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article through these years which has resulted in decrease of groundwater level. This paper

concentrates on variations of ground surface level in Tehran and Shahriar plains during
1992-2010, and studies its relationship with groundwater elevation changes in this
period. Changes of ground and groundwater level are modeled via ArcGlIS for several
different time intervals. Current study reveals that in some locations, other factors
including subsurface erosion, presence of old aqueducts, drainage of organic soils, and
soil removal are more troublesome compared to groundwater elevation drawdown. In
addition, site investigation is performed to study the occurrence of ground collapses,
regional settlements, cracks in roads and buildings, and well-casing protrusion.
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Introduction

The term ground subsidence can be described as gradual or sudden downward displace-
ment of ground surface due to consolidation of underground materials. Over-extraction
of groundwater is the most common source of ground subsidence, but it can also happen
under multiple other natural or man-made events (e.g. mining, dissolution of minerals,
etc.). Fang and Daniels [9], define subsidence, in the broadest term, as the deformation
or settlement of soil mass in any direction caused by different external loading, internal
stress, and unbalanced environmental factors.

Land subsidence might result in different problems containing damages to linear
structures, well casing failures, reduction or elimination of groundwater storages, deser-
tification, flooding, deluging and sinkholes [21, 25]. Earth fissures are another con-
sequence of subsidence that can be tens of meters deep and several hundred meters
long. In general, earth fissures are more likely to happen in places with cemented upper
layers [3]. Moreover, Subsidence is a costly phenomenon. In 1991, the annual costs of
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subsidence associated with flooding and structural damage in the United States were
estimated to be more than $125 million. In addition, Environmental costs like reduction
of water storage cannot be calculated [11].

Land subsidence has been reported in many places including over 150 major cit-
ies worldwide [12]. Mexico City has experienced subsidence with a maximum rate of
30 cm/year due to excessive groundwater withdrawal [5, 19]. 30,340 square km of land in
Southern Yangtse Delta, China is under subsidence. Over extraction of groundwater has
caused subsidence of up to 3 m and 25 earth fissures [28]. Wairakei, New Zealand has
suffered the most well-known reported case of subsidence caused by excessive extrac-
tion of geothermal energy and subsequent reduction of groundwater, leading to ground-
surface settlements as large as 15 m [2]. Different plains in Iran have also experienced
land subsidence. There are numerous reports of subsidence mostly resulting from over-
extraction of groundwater [15, 17, 18, 20].

Information regarding subsidence record, geology, water table, and geotechnical char-
acteristics is crucial for subsidence investigations. Often this information is not available
which is problematic for modeling processes. Except for some heavily studied sites, sub-
sidence data is not sufficient because extensometer installation is expensive. Even when
extensometer are available, there is not enough long term data to calibrate models [4].

Measurements of ground surface elevation in different locations of Tehran since 1992
show the quick development of subsidence [21]. High costs of subsidence in Tehran with
more than 12 million population urges studying this incident. This article focuses on
land subsidence occurred in Tehran and Shahriar plains during 1992-2010 employing
accessible geological, geotechnical, ground surface elevation and water elevation data.
The area of study is shown in Fig. 1.

Causes of land subsidence

Various phenomena such as underground fluid withdrawal, occurrence of sinkholes,
drainage of organic soils, tectonic, mining, high thickness of young alluvium, tree roots,
and subsurface flow can lead to subsidence [8]. Excessive extraction of groundwater
is known to be the main cause of subsidence in most case. Subsidence have directly
affected 44,000 km? land in 45 different stated in the United States, among which more
than 80 percent is caused by groundwater withdrawal [11]. In Iran, groundwater is the
main source of water in many places because of the arid to semiarid climate. In addition,
old and inefficient farming methods generate higher need to groundwater. These results
in heavy extraction of groundwater and consequently water-level dropdown. Groundwa-
ter removal creates decrease in pore water pressure and increase in effective stress. This
increase in effective stress causes compaction and subsidence. Groundwater removal in
clayey material results in time rate settlement which continues long after pumping is
stopped [3]. Houston has experienced subsidence under excessive withdrawal of fluids
[10]. Extraction of oil, gas, water, and sand in Goose Creek initially generated the set-
tlement [22]. Until 1979, over 82,000 km? land experienced above 300 cm subsidence,
leading to a relative rise in the sea-level, and a corresponding increase in flood magni-
tude and recurrence [13]. Ground subsidence in San Joaquin Valley is another subsid-
ence case of subsidence due to excessive withdrawal of pore fluids. Massive groundwater
pumping caused decomposition of carbon in organic soils and compaction of aquifer
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Fig. 1 Location map of the research area

