.6

16 January 2019 495 20 10
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Figure 4. The maps indicate the groundwater vulnerability and hazard zones in the study area. Solid
black lines represent major inter-city roads: (A) a map showing the fracture density in the study
area (values are in fractures per m?); (B) the municipal pit latrines with a 50 m buffer zone; (C) a
map showing the land use in the study area. The green patches show the municipal areas; (D) the
groundwater abstraction wells with a 20 m buffer zone.

4. Results and Discussion

The distribution of the springs follows along the major geological structures (i.e.,
Mosha Fault) in the study area (Figure 4C). Therefore, the Mosha Fault appears to play a
decisive role in the emergence of springs. The springs” minimum and maximum annual
discharges were 1339.2 and 1892160 m?, respectively. The minimum and maximum values
for springs” water electrical conductivity (EC) were 177 and 1450 uS/cm, respectively (Fig-
ure 5A and 5B). In addition, the lowest and highest levels of acidity (pH) were 6.7 and 8.9,
respectively (Figure 5C). The annual average groundwater temperature was between 6
and 17.3 °C (Figure 5D). The springs’ water EC and temperature values were higher in the
Mosha Plain, which may be an indication of the impact of rapid urbanization and urban
wastewater leakage on the aquifer.
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Figure 5. Quantitative and qualitative characteristics of springs in the study area. Solid black lines

represent major inter-city roads: (A) the springs” water annual discharge; (B) the springs” water elec-
trical conductivity; (C) the springs” water acidity; (D) the springs” water temperature.

The average depth of the wells drilled in alluvium was about 19 m, and in the frac-
tured rock, it was about 30 m. The average depths of the groundwater level in the alluvial
and fractured rock aquifers were 12.4 and 19.8 m, respectively (Figure 6A). Additionally,
the average annual groundwater discharge rates from the alluvial and fractured rock ag-
uifers were approximately 556 and 19128 m3, respectively (Figure 6B). The average elec-
trical conductivity (EC) and acidity (pH) of the groundwater in the alluvial aquifer were
about 588 uS/cm, and 7.6, respectively (Figure 6C,D). Further, the average EC and pH of
the groundwater in the fractured rock aquifer were very close to those of the alluvial ag-
uifer (EC = 501 uS/cm, and pH = 7.6). Most of the wells (both alluvial aquifer wells and the
wells penetrated in the fractured rock aquifer) are within the Mosha Fault zone. Regarding
the depth of the wells, it seems that the groundwater level in the northern parts of the
Mosha Fault zone is shallower than in the southern parts (Figure 6).

The annual groundwater discharge rates by wells in the fractured rock and alluvial
aquifers were about 1.28 and 0.13 MCM (million cubic meters), respectively. Generally,
boreholes with high annual discharge volumes are located within the Mosha Fault zone
(Figure 6).
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Figure 6. Quantitative and qualitative characteristics of the groundwater abstraction wells in the
study area (green and red circles show the wells in the alluvial and fractured rock aquifers, respec-
tively). Solid black lines represent major inter-city roads: (A) the groundwater depth in the wells;
(B) the wells’ yield; (C) the groundwater electrical conductivity in the wells; (D) the groundwater
acidity in the wells.

The groundwater electrical conductivity values in the BH-1 borehole historical data
had several significant peaks during the winter time (Figure 3). Considering the freezing
air temperature and the reported snow events as well as road-deicing campaigns, the pe-
riods during which the groundwater was potentially affected by salts were extracted
(points A to D in Figure 3). Then, they were re-plotted in separate diagrams for further
detailed studies (Figure 7). The study results show that the groundwater EC in the BH-1
increased after 1-4 days from a significant snow event and the subsequent road-deicing
campaigns (Figure 7A,B). Additionally, there was a decrease in the groundwater EC about
4-7 days after a significant snowfall, which might be due to non-defrosted snowmelt in-
filtration (Figure 7A). Further, there were several high EC peaks after successive signifi-
cant storm events (Figure 7C,D). Additionally, the groundwater EC gradually increased,
which might be a result of the delayed approach of further molten snow from the road-
defrosting operations (Figure 7C,D). Although there are no data about the aquifers’ hy-
draulic conductivity, regarding the BH-1 location, which is located within the F-1 Fault
zone, it is anticipated that the hydraulic conductivity would be high along the fault-dam-
aged zone (in the range of gravel and/or coarse sand). Therefore, given the lag time be-
tween snow events (and subsequent road-defrosting operations) and increased ground-
water electrical conductivity in the BH-1, the source of groundwater contaminants is prob-
ably within 1-4 km of the well.

