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The artificial recharge is a technique of aquifer conservation for land subsidence. But in this article, the
phenomenon of land subsidence and the resulting cracks and fissures at the study area are formed in
recharge ponds. This is a new phenomenon and in this research the geometrical properties of the fissures
of recharge ponds are measured. The results reveal the existence of fine layers in the geology of the
aquifer, which are displaced in the long run as the consequence of groundwater overdraft. At the site of
the artificial recharge subject of this research, the difference between the quality of recharge water and
the aquifer and their interaction have intensified the instability and the movement of the fine sediments.
In addition, the neglect of hydraulic principles of the groundwater during the construction and operation
of the recharge wells has resulted in turbulent and speed flows, intensified displacement of fine sediments

and ultimately the localized subsidence at the site of the plan.

1. Introduction

Land subsidence and collapse are very important
and problematic hydrogeological and geological
phenomena, caused by various factors such as
drawdown of groundwater tables resulting from
overdraft of aquifers (main factor, it recovers by
artificial recharge sometimes), sand accumulation
in water wells, which is somehow linked to over-
extraction, mining activities, ground corridors, and
tunnels (Qanats), deep karst phenomenon, water
pipe bursting in urban areas, and in some cases
ground waters and their mechanisms. Land sub-
sidence and collapse in plains, urban areas, or
anywhere else results in casualties and material
damages in the following forms:

® The agricultural lands and irrigation systems are
damaged.

e The surface water pumping stations and/or
groundwater wells are damaged.

® The factories, power plants and access roads are
damaged.

e Water of wells,
collapsed.

e Urban areas and the people’s concerns are damaged.

e Land instabilities and tremors of small magni-
tude are induced.

Qanats are muddied and

In addition, the land subsidence and the result-
ing cracks and fissures at the study area, are formed
in artificial recharge ponds that are suggested to
recover groundwater table and end the land sub-
sidence in plains. This is a new and different phe-
nomenon with different damages and this article
deals with the causes.

Some studies undertaken on land subsidence are
as follows:

In Arizona USA, land subsidence in areas with
fine clay particles is formed under the influence of
underlying layers’ consolidation (Waltman 1989).
In addition in the same area, attributes the land
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subsidence and dense fissures to drop in groundwa-
ter tables (Pewe Troy 1990). The ground water and
its actions in Florida are mentioned as effective fac-
tors in creation and expansion of sinkholes (Wilson
and Beck 1992).

The land subsidence is formed by transportation
of fine sand and gravel by ground water flow (White
and White 1995). The land subsidence is created by
the overdraft of ground water (Lewis and Schrefler
1978). Moreover, land subsidence is induced by
drawdown of groundwater tables (Poland and
Davis 1969). The existence of fine particles in the
aquifer and their displacement and transportation
are also considered as a factor for land subsidence
in Hamadan Plain (Khorsandi and Abdali 2009).

An interesting and important location from
the point of view of the mentioned phenomenon
is Hamadan Plain in the west of Iran, where
since 1991, 32 sinkholes are induced by ground-
water table drawdown. For conservation of South
Hamadan Power Plant wells, the artificial recharge
plan was implemented, after the continued hydra-
tion the land subsidence and the resulting cracks
and fissures were formed in recharge ponds and
adjacent to recharge wells.

The results of this research confirm the previ-
ous conclusions and, in addition, underline the role
of fine particles or fine sand, their instability in
their reaction with recharge water, their displacement
by ground water, the creation of small sinkholes
followed by the hydraulic change in groundwater
at the site of the sinkhole (increased current)
and greater fine particle displacements. Further-
more, the inappropriate execution of recharge wells
has led to speedy infiltration of water from sur-
rounding gravel pack of wells and their leaching
by water, all of which have contributed to sub-
sidence at recharge ponds and the appearance of
cracks and fissures in them. Therefore, based on the
above, and in view of the cone depression around
the recharge wells, which adds to the saturation
space of the aquifer, when humidity reaches the
fine sands, they become unstable and prone to
potential displacement (Mathewson 1981). There-
fore, the results show the fine sand in aquifer, reac-
tion of recharge water with aquifer water, clogging
of recharge wells, erosion of aquifer martial due to
the speed ground water and continued pumping of
water, constant, gradual or sudden land subsidence
and its subsequent problems can be expected.

