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Fig.1. Schematic design of the hypothetical aquifer under study and the boundary conditions applied to the Modflow
model and grididing at the location of the wells.
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Table 1. Number and length of stress periods in Modflow and Modpath models

Stress Periods Stress Periods

Start Length (d) Start Length (d)
0 0.000001 1 4
0.000001 0.000009 5 5
0.00001 0.00009 10 Repeat 5 to 205
0.0001 0.0009 205 160
0.001 0.009 365 205
0.01 0.09 570 160 and 205- back-to-back repeats up to 73,000

0.1 0.9 73000
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Table 2. Parameters applied in the simulation stages: BS (Bedrock Slope), IT (Initial Thickness in drainage boundry),

n (effective porosity), k (hydraulic conductivity), Sy (Specific yield), Re (surface Recharge in the wet period), Q
(well discharge).

Parameter K (m/d) Sy n BS Re (mm) Q(m%d) IT(m)
Initial bas values 10 0.10 0.10 0 320 4000 100
Limits of changes 10-100 | 0.01-0.10 | 0.01-0.10 0-0.010 40-400 1000-10000 10-100
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Fig. 2. How the water level reaches the natural state on the right boundary (divided line in fig.1) of the aquifer. Re
(mm) is recharge in wet periods.
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Fig. 3. Comparison of the results of drawdown cone in the Modflow numerical model and analytical equations.
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Fig. 4. Comparison of CZ calculated from Modflow and Modpath with grubb method. 1y DZ is a one-year Discharge
Zone based on a 1-year Travel Time Line. Only half of the points of the Grubb method are shown.
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Fig. 5. The effect of hydraulic conductivity (K): (a) Normal water level at the end of the wet period. (b) Capture Zone
and Discharge Zone. Travel time lines are for 1 year.
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Fig. 6. The effect of specific yield: (a) Normal water level at the end of the wet period. (b) Capture Zone and
Discharge Zone. Travel time lines are for 1 year.
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Discharge Zone. Travel time lines are for 1 year.
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Fig. 11. The effects of pumping duration: (a) the expansion mechanism of the capture zone. (b) the expansion
mechanism of discharge zone. Travel time lines are for 1 year.
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Fig. 12. Capture Zone and discharge zone for different amounts of pumping discharge. Travel time lines are for 5
years.
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Fig. 14. Capture Zone and discharge zone and Recharge zone in an alluvial unconfined aquifer with a sloping initial
water table in a multi-well system (influence zone of each well is a major part of the entire aquifer).
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Fig. 15. The effect of the ratio of discharge to recharge on the capture zone in the central well of aquifer. It shows the
change of the capture zone of the well in the center of an aquifer whose level has been lowered by means of wells
properly installed throughout the aquifer. The discharge of all the wells was equal to 80 mm of the total recharge of
the aquifer.

ml e 5 sl (55950 (0l kS 5 385 T b lam > Sl ol slaoly I cblis > a2
Jelos gy cnl Sl Bae 0)ls i (pw)p g Son Slr jeie 0ol pll ae (nl jo a5 soue sl egl
g ol el a3 550 SO 4y CewdWl Ceos o Slgul cpl el ‘_;':.éj.ﬂ o1 lezel o adss g W slaes ;>
P el 5y 50 (S )b @l e Gialed gl el ok @33 e S s kS o
el ostde Joo 3l 3 oy bas 50 oles a5 gzl Gal 5l glaskd 005 350 ()T 5 by bshas bl
Yo Cowg bl 0,90 lesul o eolatul wole g glisle slaJoe I gilwacs slp ol gjloas sl
A0 ilednd lp Y Ko o plaie GuuaSiA b e Ve Bes b Cews Gl )0 9 yieskS T )0 ieslS

G 39y cemee o) 5l Gles slapls (e Ve B (o yas il g Lol CoaBga 50 olzr Jlad (S8 ) wd i85


http://dx.doi.org/10.22034/JEG.2022.16.2.1019241
https://jeg.khu.ac.ir/article-1-3070-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-06-12 ]

