





Figure 3.8 Streamgages in the Kabul Basin, Afghanistan
Note: Modified from ((Mack et al. 2010)
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Monthly streamflow of Kabul River at Tangi Saidan
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Figure 3.9 Monthly Streamflow of Kabul River at Tangi Saidan
Note: Data adapted from (Mack et al. 2010)

Monthly streamflow of Paghman Stream at Puli Sukhta
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Figure 3.10 Monthly Streamflow of Paghman Stream at Puli Sukhta
Note: Data adapted from (Mack et al. 2010)
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Chapter 4: Methodology

Artificial recharge of groundwater by means of diversion from nearby surface
water, in a period of the year with surplus streamflow in the Kabul River (rainy season),
is applied and evaluated by the aid of computer programs; Groundwater Modeling
System GMS v10.2 (Aquaveo Inc.), Modular finite-difference groundwater flow model
MODFLOW-2005 (Harbaugh 2005), and particle tracking post processing model
MODPATH 6 (Pollock 2012). The programs were used in constructing and predicting the
success of the project. Brief descriptions of the computer programs GMS v10.2,
MODFLOW-2005 and MODPATH 6 are provided in the following sections. Later in this
chapter, a detailed explanation of all steps and procedures used to implement artificial
recharge in the study area will be discussed. The following flowchart illustrates the steps

followed in this study, Figure 4.1.

Artificial Recharge of Groundwater
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Figure 4.1 Flowchart of the steps in artificial recharge of groundwater
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4.1 Description of Groundwater Modeling System

The Groundwater Modeling System (GMS v10.2) graphical user interface, is a
comprehensive environment that performs groundwater simulations. GMS supports
various codes including but not limited to MODFLOW and MODPATH. The GMS
interface is divided into twelve modules. These modules are 2D grid module, 3D grid
modules, 2D mesh grid, 3D mesh grid, 2D scatter point module, 3D scatter point module,
solid module, borehole module, TIN (Triangulated Irregular Network) module, map
module, GIS (Geographic Information System) module and finally UGrid (Unstructured
Grid) module. A module exists for each data type that GMS supports (GMS User Manual
2017). In this study, the implementation of artificial recharge of groundwater is achieved
through modeling of recharge basin by using GMS software.

4.2 Description of MODFLOW-2005

Modular finite-difference groundwater flow model MODFLOW was first
developed in 1983 by the USGS. Since then, the model has been continuously revised
and improved. While the first version of the program was called MODFLOW-88, the last
two version of the program are MODFLOW-2005 and MODFLOW 6. MODFLOW-2005
is coded in Fortran 90 (Brainerd et al. 1990). The program supports both steady state and
transient flows and can deal with regular and irregular grid layers of confined, unconfined
or combination of the two. Every single part of a simulation is represented by a single
package. Recharge, evapotranspiration, rivers, wells, drains, etc. each can be introduced
to groundwater model with a single package. Defining hydraulic characteristics of
groundwater flow process in a system, such as storage terms, horizontal and vertical
hydraulic conductivities are also part of the simulation process in MODFLOW-2005
(Harbaugh 2005).

MODFLOW-2005 employs the following partial-differential equation to simulate
the three-dimensional movement of groundwater of non-varying density in a porous
media (earth material);

i(Kxx@)_Fi(K @ +£(KZZ@)+W=SS@’ (4_1)
OX ox” oy Yoy oz oz ot

where

Ku» K, K, hydraulic conductivity components along X, y, and z coordinates

respectively, assumed parallel to the major axes of hydraulic conductivity
L/

h potentiometric head (L)

W Volumetric flux per unit volume (recharge or accretion) (1/T)
S, specific storage of the porous medium (1/L)

t time (T)

Combining equation (4-1) with flow and head conditions at the boundaries of an
aquifer, and specifying initial-head conditions, creates a mathematical representation of a
groundwater flow system, the solution of which provides an algebraic expression giving

h(xY.21) | derivatives of N with respect to time and space are substituted in equation
(4-1), the boundary conditions, initial conditions and the equation itself are satisfied. An

28



analytical solution of the equation (4-1) can become very tedious for complex systems
and use of numerical methods is encouraged to deal with the problems of this kind. One
highly appreciated approach is to make use of the finite-difference method. In a finite-
difference approach to numerically solve the equation (4-1), the continuous system is
replaced by a set of discrete points in space and time. The partial derivatives in equation
(4-1) are replaced by some terms that are computed according to the differences in head
values at these discrete points. The discretization convention is that the system is
composed of grids of blocks called cells and their three-dimensional location is specified
using i, j, k indices representing row, column and layer respectively (Harbaugh 2005).

In this study, the simulation of artificial recharge of groundwater in the Kabul Basin is
achieved by employing the Lake Package (LAK3) in MODFLOW-2005. The Lake
Package in MODFLOW-2005 simulates the artificial lake (that represents the recharge
basin in this study) and allows the head in the lake to fall and rise as a result of
interaction with groundwater (Merritt and Konikow 2000).

