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Extended abstract

Introduction

Determining the optimal spacing between water wells is a fundamental
challenge in groundwater management, as improper spacing can lead to
hydraulic interference, severe water level decline, reduced well efficiency,
land subsidence, and ultimately, shortened aquifer lifespan. The solution lies
in defining a "quantitative protection zone" for each well—an area exclusive
to its water extraction—where the safe distance between two wells equals
the sum of their protection radii. Despite extensive research in well
hydraulics (e.g., methods by Theim, Dupuit, Theis, Neuman, and Moench)
and the availability of advanced numerical tools (e.g., MODFLOW and
MODPATH), no reliable and independent guidelines for determining this
zone exist. Iran's Regulation 747, which claims to provide such guidelines,
erroneously equates the "radius of influence" (the area where the well causes
drawdown) with the quantitative protection zone, rendering it fundamentally
inadequate for its purpose. This pioneering study employs numerical
modeling (MODFLOW) to demonstrate the inefficacy of the methods
proposed by Regulation 747.
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It argues that the quantitative protection zone must be defined based on the well's long-term impact on the
aquifer under steady-state conditions, rather than short-term criteria like the radius of influence. The
findings provide a scientific basis for revising this regulation and can serve as a valuable resource for
policymakers and water resource managers.

Materials and Methods

This study utilized the Modflow numerical model (within GMS or ModelMuse software) to simulate a
well in an unconfined alluvial aquifer. Two main scenarios were investigated: 1- Simplified Scenario:
Aligned with the assumptions of Regulation 747, featuring an aquifer with constant saturated thickness
(100 m), an initial horizontal water table, hydraulic conductivity of 10 m/day, and no areal recharge. The
well was pumped at 4000 m*/day for 180 days (Fig.1 of the main text). 2- Realistic Scenario: The same
aquifer but incorporating annual areal recharge and a sloping (parabolic) initial water table, better
representing natural conditions for an unconfined aquifer (Fig. 2 of the main text). Model accuracy was
validated through optimal grid discretization, time-step selection, and by comparing results with standard
analytical methods (Theis, Neuman, and Moench). To critique Regulation 747, the various empirical
formulas it proposes for estimating the "radius of influence" (e.g., Schultze, Kusakin, and Kozoni
methods) were rewritten using consistent units. The results from these formulas were then compared
against those from the precise numerical modeling (Modflow) and reputable analytical methods. This
comparison revealed that these regulatory formulas are fundamentally flawed: they either lack a time
parameter, are intended for steady-state conditions (rarely achieved), or significantly underestimate the
true extent of the cone of depression. In fact, these relationships are unable to accurately predict the actual
extent of the cone of depression, even for a 180-day pumping period, and cannot provide a correct
estimate of the radius of influence. Furthermore, the radius of influence of a well is fundamentally not
equivalent to the quantitative protection zone of a water well and cannot be estimated on this basis.

Results and Discussion

This study demonstrated that the concept of "radius of influence, " used in Iran's Regulation 747 as the
basis for defining the "quantitative protection zone" of wells, lacks scientific validity. Numerical
simulations using Modflow in both simplified and realistic scenarios revealed that the cone of depression
from a well in an unconfined aquifer ultimately affects the entire aquifer, only stabilizing if an unlimited
constant-head boundary is present. Thus, the radius of influence is not a fixed, limited parameter suitable
for defining protection zones. The results clearly showed the incorrectness of assuming "stability" after a
short pumping period, implicit in Regulation 747. Under realistic conditions, even after 200 years of
continuous pumping, the system reaches a new equilibrium with significant drawdown across the entire
aquifer. The study concludes that the quantitative protection zone cannot be equated with the radius of
influence. Instead, a new water-balance-based method is proposed: the protection zone for each well
should be defined as a circular area around it where the well's annual pumping volume equals a specified
percentage (e.g., 25%) of the annual recharge within that circle. Consequently, the safe distance between
two wells becomes the sum of their protection radii. Determining this critical percentage requires further
hydrological studies, assessment of permissible land subsidence, and legal and management
considerations. If, considering all considerations in Aquifer Scenario 2 of the main text, allocating 50% of
areal recharge to discharge through wells is deemed acceptable, then the quantitative protection zone for
wells pumping continuously at a rate of 4000 cubic meters per day could be a square with a half-side
length of approximately 2100 meters or a circle with a radius of about 2400 meters. The aquifer's water
level would eventually experience a significant decline, reaching approximately 50 meters upstream (as
shown in Fig.7 of the main text).

