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Conversion Factors

Inch/Pound to SI

Multiply By To obtain
Length

inch (in.) 2.54 centimeter (cm)
foot (ft)  0.3048 meter (m)

Area
acre 4,047 square meter (m2)
acre 0.4047 hectare (ha)
square foot (ft2)  0.09290 square meter (m2)

Volume
gallon (gal)  3.785 liter (L) 
gallon (gal)  0.003785 cubic meter (m3) 

Flow rate
cubic foot per day (ft3/d)  0.02832 cubic meter per day (m3/d)
gallon per minute (gal/min)  0.06309 liter per second (L/s)
inch per hour (in/h) 0 .0254 meter per hour (m/h)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Hydraulic conductivity
foot per day (ft/d)  0.3048 meter per day (m/d)

Hydraulic gradient
foot per mile (ft/mi)  0.1894 meter per kilometer (m/km)

Transmissivity*
foot squared per day (ft2/d)  0.09290 meter squared per day (m2/d) 

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot 
times foot of aquifer thickness [(ft3/d)/ft2]ft. In this report, the mathematically reduced form, 
foot squared per day (ft2/d), is used for convenience.





Abstract
Groundwater mounding occurs beneath stormwater man-

agement structures designed to infiltrate stormwater runoff. 
Concentrating recharge in a small area can cause groundwater 
mounding that affects the basements of nearby homes and 
other structures. Methods for quantitatively predicting the 
height and extent of groundwater mounding beneath and near 
stormwater infiltration structures can be used by property 
developers and regulatory agencies to assess the threat to pre-
viously existing or proposed structures.

Finite-difference groundwater-flow simulations of 
infiltration from hypothetical stormwater infiltration struc-
tures (which are typically constructed as basins or dry wells) 
were done for 10-acre and 1-acre developments. Aquifer and 
stormwater-runoff characteristics in the model were changed 
to determine which factors are most likely to have the great-
est effect on simulating the maximum height and maximum 
extent of groundwater mounding. Aquifer characteristics that 
were changed include soil permeability, aquifer thickness, and 
specific yield. Stormwater-runoff variables that were changed 
include magnitude of design storm, percentage of impervious 
area, infiltration-structure depth (maximum depth of stand-
ing water), and infiltration-basin shape. Values used for all 
variables are representative of typical physical conditions 
and stormwater management designs in New Jersey but do 
not include all possible values. Results are considered to be a 
representative, but not all-inclusive, subset of likely results.

Maximum heights of simulated groundwater mounds 
beneath stormwater infiltration structures are the most sensi-
tive to (show the greatest change with changes to) soil perme-
ability. The maximum height of the groundwater mound is 
higher when values of soil permeability, aquifer thickness, or 
specific yield are decreased or when basin depth is increased 
or the basin shape is square (and values of other variables are 
held constant). Changing soil permeability, aquifer thickness, 
specific yield, infiltration-structure depth, or infiltration-struc-
ture shape does not change the volume of water infiltrated, it 
changes the shape or height of the groundwater mound result-
ing from the infiltration. An aquifer with a greater soil perme-
ability or aquifer thickness has an increased ability to transmit 
water away from the source of infiltration than aquifers with 

lower soil permeability; therefore, the maximum height of 
the groundwater mound will be lower, and the areal extent of 
mounding will be larger. 

The maximum height of groundwater mounding is 
higher when values of design storm magnitude or percent-
age of impervious cover (from which runoff is captured) are 
increased (and other variables are held constant) because the 
total volume of water to be infiltrated is larger. The larger the 
volume of infiltrated water the higher the head required to 
move that water away from the source of recharge if the physi-
cal characteristics of the aquifer are unchanged. The areal 
extent of groundwater mounding increases when soil perme-
ability, aquifer thickness, design-storm magnitude, or percent-
age of impervious cover are increased (and values of other 
variables are held constant). 

For 10-acre sites, the maximum heights of the simulated 
groundwater mound range from 0.1 to 18.5 feet (ft). The 
median of the maximum-height distribution from 576 simula-
tions is 1.8 ft. The maximum areal extent (measured from the 
edge of the infiltration basins) of groundwater mounding of 
0.25-ft ranges from 0 to 300 ft with a median of 51 ft for 576 
simulations. Stormwater infiltration at a 1-acre development 
was simulated, incorporating the assumption that the hypo-
thetical infiltration structure would be a pre-cast concrete dry 
well having side openings and an open bottom. The maximum 
heights of the simulated groundwater-mounds range from 0.01 
to 14.0 ft. The median of the maximum-height distribution 
from 432 simulations is 1.0 ft. The maximum areal extent of 
groundwater mounding of 0.25-ft ranges from 0 to 100 ft with 
a median of 10 ft for 432 simulations.