system [7]. Subsidence measurements as high as 9 m were reported from 1925 to 1977 in
the delta [11].

Land subsidence is a regional phenomenon which makes it difficult to distinguish the
affected areas. In the absence of subsidence indications including well protrusion and
casing failures, it is almost impossible to recognize occurrence of subsidence in absence
of periodic ground-surface level measurements are conducted using surveying, exten-
someters, InSAR methods, etc. [11].

Ground subsidence has occurred in several plains in Iran. Iran is geographically
located in an arid region with limited surface water where annual precipitation hardly
reaches 250 mm. Groundwater is a substantial source of providing drinking and agricul-
tural water in Iran which has resulted in excessive groundwater withdrawal and ground
subsidence. In Rafsanjan Plain, subsidence rate is 10 percent of water-level decrease rate
[18]. Subsidence of 900 mm as a result of a 15 m drop in Mashhad Plain [16], and sub-
sidence of 200 m in Hashtgerd are some of the examples in Iran [6]. Southern Tehran
has been experiencing subsidence with an increasing rate. Shemshaki et al. [26] reported
that during 1995-2003, maximum subsidence of 1710 mm occurred in Tehran. They
also noted that from January 2004 to May 2005 subsidence was also taking place rapidly
in Karaj and Jajrood. Blourchi [1] introduced the results of a recent study, introducing a
maximum annual subsidence of 360 mm/year in Tehran. All the performed studies sug-
gest excessive groundwater withdrawal as the cause of subsidence. Mahmoudpour et al.
[14] reported that groundwater level decreased 11.65 m from 1984 to 2012.
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Case study: subsidence in Tehran

Wide range of data including geological condition, geotechnical characteristics, climate
pattern, and hydrological and hydrogeological situation is required for investigating
ground subsidence.

Tehran, from north, is limited to Alborz Mountains and it reaches Tehran plane from
south. Northern parts with altitude up to 1800 m have Mediterranean climate, while in
southern parts altitude is up to 950 m and climate is semi-arid. Mean annual precipita-
tion is 256.56 mm. Geological condition in Tehran has been studied by several research-
ers in the past. First, Rieben [23, 24] divided Tehran into 4 alluvium categories, called
A, B, C, and D (A being the oldest and D being the youngest). Many researchers later
used this classification as the basic for their studies. Southwestern area of Tehran is cov-
ered with C (fine-grained and granular soil) and D (fine-grained soil) alluvium. Tehran
Plain comprises both southwestern area of Tehran and southern suburbs; however, in
this study Tehran Plain refers only to the area outside the city.

Aquifer system is multi-layered and consists of three aquifers. The aquifer system is
recharged by various rivers, among which Karaj River had the largest impact. However,
after construction of Karaj Dam, the aquifer has only been partially recharged by river in
flooding season. Kan River, which is perennial and recharges both Tehran and Shahriar
Plain, now has the largest part in recharge processes. Sewage is another source of aquifer
recharge which has also been reduced by large due to the construction of sewerage sys-
tem. Furthermore, increase in population and demand for housing resulted in destroy-
ing parks and landscapes to build new apartments. All the above created a city mainly
covered with apartments, streets, and concrete tranches not allowing water to penetrate
into the soil and recharge the aquifer.