Conclusion

This study critically evaluated Iran's Regulation 747 as a guideline for determining the quantitative
protection zone of water wells. Findings revealed that the regulation erroneously equates the "radius of
influence" with the "quantitative protection zone, " while these are distinct concepts. Numerical
simulations using the Modflow model in two scenarios (simplified and realistic) demonstrated that the
cone of depression from a well ultimately affects the entire aquifer. Thus, the radius of influence cannot
serve as a basis for defining the quantitative protection zone. The study proposes an alternative water-
balance-based method: the protection zone is defined as a circular area around the well where the annual
pumping volume equals a specified percentage of the annual recharge within that circle. Implementing
this method requires further studies in hydrology, land subsidence, and legal aspects.
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Fig 1. Discretization grid used in MODFLOW for simulating a well in an unconfined aquifer with an
initial horizontal water table and constant saturated thickness, using the simplifying assumptions per
Iran's Regulation 747.
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Fig 2. Discretization grid used in MODFLOW for simulating a well in an unconfined aquifer
incorporating annual areal recharge and a sloping parabolic initial water table, under more realistic
conditions compared to Fig.1
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Fig 3. Drawdown in the well within the aquifer of Figure 1 is significant and measurable during the initial
days of pumping. However, after several days, the difference in daily drawdown decreases to less than one

millimeter, making it difficult to measure accurately. This should not be mistaken for an assumption of
steady-state flow (Results are consistent with MODFLOW, Neuman, and Theis).
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Fig 4. Estimation of the cone of depression and radius of influence in the aquifer of Figure 1 after 180 days
of pumping during a dry period without areal recharge, using the methods of Theim and Dupuit,
Cooper and Jacob, Moench, Neuman, Theis, and MODFLOW. In such an aquifer, the cone of
depression will never stabilize and will continue to expand both laterally and deepen with continued
pumping, unless it intercepts unlimited water boundaries.
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Fig 5. Estimation of the cone of depression and radius of influence in the aquifer of Figure 2 after 180 days
of pumping with average annual recharge, and for extended pumping until reaching steady-state
conditions with average annual recharge, using the numerical model MODFLOW (drawdown
reached the boundary after one year and stabilized after 200 years).
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Table 1. Radius of Influence (R) in Meters For The Aquifer in Figure 1 at Various Absolute Drawdown
Values (S) After 180 Days of Pumping (T), Calculated Using Different Methods.

Method S=0or =0.1lmm S=1mm S=1cm S=10cm
R in Modflow 6700 5458 4089 2386
R in Moench 6356 5400 4099 2392
R in Neuman 6356 5400 4098 2392
R in Theis 6600 5465 4090 2388
R in Cooper-Jacob 2011 2008 1980 1719
R in Dupuit-Thiem 1558 1555 1533 1331
R in Jones 5364 - - -
R in Wilbur 4023 - - -
R in Hurest 3795 - - -
R in Schultz-Veber 3287 - -

R in Muskat - 2682
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Fig 6. Estimation of the cone of depression and radius of influence in the aquifer of Figure 2 for various
pumping durations until reaching steady-state conditions. Part (a) shows the initial water table elevation
and the elevation after reaching steady-state conditions (h), representing the true cone of depression. Part

(b) illustrates the drawdown in the aquifer (s) caused by well operation at different pumping times,
representing the apparent cone of depression
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Fig. 7. Effect of extracting 50% of the annual areal recharge in the aquifer of Figure 2 through 49 wells

appropriately distributed across the aquifer. The initial and secondary water table elevations in the

unconfined aquifer are dependent on the magnitude of annual areal recharge.
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