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1-Introduction

The quantitative protection zone of a water well is a three-dimensional area around the well, where water
extraction from this area is allowed only through this well. According to this definition, each well has an
aquifer area around it, and the boundary of this area is defined in the plane as the quantitative protection
zone around the well. Unfortunately, despite the great importance of the determination of the quantitative
zone of water wells, this issue has been less studied in particular, and the researches conducted on the
determination of the protection zone of the well are mainly focused on the influence and capture zones
(Ahmadi et al., 2022, 2023; IGNSL, 2014; UKEA, 2019; USEPA, 2008; USGS, 1991; WRC, 2023).
Although some of the characteristics of the mentioned areas play a role in determining the well's
quantitative and qualitative protection zones, none of which is equivalent to the quantitative and qualitative
protection zones, it is necessary to conduct more research. In this research, various criteria related to the
quantitative protection zone of water wells have been investigated, including recharge, discharge, influence
zone, capture zone, recharge zone, and subsidence phenomenon in alluvial unconfined aquifers. For this
purpose, an aquifer has been studied using the Modflow and Modpath models included in the GMS
program, and the results can be used to prepare a suitable guideline for determining the quantitative
protection zone of water wells.

2-Material and methods

Especially in an alluvial basin, the water dividing line coincides with the surface boundary of the basin, and
the river naturally drains the aquifer downstream. A part of this aquifer between two flow lines can be
selected and studied as a suitable conceptual model according to Fig.1a and 1b. The well is placed in the
center of the aquifer, and wells are placed at the desired positions in the aquifer to study the effects of the
well in the case of a single-well system according to Fig.1b (In Persian text), to study the effects of the well
in the multi-well system. The aquifer was studied in single-well and multi-well systems for hydraulic
conductivity equal to 10m/d, specific yield equal to 10%, surface recharge from 40 to 240 mm per year,
and wells with 2000 to 4000 m3/d. The Modflow numerical model was used to simulate flow and determine
the water level in the desired aquifer. The Modpath model was used to simulate and track particles and
display flow lines. The boundary conditions of the aquifer under study are shown in Fig.1a and 1b (In
Persian text), and for the grid, as shown in Fig.1c (In Persian text), the grid is made such that the mesh size
is equal to the diameter of the well and enlarged by a factor of 1.2. The stress periods started at 0.001 days
and gradually increased to a dry period, and then, with the repetition of wet and dry periods of simulation
in unstable conditions, it sometimes lasted up to 400 years.
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3-Results and discussions

The accuracy of the results of the numerical models for estimating the drawdown cone of the influence
zone and also for the estimation of the plan of the capture zone has already been proved (Ahmadi, 2023;
Barrash, 1997). After ensuring the accuracy of the model outputs, the results of the effects of different
parameters and possible areas on the quantitative protection zone, including recharge, discharge, pumping
time, influence zone, capture zone, etc., were extracted and discussed. In aquifers with similar
characteristics, as the amount of average annual recharge increases, the natural or normal water level
reaches a higher level, the saturation thickness and hydraulic gradient increase, and the actual transmissivity
of the aquifer increases (Fig. 2 in Persian text). With the beginning of the activity of a well in the center of
the studied aquifer, the cone of depression gradually expanded. Finally, after an extended period, it reached
the boundaries of the aquifer and then continued to expand in depth. After a very long period, it reached
stability. This situation is almost the same in single-well and multi-well systems (Fig.3, Fig.4, Fig.5).
Simultaneously with the expansion of the influence zone, the size of the capture zone has also increased,
but the time to reach stability is short (Fig.7, Fig.8, Fig.9 in Persian text). Due to both the large area and the
uncertainty (Fig.10, Fig.11 in Persian text), the radius of the influence zone and the plan of the capture
zones cannot be a suitable basis for determining the quantitative protection zone and the distance between
water wells. Investigation of the results showed that after selecting the maximum allowable drawdown in
the aquifer, a small percentage of the annual recharge can be allocated to discharge through wells.
Therefore, the radius of the quantitative protection zone of each well is estimated so that the discharge
volume of the well is equal to its surface recharge volume (Fig.12, Fig.13 in Persian text). In cases where
the wells are installed only in the downstream part of the aquifer, a part of the well's discharge is
compensated by lateral recharge and included in the calculations, so the radius of their quantitative
protection zone is estimated to be smaller (Fig.14 in Persian text).