4.3 Description of Particle Tracking Post Processing Model MODPATH

The USGS has designed a particle tracking post processing model MODPATH, to
work with MODFLOW (Harbaugh 2005). MODPATH uses the output of steady state or
transient simulation of MODFLOW to compute paths of particles that move through a
groundwater system. MODPATH assigns a set of “imaginary” particles at desired regions
and computes the travel path and time associated with each particle. MODPATH enables
the user to track particles in a groundwater flow system either forward or backward.
Options are available to specify an arbitrary location to stop the particle tracking, or
MODPATH stops the tracking when particles reach flow boundaries. The user also has
the ability to declare a time for the particle tracking to start and stop. For simulations in
which the final stress period is steady state, the option is provided to either stop or
continue the particle tracking till indefinite time. However, for simulations in which the
final stress period is transient, MODPATH stops the particle tracking at the end of
MODFLOW simulation (Pollock 2012).

MODPATH input files are composed of a set of MODFLOW input and output
files plus some data files specific to MODPATH. MODFLOW files are; cell-by-cell flow
file, discretization file and head output file. Specific files to MODPATH are; a basic data
file, starting location file, simulation file and name file. MODPATH produces different
output files according to the preferences of the user. Following is a list of output files
MODPATH creates:

e Listing file: similar to MODFLOW listing file, a summary of MODPATH input
files and results for each simulation.

e Debug files: troubleshooting files that can help to find errors.

e Particle coordinates output file: These files show the movement of particle
through the simulation time. MODPATH can provide four types of particle output
files namely, endpoint, pathline, timeseries, and advective observation files
(Pollock 2012).

In this study, MODPATH version 6 is used for particle tracking to observe the
time and flow path of particles from the recharge basin to the model boundary and a
withdrawal well.
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4.4 The USGS Groundwater Flow Model for the Kabul Basin, Afghanistan

The USGS groundwater flow model of the Kabul Basin is developed upon
integrated analysis of historical data, hydrogeological data and recently collected data.
This model is a steady state model that simulates groundwater flow in the unconfined
shallow Quaternary aquifer and underlying Neogene aquifer. The model consists of four
layers. Layer 1 of the model represents Quaternary sediments which is almost 80 m thick
in the basin, layers 2 and layer 3 are each 500 m thick and represent the underlying
Tertiary (Neogene) semi-consolidated bedrock in the subbasins and include bedrock at
the perimeters of the subbasins, layer 4 is 1,000 m thick and represents the underlying
bedrock at depth, Figure 4.2. The numerical model MODFLOW-2000 has been used in
developing the groundwater flow model for the Kabul Basin, Afghanistan. Each cell in
the model represents an area of 400 m x 400 m.

4.4.1 Boundary Conditions and Stresses

Different MODFLOW-2000 packages have been used to simulate boundary
conditions and various stresses in the Kabul Basin, Afghanistan. Streamflow, recharge,
agriculture and domestic water use compose the stresses in the aquifer. Parameters
responsible for recharge are infiltration from precipitation, leakage from rivers, leakage
from perennial streams and lateral inflows from upland areas.

4.4.2 Hydraulic Properties

The geology of the area is divided into eight major zones according to hydraulic
conductivity and storage characteristics. Table 4.1 summarizes hydraulic characteristics
of the Kabul Basin, Afghanistan.

4.5 Site Selection

In artificial recharge of groundwater, surplus streamflow in rainy season is used to
augment aquifers. Kabul River flows 15 times greater than dry seasons through Kabul.
This huge amount of water in Kabul River is the best source to improve aquifer storage.
Being one of the world’s most water-stressed cities, Kabul relies on groundwater from
four aquifers in the Central Kabul subbasin. Increasing annual recharge to aquifers in the
Central Kabul subbasin is considered as a low-cost solution to rural, urban and
agricultural water improvement (Asian Development Bank [ADB] 2015).

Because the focus of this study is the Kabul City, the artificial recharge project is
located in Central Kabul subbasin to improve the aquifers that provide water for Kabul
City. According to Asian Development Bank [ADB] (2015) south of the Central Kabul
subbasin can be a feasible choice for an artificial recharge project. The specific location
of the recharge facilities in this study was based on depth to groundwater level and
distance to the sources water. Longest distance to groundwater in the area happens at a
distance of about 1 kilometer (km) south of the Upper Kabul River in Qala-i Zaman
Khan. More depths to groundwater level provides more unsaturated zone through which
infiltration from recharge facilities will take place. Surplus flow from Upper Kabul River
will be used for artificial recharge in this area, to improve groundwater storage so as to
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Table 4.1 Hydraulic characteristics of sediment and rock aquifers in the Kabul Basin,
Afghanistan.

Kabul Basin USGS Groundwater Flow model
_ Hydraulic Horizon?al Vertica]
Sediment or - Model hydraulic hydraulic .
. conductivity . . Porosity
rock unit (midY) layer(s) | conductivity | conductivity
(m/d) (m/d)

Fan alluvium
and
colluvium - 1 50 5 0.28
River channel
sediments 388.80 1 100 10 0.3
Loess 34.56 1 20 2 0.28
Unconsolidated
conglomerates - 1 3 0.3 0.28
Upper Neogene 8.64 1,2 1 0.1 0.1
Lower Neogene - 3,4 3 0.3 0.1
Sedimentary
rocks - 4 0.1 0.1 0.01
Metamorphic
and
igneous rocks - 4 0.01 0.01 0.01

! Reported by Bockh (1971)
Note: Adapted data from (Mack et al. 2010)

meet sustainable yield of the aquifer. The horizontal hydraulic conductivity in the area is
20 m/d and vertical hydraulic conductivity is 2 m/d. The porosity of the soil in the area is
about 0.3. Soil type in the area is loess which is composed of roughly 20% of clay and
equal portions of silt and sand.