In general, transmissivity has a reducing pattern from north to south of the region.
High alluvium thickness and larger soil particles in the northers parts results in higher
transmissivity, up to 3000 m? compare to 500 m? [26]. Groundwater level has a simi-
lar trend and reduces from north to south. Excessive water drawdown, which will be
explained later, has led to this gradient.

Benchmarks

As indicated, long term ground surface elevation data is essential in subsidence mod-
eling. Ground surface measurement of 96 benchmarks in the area, collected periodically
from 1992 to 2010 by the National Cartographic Center, is utilized in this study. Figure 2
shows the location of the benchmarks used in this study. Of 96 utilized benchmarks,
global coordinates of 78 benchmarks are available. These five series of benchmarks
(HSHT, HQHS, AY, HTHX and AXAY series) are shown using colored dots. Exact loca-
tion of the remaining 18 benchmarks (HQSB series) is not available, but it is known that
they are located along the red line (Fig. 2) in approximately 700 m intervals.

HSHT, HQHS and HTHX benchmarks are located in southwestern and southern area
of Tehran city and are representative of subsidence in the city. AY benchmarks represent
ground elevation changes in Tehran plain and parts of Shahriar plain. In addition, AXAY
benchmarks are located in Shahriar plain, starting from south of Karaj.
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Fig. 2 Geographical distribution of the compiled dataset

Boreholes

The database is compiled of laboratory test results on samples from more than 40 bore-
holes of mostly 30 m deep or shallower. Boreholes are largely located in north eastern
parts of the area (i.e. south west of Tehran) as the land in other locations is mainly agri-
cultural, and not many deep geotechnical investigations have been conducted there.
Location of the boreholes is presented in Fig. 2 as well as the ArcGIS plots introduced
later. Location of the boreholes without global coordinates is not shown in ArcGIS plots.

Piezometric wells

Ground subsidence is known to have direct relationship with groundwater level changes.
Groundwater elevation data from 146 piezometric wells is collected from Tehran
Regional Water Authority database. The wells are illustrated in Fig. 2 by blue marks. It
is apparent from the figure that piezometric wells are appropriately scattered within the
plains. Groundwater level measurements were conducted manually every month during
2002-2011 period. The average annual levels are used in this research.

Aqueducts
As mentioned earlier, collapse and subsurface erosion caused by existence of under-
ground aqueducts could also result in ground subsidence. Therefore, a comprehensive
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set of Tehran aqueduct maps prepared by TDDMO (Tehran Disaster Mitigation and
Management Organization) [27] is used in this study. Figure 3 illustrates TDMMO map
in Moalem Square, located near the northern HSHT benchmarks.

“Qanat” is an old aqueduct system which used to be the largest water supplier in Teh-
ran. Growth in population and consequently the need to more water resulted in expo-
nential increase in the number of water wells in the city and a large decrease in the
discharge of aqueducts and therefore abandonment of many aqueducts. In 1966, there
were more than 522 dischargeable ganats in the area, which declined to 76 by 2003.
There are 100 km of aqueducts under Tehran, some of which are over 130 m deep. ganat
shafts are commonly in 15 to 20 m intervals, and are 0.8—0.9 m in diameter. Dimension
of channel profiles is mostly 1.2 by 0.9 m, with lengths up to 18 km.

Data analysis

Ground subsidence

Ground-surface level changes are modeled by employing ArcGIS. Raster model is used
over vector model as it provides better results in modeling problems containing eleva-
tion changes in large areas.