The results of the BH-1 and spring chemical analysis (Table 1) showed that the
groundwater EC, and Na+ and Cl- concentrations increased in the BH-1 earlier than in the
springs (Figure 8). Therefore, the BH-1 responded to the road-defrosting campaigns ear-
lier than the sampled springs. The electrical conductivity and the concentration of Cl- and
Nar+ in the SP-1 spring increased with a delay compared with the BH-1, but the SP-2 spring
did not respond to the road-deicing campaigns, as there was no obvious change in the
chemical characteristics of the SP-2. Therefore, it seems that the source of groundwater
contaminants is probably within 1-5 km of the SP-1 spring. Regarding the groundwater
flow directions (Figure 2) and the response order of the BH-1 and springs, the following
observations were clearly made:
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e Initially, the groundwater contaminant reached the BH-1 from an area located be-
tween the BH-1 and SP-1;

e Then, some amount of salt approached the SP-1 from the west of the spring;

e  Finally, the contaminants were diluted when the groundwater flowed from the SP-1
area toward the BH-1. This means that some amount of salt reached the BH-1 from
the most western areas of the SP-1 with some delay.
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Figure 7. The impact of road-deicing campaigns on groundwater in the BH-1 (blue bars represent
the precipitation events; red, green, and black lines are daily average air temperature, groundwater
EC, and groundwater temperature, respectively): (A) single snow event in the year 2015; (B) single
snow event in the year 2017; (C) multiple snow events in the year 2016; (D) multiple snow events in
the year 2019.

In the hydrogeologic system of the Mosha Plain study area, vulnerability means a
medium that may be susceptible to infiltration to link surface water to groundwater, and
thus transfer poor-quality surface water into the groundwater system. Therefore, consid-
ering the available data in the Mosha Plain, the vulnerability factors are (1) the lithology
of the study area; (2) the major structural geology features (e.g., faults, etc.) in the study
area; and (3) the minor structural geology characteristics of the catchment, including the
lineaments’ density.

Each vulnerable factor may consist of several segments that have distinct impacts on
the hydrogeologic system susceptibility. A coefficient (C) is assigned to each segment,
which is proportional to the amount of impact that segment has on the vulnerability of
that factor. For example, in the lithology map, the formations are separated by type (allu-
vial, karstic, and non-karstic), and each is given a coefficient that is proportional to the
type of effect the formation has on the aquifer vulnerability (Table 2). The closer it is to
number 1, the greater the degree of its importance.
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Figure 8. Results of the groundwater samples taken from the BH-1 borehole, SP-1, and SP-2 springs
during winter 2019. Snow events were on 3 and 4 January 2019 (see Figure 7D): (A) the groundwater
samples” EC changes; (B) the groundwater samples’ Na* changes; (C) the groundwater samples” CI-
changes.

Within the study area, the most potentially karstified formations are located along
the northern border of the basin, which is potentially the aquifer’s recharge zone (Figure
2). Therefore, the leakage of the contaminant into the ground/surface within the recharge
zone can quickly reach the aquifer and contaminate groundwater. This is basically be-
cause of the rapid infiltration of the recharging water (as well as the contaminants) into
the aquifer. However, the groundwater flow direction may assist the pollutants to reach
the saturated zone, especially in the southern parts of the basin, where the carbonate rocks
are very close to the Mosha Fault zone. Therefore, the highest coefficient was given to the
potentially karstified areas (Ck = 1). Most of the alluvial layers are located within the val-
leys and fault zones. In addition, the groundwater level in the alluvial aquifer (Masha
Plain) appears to be shallow, which increases the vulnerability of the alluvial aquifer.
Therefore, the alluvial layers coefficient was determined as 0.7 (Call = 0.7). The non-karstic
formations in the study area not only have low permeability but also have no groundwa-
ter-quality degrading layers. Therefore, the lowest coefficient was given to the non-karstic
layers (Cnon-k = 0.5).

The main fault in the study area is the Mosha Fault, which has an east-west trend
(Figure 2). This fault and its branched faults are the main channels of groundwater. Fur-
thermore, these fault-damaged zones are passages through which the groundwater may
leak from the alluvial aquifer into the fractured rock aquifer or vice versa. In addition, the
Mosha Fault has a wide fault zone. Therefore, for these faults, a buffer of 100 m was con-
sidered (Table 2 and Figure 4B). This buffer zone indicates a vulnerable area that is greatly
susceptible to the contaminants that may penetrate into the groundwater.
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Table 2. The inventory of layers and their assigned weight for the risk maps.

Weight
Layer Name Type Dry Season Wet Season Buffer (m)
Lithology 2 2 -
Major structural features Vulnerability 7 7 100
Minor structural features 2 2 -
Sewage absorption wells 9 5 50
Roads 1 4 50
Groundwater abstraction Hazard

1 1 20
boreholes
Landuse 2 5 -

In fractured rock aquifers, fractures play an important role in groundwater transport.
Accordingly, the greater the number of fractures in an area, the greater the vulnerability
to leakage of surface contaminants. The extracted lineaments are macro-fractures that are
visible in the applied Landsat images. This means that these fractures are deep enough to
transmit meteoric water and the accompanying contaminants into the aquifer. A linea-
ment density map shows the number of fractures per unit area. Here, the lineament den-
sity map is reproduced using the lineament map that shows the number of fractures per
square kilometer (Figure 4A). However, in order to use this map to calculate the vulnera-
bility map, the numbers must be proportional to 1. In other words, the density of the lin-
eaments should be between 0 and 1. For this reason, the largest lineament density was
considered to be 1, and the rest of the density values were calculated accordingly. As a
result, the closer the numbers are to one, the greater the line density, and the aquifer in
those parts becomes more vulnerable.