[ DOI: 10.22034/JEG.2022.16.2.1019241 ]

vy \\°~\QMUVEJM‘VA:;JQAL?‘&AJ;@QMM;CJQQJJ.}

059, Vo b Sis g 059, Ve 5 slooygn LSS L G g a8l Ral8l g pad 4 SiS 090 sk y0 55, V00
Ao 9 08 03 Lo sla e b goas Joe a3 Como 235 O 9o Jlo Ver Gl silead
el b g ol aly Slasie Jall g gy 50 285 18 s 0y9e OlyFel g ol Jies sla il
MWL U SO I IRV

30 Gy AS e (Keal g adsl Culs s S ol i Bl (JEss (S jaue colan jo s
50 0l Ol sl cel ol CarBge g olx adss (w4385 ,0 i Lol 0,55 sl KT > Colus
sl zehl (Sdgynn o 5 plssul culs wlil laplssal jo o8 cul ol byl 51 (S i 0 5K
el b (S 0 s ol pé, e a5 ol e o] w4 cpl wiil oo el b Koo &b g eogs Jatus
o5 3925 b I sl o el ] ali f T o Gl e el ol (5 laie KDL o Lol o )l50n
Ol b an 4y 59, ol Iy e 00938l 1Sl e sy gy 4 adsl Sl pleg 0 (ST i )0
S slaclsy o ass sbul fK0l 0> 0 Gpdl b (28l by e (b aS pgls o, e 5 Sy oo
B0l 35 52 ol ls Ol s S5 ol (S0 )0 (2655 Do |y el s O o sl
3o Lol AJLQ‘SQ ‘éﬁl.» wl) 9 O0duw, &? )‘J&n )S‘A} L )..ij > ws ‘Sﬁbl.:}f Ol )‘ u ualj.:L..) ‘M)LSQ
Oy 6l g anils (6, Keiz rals adsl b L.,.w ol b Olggol 5lab; el b 2l g
anogi lizmes S0 > ooy o U0 w03 63 Vsb olej omb S5 s b s O mhaw &
Cel (plas i ;o Cdl by e 2o 3 aigSs aS ol eols lis saleaiz piagw sbul bl
Sgdien al5S g 2l sla > 50 s ol

Cormg Joad Gialpdl g Ol b 515 maw pals cel w@dns ol b adss iolibl 458 o a5 ob aseie
Ol 939 oS 9w e 5L nl 9 e O (slaoly I cblis (sl I3 Tales 5 ks 5 KT (slae >
Cosad pae 5l iy Boee Cualad pae ol g ol 10,55 1 oYU Cosad pie b ojlgen 3blie ol (sl onds
5 4dsS o Jobs Lis 4 Boes 55S0e blie cualad sax 0 .ol lysal Slasin ;o luebl pac )l 3G
5 olz cudlad 5 g)las 5l e 4T o jls  Kin Glanglh Sl Siliwl Of mhaw (cwd g Il 4 5 adss
Sodd 385 sadllas areils ol sa gl 515 g ComBae ConlS 0590 50 (6 S peenal 103,56 0l Slgzol

el el 1o 4385 4y ola 3,k ) Al (gdigy o (et 5 Sy

&b

Ayinippully Nalarajan, N., Govindarajan, S., Nambi, 1. 2022. Aquifer heterogeneity on well capture zone
and solute transport: numerical investigations with spatial moment analysis. International Journal of
Environmental Science and Technology, 19(8), 7261-7274. https://doi.org/10.1007/s13762-021-
03573-y

Barlow, P. M., Leake, S. A., Fienen, M. N. 2018. Capture Versus Capture Zones: Clarifying Terminology
Related to  Sources of Water to  Wells. Groundwater,  56(5), 694-704.
https://doi.org/http://doi.org/10.1111/gwat.12661


https://doi.org/https:/doi.org/10.1007/s13762-021-03573-y
https://doi.org/https:/doi.org/10.1007/s13762-021-03573-y
https://doi.org/http:/doi.org/10.1111/gwat.12661
http://dx.doi.org/10.22034/JEG.2022.16.2.1019241
https://jeg.khu.ac.ir/article-1-3070-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-06-12 ]

[ DOI: 10.22034/JEG.2022.16.2.1019241 ]

i s ST Ol s el sl el Ty

Barrash, W., Dougherty, M. E. 1997. Modeling axially symmetric and nonsymmetric flow to a well with
MODFLOW, and application to Goddard2 well test, Boise, ldaho. Groundwater, 35(4), 602-611.
https://doi.org/10.1111/j.1745-6584.1997.th00125.x

Bear, J., Jacobs, M. 1965. On the movement of water bodies injected into aquifers. Journal of Hydrology,
3(1), 37-57.