4.6 Steps in Application of Artificial Recharge to the Study Area

In performing the artificial recharge of groundwater to the study area, Central
Kabul subbasin, numerous steps have been taken. These steps will be discussed in detail
in upcoming sections. The first two steps are cautious modifications to the original model
files.

4.6.1 MODFLOW-2000 to MODFLOW-2005

The USGS groundwater flow model for the Kabul Basin is created based on
MODFLOW-2000. In order to avoid experiencing any kind of inconsistency in future
steps of the implementation of artificial recharge to the study area, an attempt is done to
upgrade the model files from MODFLOW-2000 to MODFLOW-2005. Although GMS
interface supports both versions of the program, there were doubts if MODPATH particle
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4.6.5 Simulation of Artificial Recharge by Means of an Artificial Lake

After locally refining the study area, the artificial recharge is applied to the model
by means of an artificial lake Figure 4.6. In order to do so, the Lake Package (LAK3) in
MODFLOW-2005 was employed. The LAK3 package in MODFLOW-2005 can handle
lake-groundwater interactions, allowing the lake to expand and contract. The head in the
lake can rise or fall as a result of interaction with groundwater. The model can calculate
the stage in the lake upon user preference. A gaging station can be added to the lake to
calculate the stage in the lake after each time step. The stages will be written to
MODFLOW Gage Package (GAGE) file. Gage package facilitates monitoring the stage
at the lake and in defining the optimal flow rate to/from the lake (Merritt and Konikow
2000).

Artificial
lake Water
Unsaturated T?ble
Z0ne l l l l l l l '
Infiltration

Aquifer

Figure 4.6. Artificial lake used as an artificial recharge basin

In this study, the artificial recharge of groundwater in Central Kabul subbasin is
applied to the study area during four months of March-June, in which the surplus
streamflow from the Kabul River can be diverted to the artificial recharge basin to
augment aquifers, Figure 4.7. During this four months, flow in the Kabul River composes
nearly 80% of the total Kabul River flow of all year (Mack et al. 2010). In rest of the
year, there is very less flow in the river reaching a minimum of 1 cubic meter per second
in September. In order to meet the sustainable yield requirement in the Central Kabul
subbasin, the production capacity needs to be increased from existing 3.15 million cubic
meters per year (Mm?®/year) to 12.5 Mm?®year (World Bank 2010). This means that an
approximate rate of 75000 m3/d of water needs to be directed to the recharge basin during
the months that artificial recharge is being applied. Due to elevation difference, water
needs to be pumped to the area of artificial recharge.
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Figure 4.7 Schematic view of artificial recharge from the Kabul River, Afghanistan

Artificial recharge basin dimensions were adjusted in accordance with the
augmentation rate of 75000 m3/d. The lake that represents the artificial recharge basin
should have dimensions able to handle the inflow. An overflow from the lake as well as a
low stage in the lake is not desired. A deep basin increases the effects of clogging.
Furthermore, all time during the artificial recharge period, the flow must be from the
recharge basin to groundwater. Flow from groundwater to the recharge basin should be
thoroughly considered while designing the recharge basin. Groundwater level rise
happening as a result of artificial recharge can limit, and in some occasions, stop
infiltration form recharge basin to groundwater. Based on all above-mentioned criteria, in
order to reduce consequent clogging in the basin, have shorter drying time and prevent
groundwater flow to the recharge basin, a shallow basin was preferred to a deep one.
Results in the MODFLOW Gage Package were very helpful in defining the dimensions
of the lake, since dimensions were determined based on securing the maximum stage in
the lake during the artificial recharge period, through a trial and error process.

4.6.6 Artificial Recharge Scenarios

A number of scenarios were developed to find optimal recharge basin dimensions,
Table 4.2. In scenario 1, artificial recharge is applied by a 200 m x 200 m recharge basin.
In scenario 2, dimensions are 300 m x 300 m. In scenario 3, recharge basin dimensions
are increased to 350 m x 350 m. In scenario 4, recharge is applied to a 380 m x 380 m
recharge basin. In scenario 5, seven 5-meter spaced 50 m x 380 m basins were used as
recharge basins. Finally, in scenario 6, dimensions were further increased to 400 m x 400
m. As stated earlier, a shallow recharge basin is preferred in this study. The depth of the
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Table 4.2 Scenarios for artificial recharge basin

Scenarios | Number of basins | Length (m) x Width (m) | Depth (m)
0.5
0.7

1.0
1.2

0.5
0.7

1.0
1.2

0.5
0.7

1.0
1.2

0.5
0.7

1.0
1.2

0.5
0.7
1.0
1.2
0.5
0.7
1.0
1.2

1 1 200 x 200

2 1 300 x 300

3 1 350 x 350

4 1 380 x 380

5 7 50 x 380

6 1 400 x 400

recharge basin varies from a minimum of 0.5 m to a maximum of 1.2 m. The logic behind
this choice is to find the minimum area that can handle the recharge rate of 75000 m3/d,
bearing in mind that depth of the basin should not exceed 1.2 meter in order to prevent
and/or minimize undesired outcomes e.g. clogging.