In the Mosha Plain study area, there are several hazard agents: (1) pit latrines; (2)
roads; (3) groundwater abstraction boreholes; and (4) land use. Unfortunately, there is no
centralized municipal sewage collection system in the study area, and domestic
wastewater gathers in private pit latrines and eventually leaks into the geological me-
dium. In other words, each residential unit or residential complex has at least one pit la-
trine to collect municipal sewage. Additionally, the Mosha Plain is mostly of a recreational
nature, and its population increases during summer periods. Therefore, the contamina-
tion from pit latrines greatly increases in summer. A pit latrine map was prepared using
the Bing satellite image search engine. For this purpose, a pit latrine was assumed for each
residential unit. Since most of the pit latrines were drilled in alluvium, the wells were then
subjected to a 50 m buffer, indicating the radius of the impact of each well (Table 2 and
Figure 4B).

In the study area, land use includes the following two types (Figure 4C): (1) agricul-
ture, which is more of a gardening type, including villas where most buildings occupy a
small portion of the entire land area, and most of the land is devoted to the garden. In this
type of land use, different types of fertilizers and pesticides are used and may contaminate
the aquifer. It should be noted that the effect of the residential units and buildings was
considered in the sewage well section; and (2) pasture with very poor vegetation, which
has no role in groundwater pollution.

The main roads are mostly located in the western section of the study area. Roads
may be subject to defrosting campaigns during winter. The drainage systems for collect-
ing saline snow melt are not properly designed and can result in the infiltration of saline
water and other pollutants into the aquifer. Therefore, given the fact that these roads are
highways, and the volume of traffic is considerable, their potential for contamination is
very high. For this purpose, a 50 m buffer range was set for the roads (Figure 4D). In fact,
this buffer range reflects the impact radius of the roads and the extent to which various
pollutants may penetrate the aquifer.
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Groundwater wells, because they directly infiltrate into the aquifer, can quickly
transport various pollutants into the aquifer. Contaminant transport through the well into
the aquifer is intensified when the well (1) does not have a building, (2) uses fossil fuel,
and (3) the design of the well is not correct. In the study area, almost all the wells are
without buildings and are outdoors. In addition, the wells were built by non-professionals
at alow cost. Therefore, they are not properly designed and can easily transport pollutants
from the surface into the aquifer. Additionally, because most of them use electricity, they
are less likely to leak fossil fuel pollutants into the aquifer. However, most are within the
areas of villas and personal gardens and may leak fertilizers and pesticides into the aqui-
fer. In wells, because the groundwater flows from the aquifer into the well, the spread of
pollution is slow. For this reason, a 20 m buffer was used to evaluate and apply the impact
of the wells on groundwater quality (Figure 4D). Thus, up to a radius of 20 m for each
well was considered as the impact radius of the same well.

Due to the large number of summer cottages in this recreational area, its population
is smaller in the fall and winter seasons (wet season). Therefore, the detrimental effect of
sewage wells on groundwater quality is higher in the wet season (Table 2). Additionally,
as road defrosting is carried out in winter, the weight of the road layer is higher for the
wet season than in the dry season (Table 2). In gardens, most fertilization is usually carried
out in the wet season. Subsequently, the fertilizers may be washed out of the root zone
during the wet season and contaminate the groundwater. Therefore, the weight of the
land use is higher in risk maps for the wet season than for the dry season (Table 2). The
weight of the other vulnerability and hazard maps did not change for the wet or dry sea-
sons (Table 2). Accordingly, the groundwater risk maps were prepared separately for the
wet and dry seasons in the study area (Figure 9).
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Figure 9. Risk maps of the Mosha Plain for the dry and wet seasons: (A) risk map of the dry season;
(B) risk map of the wet season.

5. Conclusions

Our results show that the BH-1 borehole is very responsive to surficial contaminants.
Moreover, the impact of the road-defrosting campaigns on the groundwater is significant
in the study area, and the local anthropogenic contaminants that percolate the aquifer
within the determined zone of contribution may reach the borehole within a few days.
However, the penetrated saline snowmelt becomes diluted very quickly, and the ground-
water EC reaches its base level soon after the elevated peaks. Further, most of the contam-
inant leakage occurs in the area of Mosha Plain and Damavand City as well as in the west-
ern part of the fault. In addition, although the distribution of risky points and areas may
slightly change from wet to dry seasons, the general shape of the high-risk patches is al-
most the same (with the exception of the effect of roads in the northwestern part of the
Mosha Plain). It seems that roads and sewage absorption wells have the biggest role in
groundwater contamination in the study area.
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