Ground subsidence is plotted for 1992-2001, 2001-2003, 2003-2004, 2004—2005,
2001-2005, and 2001-2010 intervals. Figures 4, 5 illustrate ground subsidence occurred
in 1992-2001 and 2001-2010, respectively. AXAY Benchmarks were not measured in
2001, so Fig. 4 is limited to Tehran Plain, while Fig. 5 exhibits subsidence in all the stud-
ied area. Data from benchmarks without exact global coordinates (HQSB) is not used
in ArcGIS maps. In the provided maps, downward displacements are represented as

positive.
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Fig. 3 Aqueduct map in parts of district 18, Tehran [27]
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Fig. 5 Land subsidence occurrence in the area (2001-2010)

These maps verify the occurrence of subsidence in the studied area and only a few
of them are presented here to show the trends. As shown in Fig. 4, the maximum sub-
sidence from 1992 to 2001 is less than 1.25, measured in Yaft Abad (i.e. neighborhood
located northwest of HQHS and HSHT crossing). For 2001-2003, the investigations
were limited to southwest of Tehran due to lack of ground elevation measurements
in other sections. Generated maps indicate rapid subsidence of up to 1.5 m in some
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locations on HTHX in this period. However, considering all the ground elevation meas-
urements reported through different years, this measurement is not consistent with the
general trend and appears to be inaccurate. Yet, subsidence of around 500 mm (250 mm/
year) was recorded in several locations. In 2003—2004, measurements show that maxi-
mum subsidence rate decreases to 200 mm/year (Fig. 6). The data for this period is also
limited to Tehran. Figure 7 shows the subsidence pattern during 2004—-2005, maximum
subsidence was measured around HQHS benchmarks with a rate 220 mm/year. In con-
clusion, for 1992-2005, maximum subsidence of 2050 mm was measured at the same
place with maximum subsidence during 1992-2001 (i.e. Yaft Abad). Figure 8 illustrates
subsidence in this period.

Figure 5 shows the subsidence occurred in 2001-2010. Ground elevation data for
most of the benchmarks in Tehran, including places with maximum rate of settlement
from 1992 to 2005 (i.e. Yaft Abad), is not available for 2010 which causes the subsidence
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Fig. 8 Land subsidence occurrence in the area (1992-2005)

for south of Tehran in this figure to be lower than the real values. However, looking at
the other maps for the years following 2001, including 2001-2005 where most of the
benchmarks were surveyed, the dominating subsidence trend is comparable to that of
1992-2001. Subsidence rate in the same period was increasing in south of Tehran Plain.
During 2001-2010, maximum measured subsidence was 2000 mm (220 mm/year). This
area is mostly occupied by farms and industrial buildings. Generally, the subsidence fol-
lows a certain trend in all years with the two major subsidence locations being Yaft Abad
(HQHS-HSHT intersection) and south of Shahriar (middle benchmarks of AXAY).

As mentioned earlier, global coordinates for HQSB benchmarks is not available and
these benchmarks cannot be modeled in ArcGIS. Land subsidence graphs of these
benchmarks are plotted for 2002—-2004, 2004—2005, 2002-2005, 2005-2010, and 2002—
2010 in Fig. 9. In this area, during 2002-2004, maximum land subsidence of 560 mm
(280 mm/year) is reported. Through 2004—2005, maximum subsidence rate declines
to 130 mm/year. For 2005-2010, records show a maximum subsidence of 630 mm
(126 mm/year) in this area. In 2010, only seven benchmarks were surveyed. Finally, from
2002 to 2010, the maximum measured subsidence is 1310 mm.

Maximum records of land subsidence in different periods are demonstrated in Fig. 10.
This graph shows that the maximum annual subsidence varies from 135 mm/year
(1992-2001) to 249 mm/year (2001-2003). It is also apparent from the figure that sub-
sidence in south of Yaft Abad and HQHQ-HSHT intersection is occurring faster than
other places in most periods.

Groundwater elevation
Groundwater drawdown is known as the most commonly reported cause of ground sub-
sidence. In this study, groundwater elevation changes are plotted in using ArcGIS for the
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Fig. 10 Maximum measured land subsidence in different periods

following time intervals: 2002—-2003, 2003-2004, 2004—2005, 2002—-2005, 2002—2006,
2005-2008, 2008-2010, 2002-2010, and 2002-2011. Figure 11 demonstrates changes
in groundwater level for 2005-2008, and changes in groundwater elevation for 2002—
2010 are demonstrated in Fig. 12. Water drawdown is shown in positive and water level
increase is shown in negative.