2. The description of the research site
and research methodology
2.1 The description of the research site

The research was conducted at the Shahid Mofateh
South Hamadan Power Plant in Hamadan Plain
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at the site of the artificial recharge of the power
plant’s operation wells (figure 1). At this location,
there is thermoelectric plant, which uses 26 deep
wells for its water requirements. The operation
wells of the plants were dug to the south of the
plant and parallel to the Gharechai River (figure 1).
Moreover, in addition to the plant’s wells, there are
11 other deep ones in villages and lands surroun-
ding the plant. The depths of the plant wells vary
from a minimum of 80 to a maximum of 176 m,
while privately operated wells around the plant are
between 90 and 110 m deep. Due to overdraft of
ground water, the depth of groundwater tables at
the power plant has increased (from 1 to 5 m within
a year from 1998 to 1999 and in a span of 4 months)
and the water production level has decreased. For
this reason and in the context of maintaining the
discharge rate of the power plant’s operation wells,
the artificial recharge plan was implemented at
the north and northwest of the well network and
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Figure 1. The location of artificial recharge plan in
Hamadan. The Gharechai River is a source of artificial
recharge water. The artificial recharge situation is located in
north of power plant operation wells.
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along the northern bank of the Gharechai River
(figure 1).

In this plan, the seasonal spring floodwater in
the Gharechai River is conducted via a canal to
sedimentation ponds, and then the water is led
to ponds containing the recharge wells for infiltra-
tion to the aquifer. The plan consists of 20 wells,
majority of which (19) have a depth of 65 m while
the remaining one reaches down to 73 m, all dug
according to a specific array in three ponds. The
wells’” lining hoops have been perforated length-
wise by carbide welding process (figure 2). Theoret-
ically, there is a ratio disparity between the surface
area of the cavities and the surface of the hoop,
which coupled with their shape creates a turbulent
groundwater flow inside the pipe (figure 2). In addi-
tion, clogging of wells is formed by pebbles of gravel
pack, resulting in groundwater flow inverted from
out to the well tube and groundwater flow which
is eroded by gravel pack forms hole around well
(figure 2).

At the bottom of the settling and recharge
ponds and following the priming, numerous cracks
and fissures of different length and direction have
appeared, which is the subject matter of this
research. The surface geology of the research
site includes Quaternary eroded deposits, most
of which consist of ground water containing allu-
vium. Moreover, clay and fine sand have also been
observed on the surface of parts located to the
west, northeast, east, and southeast of the research
site. The subsurface geology of the site was derived
on the basis of the shape of the geological log of
the three exploration wells of 120, 180 and 250 m
depths, six piezometers at depths of 50 and 70 m,
one operation well 70 m deep in the east—westerly
and north—southerly direction and their comparison
as well as the following specifications (Khorsandi
and Abdali 2009).

Figure 2. The recharge well and their pipe tube. A is water
flow inters slot and B is water flow which encounter pipe
body. The B water flow after encountering creates turbulent
flow around contact point. The tube is clogging by gravel
pack pebbles.
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In the east—west direction, the aquifer bedrock
in the west is located at the depth of 65 m in
the Eocene limestone (Qom Formation), which
increases to 100 m in the east and becomes karstic
at 120 m. In the east, the mentioned bedrock turns
into the Eocene marl lime (Qom Formation) at the
depth of 120 m, which becomes pure limestone at
the depth of 135 m. Further east, the marl and
clay of the upper red formation at the depth of
120 m form the bedrock (figure 3). Therefore, the
aquifer’s thickness increases by 60 m from west to
east. Moreover, there is probably a karstic aquifer
extending from west to the central part, which
turns into marl lime and then marl and clay in the
east. From north to south, the bedrock is in the
middle section of the limestone and clay at a
depth of over 90 m. The changes in the alluvial
from ground surface to the bedrock include eroded
clay sediments, sand, gravel, and boulders of vari-
ous sizes, which contain ground water. Among the
specifications of the aquifer’s filling materials is the
existence of fine sand layers in the geological log of
the wells, which are observed in the west and cen-
tral parts, at three depths: about 10 m between 10
and 20 m, and from 30 to 40 m, while they are to be
found in the east at depths of 60-70 m (figure 3).

The petrography of the aquifer’s Eocene bedrock
(The local geologic name is Qom Formation) is as
follows:

The foundation of the limestone is the spar or
micro-spar calcium carbonate crystals, which have
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Figure 3. The correlation between geological logs of the
study area and around. The different depths of bedrock of
aquifer (limestone of Qom Formation) is created by fault
mechanism.
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a brief cementation and recrystallization. There is
about 10% of quartz in impure form. The stone’s
porosity is about 20-25%, which shows its karsti-
fication. It should be noted that Qom Formation
and its equivalent in Zagross is the limestone of
Asmari Formation, which has suitable porosity and
is karstic.