4-Conclusion

This study was carried out to investigate the quantitative protection zone of water wells in a type of alluvial
unconfined aquifer. This type of study mainly requires numerical models; for this purpose, Modflow and
Modpath models were used. After ensuring the correct functioning of the model, the effect of different
parameters was extracted. The results showed that pumping part of the recharge through water wells
decreases the water level in the aquifer. The recharge amount creates a new water level resulting from the
difference between the initial recharge and the discharge through the wells. The results showed no
significant difference in the drawdown cone in single-well and multi-well systems. It was found that
reducing recharge or increasing the ratio of discharge to recharge increases the size of the capture zone. It
was found that the drawdown cone of the influence zone will continue to expand until the water level in the
aquifer reaches a new stable level. Eventually, the radius of the influence zone will reach the aquifer's
boundaries. It was found that although the time to reach the stability of the drawdown cone in the influence
zone is very long, the time to reach the stability in the capture zone is much shorter. Investigations showed
that neither the radius of the influence zone nor the plan of the capture zone could be a suitable basis for
determining the quantitative protection zone of water wells. Instead, the appropriate basis is the balance of
recharge and discharge and the allocation of a circular area to each well so that the volume of a part of its
recharge is equal to the volume of the discharge of the well. It is necessary to conduct subsidence studies
and determine the allowable drawdown of the water level after the operation of the wells compared to the
normal water level in the aquifer to determine the ratio of discharge to recharge in calculating the radius of
the quantitative protection zone.
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Fig 2. Normal and abnormal level of water in the aquifer for different amounts of recharge and discharge. Surface recharge
and discharge is equivalent to the extraction depth through scattered wells in the aquifer. Re and Di represent recharge

and discharge respectively.
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Fig 3. Water level profile within 15 km and showing the drawdown cone of the central well of the aquifer in the single-
well and multi-well system after reaching the steady state ((a) Normal water level in an aquifer without a well, (b)
Abnormal water level in the aquifer for applying only one well in the center of the aquifer, (c) Abnormal water level in
the aquifer after applying 48 wells in different parts of the aquifer other than the center of the aquifer and (d) Abnormal
water level in the aquifer after 49 wells were applied in different parts of the aquifer and in the center of the aquifer).
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lines representative of the theoretic drawdown cone).
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multi-well system in different amounts of recharge and discharge.
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Fig 7. The profile of the theoretical drawdown cones of the central well in the single well system for different pumping

times until reaching the steady state.
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Fig 8. The radius of influence of the central well of the aquifer for a drawdown of 0.9242 meters in a single well system

for different pumping times until reaching a steady state.
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Fig 9. Expanding the capture zone of the central well of the aquifer by increasing the pumping time ((a) In single well

system and (b) In multi-well system).
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Fig 10. Showing the large size of the radius of influence zone in any well and the interference of the theoretical drawdown
cone of two wells within latitude 15 kilometers in different situations after reaching steady state ((b) Normal water table,
(c) Boundary conditions, (a), (d), (e) and (f) combination of drawdown cones).
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Fig 11. Showing the large size and uncertainty of the well capture zone ((a) Capture zone of well No. 1 in the center of
the aquifer in a single-well system and (b) Changing the capture zone of well No. 1 in the center of the aquifer by drilling

wells upstream of it in a multi-well system).

OA



Y o)Lo.i: N0 0)5d AF-¥ )Le)’

a

“n - R . . “.
A8 e Lgdﬁ)ls stl-w O+ ],‘;"'Iorf/:“-:a¢b

aS oS e |y olgtul S Olg oo Lol o)ls 8925 s 4
olyzel IS 50 cslin j5b 4 oz il (nnb (29,5
e Jobee (s e 4L O3l 50 bl o 0aiST,
2ol g 508 cls  aolz 5oy 51 1) (xbans i
oy (B colf 5 G881 plzan Loy gl
sl B a8 Jlas o1 28 0T slaglgsel 090 50
W5o,5 a9 Hlgtul 5o canlie jgbay aols 5 ails dslsl LI
3,50 Sae 45 Sglis ol b sl L el anle Condsg
Sg dlgze 4dss S lade Y galal, o 4dx gl eolaiul
olszel sl Oy L sl 4l iy Sl cnl o
Sl olaisl ol sl clop aly o] JS olgs sod g ol p3Y
Sl e az g oog by JB ads 5l e 4z oSl
) 5k dilsogy gauli> g Glsul oanb Gbyz Gl
Shas plszel Jloi ol s s (g2 wiajls 0055
ST ) el iy § oty gy 3 ol el
A a5l yieadee FooclBlon WWUSS o Sl o )90
s Wl «plgZl ) oud qujg8 sbaely bawgi (6 ol
22 S (ams LmalS e Y sgas B 1 lgsel Jy ol
Feocbly olSel 4 wil 00,8 ol Lo,y & auS
S w ) sakal) 0 &jg0 nl 5 w)ls S92 sl yiele
i el 005 oo jelaie 4085 5l el ¥ jlade Re
b aS o addgl ol gelans b 5] 2807 olsse] S5 4 51
b @di ol et O e Olz 9 sl
Jobeo ol> 3o,k 5l cudlo gy BB adss e s Ae AVl
ooy Sde g 9y 40 S e Voot ol (20 e ¥
2 oS cbli> w2 el ol il 9, Y7 Jlo o
Ol (nl g walys e YHY - Lo i glas 4 (slopls ol
i e Jleel ol ol s olssl cpl o oS Cenl e
IR 6K Gleolr SIS Jileds i e az
=5 oo o] Bl digd i ey ool BLbI o
Solus yglme olz 53 (20 ST i Finlay S k> |) 09>

