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Table 1. Hydrochemical information of the Ali Spring, north (Momtaz) well, and south (Alaeen) well ﬁ m Y
Source Year Month Ca Mg Na HCO, SO, Cl pH EC TDI 20 M
(meg/l) (meqg/l) (meqg/l) (meg/l) (meg/l) (meg/l) (micromohs/cm) (meag/l) .u; w) M

North Well 2006 May 2.17 1.64 3.68 1.83 34 1.99 7.68 745.2 14.71 M)/ w/ I,.
North Well 2010 July 2.32 1.47 4.85 2.99 3.38 2.24 7.9 878.9 17.25 6 m %
North Well 2012 May 2.43 2.36 3.34 3 214 2.8 8.22 767 16.07 MJ w
North Well 2013 May 4.46 3.47 3.93 6.48 214 3.06 8.06 1134 23.54 — w q,
Ali Spring 2006 May 2.74 15 9.62 4.28 6.31 2.57 7.68 1404.9 27.02 Mw w M
Ali Spring 2010 July 541 4.2 6.13 5.65 6.21 4.34 7.9 1583.55 31.94 39 IM_./
Ali Spring 2012 May 5.86 1.46 6.38 5.5 3.73 4.5 8.22 1384 27.43 uj w w
Ali Spring 2013 May 5.08 3.71 7.39 5.39 8.73 2.86 8.06 1618 33.16 9 2 @
South Well 2006 May 5.55 4.01 8.68 7.93 5.82 3.71 7.68 1962 35.7 h& w IM
South Well 2010 July 8.84 4.59 6.94 7.42 5.7 6.46 7.9 2057 39.95 ) .
South Well 2012 May 7.8 2.8 6.43 4.28 531 7 8.22 1668 33.62 /Mu |w.u I\W
South Well 2013 May 7.18 3.02 9.93 4.8 8.31 6.11 8.06 1976 39.35 ! % \w
4] —

BN M

. ‘ S
gy it b g3 (R) S angy 3 (HIOUHL) 8 T slaaigy 4 0T 3485 (yl500 Sledlol Y Jgoz M“ IM (w“
Table 2. TML6 zones information and the volume of groundwater inflows into each tunnel zone n& Ww W
3

Tunnel Metro Line 6 >:m_<ﬁ._om_ Methods & w" “@

Q (lit/sec/zone) . L A

Zone Length Depth to bedrock Distance from surface Hydrualic head K Goodman  Freeze &Cherry Lei E Tani-1 Karlsrud Awrage IM" I,ﬂ u.u
(m) (m) (m) (m) (mv/s) 1965 1979 1999 1999 2001 N D D

H-1 505 60 10 0 1.14x107 0 0 0 0 0 0 \,w &e »
H-2 128 30 16 4 4.15x107 459 2.41 4.89 0.48 1.47 2.8 AR 4,
H-3 138 30 20 13 1.20x10° 8.78 7.81 9.08 7.44 7.44 8.2 ,w, ..ﬁ L)
R 1115 0 25 12 5.69x107 33.16 28.95 33.46 27.36 27.37 30.1 K] ,\.ﬂ 3,
H-4 348 20 10 10 7.41x10°® 133.49 110.06 13379 10158 10167  116.2 ,w M) w
H-5 220 60 10 14 1.40x107 1.67 1.51 1.97 1.44 1.44 1.7 .IW w a
H-6 258 110 20 20 7x107 11.12 10.51 11.42 10.28 10.28 10.8 ) 2
H-7 382 140 20 24 7.74x107 19.84 19.01 20.14 18.72 18.72 19.3 Mu |wu W)
H-8 540 160 18 25 1.77x10° 65.6 63.04 65.9 62.12 62.12 63.8 g Y
H-9 250 180 16 4 3.54x107 7.64 4.01 794 08 245 46 3 5 3
H-10 2597 200 20 0 3.55x107 0 0 0 0 0 0 .m, n“u =

[ 60-2T-G20Z U0 1'% nUp'9T0E 10 Wo.j papeojumod ]