The lime and marl of the Qom Formation is
observed in an intercalated form. The results of
geotechnical tests on soil samples collected close
to the Jahan Abad sinkhole located at a distance
of 12 km east of the Shahid Mofateh power plant
(beyond the scope of this research), show the rela-
tive rigidity of soil from the surface to the bedrock.

It should be noted that fine sand was observed
in suspended form in the water samples during the
field visit to the operation well east of the power
plant. Moreover, the well operator of the plant
stated that a relative amount of sand gets accumu-
lated on the floor of the tanks collecting pumped
water from the wells of the power plant, which
must be discharged at appropriate intervals. There-
fore the displacement of aquifer matrix is possi-
ble after the aquifer material gets eroded due to
the speed of groundwater flow. Failure of confining
layer may also occur while water injection. These
may result in clogging and even collapse of the tube
well (Satish and Tushar 2013), (figure 2).

2.2 The research methodology

The method of the research has been selected
according to the problems created in the recharge
ponds of the plan. At the bottom of the men-
tioned ponds and following the priming, a number
of cracks and fissures appeared. After the contin-
ued hydration, the pond sites located next to the
recharge wells have subsided by a minimum of 30
cm and a maximum of 6.5 m (figure 4).

The land subsidence is generally scattered and
has led to the appearance of linear phenomena
or relatively small sinkholes along the lineation
(figure 5). For this reason, the study area geology
is revised and geometrical properties of the cracks,
fissures and sinkholes, including, direction, depth,
and the width of their openings were measured.
Thereafter, water samples were taken from ponds
and the operation wells for chemical analysis
and comparison. Moreover, the chemical analyses
of water from operation wells of the power plant
before and after the artificial recharge were avail-
able and used to study the recharge wells structure.

2.2.1 The structural characteristics
of the cracks and fissures

The basic cause of subsidence and lateral move-
ment of the land surface is increasing under the
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Figure 4. The land subsidence in artificial recharge ponds.
B is old land level; A is new land level after subsidence and
G is graveled around recharge well.

Figure 5. The small sinkholes which are formed along the
lineation of ponds land subsidence by tension force in ground
surface and formation of cavity and holes in depth.

intergranular pressure of the underground material
(Herman Bouwer 1997). The simple equation of the
above description is defined as:

P.=P—P,

where P; is intergranular pressure, P; is total pres-
sure and P, is hydraulic pressure of ground water.

Changes in any of the parameters of the equa-
tion and imbalance of the aquifer, then create
land subsidence and shape the cracks and fissures
in the ground surface. In the present study, at
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first, groundwater overdraft changed P,, then P;
and land subsidence takes place. In order to con-
trol groundwater table drawdown and land sub-
sidence, the artificial recharge plan is executed.
During the ponds watering, change in hydraulic
groundwater in the adjacent recharge wells and
in the aquifer, groundwater quality differences
with recharged water created in the ponds land

Figure 6. The schematic image of gravel packs washing by
water in artificial ponds. A is recharge start, B is gravel pack
washing start and C is complete step of gravel pack washing
with greater speed flow of ground water.
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subsidence phenomena and resulting cracks and
fissures in the Earth’s surface (figure 6).

There are 46 cracks and fissures distributed in
three recharge ponds. Their measured structural
dimension graphs are shown in figures 7 and 8. The
widths of the openings vary between a minimum of
0.1 to a maximum of 0.7 m while the depths of the
cracks and fissures vary from a minimum of 0.1 to
a maximum of 0.35 m.

The appearance of cracks and fissures at the floor
of recharge ponds can be an indication of cavities
and hollow spaces underground, which have caused
a number of subsidences in the ponds.

2.2.2 Comparison of the chemical analysis
of water samples

To identify the actions and reactions between
water recharged from ponds to the ground and the
aquifer’s components, water samples were taken
simultaneously from the ponds and 20 operation
wells before and after the ponds operations for
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Figure 7. Diagram of the artificial recharge ponds fissure length classification.
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Figure 8. Diagram of the artificial recharge ponds fissure structural direct.
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chemical analysis. Then water samples were ana-
lyzed. These results are shown in figures 9 and
10.

The parameters of acidity, electrical conductivity,
dry residues, and the total hardness of the water
samples were selected for comparison. The average
values of these parameters in 20 wells were cal-
culated and then the computed mean averages of
the samples before and after charge were compared
with the ponds’ inlet. These results are shown in
figures 9 and 10. As can be observed, the values of
electrical conductivity (EC), dry residues (T.D.S)
and total hardness (T.h) of water in recharge ponds
were much lower than the mentioned parameters in
the well samples. For instance, the electrical con-
ductivity of the well samples is 3 times, the residues
4 times, and the total hardness is twice their coun-
terparts in ponds. However, a comparison between
the well water samples before and after recharge
shows a reduction in total hardness (figure 9, curves
2 and 3 show the difference at the final sections).
The acidity of the pond water is also different from
the well samples being a unit more than the latter.