5éwmb&‘»6wb)j))ou&rﬁv"’ l.:];‘).:j

AR

0 Oy A g 4 d Jolad S owy o —A-Y
ol gleol> oS bl

Olgel 50 ol Glaolz (oS o> (e )3 e il 31 (S0
50 el by el idu |y ol oS 0oy a5 el 1 Jlowsl
ol aVlo awl b 5l 4385 &,k 5l wilgn a5 cé 5 L
2 slopls ol (o5 w2 a5 cnl 5l lpley S (els
Sy91y BB iy alaly 5l g 05 anlss olz S50 4 g1 gl
w‘

V,, =Vge > Q*t =mr’Re () alayl )

S ads o 5 ol GalS x> 3 4 VRe s VW

5 > 235 Re Gleoy Gloj 5 (@29 ciF 4t 5 Q whaw
sl oyl Ko o STl el (oS o> glas T
NI S PRE NS NN
Yoo bol> 00 gy o A ¥l s (gasdas o)ls
Ol 2 eadl 59, Y70 Jlo 50 Slosy e g 59, )0 e e
Lot gt 4 lopls ols Lo o8 cblis n,> (ol
Slezel cpl jo a8 caal cme o (ol 09 dalgs e VY- F
potde 39b 3)ly wls iz (o] 15 g Aol ol 5o
el 13 6,50 lmol> STas” el T & )le cpl 558
| 555 oS may> o0 LTl wigd s olo ol SLLI s
S o Ve b plp lacly (90 ST ool Sonlay oS Lais
YFA G VAWV ol g0 o alold JBlas il 54, 40
Lol A sgam i GBGl cad i cnl 4 og sl
a5 ol ;S @ a3Y 010 3929 lgtul pl )0 398 Slasine
S8l glabog e w0 59a0 daoly ( alold Jlade cplcule) b
ol aarg by Sy Sl Js il s eals
ol> g o <l o Swil moldl cel Jlas blol; galold
cels gl gl culus jo Sl cdl ol J1as salss
aalys (b (20 @ Sond oy (Al (o9 5l (Sl als
Gyt b o VY US 5 el il izl 3lisl g
Slasin by (Bl adsl of gl b ol (2850 szl S
bl il g oolr wiz (oS Cblis > CeaBss pslas
Conds 5o 881 T mhaw b oljT olesul .l sas solsylis



Y o)Lo.i: N0 0)5d AF-¥ )Le)’

a

“n - R . . “.
A8 e Lgdﬁ)ls stl-w O+ ],‘;"'Iorf/:“-:a¢b

Coldy g Wgdh 0aiSTy Glgsol IS 50 cunlie alols L ol
b e ol 3 Bl 4385 e oo T Jolae o]
3l oS S sl gapaz 5l 4 Jlo iz Gl ey ole]
85 ool (5 prarken ¥r 52385 (6lp ST 515 Jolae Ly o0
Sleul ilwand Glp Caomd cpl jo aib 0og ol> W3l
Sgien oy el Jlul Coun Wil gl jo a5 8]
L3 g 53 5 ashsS 10 o b aliog, 5y 5l syl 45
(gl ge i i ol 5o i baoly g 035y (28] e
(5 fagkS Yooalols jo CewdVl 5ye b (5ymeslS VO 5l g
039 bl Salinng,ond colps lea b Jg coew 55l
Gl ool oloml il &S 05l o (B3 5 Sl )y il
Foodobee G etk A a3 5l oo oy
P e §ooopalal> Sl bl el slre e
Ogeken Y7 Jladie Glgsel jeglS Yo o jeglS Yo o
Jolee O Jlade cpl o)ls 0g3g culs p JB f’j L UL
YEO 0 a5 Cewl 59y 0 coSo yia Voo e o Lol aal> ¥4
bl i o el Jl 8 baely cnl gz il JUd Sl 5,
PRSNVEPRCEEREINE £ SR ST
Vooo ooy galold 4 plas (o Couw a55le U wilssg,
Casdmly 55 W3 50 b Cs Wisls 5 S8l 550 (e e
Jog ol g lasly colled £, b tighn ol
15 b Jlo aiz 5l e 5 00,8 SalS s g9, (Sloz]
S8 el b aS o) oo (gne Sl Sulns Sl
Sl U5 53 ez 5 oy 5l JaS bty il o
— Solos Of maw ool .l Sglite W5gr 00 00T,
5 l...u.Jo Waze S Gl pae Dyge jo wyas SsLlu
4 Sas Jabd s g andle sl Al gogamme jlude 5 Lab
Cond VF S j0 a5 loren .cisls salgs 28l lade olo
2 Jley s 4 Cos Ol mhaw IS Cél ogi 0 sanliea
aS Cépl iSu 50 g e V0 dga a iSTas wijle iSu
o Yo ogam iSlas 4l ol 5,k 5l il o