[ TTS6TOT € LT°€202"D3r/E02Z 0T 10d ]
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Fig. 1. Location maps indicating The Tehran Metro Line 6 and Ali karstic spring Shahr-e Rey, Tehran Province
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Fig. 3. Gibbs chart of water resources in the study area, including a) Momtaz well, b) Ali Spring of Shahr-e-
Rey, and c) Alaeen well
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Fig. 3. Gibbs chart of water resources in the study area, including a) Momtaz well, b) Ali Spring of Shahr-e-
Rey, and c) Alaeen well
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Abstract

The development of underground transportation activities in cities, such as tunnel boring, may
exert short-term or long-term effects on the groundwater and springs of such areas. The
construction of the tunnel of Tehran Metro Line 6 (TML6) through alluvium and carbonate rocks
of Ali Spring has aroused concern due to the caused fluctuations in discharge and temporary
dryness of the spring. The hydrochemical properties of the groundwater and catchment area were
investigated to find a connection between the aquifers around the spring and determine the major
aquifer feeding it. The estimated volume of water penetrated to the tunnel and the most greatly
affected area by the water leakage into the tunnel was determined using analytical methods of
water leakage into the tunnel and the DHI method. The statistics for precipitation with the changes
in the discharge of the spring before and after the excavation of the metro tunnel were compared
to evaluate the changes in the discharge of the spring with the precipitation in the area. The results
showed that the metro tunnel excavation has dramatically affected the hydrological system of the
area and discharge of the Ali Spring. Moreover, continuing the extraction may produce adverse
effects on the discharge of other springs and wells and alter the flow system of the area

temporarily or forever.
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Introduction
The underground human activities, such as excavation of tunnels and galleries in urban areas, can
affect the hydrogeological and hydrochemical conditions of groundwater in such areas in the short or
long term (Dassargues 1997; Marinos and Kavvadas 1997; Merrick and Jewell 2003; Bonomi and
Bellini 2003; Ricci et al. 2007; Chae et al. 2008; Deveughéle et al. 2010; Font-Capo et al. 2011;
Pujades et al. 2012; Butscher 2012; Yoo et al. 2012; Boukhemacha et al. 2015; Attard et al. 2016;
Colombo et al. 2017; Serrano-Juan et al. 2018; Fiorillo et al. 2019). Consequently, the changes in the
groundwater can exert effects on the quality and quantity of surface water, as well as the water of
flow wells, springs, and ganats (Vincenzo et al. 2009). Furthermore, the presence of water can be
considered a serious challenge in the construction of underground structures concerning civil or
mining engineering (Gisbert et al. 2009). Investigating the interactions of underground structures and
groundwater resources from various aspects is of crucial importance in planning for the construction

of underground structures. The Tehran Metro Line 6 (TMLS6) is one of the lines of Tehran urban and

suburban railway, which is under construction. Given its transportation capacity of 1019000
passengers per day, the construction and operation of this line can significantly reduce the traffic of
the northern and southern transportation routes of Tehran and facilitate the access to its north and
south. The TML6 tunnel, with a length of 35 km, will have 30 stations after completion of
construction and become the longest underground metro line of the Middle East (RCE 2018). Around
the tunnel excavation path of TMLS6, is one of the most important natural assets of Iran, namely Ali
Spring of Shahr-e-Rey, located in UTM coordinates of X=540302 and Y= 3940487. When there
was no running water in Tehran, a portion of the water of this karstic spring was allocated to drinking.
Over time, the provision of running water obviated the need for consumption of its water in drinking.
Nevertheless, the Ali Spring still plays its influential role as a vital artery of southeast Tehran in the
cultivation of the farms and gardens (more than 400 hectares of vegetable gardens) and as a monument
(Rey Castle and Qajari embossment) and a place for recreation (RCE 2018; Bavarsad et al. 2016).
The construction of the TML6 tunnel through alluvium and carbonate rocks of Ali Spring has aroused
concern due to the caused fluctuations in discharge and temporary dryness of the spring. The
discharge of the spring affects the lives of the people both directly and indirectly. Thus, this paper is
aimed at estimating the effects of tunnel excavation of TML6 on the Ali Spring. Prediction of such
effects can be considered a critical step for planning and providing a solution to mitigate the adverse

effects caused by the tunnel excavation.