Simulated height and extent of groundwater mounding 
associated with a hypothetical stormwater infiltration basin for 
10-acre and 1-acre developments may be applicable to sites of 
different sizes. For example, for a 20-acre site with 20 percent 
impervious surface, the stormwater infiltration basin design 
capacity (and associated groundwater mound) would be the 
same as for a 10-acre site with 40 percent impervious surface. 

A spreadsheet was developed to solve the Hantush ana-
lytical equation, which can be used to calculate groundwater 
mounding. The Hantush equation incorporates simplifying 
assumptions, including that all flow is horizontal. The spread-
sheet accepts user-supplied values for horizontal soil perme-
ability, initial saturated aquifer thickness, specific yield, basin 
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length, basin width, and duration and magnitude of recharge 
rate. Comparison of results of finite-difference simulations 
of a multi-layer system that includes a vertical component of 
flow in the saturated zone with the results from the analytical 
equation indicates that the horizontal-flow-only assumption in 
the analytical equation can cause an under-prediction of the 
maximum height of a groundwater mound by as much as 15 
percent. The more realistic representation of the vertical com-
ponent of flow and the ability to include site-specific details 
make finite-difference models such as MODFLOW potentially 
more accurate than analytical equations for predicting ground-
water mounding.

Introduction
In 2004, the New Jersey Department of Environmental 

Protection (NJDEP) implemented stormwater-management 
rules that include the requirement that “substantial” (greater 
than 1 acre) new development must have no net loss in 
groundwater recharge (New Jersey Administrative Code 
7:8-5.4(a)2, 2004). Therefore, the amount of recharge that is 
rejected by new impervious surfaces, such as roofs or drive-
ways, must be infiltrated elsewhere, often through engineered 
structures such as stormwater infiltration basins or dry wells 
(fig. 1). An unintended consequence of this rule is that nearby 
structures, such as basements, can experience flooding caused 
by the localized mounding of the water table associated with 
concentrated recharge, particularly during intense (large-
volume) recharge events. In 2007, the U.S. Geological Survey 
(USGS), in cooperation with the New Jersey Department of 
Environmental Protection, initiated a study to evaluate which 
physical characteristics associated with stormwater infiltration 
basins and the underlying aquifer have the greatest effect on 
groundwater mounding.

Stormwater infiltration basins designed with inaccu-
rate assumptions or insufficient analysis may not function as 
designed. For example, calculations to estimate the amount of 
time required for the basin to drain typically are based on the 
assumption of vertical flow out of the basin bottom into unsat-
urated sediments. If groundwater mounding of the underlying 
water table reaches the bottom of the infiltration basin, the rate 
of infiltration out of the basin will decrease substantially. 

Several analytical equations have been developed to 
predict the height of the water table beneath an infiltration 
basin. The use of these equations by designers of stormwater 
infiltration basins has been limited by the paucity of available 
tools for solving them. Numerical groundwater-flow models 
can be used but considerable training is required to develop, 
run, and interpret results from numerical models. Designers 
could benefit from a consistent method to quickly quantify the 
predicted height of a groundwater mound beneath and near a 
proposed infiltration basin. Such a quantitative method could 
also allow regulators to objectively evaluate applications and 
determine whether groundwater mounding associated with a 

proposed infiltration basin would be likely to prevent the basin 
from functioning properly or pose a potential threat to nearby 
structures.

The goal of this study was to provide quantitative meth-
ods for estimating the height of groundwater mounds beneath 
infiltration basins that can be used by (1) engineers prepar-
ing stormwater infiltration basin designs and (2) regulators 
reviewing those designs. These methods can be used to predict 
the magnitude and extent of groundwater mounding beneath 
and adjacent to engineered stormwater infiltration structures 
during recharge events under specific conditions. A number of 
variables (including hydrogeologic characteristics and infiltra-
tion structure design) were evaluated to better understand 
which factors most affect the magnitude and extent of ground-
water mounding. 

Purpose and Scope

Analytical and numerical techniques used to estimate 
the magnitude and extent of groundwater mounding beneath 
infiltration structures are presented in this report. Analyti-
cal equations are evaluated, and use of a spreadsheet devel-
oped to solve the Hantush (1967) equation (for the growth 
of groundwater mounds in response to uniform infiltration 
beneath an infiltration structure) with user input for aquifer 
and infiltration-structure characteristics is described. Numeri-
cal groundwater-flow models constructed for both 1-acre and 
10-acre hypothetical developments also are described along 
with results of hundreds of simulations of combinations of 
variables including soil permeability, aquifer thickness, aquifer 
specific yield, design storm magnitude, basin depth, basin 
shape, and percentage of impervious surface. Box plots show 
the simulated maximum height of groundwater mounds and 
maximum extent of groundwater mounding of 0.25-ft and 
illustrate which variables have the greatest effect on ground-
water-mound height and extent. A table is presented that lists 
for each of the 10-acre and 1-acre developments the simulated 
maximum height of groundwater mounding, maximum radius 
of 0.25-ft height, and groundwater mounding at several fixed 
distances from the edge of the basin for each of the hundreds 
of variable combinations.