Dupuit, J. E. 1863. Etudes théoriques et pratiques sur le mouvement des eaux dans les canaux découverts
et a travers les terrains perméables. Dunod, Paris, 352 pp.

Goodarzi, M., Eslamian, S. S. 2019. Evaluation of WhAEM and MODFLOW models to determine the
protection zone of drinking wells. Environmental Earth Sciences, 78(6), 195.
https://doi.org/10.1007/s12665-019-8204-5

Grubb, S. 1993. Analytical model for estimation of steady-state capture zones of pumping wells in
confined and unconfined aquifers. Groundwater, 31(1), 27-32. https://doi.org/10.1111/].1745-
6584.1993.th00824.x

IGNSL .2014. Capture-Zone-Delineation-Technical-Report (Institute of Geological and Nuclear Sciences
Limited, Issue GNS Science Report 2013/57). www.gns.cri.nz

Javandel, I., Tsang, C. F. 1986. Capture-zone type curves: A tool for aquifer cleanup. Groundwater,
24(5), 616-625.

Khalilabad, N. M., Mohtashami, A., Akbarpour, A. 2022. Application of random walk algorithm into
finite element numerical groundwater model for capture zone depiction. Sustainable Water Resources
Management, 8(2), 1-10. https://doi.org/10.1007/s40899-022-00618-z

Langevin, C. D., Hughes, J.D., Banta, E.R., Niswonger, R.G., Panday, Sorab, Provost, A.M. 2017.
Documentation for the MODFLOW 6 Groundwater Flow Model: U.S. Geological Survey Techniques
and Methods, book 6, chap. A55, 197 p. https://doi.org/10.3133/tm6A55

Liu, Y., Weisbrod, N., Yakirevich, A. 2019. Comparative Study of Methods for Delineating the Wellhead
Protection ~ Area in an  Unconfined Coastal  Aquifer.  Water, 11(6), 1168.
https://doi.org/doi:10.3390/w11061168

Mahdavi, A. 2019. Transient-state analytical solution for arbitrarily-located multiwells in triangular-
shaped  unconfined  aquifer. ~ Water  resources  management,  33(10), 3615-3631.
https://doi.org/10.1007/s11269-019-02324-6

McDonald, M. G., Harbaugh, A. W. 1988. A modular three-dimensional finite-difference ground-water
flow model (Techniques of Water-Resources Investigations of the U.S. Geological Survey Issue book
6, chap. Al). https://doi.org/10.3133/twri06 A1l

McElwee, C. D. 1991. Capture zones for simple aquifers. Groundwater, 29(4), 587-590.
https://doi.org/10.1111/j.1745-6584.1991.tb00551.x

Moench, A. F. 1997. Flow to a well of finite diameter in a homogeneous, anisotropic water table aquifer.
Water Resources Research, 33(6), 1397-1407. https://doi.org/10.1029/97WR00651

Muskat, M. 1934. The flow of compressible fluids through porous media and some problems in heat
conduction. Physics, 5(3), 71-94. https://doi.org/https://doi.org/10.1063/1.1745233

Nagheli, S., Samani, N., Barry, D. A. 2020. Capture zone models of a multi-well system in aquifers
bounded with regular and irregular inflow boundaries. Journal of Hydrology X, 7, 100053.
https://doi.org/10.1016/j.hydroa.2020.100053

Neuman, S. P. 1972. Theory of flow in unconfined aquifers considering delayed response of the water
table. Water Resources Research, 8(4), 1031-1045. https://doi.org/10.1029/WWR008i004p01031

Neuman, S. P. 1974. Effect of partial penetration on flow in unconfined aquifers considering delayed
gravity response. Water Resources Research, 10(2), 303-312.
https://doi.org/10.1029/WR010i002p00303

