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Abstract: Groundwater is a crucial sources of water supply, especially in arid and semi-arid areas around
the  world.  With  uncontrolled  withdrawals  and  limited  availability  of  these  resources,  it  is  essential  to
determine the safe yield of  these valuable resources.  The Hill  method approach was used in this  study to
determine the safe yield the Neishabour aquifer in Khorasan Razvi province in Iran. The results showed that
the safe yield in the Neishabour aquifer is 60% lower than the current pumping amounts during the study
period, indicating that further overdrafts could result  in the destruction of this aquifer.  This highlights the
importance  of  using  the  Hill  method  to  estimate  the  permitted  exploitation  from  other  aquifers,  thus
preventing problems caused by over-extraction and maintaining stability of global groundwater levels.
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 Introduction

Groundwater is a vital source of water in countries,
particularly  in  arid  and  semi-arid  regions  such  as
Iran, India, and China, etc (Panahi et al. 2021).

The  excessive  abstraction  of  groundwater  is  a
critical issue that requires the development of long-
term  and  comprehensive  plans  to  prevent  it.  The
increasing  abstraction  of  groundwater  has  led  to
many  important  aquifers  being  exploited,  with
pumping  rates  exceeding  the  capacity  of  the
aquifer system.

In  many  countries  around  the  world,  ground-
water abstraction exceeds its  annual recharge rate.
Water resource managers aim to address this imba-
lance by reducing the pumping volume to achieve
stability  (Kalf  and  Woolley,  2005).  A  lack  of
proper understanding and over-use of groundwater
resources  can  result  in  significant,  irreversible

harm,  including  groundwater  deline,  reduced  well
discharge  and  aqueduct  discharge,  and  altered
groundwater flow patterns (e.g. saltwater intrusion
and mixing of salt and fresh waters (Kamran et al.
2018). The examination of various scenarios in this
article  aims to  determine the  appropriate  pumping
rate,  which  will  be  discussed  in  further  detail  in
this article.

 1  Study area

The  Neishabour  basin  is  situated  in  the  Khorasan
Razavi  province,  covering  an  area  of  9  157  km2,
with  a  plain  area  of  2  360  km2.  Its  geographical
coordinates are 13° 58′ to 59° 30′ E and 35° 40′
to  36°  39 ′  N.  Its  boundaries  are  defined  by  the
ridge of Binalood heights to the north, Leilajugh
and Yal Palang heights to the east, Neyzehband
hills,  Siah  Kooh,  and  Namak  Mountain  to  the
south,  and the Sabzevar  plain basin to  the west
(Alizadeh et al. 2013).

The climate of the region is charicterised by dry,
semi-arid,  and  arid  conditions.  The  average  mon-
thly temperatures are 13℃ and 13.8℃ in Bar (rep-
resenting mountainous areas) and Mohammadabad-
Fadisheh  (representing  plain  areas)  stations,
respectively. The average precipitation and evapo-
ration  levels  are  respectively  234  mm  and  about
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2  235  mm/a  (Izadi,  2013). Fig.  1 shows  the  loca-
tion  of  the  Neishabour  plain  basin  in  Khorasan
Razavi province.
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Fig. 1 Location of the study area in Khorasan Razavi
province, Iran
 

According to studies conducted by Izadi (2013),
the  Neishabour  plain  aquifer  has  experienced  a
severe  crisis  as  a  result  of  excessive  and
unprincipled  groundwater  extraction  in  recent
years.

Studies  indicated  that  excessive  and  unsus-
tainable  groundwater  extractions  have  caused  a
crisis in the Neishabour plain aquifer. The average
aquifer  recharge  was  about  390  million  m3 in  12
wet  years  (2000–2001  to  2011–2012),  while  the
average discharge rate was about 617 million m3 in
12  years,  resulting  in  an  annual  excessive  extrac-
tion of  201 million m3,  causing a  negative aquifer
balance (Izadi, 2013).

A  significant  portion  of  water  obtained  from
wells and springs is utilized for irrigation, 63% of
water  from wells,  over  9% from qanats,  1% from
canals, and a total of over 64% from these ground-
water  sources  used  for  agricultural  irrigation.  The
water is mainly consumed in the agriculture of the
region, where wells play a crucial role in supplying
water  needed  for  farming  (Yazdani  and  Man-
soorian, 2014).