There are three scenarios for the effects of tunnel excavation of TML6 on the Ali Spring of Shahr-e-
Rey:
. First scenario: The Ali Spring originates from a karstic aquifer and has no connection with

the surrounding alluvial aquifers. The tunnel excavation of TMLG, which passes mostly through the
alluvium, has no effect on the fluctuations of the spring. Thus, the dryness and fluctuations of the

spring are attributed to climate change and a reduction in precipitation in recent years.
. Second scenario: The reason for the dryness and fluctuations of the Ali Spring is a part of the

tunnel excavation path of TML6 with an approximate length of 2000 km passing through the karstic
carbonate rocks, which feeds the spring. This issue is temporary, and the leakage of water into the
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tunnel causes it so that it will be resolved immediately after completion of tunnel excavation in the
rocky area (segment installation and tunnel sealing), and the spring will obtain the previous discharge.

. Third scenario: The discharge of Ali Spring in Shahr-e-Rey is totally and permanently
affected by the tunnel excavation of TML6. The tunnel excavation has caused substantial damages to
the resources feeding the spring, including karstic and alluvial aquifers. Consequently, even after
completion of the tunnel excavation, segment installation, and sealing, or an increase in the
precipitation in the area, the spring will not attain its natural discharge and will get dried out probably
forever.

Materials and Methods

Subtitle

The preliminary step in identifying the hazards caused by the construction of structures of the metro
tunnel on the dominant hydraulic regime, discovering the area, and evaluating the water resources is
effective in determining the domain (Bobylev 2009). The feeding aquifer(s) should be determined to
detect the effect of excavation on the water flow of the spring. For this purpose, by using the chemical
data of the water of the wells and Ali Spring (Table 1), the connections between the karstic and
alluvial aquifers, as well as their connection with the Ali Spring were investigated at first. As a result,
valuable information was acquired about the geological and petrological state of the area, along with
the groundwater recharge, discharge, and storage indexes (Walton 1970). The results of analyses of
water samples from the alluvial aquifer (Momtaz northern well and Alaeen southern well) and the Ali
Spring were plotted in the forms of hydrogeochemical evolution charts (Box and Whisker, Gibbs,
and Triangular chloride - bicarbonate - sulfate) and the charts defining water type and
hydrogeochemical process (Piper diagram). The software programs of Aquachem 4.0, Rock AqQA
and Water Stability were used to plot the charts. The ionic equilibrium for all samples was less than
5%. Therefore, the results of the analyses were assessed as acceptable.
It is always critical to predict the volume of water penetration into the tunnel due to the importance
of estimating its environmental effect. The more the water leakage into the tunnel, the more likely the
aquifer will be damaged. Groundwater penetrates a tunnel through the discontinuities and joints
existing in the rock mass. However, it is difficult to precisely estimate the groundwater flow into rock
tunnels (Park 2008). The analytical methods play a key role in a quick and primary estimation of the
volume of the flow penetrating a tunnel (Gattinoni 2010). The flow volume can be approximately
calculated employing analytical methods (Goodman et al. 1965; Freeze and Cherry 1979; Lei 1999;
El tani, 1999; Karlsrud 2001) based on studies on the water flow considering factors, such as the
permeability of rock mass, radius of the tunnel, and height of overburden. The tunnel path was divided
into 11 (ten alluvial and one rocky) zones based on permeability and groundwater level. The volume
of water leakage in each zone was computed using analytical methods (Table 2).
Researchers have extensively discussed the effect of groundwater on tunnels, but the effect of tunnel
excavation on aquifers has been considered in design projects only over recent years (Cesano 2001;
Olofsson 1991). The effect of tunnel excavation on water resources, as well as the most highly
affected area by the excavation, can be predicted using the Drawdown Hazard Index (DHI) method
(Yoo 2004; Dematteis and Kalmaras 2001). The main objective of DHI is to evaluate the behavior of
the system when the tunnel collides with the groundwater flow. This practical method is based on
rock mechanics and the fundamental variables in the tunnel-aquifer system, obtained from a cause
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and effect plotting method in a binary model (Jiao 1995). For this purpose, the required information
and layers were collected at first, made isometric to integrate, and turned into benchmark maps.
Eventually, the information layers were integrated based on the weight of each of them in the final
zoning, and the final hazard map was prepared and plotted using the ArcGIS 10.2 software.