4.6.7 Stress Periods

The model is run for approximately one year through three stress periods. The
first stress period is as short as 0.1 day. This stress period is added to check everything in
the model works fine before applying the artificial recharge. The second stress period is
120 days and represented the artificial recharge period. An approximate rate of 75000
m/d is applied as inflow to the recharge basin in this period. At the beginning of this
stress period, the recharge basin is assumed to be completely empty. The third stress
period is 240 days and shows the remaining months of the year without artificial
recharge, Table 4.3.
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Table 4.3 Stress periods and corresponding artificial recharge.

Artificial | Atificial
Stress Period | Length (day) | Time Step | Length (day) recharge
recharge 3
rate (m°/d)
Stress 0.1 1 0.1 No i
period 1
1 30 Yes 75000
Stress 120 2 30 Yes 75000
period 2 3 30 Yes 75000
4 30 Yes 75000
1 60 No -
Stress 2 60 No -
period 3 240 3 60 No -
4 60 No -

4.6.8 Particle Tracking

The USGS MODPATH 6 particle tracking is used in this study to observe the
flow path of “imaginary” water particles from the recharge basin to the model boundary.
MODFLOW simulation results of the groundwater model run after applying artificial
recharge, are provided for MODPATH as input files along with other input files specific
to MODPATH. MODPATH automatically generated 2646 particles and their starting
locations between the range of locations provided by the user. For this study, MODPATH
is let to run indefinite time to compute the time it takes for each particle to reach the
model boundary and a withdrawal well. Two output files are created based on simulation
result; a pathline file, which includes the coordinates along the path of each particle, and
an endpoint file, in which information about the initial and final location and time for

each particle can be found.
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Chapter 5: Results and Discussions

The goal of this study was to investigate the applicability and effectiveness of
artificial recharge of groundwater in Central Kabul subbasin. The very first step in
applying artificial recharge to the study area was to refine local model area. Secondly,
artificial recharge was applied and finally, a particle tracking completed the study. The
method hired for artificial recharge of groundwater in this study was direct surface
recharge.

5.1 Local Grid Refinement Results

The USGS groundwater flow model for the Kabul Basin, Afghanistan, is
considered a coarse model according to its cell size. It was important to divide the cells in
the study area to smaller cells so as to have better results. This process is done through
locally refining grids capability of MODFLOW-2005 called LGR.

As documentation of shared node local grid refinement of MODFLOW-2005
states, there is an optimal refinement ratio to be achieved. Generally, the increase in
refinement ratio decreases the parent and child model errors. However, the sudden
decrease in cell size at the interface of parent and child model can introduce new error to
the system. Different refinement ratios have been tried in this study. Table 5.1 shows the
numerical errors associated with a few numbers of the refinement ratios tried.

Table 5.1 Refinement ratios and associated numerical errors

Refinement Numerical error

@| Parent .
'g model | Child model | Refinement Parent model Chlld_model
Z| cell size | cell size (m) ratio di percent 0 percent d(:screpancy

(m) iscrepancy (%) (%)

No

1 | 400.00 - refinement -0.21 -
2 | 400.00 133.33 1:3 -0.12 200.00
3 | 400.00 44.44 1:9 -0.05 -11.23
4 | 400.00 19.05 1:21 -0.02 -5.78
5 | 400.00 16.00 1:25 -0.01 0.00
6 | 400.00 12.12 1:33 -0.17 23.58
7 | 400.00 10.25 1:39 0.35 -28.47

The row numbered 5 in Table 5.1 shows that the least errors in parent and child
model are achieved when a refinement ratio of 1:25 was used. It should be mentioned that
refinement was applied to all layers of the model. The author experienced that, among
different solvers in MODFLOW-2005, the Preconditioned Conjugate Gradient (PCG)
solver worked best with LGR in this study. Figure 5.1 represents an excerpt of outputs
from parent and child model after refinement. Subsequently, Figure 5.2 shows a
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VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 4 IN STRESS PERIOD 3

CUMULATIVE VOLUMES RS RATES FOR THIS TIME STEP L¥*3/T
IN: IN:
STORAGE = 0.0000 STORAGE = 0.0000
CONSTANT HEAD = 0.0000 CONSTANT HEAD = 0. 0000
WELLS = 0. 0000 WELLS = 0. 0000
HEAD DEP BOUNDS = 203571536. 0000 HEAD DEP BOUNDS = 565320. 2500
RECHARGE = 36340944.0000 RECHARGE = 100919.0312
SPECIFIED FLOWS = 0.0000 SPECIFIED FLOWS = 0.0000
STREAM LEAKAGE = 2855466752.0000 STREAM LEAKAGE = 7929753. 5000
PARENT FLUX B.C. = 10905212. 0000 PARENT FLUX B.C. = 30271.5391
TOTAL IN = 3106284288.0000 TOTAL IN = 8626265. 0000
ouT: ouT:
STORAGE = 0.0000 STORAGE = 0.0000
CONSTANT HEAD = 0. 0000 CONSTANT HEAD = 0. 0000
WELLS = 40106620. 0000 WELLS = 111376. 3516
HEAD DEP BOUNDS = 0.0000 HEAD DEP BOUNDS = 0.0000
RECHARGE = 0. 0000 RECHARGE = 0. 0000
SPECIFIED FLOWS = 273835008. 0000 SPECIFIED FLOWS = 760441.6250
STREAM LEAKAGE = 2781859072.0000 STREAM LEAKAGE = 7725161. 5000
PARENT FLUX B.C. = 10839540. 0000 PARENT FLUX B.C. = 30085. 2246
TOTAL OUT = 3106640384.0000 TOTAL OUT = 8627065. 0000
IN - OUT = -356096. 0000 IN - OUT = -800. 0000
PERCENT DISCREPANCY = -0.01 PERCENT DISCREPANCY = -0.01