Slre 22 4 555 0e lel lp syl 4 el oo,

oSl i 5 ol 4 392 Al Te FAY e iy TVE) « ol
3,8 3925 lgBul pl )0 398 Slasin b ol> FA sga> i
sroy ol (8 pl sl jo 5 glace 5 S0 <>
Syl Corw slasjle oylgtul CandVlb Cam jo 4 Col
Gz_éﬁT Slgzl ol s cel a5 aal alils vexy
adss cdb,e poedle Bl gl s cpl o s S
G 5l oo zy BB jlade e olus I (xaw
S Ol Sjgea ) 353 CuwnsVl o wijle (s
Gl Sy onl 0 &5 Sl (b S (o0 S8L S (e 0
g ot O gabal; slagog)y Bl cel by lads
Syg0 50 S e wolyd 1) lgsul 5l OT pas cusls p oKl
i J5 i 4 ol 5ol ol cdlsy jlade cus
sardy 1 45 anl oY L5 5 )lse aiiles ilr 5 (il
> 2550 3 095 Joe ol Gelul 2 5 00l aseiie Cennts
0 Canmsg 45 sl e s ol 0 olx n 25
35915 Lol sl (L8 5,50 5l 12aS colz y2 (sl oo 4z S
)50 el 0 Bacls .ol gose (gilwands aiajls ] Gubo
5005 s 1y ol ojlgen st a5 golazel LB (g5luard
o] e S oS el o 5 eslizl o 5l eas] gl
Ol @ly oo 5 8T ly o0 5 o laiile gl oo
o ad S Ll o b S gasgaze S lyie 4 (e
2 2l Gyl 4 arg L AT e Hlaiay ol
@b oloy Jlowsl slaylile 5 cnl ey (o) B eis3luaed
e sasile lgi o Loy ley T b Lol el oailes 3L
Sernliy g d ol b 2T ailan | o 1 jsloma o]
Jolae sl Jua by <8 pl L olyan 5 a8 )5 5la5 50 0505 LG
2,5 g slwands glaols wiile
U5 10 ol o o0l i VE S o S wiS olen
<8l o daw 4355 e do A YL g o0g Gx.éjﬂ Slgl
alg3 535 Glgsul 1o Ol mlaw Loles il ol> adls g 00,
LaS ol mhaw ol oads ools (las jow S5, L as cusls

lolz 51 a5 coul ()T G e el o ools ()Lt o3 K,



a

wA s s, . s
YO)[M N0 0,99 a\f*f)Le). A.dj.w.u ddﬁ)UwLw ) Jf’ﬁo’zﬁ‘:’¢"

VEUSE) G e woo slaiss ol adlase opl o Yooo oobols jo o8 cblis> o, w2l lade ol o0

(b Ceod g Sl yio YO+ glad 4y glopls Ly &5 (55, 10 oS e

h (m)

140 |
120 |
100 A
80 -
60 -
40 -
20 -

20000

y (m)

18000

17000

16000

15000

14000

13000

12000

11000

10000

(a) K=10m/d
Sy=0.1

Normal water Table for 80 mm of surface Rechargein
year, provided that discharge is equal to Recharge

=== Re = 80 mm, Di =80 mm
NFB (Divide line) /

Vs NFB (Divide line)

Bottom \

5 10 15 20 25 X(km) 30

(b)

Q of PW= 2000m3/d

t of PW = 365d/y <+— QnPZ =1704m

10000 12000 14000 16000 18000 X (m) 20000

o alaly ol (881 OT mlans b oljT lgsul j0 ol> 12 (QNPZ) (o8 cbilis oy cpnnd Gioled VY S5
Fig 12. Illustration of the determination of the quantitative protection zone of each well in an unconfined alluvial aquifer
with a horizontal water table based on the equilibrium relationship.
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Fig 13. Illustration of the determination of the quantitative protection zone of each well in an unconfined alluvial aquifer
with a gradient water table, based on the equilibrium relationship in the case where the wells are scattered throughout the
aquifer.
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Fig 14. Illustration of the determination of the quantitative protection zone of each well in an unconfined alluvial aquifer
with a gradient water table based on the equilibrium relationship in the case where the wells are distributed only in the
downstream part of the aquifer.
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