Pollock, D. 2016. User Guide for MODPATH Verison 7—a Particle Tracking Model for MODFLOW.
Open-file  Report 2016-1086. US Geol Surv Washington, DC MODPATH, 7.
https://doi.org/10.3133/0fr20161086


../../../../../../../../آآمقالات%20رساله/مقاله%20دوم/نسخه%20هاي%20اوليه/www.gns.cri.nz
https://doi.org/doi:10.3390/w11061168
https://doi.org/10.1111/j.1745-6584.1991.tb00551.x
https://doi.org/https:/doi.org/10.1063/1.1745233
http://dx.doi.org/10.22034/JEG.2022.16.2.1019241
https://jeg.khu.ac.ir/article-1-3070-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-06-12 ]

[ DOI: 10.22034/JEG.2022.16.2.1019241 ]

Yf \f‘\QMUVEJM‘&:Pu»‘rW;AmL@)%%

Pollock, D. W. 1988. Semianalytical computation of path lines for finite-difference models. Groundwater,
26(6), 743-750. https://doi.org/10.1111/].1745-6584.1988.tb00425.x

Rodriguez-Pretelin, A., Nowak, W., Morales-Casique, E. 2022. Optimization-based clustering of random
fields for computationally efficient and goal-oriented uncertainty quantification: Concept and
demonstration for delineation of wellhead protection areas in transient aquifers. Advances in Water
Resources, 162, 104146. https://doi.org/10.1016/j.advwatres.2022.104146

Samani, N., and Zarei-Doudeji, S. 2015. A General Analytical Capture Zone model: A Tool for
Groundwater Remediation. IFAC-PapersOnLine, 48(1), 234-239.
https://doi.org/https://doi.org/10.1016/j.ifacol.2015.05.065

Shafer, J. M. 1987. Reverse pathline calculation of time-related capture zones in nonuniform flow.
Groundwater, 25(3), 283-289. https://doi.org/10.1111/j.1745-6584.1987.th02132.x

Shan, C. 1999. An analytical solution for the capture zone of two arbitrarily located wells. Journal of
Hydrology, 222(1-4), 123-128. https://doi.org/10.1016/S0022-1694(99)00101-8

Theis, C. V. 1935. The relation between the lowering of the piezometric surface and the rate and duration
of discharge of a well using ground-water storage. Eos, Transactions American Geophysical Union,
16(2), 519-524. https://doi.org/10.1029/TR016i002p00519

Thiem, G. 1906. Hydrologische Methoden: Leipzig, Germany. JM Gebhardt, 56p.

UKEA .2019. Manual for the production of Groundwater Source Protection Zones (U.K.Environment
Agency, Issue Report March 2019). www.gov.uk/environment-agency

USEPA .2008. Systematic approach for evaluation of capture zones at pump and treat systems (U.S.
Environmental Protection Agency, Issue Report EPA/600/R-08/003). http://www.epa.gov/ada/

USGS .1991. Description and evaluation of selected methods used to delineate wellhead-protection areas
around public-supply wells near Mt. Hope, Kansas (U.S. Department of the Interior, U.S. Geological
Survey, Issue Report 90-4102). https://books.google.com/books?id=WIGITJCoakUC

Yang, Y. J., Spencer, R. D., Gates, T. M. 1995. Analytical solutions for determination of non-steady-state
and steady-state capture zones. Groundwater Monitoring & Remediation, 15(1), 101-106.
https://doi.org/10.1111/j.1745-6592.1995.tb00507.x


https://doi.org/https:/doi.org/10.1016/j.ifacol.2015.05.065
../../../../../../../../آآمقالات%20رساله/مقاله%20دوم/نسخه%20هاي%20اوليه/www.gov.uk/environment-agency
http://www.epa.gov/ada/
https://books.google.com/books?id=WlGITJCoakUC
http://dx.doi.org/10.22034/JEG.2022.16.2.1019241
https://jeg.khu.ac.ir/article-1-3070-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-06-12 ]

[ DOI: 10.22034/JEG.2022.16.2.1019241 ]