The results reveal that in 2002-2003, considerable changes in water table was not
measured, except in some limited places that experienced up to 8 m change (Fig. 13).
As seen in Fig. 14, in 2003—-2004, the model follows the same pattern, and water table
variations in most places, particularly in areas with high subsidence, are insignificant.
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From 2004 to 2005, the same trend continues (Fig. 15), while insignificant increase in
groundwater elevation for most of the regions is observed. In addition, water table in
2002-2005 rises no more than 4 m in main wells, while reducing as much as 4 m in the
remaining wells. Figure 16 illustrates groundwater level variations in this period.

A clear change in groundwater level pattern is noticed after 2005. Water table lowers in
the majority of the wells in this period. In 2005-2008, groundwater elevation in most of
the wells reduced. As seen in Fig. 11, groundwater level in the majority of wells dropped
up to 4 m, and in some few wells it decreased as much as 8 m. Through 2008-2010,
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water table drop rate increased, and 2-6 m decline was recorded in the area between
HQHS and HSHT, while it reduced up to 4 m in the remaining areas of Tehran Plain.
On the other hand, groundwater level measurements recorded less than 2 m increase in
the northern area of Shahriar Plain in this period, which is inconsistent with subsidence
trend in this area. In conclusion, water table in majority of the locations under quick
ground subsidence decreased about 4 m (Fig. 12), and in the remaining wells, other
than the ones in central Shahriar Plain and north of Yaft Abad, drops as high as 8 m was
reported. Groundwater level in south of Shahriar increased up to 12 m. According to the
map, water level slightly increased in north of Yaft Abad, which is against the previous
trend and is due to lack of water measurement in the wells in yaft Abad for 2010.
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The final studied period is 2002 to 2011 which is more accurate in most regions com-
pared to 2002-2010s map, apart from the intersection of HQHS and HSHT. In this
region, Water table was not measured in 2011, but considering the data from other
wells, it seems to follow the same pattern as before. In addition, Measurements of a well
near Yaft Abad show 9.93 m decrease in water level in this period which is consistent
with previous years and shows that the drawdown shown in Fig. 11 is due to lack of
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measurements in 2010. According to this map, water level changes have similar trend
with a fast increase in drawdown rate.

Soil type

Soil sampling is performed up to 30—45 m deep. Grain size distribution tests show that
the soil mainly classifies as fine-grained, specifically low plastic clay (CL). Figure 17 illus-
trates the results from some of these tests. Generally, soil in the northern sections has
more granular particles compared to the soil in southern parts. There also is a top layer
of fill material with variable thicknesses (up to 10 m) available in the area. Clay thickness
map is provided in Fig. 18.

Site survey

Field investigation is a necessity to study land subsidence consequences and damages. It
also helps verify the results from desk studies. As southwest Tehran has an old building
texture, these studies could not find damages to buildings or roads that can be directly
related to subsidence, however, a considerable number of progressing cracks is noticed
in different structures in the area. Deep cracks are also observed on many buildings in
southern Tehran Plain, specifically Eslamshahr. Furthermore, investigating some of the
wells in Tehran shows no signs of wee protrusion, while up to 1 m casing protrusion is
observed in several places in Tehran plain. Figure 19 illustrates a case of well protrusion
occurring around Eslamshahr.

Illegal active wells are another problematic issue in draining water supply in Tehran.
Some unauthorized well drillings were spotted during the site surveys. Figure 20 illus-
trates one of these drillings, where more than 50 m drilling was performed, while the
drilling license was issued for a 25-m well.