a

VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 4 IN STRESS PERIOD 3

CUMULATIVE VOLUMES %% 3 RATES FOR THIS TIME STEP LSN/T
IN: IN:
STORAGE = 0. 0000 STORAGE = 0. 0000
CONSTANT HEAD = 11358180. 0000 CONSTANT HEAD = 31537.0410
RECHARGE = 68544.3594 RECHARGE = 190. 3481
TOTAL IN = 11426724.0000 TOTAL IN = 31727.3887
ouT: ouT:
STORAGE = 0. 0000 STORAGE = 0. 0000
CONSTANT HEAD = 11426708. 0000 CONSTANT HEAD = 31727.3418
RECHARGE = 0.0000 RECHARGE = 0.0000
TOTAL OUT = 11426708. 0000 TOTAL OUT = 31727.3418
IN - OUT = 16.0000 IN - OUT = 4.6875E-02
PERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = 0.00

b

Figure 5.1 a) Parent model result after refinement b) Child model result after

refinement
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visual representation of the locally refined study area, before and after model run for head
calculation.
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Figure 5.2 a) Model head calculation result before refinement b) Model head
calculation result after refinement

Figure 5.1a and 5.1b are budget part of MODFLOW simulation results for parent
and child model at the end of the simulation time corresponding to time step 4 of stress
period 3. Each budget mainly consists of two parts; describing what enters the
groundwater system and what leaves the groundwater system, calculated both in whole
(e.9. L®) and in unit time (e.g. L%T). Storage term is always zero for a steady state
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simulation. Constant head is the head value that does not change during simulation.
Constant head value is zero for parent model since there is no direct contact between
aquifers and surface waters. However, for child model, it is not zero because it contains
boundary fluxes across child and parent model. Head dependent boundary shows the
amount of water that enters or leaves groundwater system, depending on a user-specified
reference head in boundaries. General head boundary package is used only in parent
model to calculate head dependent boundary. Parent model flux in boundary is defined by
parent flux b. c. term. For child model, the value is included in constant head term.
Recharge to/from the groundwater system is shown by recharge term in the results. Wells
term shows the groundwater abstractions (or injections) from wells in the model. Seepage
from streambed is demonstrated by stream leakage term. Since the model runs on a
steady state simulation, the sum of all inflows and outflows must become zero. Finally,
the figure shows numerical errors (percent discrepancies) for both parent and child model
as -0.01 and 0.00 respectively.

Last two figures both show the model results after the model was run with the
optimal refinement ratio (1:25), that was found after numerous trials. Considering the
original error of the parent model which was -0.21 (Table 5.1), It can be concluded that,
local grid refinement and using PCG solver has improved parent model error to about
96%. Following is the four key points learned from local grid refinement in this study;

e Although greater refinement ratio decreases both parent and child model error but,
can also introduce error to the system because of the abrupt change of cell
dimensions at the interface of child and parent model. Therefore, there is an
optimal refinement ratio that can be found based on the purpose of refinement.

e Local grid refinement helps to achieve more accurate result in the child model
area of the parent model. In return, the feedback from the child model helps to get
more accurate result for the parent model.

e Based on experience gained in this study, a vertical refinement of all parent
model layers (as opposed to refining only the first layer of parent model) produces
better results.

e Local grid refinement can achieve most of the goals of global grid refinement
when applied to a specific area of interest and additionally, save time and effort.

5.2 Artificial Recharge of Groundwater Results

In this study, direct surface recharge of groundwater water was employed as
artificial recharge method. Water was diverted from the Kabul River during the four
months of March, April, May and June. Daily withdrawal rate from the Kabul River to
the recharge basin was set according to sustainable yield requirement. A daily flow rate
of 75000 m®d was diverted from the river to the recharge basin during the recharge
period.

While an artificial recharge project may have various objectives, the primary goal
of artificial recharge in the study area was to improve the groundwater storage. The
results showed that by allocating 75000 m3/d of water from the Kabul River to the
recharge basin during the four months of artificial recharge period, the annual sustainable
yield can be achieved. However, deciding on an optimal artificial recharge basin was a

44



rigorous procedure. Six different scenarios were evaluated based on their ability to
accommodate the required flow rate from the Kabul River, Table 5.2.