Journal of Engineering Geology, Vol. 16, No. 2, Summer 2022
Yo

The effects of aquifer and well parameters on Capture Zone and Discharge Zone

in alluvial unconfined aquifers

Amin Ahmadi '*, Manouchehr Chitsazan 2, Seyed Yahya Mirzaee 3, Arash Nadri #

1. PhD Student, Faculty of Earth Sciences, Shahid Chamran University of Ahvaz, Ahvaz, Iran
2. Professor, Faculty of Earth Sciences, Shahid Chamran University of Ahvaz, Ahvaz, Iran
3. Assistant Professor, Faculty of Earth Sciences, Shahid Chamran University of Ahvaz, Ahvaz, Iran
4. PhD, Arizona Department of Water Resources, Phoenix, USA

Received: 10 May 2022 Accepted: 06 Jul 2022

Abstract
In order to protect water wells, it is necessary to analyze the zones of influence, capture,
recharge and discharge zones. Despite much research, this issue still needs further
discussion. The purpose of this research is to analyze the capture and discharge zones of
water wells in alluvial unconfined aquifers. For this purpose, a hypothetical aquifer was
simulated using the Modflow and Modpath models. The accuracy of the numerical model
outputs was confirmed by comparison with the analytical calculations, and then the effect
of the independent parameters of the well and the aquifer was investigated. This research
showed that, contrary to popular belief, changes in hydraulic conductivity, specific yield,
bedrock dip, initial thickness, porosity, and heterogeneity do not cause changes in the
surface extent of the well's capture zone in the unconfined aquifer.This research has shown
that changes in surface recharge, discharge and well location cause many changes in the
surface extent of the well capture zone in unconfined alluvial aquifers. Investigation of the
effect of pumping time in a single well system showed that the size of the capture zone
initially increases, but after a short period, of time, despite the continued expansion of the
drawdown cone, its position stabilises. It was found that the change in all the above
parameters causes a change in the size of the well's discharge zone. The stability of the
above-mentioned areas is very important for the determination of zones for the protection
of the quantity and quality of water wells! It has been found that the relative stability of the
water level in the aquifer at an appropriate level is necessary, and this requires the
management of the aquifer and the allocation of a limited percentage of the aquifer

recharge to discharge through wells.

Keywords: Anisotropy, Slate, Brazilian test, Fracture pattern, Tensile strength

*Corresponding author: aminahmadi349@gmail.com
DOI: http://doi.org/10.22034/JEG.2022.16.2.1019241


http://dx.doi.org/10.22034/JEG.2022.16.2.1019241
https://jeg.khu.ac.ir/article-1-3070-en.html

[ Downloaded from jeg.khu.ac.ir on 2026-06-12 ]

[ DOI: 10.22034/JEG.2022.16.2.1019241 ]

AR4 The effects of aquifer and well parameters on Capture ...

Introduction
Many analytical studies have been carried out to study the capture zone of water wells, and for
this purpose relationships have been extracted that are mostly used in the case of single well
systems (Muskat, 1934, 1937; Bear and Jacob 1965; Javandel and Tsang, 1986; Shafer, 1987;
McElwee, 1991; Grubb, 1993; Yang et al., 1995; Yang et al., 1995; Shan, 1999). In recent
years, several semi-analytical methods have been proposed to estimate the capture zone in
single-well and multi-well systems, despite different boundary conditions, and numerous
computer codes have been provided in this field (Mahdavi, 2019; Nagheli et al., 2020). The
above mentioned analytical and semi-analytical methods mainly represent the well capture zone
in steady flow and homogeneous aquifers, and they require coding and iterative solution
methods to draw the capture zone. Since the groundwater system in alluvial unconfined aquifers
is transient and faces many boundary conditions, the use of solution methods based on
numerical models is necessary and unavoidable (McDonald and Harbaugh, 1988; Langevin,
2017; Pollock, 1989; Pollock, 2016; Rodriguez-Pretelin et al., 2022; Khalilabad, 2022;
Ayinippully Nalarajan, 2021 ; Liu, 2019; Goodarzi, 2019). The purpose of this research is to
study the effect of independent parameters of the well and the aquifer on the capture zone (C2),
discharge zone (DZ) and finally the protection zone of water wells in alluvial unconfined
aquifers; because the issue has not been comprehensively addressed from this point of view, and

it still needs more research.