 2  Materials and methods

 2.1 Data collection

The main data used in this study was pumping data
(m3/d)  for  2  488  pumping  wells  and  recharge
values  (m/d)  for  12  wet  years  (2000–2001  to
2011–2012)  in  the  Neishabour  plain  study  area,
obtained  through  the  Modflow  model  developed
by  Nazarieh  (2017).  The  pumping  data  was
adjusted  in  different  scenarios  and  incorporated
into  the  model  to  calculate  the  water  budget  after
running the model.

 2.2 Determination  of  safe  yield  using
the Hill method

The  Hill  method  was  used  to  calculate  safe  yield
by  plotting  the  annual  pumping  rate  against  the
average annual changes in the piezometric surface.
Safe yield is defined as the pumping rate at which
the average annual water level changes are equal to
zero (Sharp, 2016).

The  aquifer  initial  pumping  rates  (m3/d)  were
assumed  to  be  constant  throughout  the  modeling
period (water years 2001–2001 to 2011–2012) and
introduced  to  the  Modflow  model  as  2  488  pum-
ping  wells  in  the  aquifer  over  143  stress  periods.
Fig.  2 shows the location of the pumping wells  in
the  study  area  and  around  the  aquifer.  After
running the model, modelled monthly water levels
are extracted from all 20 240 cells.
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Fig. 2 Location  of  existing  pumping  wells  in  the
aquifer and the modeling range
 

To  determine  safe  yield  annually  using  the
Hill  method,  it  is  essential  to  calculate  the
annual changes in the water level. At the end of
this  stage,  the  annual  pumping  values  and  the
corresponding  annual  water  level  drop  are
plotted against each other for 12 years of study
period and are presented in Table 1.
  
Table 1 Sum of pumping values and water level drop
in the water years of the period

Water year
Annual pumping
(million m3)

Annual water
level change (m)

2000–2001 680.42 −0.90
2001–2002 671.82 −1.10
2002–2003 662.63 −0.93
2003–2004 655.39 −0.84
2005–2004 644.76 −0.72
2005–2006 635.54 −0.78
2006–2007 626.10 −0.66
2007–2008 616.36 −0.68
2008–2009 609.83 −0.62
2009–2010 611.46 −0.65
2010–2011 611.52 −0.64
2011–2012 547.29 −0.45
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According  to  the  Hill  method,  a  pumping  rate
that  results  in  zero  change  in  water  level  is
considered  a  safe  yield.  However,  the  current
pumping rates  in  the  Neishabour  aquifer  lead to  a
significantly  average  annual  drop  in  water  level.
As a result, the pumping rate that would make the
slope of the water level horizontal is not within the
range indicated by the data.

 2.3 Implementation  of  the  Hill  method
on modified pumping

This  scenario  involves  reducing  the  amount  of
abstractions  from  the  aquifer  by  different  percen-
tages.  The  goal  is  to  find  the  pumping  level  at
which  the  average  slope  of  the  water  level  in  the
aquifer reaches zero, which would be considered a
safe  yield  according to  the  Hill  method.  To deter-
mine this, the first step involves reducing pumping
by 10% for each of the 2 488 pumping wells in the
model in 143 stress periods. After the model is run
with  the  new  pumping  values,  modelled  monthly
water  levels  from  20  240  cells  are  extractedand
plotted against time to track the trend of changes in
water  level  slope.  If  the  initial  slope  is  still  very
negative,  pumping  rates  should  be  reduced  again
by a higher percentage and the process is repeated
until zero (horizontal) or positive slope is reached.

To implement the Hill method, the average ann-
ual  pumping rate and average water level  changes
need  to  be  calculated  for  each  reduced  pumping
period  (10%,  20%,  30%,  etc  pumping  reduction).
These  values  are  plotted  against  each  other,  and
pumping  rate  is  considered  safe  yield  when  it
results in an average zero water level drop. Table 2
outlines the steps and calculations involved in this
part of the study.
  