Table 5.2 Results of scenarios for artificial recharge basin

Number Average Cumulative
S . Length (m) Depth daily recharge at the end
cenario of ; :
basi x Width (m) (m) recharge of recharge period
asins 3 3
(m°) (m°)

0.5 10000 1200000
0.7 14000 1680000

! ! 200 > 200 1.0 20000 2400000
1.2 24500 2940000
0.5 24000 2880000
0.7 32000 3840000

2 ! 300 % 300 10 46000 5520000
1.2 56500 6780000
0.5 30500 3660000
0.7 41000 4920000

3 ! 350350 1.0 59000 7080000
1.2 72000 8640000
0.5 42000 5040000
0.7 56000 6720000

4 ! 380 x 380 1.0 77000 9240000
1.2 89000 10680000
0.5 41000 4920000
0.7 54500 6540000

7

> 50 > 380 10 73000 8760000
1.2 86000 10320000
0.5 - -
0.7 - -

6 1 400 x 400
1.0 - -
1.2 - -

The six scenarios represent six different artificial recharge basins in terms of their
area. Furthermore, each scenario is divided into four more parts according to their depths.
As stated earlier, the objective is to find the optimal recharge basin dimensions that can
accommodate the required flow rate. Best recharge basin will be the one that can
accommodate the daily flow of 75000 m? in the smallest area with a depth not exceeding
1.2 m. It should be mentioned that depth is more important than area and plays a major
role in the long-term effectiveness of an artificial recharge project. Therefore, depth is
given priority over the area.

Table 5.2 shows that the first three scenarios failed to provide the required
dimensions for an artificial recharge basin able to accommodate the required daily flow.
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Scenario 4 with a recharge basin area of 380 m x 380 m and a depth of 1 m could
accommodate 77000 m?® of flow on a daily basis which is a little greater than required
75000 mS. After scenario 4 proved successful, scenario 5 was developed to check if the
recharge basin in scenario 4 can be replaced by seven 5-meter spaced 50 m x 380 m
recharge basins, since narrower basins provide more lateral infiltration and cause less
clogging effects. Results showed that scenario 5 with a depth of 1 m could accommodate
73000 m® which is slightly smaller than required flow and needs a little more depth.
Scenario 6 was also based on scenario 4. The objective in scenario 6 was to check if it is
possible to increase the area by 20 m on each side and decrease the depth for long-term
benefit. However, scenario 6 failed to be acceptable for an artificial recharge project
since groundwater inflow to the recharge basin was observed during artificial recharge
period. Larger areas than of scenario 6 were not considered after scenario 6 failed, Figure
5.3. Overall, Scenario 4 proved to be the best artificial recharge basin with dimensions
380 m x 380 m x 1 m (0.1444 km?). Scenario 5 can also be a good alternative if small
modifications are made. Figure 5.4 shows dimensions of the recharge basins in the
Scenario 4 and scenario 5. Figure 5.5 shows percent effectiveness of each scenario.

Average Daily Recharge
90000

Required flow

30000
15000 I I
-

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
® Depth 0.5 m Depth 0.7 m Depth 1.0 m Depth 1.2 m
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a1 o a1
o o o
o o o
o o o

Cubic meter per day, m3/day

Figure 5.3 Average daily recharge for each scenario

Figure 5.6 is an excerpt from the results of scenario 4 with an inflow rate of
75000 m*/d, at the end of the first year. Artificial recharge was applied to the study area
during stress period 2, which consists of four time-steps. The length of this stress period
is 120 days which is roughly four months. The model results at the end of stress period 2,
indicated that there is a daily seepage of about 75000 m®/d from the recharge basin to
groundwater, Figure 5.6a. The same amount of artificial recharge was happening from
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Figure 5.4 Recharge basins for scenario 4 and scenario 5
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Figure 5.5 Percent effectiveness of different recharge scenarios
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Figure 5.6 a) Model results at the end of stress period 2 b) Model results at the end

of stress period 3
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the lake to groundwater through every time-step in the stress period 2 (not shown in
Figure 5.6). At the end of the stress period 2, an amount of 9 Mm? of water was
infiltrated through seepage from the recharge basin to groundwater. This amount is
sufficient to improve groundwater storage in the area to meet sustainable vyield
requirement. The results in Figure 5.6b show that, during stress period 3 (after recharge
period) which is 240 days and corresponds to the time in the year after recharge period,
there is no seepage from the lake to groundwater.

Results in Figure 5.6 show that, during the recharge period and after it, there is no
seepage from groundwater to the artificial recharge basin. This indicates that the flow
direction is only from the lake to the groundwater and no time during artificial recharge
period, groundwater flows to the lake. Figure 5.6 also shows that natural recharge in the
model area is as small as 68544 m*; whereas artificial recharge is big as 9 Mm?® on an
annual basis. However, it should be noted that model area does not encompass whole
Central Kabul subbasin, and natural recharge in the subbasin is certainly much higher.
Annual Artificial recharge of 9 Mm? corresponds to roughly 20% of the recharge from
precipitation and 0.3% of the total recharge in the whole Kabul Basin, Afghanistan.
Percent discrepancy (numerical error) of 0.01 proves that the model was successful in
performing a steady state simulation.

Groundwater level rise of 1-2 m was observed in the vicinity of the recharge basin
right after recharge period. However, at the end of the simulation, groundwater levels
returned back to the same elevation or lower than pre-recharge period. This can be
explained as, for a consistent groundwater level rise, the artificial recharge must be
applied for several years. In this study, because of lack of appropriate data, the artificial
recharge was not extended beyond one year. Running the simulation with a little data for
a long period would question the reliability of the results. The results further proved that
groundwater level rise under the recharge basin and nearby areas does not limit the
artificial recharge for the simulation time. However, in an artificial recharge of several
years, groundwater level rise may limit the infiltration from recharge basins.