Materials and Methods

The aquifer considered in this study is an unconfined alluvial aquifer located between a dividing
line and a river, and a well is designed in its center (Fig. 1a). The Modflow model was used to
simulate the flow, and the grid at the location of the wells was made in the form shown in
Fig.1b. In order to obtain the normal water level of the aquifer for each amount of recharge, the
aquifer was simulated with appropriate stress periods for a long time. To simulate the tracking
of the particles, the Modpath model was used to extract the capture zone and the discharge zone.
To ensure the correct performance of the numerical model, its outputs were compared with
analytical equations. To study the effect of each well and aquifer parameter, the value of that

parameter was changed up to 10 times.
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Fig.1. Schematic design of the hypothetical aquifer under study and the boundary conditions applied to the Modflow

Results and Discussion

In order to study the effects of wells and aquifers on the capture zone and discharge zone in the
unconfined alluvial aquifer, the normal water level was extracted for each value of each
parameter. To extract the normal water level of the aquifer for each value of its parameters, the
simulation of the flow without the presence of the well has been continued until the water level
in the aquifer has reached equilibrium and the amount of rise and fall in the wet and dry periods
is equal. Then, the water level at the end of the wet period is stored and used as the initial water
level in the simulation of the well. After extracting the normal water level, the changes in water
level (H), saturation thickness (b), hydraulic gradient (I), transmissivity (T), etc. are first
described, and then the well is simulated in the aquifer for 100 years. Finally, after simulating
the well, the changes in the capture zone and discharge zone are explained.

The well simulation was done by keeping the basic characteristics in the aquifer constant and
gradually changing K and using the corresponding normal water level in each K. After
simulating the flow with the Modflow model by selecting the appropriate number of particles in
the well and in the aquifer blocks upstream of the well and then running the Modpath model, the
location of the capture zone was determined. By running the backward form on the particles in
the well for a period of time, the travel time line for that period was drawn around the well, with
the volume inside representing the discharge zone. A significant point in the analysis of the
effects of K in alluvial unconfined aquifers is that the area of CZ remains constant with the
change of K. To justify such a situation, it can be said that in the unconfined aquifer, b and I are
not independent and depend on K. Therefore, it seems that despite the change of K, the product
value of these three parameters is always the same value. In the case of DZ, its surface area has
increased with increasing K. The reason for this situation is the decrease of b at large values of
K (Fig 2). By examining the effect of other parameters such as specific yield, bedrock dip,
initial thickness at the drainage boundary, and heterogeneity, it was found that their effect on the

capture zone is similar to the effect of hydraulic conductivity and that changing them does not
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change the capture zone. By examining the effect of other parameters such as surface recharge,
well discharge, and well position relative to the drainage boundary, it was found that their effect
on the capture zone is opposite to the effect of hydraulic conductivity, and their change causes a

change in the capture zone (Fig3).
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Fig.2. The effect of K on CZ and DZ. Fig. 3. The effect of Re on CZ and DZ.
Conclusions

Despite the numerous researches that have been done on the capture zone, this issue is still a
matter of discussion. The purpose of this research is to analyze the capture zone and discharge
zone in an unconfined alluvial aquifer. Modflow and Modpath models were used for simulation
and the effect of independent well and aquifer parameters was investigated. The results showed
that the change of hydraulic conductivity, porosity, specific yield, bedrock dip, initial thickness
and heterogeneity did not cause any change in the area of the capture zone, but the change of
surface recharge, well discharge and well position caused large changes in the area of the
capture zone. On the other hand, with the change of all the mentioned parameters, the discharge
zone changed. It was found that any increase in discharge or decrease in recharge causes a
drawdown in the natural water level and a sharp increase in the size of the capture and discharge
zones. This shows that the areas defined for these zones always have a high degree of
uncertainty and that the degree of certainty of these areas depends mainly on maintaining the
balance between recharge and discharge and on the relative stability of the water level created in

the aquifer.
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