Table 2 Average  annual  pumping  values  of  the  per-
iod after reducing the pumping percentage compared
to initial pumping values

Average annual
pumping values of the
period (million m3)

The percentage of pumping
reduction compared to existing
(initial) values (%)

557.99 −10
495.83 −20
433.99 −30
371.99 −40
315.45 −50
245.84 −60

 2.4 Mapping of water level zones in the
plain

At  this  stage  of  the  work,  water  level  zoning  is

mapped  over  the  course  of  the  study  period  to
demonstrate the range of water level changes under
various scenarios. To create the map, the Modflow
model  was  run  for  the  target  scenario,  and  water
level contours were generated for the last time step
of  the  study  period  (the  ninth  month  of  2012).
These  contours  were  then  added  to  the  contour
layer and as a shape file, which was transferred to
ArcGIS  software  to  map  the  zoning  of  that  scen-
ario.  The  results  of  this  mapping  are  presented  in
the subsequent section.

 3  Results

 3.1 Determining safe yield with existing
pumping  values  in  the  aquifer  using
the Hill method

In this section, the Hill method was applied to the
initial  pumping  values  of  the  aquifer  to  obtain  a
linear graph and equation. The results indicate that
the  line  equation  obtained  from  pumping  494.8
million  m3 results  in  a  zero  water  level  change.
This number is considered the safe yield that main-
tains  the  optimal  condition  of  the  aquifer’ s  water
level.

This section applies the Hill method to the initial
pumping  values  of  the  aquifer  to  obtain  a  linear
graph and equation. The results show that the line
equation obtained from pumping 494.8 million m3

results  in  a  zero  water  level.  This  number  is  con-
 
Table 3 Determination  of  safe  yield  from  the  obta-
ined curve equation

Water year
Annual
pumping
(million m3)

Annual water
level change (m)

2000–2001 680.42 −0.90
2001–2002 671.82 −1.10
2002–2003 662.63 −0.93
2003–2004 655.39 −0.84
2005–2004 644.76 −0.72
2005–2006 635.54 −0.78
2006–2007 626.10 −0.66
2007–2008 616.36 −0.68
2008–2009 609.83 −0.62
2009–2010 611.46 −0.65
2010–2011 611.52 −0.64
2011–2012 547.29 −0.45
From the curve

equation to zero
water level drop

494.8 0
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sidered  the  safe  yield  that  maintains  the  optimal
condition of the aquifer’s water level.

Fig.  3 displays  the  curve  for  determining  safe
yield through initial  pumping rates.  The estimated
safe  yield  from the  curve  equation  is  found  along
the  curve  obtained  from  the  points  but  it  exceeds
the  annual  recharge  rate  of  the  aquifer.  This
implies  that  the  safe  yield  obtained  from this  step
is not satisfactory and a more accurate safe yield is
obtained by reducing the initial pumping rates.
  

y=−4E−09x+1.9792

−1.2

−1.0

−0.8

−0.6

−0.4

−0.2

0

500 550 600 650 700

A
n
n
u
al

 w
at

er
 l

ev
el

 c
h
an

g
e/

m

Annual water extraction/(million m3)
 

Fig. 3 The  Hill  method  and  determination  of  safe
yield using initial pumping values
 

 3.2 Implementation  of  the  Hill  method
on modified pumping values

As described in Materials and Methods, the initial
pumping rates in the aquifer were reduced by var-
ious  percentages.  Then,  water  level  changes  were
plotted against time for each pumping change.

For  each  change  in  pumping  of  the  targeted
wells, the average annual abstraction was also calcu-
lated  during  the  study  period.  Additionally,  the
average  annual  waterlevel  change  was  computed
during  the  same  period.  Finally,  a  graph  was  plo-
tted  showing  these  two  values  against  each  other,
and  the  pumping  at  which  the  aquifer  level  drop
was zero was identified as a safe yield.

The  results  of  the  water  level-time  change  dia-
grams in the aquifer indicate that appropriate pum-
ping  rate  are  approximately  60% lower  than  the
initial  pumping  rates  during  the  study  period,
which can maintain the water level drop at around
zero in the aquifer. Furthermore, the estmiated safe
yield  obtained  from  this  section  is  257.20  million
m3 in  the  aquifer. Fig.  4.1  to Fig.  4.6  show  the
graphs  of  water  table  changes  related  to  various
stages  of  pumping percentage  reductions  in  in  the
aquifer.