Results and discussion

Investigating ground subsidence plots for 2001-2003 period and water table plots dur-
ing the same period does not imply that water level variations resulted in subsidence
for most parts of the city. Subsidence occurred in the main sections of the city even
though groundwater level slightly increased. It is important to be considered that lack
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Fig. 19 Well protrusion in agricultural lands in Tehran Plain

of groundwater elevation data prior to 2002 makes it is impossible to conclude if the
water table growth was s short term event. Furthermore, secondary compression might

be occurring due to previous water level changes.
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Fig. 20 lllegal drilling in Tehran plain

In 2001-2005, northern parts of HSHQ and HSHT experienced 0—0.55 m subsidence
that is correspond to up to 8 m decrease in groundwater. In addition, 4 m decrease in
groundwater elevation led to between 0.2 and 0.4 m subsidence in Tehran Plain. In gen-
eral, during 20012005, apart from the areas of agricultural land in Shahriar Plain, where
groundwater level increased up to 4 m, water table variation can be concluded as the
main cause of subsidence. These exception areas will be discussed later in this section.

Comparing water table variations and subsidence in HQHS-HSHT crossing for 2001—
2010 suggests that groundwater extraction cannot be the only reason for subsidence,
as water level barely dropped by 4 m while 1.5 subsidence was measured. However, as
discussed before, lack of groundwater elevation for a number of important wells influ-
ences the maps in this period. Therefore, considering the 9.93 m water level reduction
measured from 2001 to 2011 and the existence of a thick layer of clay in that area, it can
be concluded that water level reduction is the main cause of subsidence in this area. In
conclusion, there is an evident general trend of subsidence under water table variations
during 2001-2010, except in parts of Shahriar Plain (as discussed before) where ground-
water elevation escalated.

Drainage of organic soils is another effective factor in subsidence. As indicated, a con-
siderable portion of land in Tehran and Shariar plains is devoted to agriculture because
the area is covered by organic soils. Prior to the wide expansion of cultivation, soil could
not undergo any carbon decomposition as it was anaerobic. However, extensive water
drainage for cultivation intentions resulted in loss of water content in organic soils
which consequently led to oxidation and emission of the existing carbon in form of car-
bon dioxide. From superimposing the area of subsidence and agricultural lands, it can be
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concluded that ground subsidence is occurring in these places due to organic soil drain-
age and not water level reduction.

Underground activities are another source of subsidence in southwestern Tehran. Sig-
nificant number of obsolete ganats exist underneath Tehran (most of which have not
been stabilized) resulting in two forms of subsidence; Regional subsidence due to failure
of ganats. Figure 21 presents one of the various reported instances of ganat collapse in
Tehran. In addition, underground lateral flows and sewage cause subsurface erosion by
moving fine-grained soil to the abandoned ganats. The north to south groundwater flow
direction and existence of fine-grained materials intensifies this process, leading to faster
subsidence rates. Studying groundwater and aqueducts maps reveals that there are many
aqueducts in the areas of high settlement which can be effective as a secondary cause of
settlement.

Soil excavation is also a source of ground subsidence in southwestern Tehran. There
are several brick factories in northern parts of HQHS-HTHX intersection that exten-
sively extract clay, leading to the creation of huge pits. Being several hundred meters
wide and up to 20 m deep, the cavities act as vertical drains that disrupt the aquifer
recharge and decrease water level which eventually results in land subsidence. Figure 22
illustrates one of these excavations. Measured ground subsidence for 1992-2010 in this
area is 2530 mm.

Dredging granular soils is also a source of subsidence, specifically around Qods (i.e.
northern parts of both plains). Similar to the clay pits, cavities generated by dredging
affect aqueduct recharge pattern, lower water table, and eventually lead to ground sub-
sidence. Dredging gravel and sand from rivers in the area for use in construction has
resulted in removing the permeable layer and consequently lower water penetration and
aquifer recharge. Thus, aquifer recharge from Kan River has reduced significantly caus-
ing lower groundwater elevation. These extractions often continue upon total removal of

Fig. 21 Collapsed aqueduct near Navab Square, Tehran (east of HSHT)
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Fig. 22 Clay pit located north of HQHS-HSHT intersection

granular layers and reaching clay layers. Groundwater changes maps reveal that Kan and
Karaj rivers have experienced relative water rise, while water table drop was measured
in surrounding lands. This reduction proves the decline in aquifer recharge from these
rivers.