The results depict a difference in the quality
of recharge water and the ground water in the
aquifer. In other terms, the recharge water is fresh
and contains fewer salts compared to the ground
water in the aquifer. This reveals a difference in
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Figure 9. Diagram of comparison EC, TDS and T.h of
Hamadan power plant well water samples before recharge
(1), after recharge (2), and artificial recharge ponds water
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Figure 10. Diagram of the comparison acidity of the well
water before, after recharge and ponds of water.
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the quality of aquifer water and the recharge water,
creating a reaction between recharge water and the
resistant fine grain sediments in the environment
containing higher salt concentration (Houseman
1982). Geochemical compatibility between the
recharge water and the aquifer ground water must
also be considered (Herman Bouwer 2002). The
most important impact concerns the swelling of the
fine sediments and the reduction of Van Der Waals
force down to instability level. However, impor-
tant reaction considered concerns the exchange
of calcium in recharge water with the sodium in
the aquifer, which creates the greatest instabil-
ity. In chemical analysis results, the calcium con-
centration in the recharge water was 150 mg/l
while the sodium concentration was negligible, as
opposed to the aquifer water where calcium con-
centration was negligible while the sodium concen-
tration was 120 mg/1, proving the above statement.
Moreover, the fine sediments of the aquifer before
and after the recharge operation were semi-dry or
semi-saturated. The stability of the fine sediments
in this state is subject to the surface tension of
water at the contact point with the particles, whose
pores are filled with water following the priming
and saturation after recharge operations, thereby
minimizing the mentioned surface tension. There-
after, the soil becomes unstable and can be dis-
placed with the least force. In the other situation,
the fine sediments are considered to be fully satu-
rated with aquifer water, and therefore, their sta-
bility is directly linked to the chemical composition
of aquifer water and its changes. Consequently, the
infiltration of recharge water of different quality to
the aquifer and the cationic and ionic exchanges
with the ground water, as well as changes in the
chemical make up of the aquifer water are to be
expected (the exchange of sodium in the aquifer
water with the calcium in the recharge water).
They also undermine the stability of fine sediments.
The effectiveness of recharge through injection well
is limited by the physical characteristics of the
aquifer (Satish and Tushar 2013). The mentioned
situations can occur in the plan’s recharge ponds
in the following three stages at the distance cover-
ing the pond’s floor to the saturation level of the
aquifer. The first is before the recharge operation
when the groundwater table is very low (around
40-50 m from surface) and the fine sand is dry.
The second stage is after the recharge operation
until the establishment of compensation cone, and
the third stage covers the period from establish-
ment of the compensation cone to the end of the
recharge operation when the fine sand is saturated
with water. Therefore, quality interactions between
the aquifer and the recharge waters at all the above
three stages are possible; while the assumption is
that the third stage would have the highest share
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in disrupting the stability of the fine sediments in
the aquifer.

2.2.3 Study of the recharge wells structure

Bhattacharya (2010) explains injection well,
gravity-head recharge well, connector well,
recharge pits and shafts methods of subsurface
artificial recharge. The greatest number of slides
observed during the site visits was around the
shafts of the recharge wells, which required a closer
study in the context of this research’s objectives.
Recharge wells are comparatively costlier and
require specialized techniques of operation and
maintenance to protect the recharge wells from
clogging (Arun Yadav et al. 2012). The structure
of the recharge wells in the ponds consists of a per-
forated lining hoop, in which the pores resemble
those of the operation wells (creating longitudinal
narrow grooves with welding equipment along the
pipe’s surface) (figure 2). The area surrounding
the hoop is filled with sand (gravel pack) up to a
radius of 2 m (figures 4 and 11).