The volume of water income to each aquifer depends on climatic conditions. The climatic conditions
are widely varied in the seasonal, annual, and decadal time series. The evidence of hydrological
information records indicates that today’s hydrological anomalies are repeats of the past’s climatic
anomalies. The conditions and anomalies of an area can be predicted by investigating its long-term
climatic conditions and anomalies (Arnell et al. 1993; Souza Filho et al. 2003; Croley et al. 2003;
lonita et al. 2011). In order to evaluate the changes in the discharge of the spring with the precipitation
level in the study area, the Mora gaugestation, which is the closest weather station to the Ali Spring,
was selected, and its precipitation levels against the changes in the discharge of the spring were
compared in similar periods.

The area of catchment can be calculated by using the infiltration percentage and the parameters of
average annual precipitation around the spring and its discharge in a definite period (Bonacci 1999;
Bonacci et al. 2006). The major aquifer feeding the spring can be determined by estimating the area
of the catchment of the spring based on chemical information.

Results and Discussion
Chemical Properties of the Groundwater and Spring’s Water

According to the box and whisker plots, sodium is the dominant cation in all three water resources in
the study area. Bicarbonate is the dominant anion in the alluvial wells of Momtaz (north of the spring)
and Alaeen (south of the spring), while sulphate is the dominant anion in the water of the Ali spring.
As can be seen, the concentration of ions increases from the upstream flow (Momtaz well) to the
downstream flow (Alaeen well), which is caused by the movement of water from the interior of the
plain to the exterior, passing through the formations in its path and further dissolving the formations.
The amount of sodium, chloride and sulphate in the south of the area (Ali spring and Alaeen well) is
much higher than in the northern Momtaz well, due to the presence of evaporitic minerals such as
gypsum and halite. In general, geological and human factors influence the chemistry of groundwater
in the study area. The position of the water samples in the water-rock reaction section of the Gibbs
diagram confirms the importance and effective role of the formations of the area in determining the
chemistry of the water. According to the chloride-bicarbonate-sulfate triangular diagram, most of the
samples from the wells in the study area were in the karst water range (high amounts of bicarbonate
and the ions calcium and magnesium), which is to be expected given the extensive outcrop of
carbonate rock formations in the study area. The placement of most of the samples from Ali Spring
in the middle area of the triangular diagram (sulfate water range) may be caused by the evaporitic
layers, the use of chemical sulfate fertilizers and contamination by sewage, which have increased the
sulfate content of the water samples. By plotting the Piper diagram of all water resources in different
years, it was found that the chemical compositions of the alluvial wells and Ali Spring are almost the
same in similar dates of each year. The water type of Ali Spring is mainly sulfate and its facies is
mainly sodic. The type and facies of Momtaz and Alaeen wells are sodic bicarbonate.

Estimation the VVolume of Groundwater Inflows into the Tunnel
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In calculating the volume of groundwater inflow into the TMLS6, the results of the analytical methods
were very close, with the Freeze and Cherry method being the closest to the mean. In alluvial zones
1 and 10, the groundwater level is below the tunnel, so no water will enter the tunnel. The maximum
soil permeability, 7.41 um/s, belongs to alluvial zone H4, which is located to the south of karst zone
R on the alluvial surface of the Tehran plain, with a length of 348 m, consisting of gravelly sand,
sandy gravel, silty clay and clayey silt layers. In this zone, the tunnel is located at a distance of 10 m
from the ground surface and 20 m from the bedrock. The distance of the water table from the center
of the tunnel is 10 m, and the maximum probable water infiltration in this zone was 116.2 I/s. In total,
approximately 0.66 | of water per second leaked from the alluvium and surrounding rocky
environment at every meter of the tunnel in the southern development plan of TML6. With a tunnel
length of 6481 m, 0.25 m3, or 257 liters of water, entered the tunnel every second.