As shown in Fig. 4.6, the water level drop in the
aquifer  has  almost  reached  zero  with  a  60%
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Fig. 4. 1 Modelled  water  level  with  10% pumping
reduction
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Fig. 4. 2 Modelled  water  level  with  20% pumping
reduction
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Fig. 4. 3 Modelled  water  level  with  30% pumping
reduction
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Fig. 4. 4 Modelled  water  level  with  40% pumping
reduction
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reduction in initial pumping rates. The water table
in  the  aquifer  has  a  positive  slope  in  its  changes.
During  this  period,  the  average  monthly  water
level was 1 131.35 m in this case. Table 4 reports
the  results  of  determining  the  average  annual
pumping and the average annual changes in water
level  in  the  period  for  each  pumping  percentage
reduction. Lastly, Fig. 5 displays the graph used to
determine the safe yield of the aquifer.
  
Table 4 Determining the safe yield from the obtained
line equation

The percentage of
Pumping reduction
compared to existing
(initial) values (%)

Average annual
pumping values
of the period
(million m3)

Average annual
water level
changes of the
period (m)

−10 557.99 −0.70
−20 495.83 −0.54
−30 433.99 −0.39
−40 371.99 −0.25
−50 315.45 −0.11
−60 245.84 +0.02
From the curve

equation to zero
water level drop

257.2 0
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Fig. 5 The  Hill  method  and  determination  of  safe
yield after changing pumping values
 

By plotting the average annual pumping of wells
against  the  annual  average  water  level  changes  in
the aquifer (the Hill method), a safe yield value of
257.20  million  m3 was  estimated  for  the  Neisha-
bour aquifer. With the current annual pumping rate
(about  617 million m3/a)  of  the  aquifer  during the
study  period  at  approximately  617  million  m3/a
(Izadi,  2013),  it  can  be  concluded  that  there  is  an
overdraft of approximately 360 million m3 per year
compared  to  the  estimated  safe  yield.  This  over-
draft can lead to serious water crises and depletion
of the groundwater aquifer in the Neishabour plain.

 3.3 Examination  of  water  level  zoning
maps in the plain

Water level zoning maps in the Neishabour aquifer
were created and compared at the end of the study
period in two scenarios, using appropriate pumping
rates  (a  60% reduction  compared  to  initial  pum-
ping  values)  and  the  second  scenario  with  no
changes  to  initial)  pumping  rates.  The  results  are
displayed in Fig. 6 and Fig. 7.

From  the  analysis  of  the  maps,  it  can  be  con-
cluded  that  in  the  second  scenario,  with  proper
pumping rate applied in the aquifer, the water level
is  generally  higher  in  all  areas  of  the  aquifer,
compared to the the initial pumping conditions. As
a result,  the average water level in various classes
is higher in the second scenario.

From the analysis of the maps, it can be deduced
that in the second scenario, with proper pumping in
the  aquifer,  the  water  level  is  generally  higher  in
all  areas  of  the  aquifer  compared  to  the  initial
pumping conditions. As a result, the average water
level  in  various  categories  is  higher  in  the  second
scenario.

 4  Conclusion

In this study, the safe yield rate was determined by
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Fig. 4. 5 Modelled  water  level  with  50% pumping
reduction
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Fig. 4. 6 Modelled  water  level  with  60% pumping
reduction
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Fig. 6 The zoning map of the aquifer water level in the initial pumping condition
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Fig. 7 The zoning map of aquifer water level in the appropriate pumping condition
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changing  pumping  rates  (at  different  percentages)
using  the  Hill  method  for  the  water  years  2000–
2012. A safe yield rate was also obtained using the
initial pumping data of the aquifer through the Hill
method,  but  the  results  indicated  that  the  estimate
was  not  reasonable  in  this  scenario  because  the
estimated safe  yield  exceeded the  annual  recharge
rate  of  the  aquifer.  Thus,  it  can  be  concluded that
the  safe  yield  estimated  from  reducing  the  initial
pumping values provides a more precise estimate.

The  results  of  water  table  changes  in  different
scenarios  of  reducing  pumping  rate  indicated  that
reducing pumping percentages from the aquifer by
60% can result  in  appropriate  pumping that  main-
tains the water level and prevents the aquifer from
depletion during the period.

The  safe  yield  rate  from  the  aquifer  is  appro-
ximately  257.20  million  m3/a.  Based  on  the  aver-
age actual  discharge rate  of  the aquifer  during the
study period, there is an annual overdraft of around
360 million m3 of compared to safe yield.

The  safe  yield  rate  from  the  aquifer  is  appro-
ximately  257.20  million  m3/a.  Based  on  the
average actual discharge rate of the aquifer during
the  study  period,  there  is  an  annual  overdraft  of
around 360 million m3 compared to the safe yield.
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