Infiltration rate from the recharge basin to groundwater calculated based on daily
flow and area of the basin is 0.5 m/d. This number is among usual infiltration rates
according to ASCE (2011) and in acceptable range according to Schueler (1987).
However, the infiltration rate will most likely decrease over time as a result of clogging
and groundwater level rise.

Evaporation from a recharge basin ranges from 0.3 m/year in humid climates to
2.5 m/year in dry climates (ASCE 2011). Since the recharge period corresponds to the
rainy season in the study area and evaporation is very small than infiltration, the
evaporation loss is ignored.

5.3 MODPATH Particle Tracking Results

MODPATH particle tracking post processing program was hired to compute flow
path of particles from the recharge basin to the model boundary and nearest well. A total
of 2646 “imaginary” particles were released at the beginning of the simulation.
MODPATH helped to get two important results; firstly, the influence area of the recharge
basin and secondly, travel time for each particle to reach model boundary or nearest well.

The results from MODPATH output shows that groundwater flow from under the
recharge basin is dominantly due north-east. All particles moved in northeast direction
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until they reached the model boundary. Figure 5.7 depicts the influence area of the
recharge basin.

Travel time for each particle to terminate either in model boundary or nearest well
was computed by MODPATH. Travel time results from MODPATH particle tracking
indicated that the shortest and longest time it takes for an “imaginary” water particle to
travel from the recharge basin to the model boundary are approximately 11 and 23 years,
respectively. For an “imaginary” water particle to reach the nearest well from the same
recharge basin, the shortest and longest travel times are calculated as approximately 16
and 23 years, respectively. Table 5.3 shows shortest, longest, average and median for
particles terminated either at the model boundary 1 km from the onset of the basin or at
the nearest well. The results prove that the water infiltrated through the recharge basin
remains sufficient time under ground and ensures that the water extracted later, will be of
better quality. A very short travel time, as well as a very long travel time, can question
the feasibility and efficiency of an artificial recharge project.

KabU’ River

Lake

Model Boundary

Particle flow path

® el

Figure 5.7 Flow path of particles from the recharge basin

Table 5.3 Travel time for particles from the lake to nearest well and model boundary

Terminated at the model boundary Terminated at the nearest well
(years) (years)

Smallest 10.82 Smallest 15.86

Largest 23.42 Largest 23.24

Average 16.14 Average 19.73

Median 15.76 Median 19.74

In brief, the approach followed in this study was based on many factors. Firstly,
Local grid refinement of the study area was necessary to obtain better results. After local
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grid refinement, the artificial recharge basin in this model was represented by 570 child
cells; whereas, it would have been represented with only one cell without a local grid
refinement. Obviously, applying a high recharge rate at only one cell of a model will
pose uncertainty and doubt in the results. Secondly, in order to simulate the artificial
recharge in the area, an artificial lake was introduced to the model to represent the
recharge basin. As mentioned earlier, the lake-groundwater interaction through seepage
from the lake best represents an artificial recharge basin. Moreover, the stage in the lake
can vary according to the interaction of lake with groundwater. Thirdly, a very important
aspect of an artificial recharge project is the quality of water used to recharge
groundwater. In a direct surface method of artificial recharge of groundwater, the
physical and chemical processes that take place during infiltration and percolation of
water through soil, help to improve the quality of water that reaches the aquifer and
subsequently withdrawal wells. As the source water for artificial recharge in this study
was river water -that obviously needs quality improvement-, direct surface recharge
method is believed to be able to achieve this goal. Finally, particle tracking helped to
investigate the influence area of the artificial recharge basin and travel time for the
“imaginary” water particles to reach the model boundary. Particle tracking was a
significant part of this study to make sure that water from the recharge basin stays
sufficient time under ground for quality improvement.
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Chapter 6: Summary and Conclusions

Decades of war and political instability, consecutive droughts after 2000,
population increase and displacement, caused serious infrastructural damages to water
resources of Afghanistan and ceased any kind of progress. One of the important needs of
the people of Afghanistan aftermath of war, is sustainable and reliable sources of water.
The main source of water supply for people in Afghanistan is groundwater. Groundwater
is used for drinking and other domestic uses, irrigation and livestock, industry and public
water supply systems. Over-exploitation of groundwater has caused considerable declines
in groundwater level all over the country, leading to drying of many of the shallow wells
in large cities in the recent years.

Kabul, the largest city of Afghanistan, is the capital city with a population of 4.5
million and the fifth fastest-growing city in the world (Asian Development Bank [ADB]
2015). The city has observed a high rate of population increase in recent years.
Households and industries in Kabul highly depend on groundwater. Several organizations
have been working on groundwater in Afghanistan. German Federal Institute of
Geosciences and Natural Resources (BGR), Afghanistan Geological Survey (AGS), the
U.S. Geological Survey (USGS), Afghanistan Ministry of Energy and Water (MEW),
Japan International Cooperation Agency (JICA), Danish Committee for Aid to Afghan
Refugees (DACAAR), World Bank (WB) and Asian Development Bank (ADB) have
done investigations in water resources in Afghanistan. While once high quality and
abundant sources of groundwater, were added values to Kabul, now all the
aforementioned organizations agree on an on-going groundwater crisis in Kabul. Water
scarcity is a big challenge awaiting Kabul. There has been a decline of 5-10 m in
groundwater level in Kabul since 1980. Water level decline was observed in all but two
of 23 USGS monitoring wells in the city of Kabul ranging from a few meters up to 30 m
(Mack et al. 2013). A predictive model of groundwater resources shows up to 40 m of
water level declines in the city of Kabul in 2057 (Mack et al. 2010). The situation will
drastically affect life, agriculture and industry in Kabul.