In such cases, due to a reduction in the surface
of groundwater inlet and the change in its flow
conditions at the borderline between the aquifer,
the sand filled areas and the empty spaces along
the hoop, the well’s efficiency drops considerably.
The main reason for this is the ground water col-
liding with the pipe, deviating and passing through
the narrow grooves. This creates a turbulent and
non-linear flow around the lining hoop and will ulti-
mately lead to a reduction in the volume of water
entering the shaft of the operation well or the oppo-
site, the outflow of water from the recharge well
to the aquifer. It should be noted that while this
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Figure 11. The schematic diagram of cavity, holes forma-
tion in depth and land subsidence formation around artifi-
cial recharge well in ground surface. S.D is land subsidence,
R.W is recharge well, T.S is top soil, A is alluvial, and F.S
is fine sand layer which is washed by groundwater flow. C is
cavity that is formed in the direction of groundwater flow.
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reduction can be compensated by pumping in the
operation wells, the solution cannot be applied for
the recharge wells. Clogging of wells that are used
for artificial recharge is a serious problem (Rostas
Voudouris 2011).

It was further observed that after priming of the
ponds, water had infiltrated the ground from the
gravel pack, gradually washing the sand surround-
ing the well and gathering greater speed for infiltra-
tion (figures 2, 4 and 10). Consequently, the water
flow in the cavities around the well shaft resembled
more turbulent surface water than the groundwa-
ter flowing in a porous environment (the sounds
of water flowing underground and the collision of
sands and gravels with the well hoops were clearly
heard during the site visits). Around the well shaft,
there were also cavities of different sizes on the sur-
face and deep in the ground (figures 4 and 10). The
main reason for this phenomenon is presumed to
be related to the inefficiency of the recharge well’s
structure. In such wells, the pond water must enter
the shaft and then pass calmly from the hoops’
grooves though the gravel pack areas to the aquifer.
However, as explained previously, this was not the
case.

3. Results

The results of study area geology, fissures and
cracks’ structural characteristics measurement,
comparison of the chemical analysis of water sam-
ples and study of the recharge well structure are as
follows:

The geological results show the existence of
fine sand and clay layers at different depths of
aquifer alluvial such that their displacement is pos-
sible with groundwater flow (figure 3). The results
of fissure structural characteristics measurement
yielded 46 cracks and fissures. The widths of the
openings vary between 0.1 and 0.7 m while the
depths of the cracks and fissures vary from 0.1 to
0.35 m and the fissures length varies between 3
and 200 m (figures 7 and 8). The comparison of
the chemical analysis of water sample results show
that the values of electrical conductivity (EC), dry
residues (T.D.S) and total hardness (T.h) of water
in recharge ponds was much lower than the men-
tioned parameters in the well samples (figures 9 and
10). Study of the recharge wells structure shows
existence of turbulent and nonlinear flow around
the well tube narrow grooves (figure 2), pond water
had infiltrated the surrounding from well gravel
pack, gradually washing (figure 2) the gravel pack
and increasing speed of infiltration and groundwa-
ter flow. With increasing depth, the groundwater
flow washes the fine sand and clay of the aquifer in
the direction of its own flow.
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4. Discussion and conclusion

4.1 Discussion

In the plan for the artificial recharge at South
Hamadan Power Plant, the land subsidence at
the recharge ponds underlines the consequences
of groundwater overdraft and its impact in the
Hamadan Plain. These results can be generalized
to other areas of similar conditions and applied
for design and implementation of artificial recharge
plans with the aim of increasing their efficiency and
reducing their risks. After the factors of ground-
water overdraft and reduction in the volume of
aquifer’s water, the geologic column of the aquifer
alluvial, and the existence of layers of fine sand
and clay at different depths, the carbonated and
karstic bedrock were identified as among significant
and underlying factors for artificial recharge ponds.
In addition to the above, the research has noted
the significance of fine sand layers in the geological
structure of the aquifer, their instability caused by
the pumping in wells and in the artificial recharge
plan as it relates to the difference in the chemi-
cal compositions of the recharge water and the fine
sand environment, as well as the negligence of the
hydraulic principles of the recharge wells.

4.2 Conclusion

The results of the studies reveal the following,
which, if considered in similar plains, would pre-
vent the discharge of fine sediments in the aquifer
and land subsidence, increase the efficiency of
artificial recharge plans, and reduce damages.

The existence of layers of fine particle, especially
fine sand in the aquifer alluvial is a major factor
in the changes of land structure from the bedrock
to the surface of artificial recharge ponds of South
Hamadan Power Plant.

As per the data related to the geological struc-
ture of the aquifer at the site of the plan, the
groundwater overdraft and displacement of fine
layers lead to the gradual and general subsidence
of the plain and create major and irreversible
damages.

The difference in the quality of recharge water
and the groundwater aquifer at the site of the
plan could be the probable cause of instability in
fine layers and their displacement by groundwater.
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The negligence of the hydraulic principles of
groundwater in the design of recharge wells has led
to increase in the speed of groundwater flow around
the well’s shaft and the displacement of gravel pack
and fine layers by this flow.
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