Existence of clayey soil is a key factor in land subsidence occurrence. Therefore, clay
thickness and subsidence maps are studied together. Clay thickness map shows that clay
thickness increases from north of HQHS towards its intersection with HSHT, starting
from 40 m in the north. This amount increases to 110 m in south of Yaft Abad and 90 m
in HQHS-HSHT crossing, which is in agreement with settlement rates. Clay thickness
reduces towards east of HTHX and reaches 65 m at the eastern benchmarks. In addi-
tion, clay thickness in the areas along northern HQSB benchmarks, which had highest
reported subsidence from 2002 to 2004, is in the 170-m range. Ground subsidence and
clay thickness in some places in 1992—-2001 and 2001-2010 are shown in Tables 1 and 2.
Subsidence measurements support the relationship between clay thickness and subsid-
ence. Finally, as stated earlier, Tehran plain is covered by C and D alluviums which are
young and prone to consolidation their ongoing consolidation might be partially respon-
sible for land subsidence. It is important to keep in mind that time rate consolidation in
thick clay layers (i.e. up to 200 m) can take a long time.

Subsidence rate has been increasing in the area and catastrophic events including
damages to linear structures, elimination of groundwater storage and flooding will hap-
pen if appropriate measures are not taken. Tehran has a significant change in slope from
north to south (from 1800 to 950 m) and subsidence in southern sections will increase
this slope. Restricting groundwater extraction, changing water consumption pattern,
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Table 1 Ground subsidence and clay thickness measurements in some locations (1992-

2001)

Site Ground subsidence (m) Clay thickness (m)
North of HQHS 0.005 40

South of Yaft Abad 1.22 95

East of HSHT-HTHX intersection 0.35 55

West of AY-HQHS intersection 0.06 45

AY, north of Eslamshahr 0.34 65

Table 2 Ground Subsidence and clay thickness measurements in some locations (2001-

2010)

Site Ground subsidence (m) Clay thickness (m)
North of HQHS 0 40

AY, north of Eslamshahr 0.51 65

AY, Southwest of Eslamshahr 0.12 60

Northwest of HQHS-HSHT interesection 1.73 95

HQSB 131 170

improving agriculture methods and artificial recharge are some of the necessary actions
that can help preventing the future problems.

Conclusions

Land subsidence has been affecting 525 km? of land in Shahriar and Tehran Plains
(including the southwestern parts of Tehran) for the past 25 years. Soil in the studied
area mainly consists of low plastic clay (CL), and up to 10 m fill material is reported.
Peak measured annual subsidence rate in the research area is 280 mm/year. The largest
reported subsidence during 1992-2010 is 2530 mm which occurred near brick factories
in southwest Tehran. Subsidence rate has been increasing in the area and latest reports
indicate that maximum annual rate measurements up to 360 mm/year.

Current investigation reveals that multiple factors contributed to subsidence in
the studied area. Water table drawdown and due to excessive pumping of the wells is
the main reason of this phenomenon excluding the central parts of Shahriar Plain. As
enough extensive soil consolidation data are not available, it is not possible to make
any comments on the time rate consolidation, effects of secondary consolidation, and
expected future settlement.

In central Shahriar Plain, oxidation of carbon due to drainage of organic soils is the
primary source of subsidence. In this area, largely underlain by agricultural organic
soils, groundwater level predominantly increased during the past 20 years. Drainage and
depletion of aquifer are also secondary causes of subsidence in the agricultural lands of
Tehran plain.

Existence of considerable number of aqueducts in the area escalates subsidence rate
through collapse and subsurface erosion. Furthermore, dredging granular soils from riv-
ers as well as clay excavations in south of Tehran for brick factories have accelerated
subsidence rate. Highest subsidence measurement is reported close to these clay pits.
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Finally, clay layer thickness is an additional factor that increases the possibility of sub-
sidence occurring. The areas with higher clay thickness experienced higher settlements
which can be due to higher compressibility of clays and consolidation of young alluvium
in the area.
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