The study by the JICA on groundwater resources in Kabul (2007) reveals that, as
a result of over-exploitation of groundwater, there is no more groundwater development
in the shallow aquifer in the Kabul Basin. Therefore, proper steps as "aggressive
development™ scheme toward groundwater development e.qg. artificial recharge should be
taken. Injecting the excess water of flood or streams in rainy season back to the ground to
augment the aquifer storage is considered as a practical option for groundwater
management of Kabul, Afghanistan.

This study suggests an artificial recharge by the excess water of the Kabul River
during the rainy season, in Central Kabul subbasin, Afghanistan. The ample flow in the
Kabul River during the rainy season can be utilized in an artificial recharge project to
improve groundwater storage; otherwise, the water leaves the country and finally empties
to the Indus River. Studies by World Bank (2010) and Asian Development Bank (2015),
show that the river has the potential for artificial recharge of groundwater, hydroelectric
power development, irrigated agriculture development, and urban and industrial water
supply projects.

It is believed that artificial recharge of groundwater can help natural recharge and
replenish groundwater in Kabul. While there are numerous benefits of an artificial
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recharge project, this study is focused on increasing groundwater storage in the area. The
artificial recharge method applied in the study area is direct surface recharge in which,
the water diverted to the recharge basin is let to infiltrate to ground through the soil. The
method ensures considerable improvement in groundwater quantity and enhances
groundwater quality during infiltration process (Kimrey 1989).

After locally refining the study area, the artificial recharge is applied to the USGS
Kabul groundwater flow model by means of an artificial lake. Computer programs
MODFLOW-2005 and GMS 10.2 are acquired to simulate the artificial recharge in the
study area. The objective is to meet the sustainable yield requirement in the Central
Kabul subbasin. Therefore, the production capacity needs to be increased to 12.5
Mm?®year (World Bank 2010). This means that an approximate rate of 75000 m®/d of
water needs to be directed to the artificial lake during the rainy months of March-June.
Computer program MODPATH 6 particle tracking is used in this study to observe the
flow path of “imaginary” water particles from the recharge basin.

Among six scenarios, the artificial recharge basin with an area of 0.1444 km? was
selected based on optimal results. Simulation results represent improvements in
groundwater storage in the study area. Results show that at the end of the artificial
recharge period, an amount of 9 Mm?® of water was infiltrated through seepage from the
recharge basin to groundwater. This amount is sufficient to improve groundwater storage
in the area to meet sustainable yield requirement. Groundwater level rise of 1-2 m was
observed in the vicinity of the recharge basin right after recharge period. However, at the
end of the simulation, groundwater levels returned back to the same elevation or lower
than the pre-recharge period. Particle tracking results indicate that the water infiltrated
through the recharge basin remains sufficient time under ground and ensures that the
water extracted later, will be of better quality.

This study proves that an artificial recharge project by means of surface spreading
of the surplus flow from the Kabul River is an efficient water resources management tool
for the Kabul Basin, Afghanistan. Results of this study indicate that the approach
undertaken fits the real situation in the site. However, as in many scientific researches,
this study includes limitations. Lack of appropriate data for the study was a major
constraint in this research. Data collecting activities were interrupted in Afghanistan
during war. The model used for this study was built by historic data of about 30 years ago
and a portion of new data collected by the USGS during 2004-2007 in the Kabul Basin,
Afghanistan. Additionally, the model is not calibrated due to lack and/or inaccessibility
of recent observation data. This limitation impeded the study to go on for a longer time to
observe the long-term impacts of artificial recharge on groundwater storage and
groundwater level rise and posed uncertainties to the study.

Notwithstanding the shortcomings in this study, it is the first-ever study of
applicability and effectiveness of artificial recharge of groundwater as a management tool
in Afghanistan in general, and in the Kabul Basin in particular. The approach followed in
this thesis is backed by careful review of studies on water resources in Afghanistan;
exploring literature on the topic of artificial recharge, and utilization of newest
applications of related groundwater computer programs. Therefore, this study suits as an
insight for future researches on artificial recharge of groundwater in Afghanistan in order
to increase groundwater storage, groundwater level rise, water quality improvement and
land subsidence prevention. The main goal of this study was to prove that an artificial
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recharge project in the study area is applicable and effective. However, to measure its
extent of effectiveness, more efforts are required in the future. For the future
implementation of artificial recharge of groundwater in the area, it is recommended that a
thorough investigation of soil properties and other in-situ/laboratory measurements be
done. It is also recommended to utilize a calibrated groundwater flow model that is built
and calibrated with sufficient data. Finally, it is recommended to construct test recharge
basins to examine the effectiveness of the project before any attempt to construct actual
facilities.

This research can lead to new studies on the applicability of artificial recharge of
groundwater in different parts of Afghanistan using the surplus flow of rivers during the
rainy season. The research can be extended to study various effects of artificial recharge
of groundwater e.g. land subsidence prevention.
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