Determination of the Area with the Highest Drawdown Hazard caused by the Excavation
According to the results obtained from the DHI formula and software method, it can be concluded
that the discharge of the Ali Spring of Shahr-e-Rey and groundwater of the entire area (especially the
karstic aquifer) will be completely affected by the excavation of TMLS6. Illustrates the drawdown
hazard index map. Mount Bibi-Shahrbano, due to its limestone lithology and the frequency of faults
and lineaments, and the alluvial areas, due to their low urban density, are the most and least affected,
respectively, by the TML6 tunnel excavation.

Time Series of Precipitation versus Discharge

Before excavation of the TML6 tunnel began, there was a direct relationship between the monthly
discharge of the Ali spring and the monthly rainfall at the Mora gauge. The interval between the
highest rainfall and the highest discharge of the spring after rainfall was almost two months. After the
start of the excavation of the TML6 tunnel, the direct relationship between the monthly discharge of
the Ali spring and the monthly precipitation of the Mora station, with a delay of a few months, ceased
to exist, considerable fluctuations occurred and the spring dried up in the long term. The first phases
of excavation, carried out in the alluvium of the north-eastern part of the area, caused fluctuations in
the flow of the spring. With the continuation of the operations, the excavation of the rocky section of
the tunnel, with a length of approximately 1000 m, through carbonate rocks, started in October 2017
and ended in July 2018. The excavation in the rocky area caused obvious anomalies in the discharge
of the spring and eventually led to its drying up. After the completion of the tunnel excavation in the
rocky area (segment installation and tunnel sealing), the dryness of the spring ended and it reached a
discharge of 30 I/s.

Determination of the Catchment Area
Using the geological maps in ArcGIS 10.2 software, it was found that the Ali Spring originates from
a catchment area of 14 km2. The area of carbonate formations in the area (Cretaceous limestone units
and Mount BibiShahrbano) matches the calculated area of the catchment. This can confirm that the
carbonate rock formations (the karstic aquifer) in the area are the main aquifer feeding the Ali spring
and the main container of the spring.
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Conclusions

Water chemistry and catchment area analyses indicate that the water of the Ali Spring in Shahr-e-Rey
originates from a karstic aquifer. Based on the hydrogeochemical evidence, the water of the karstic
aquifer feeding the spring has many similarities with that of the surrounding alluvial aquifer, and the
two aquifers are probably connected. Contrary to the assumptions of the first scenario, most of the
TMLS6 tunnel passes through the alluvial aquifer around the spring, and part of the excavation path
cuts through the karstic carbonate rocks that feed the spring. By investigating and comparing the
rainfall conditions with the spring discharge, it was found that the excavation in the rocky area has
caused obvious anomalies in the discharge of the spring, eventually causing it to dry up. The main
factor responsible for such an anomaly in the discharge of the spring during the excavation was the
leakage of water into the tunnel. The more water that leaks into the tunnel, the more likely it is that
the aquifer will be damaged. Evaluation of the volume of water leaking from the aquifer into the
tunnel indicated that 257 liters of water per second was entering the tunnel along its entire length.
Investigation of the drawdown hazard index showed that the carbonate rock of Mount Bibi-
Shahrbano, which forms an important part of the aquifer feeding the spring, was most affected by the
tunnel excavation. The evidence showed that after the completion of the tunnel excavation in the
rocky area (segment installation and tunnel sealing), the dryness of the spring ended, and it reached
a discharge of less than 30 I/s. This discharge is low compared to the aquifer that feeds the spring.
This discharge is very low compared to the long-term average discharge of the spring (81 I/s). In fact,
despite the completion of the tunnel construction, the discharge of the spring has not returned to its
initial state; therefore, the assumption of a return to the initial state in the second scenario is not
correct either. In the long term, the assumptions of the third scenario are more accurate than the others.
The excavation of the TML6 tunnel has significantly affected the hydrogeological system of the area,
may have a negative impact on the discharge of other springs and wells, and may alter the flow system
temporarily or forever.
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