Approach

Two methods were used to quantitatively estimate the 
height and extent of groundwater mounds near proposed 
stormwater infiltration basins—(1) a spreadsheet to numeri-
cally integrate equations presented by Hantush (1967) and (2) 
three-dimensional finite-difference groundwater-flow models. 
Hantush’s equations define the shape of groundwater mounds 
beneath rectangular (including square) or round infiltration 
basins, and are based on several simplifying assumptions, 
including that the aquifer is homogeneous and isotropic, flow 
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is strictly horizontal, the change in aquifer saturated thick-
ness relative to original saturated thickness is trivial, and the 
infiltration rate is constant. 

The finite-difference groundwater-flow model MOD-
FLOW-2000 (Harbaugh and others, 2000) was used to 
simulate the height and extent of groundwater mounds beneath 
infiltration basins with various aquifer characteristics, recharge 
conditions, and basin areas, depths, and shapes. Hundreds 
of simulations were completed in which two to four values 
for each of seven variables were altered to estimate ground-
water mounds in various hypothetical settings and design 

constraints. The seven variables that were altered are soil 
permeability, aquifer thickness, specific yield, infiltration basin 
depth, basin shape, magnitude of design storm, and percentage 
of impervious land cover. The seven variables and appropri-
ate values for New Jersey were determined in coordination 
with Sandra Blick (NJDEP), Joseph Skupien (Storm Water 
Management Consulting, LLC), and members of the NJDEP 
Stormwater Best Management Practices (BMP) Committee.

Values of variables used in the simulations were chosen 
to include a realistic range of values and to keep the number of 
simulations small enough to be readily interpreted. The values 
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Figure 1.  Schematic representation of a groundwater mound beneath a hypothetical stormwater infiltration basin.
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selected (and the rationale for selecting those values) are dis-
cussed farther on in the “Physical Variables Affecting Height 
and Extent of Groundwater Mounding” section of this report. 
Tables are provided in the “Results” sections that list the maxi-
mum height, maximum extent, and height at fixed distances of 
a groundwater mound beneath infiltration basins designed to 
infiltrate runoff from a 10-acre or 1-acre development. 

For the 10-acre system, transient simulations with 
constant recharge for 1.5 days (36 hours) were made for 
predevelopment and post-development conditions. Recharge 
for pre-developed conditions was uniform throughout the 
model area, with no impervious surface and no infiltration 
basin. Recharge for developed conditions was the same as 
predevelopment recharge outside the 10-acre developed area. 
The developed area received less recharge because of impervi-
ous surfaces, and the infiltration basin received the recharge 
rejected by the impervious surfaces in the developed area. 
Precipitation was assumed to reach the water table without 
loss to evapotranspiration or surface runoff to surface-water 
bodies. Initial conditions included no antecedent recharge and 
a flat water table. The height and extent of the groundwater 
mound was calculated by subtracting water levels simulated 
under predevelopment conditions from water levels simulated 
under post-development conditions. 

For the 1-acre system, the effect of reduced recharge 
from impervious surfaces over such a small area was not con-
sidered to be important; therefore, predevelopment conditions 
were not simulated. Simulations included only recharge to the 
infiltration basin (dry well), and groundwater mounding was 
calculated directly as the increase in water level associated 
with recharge introduced at the infiltration basin.

 The lateral and bottom boundaries of the model are no-
flow boundaries. The lateral boundaries were set sufficiently 
far from the infiltration basins, such that simulated water-level 
increases at all boundaries was less than 0.01 ft for all simula-
tions. A surface-water drain simulated using the MODFLOW 
Drain Package was included in the simulations of a 10-acre 
development to test whether presence or absence of a stream 
at that distance affected results. The surface-water boundary 
had no effect on the simulated groundwater mound because 
the change in flow to the drain was less than 0.1 percent under 
pre- and post-development recharge.

The infiltration basin for each simulation had a volume 
(basin depth multiplied by area) equal to the recharge rejected 
by the impervious surfaces (stormwater-runoff design-storm 
depth multiplied by area of impervious surface). To minimize 
the number of basin footprints needed for the simulations, 
variables that determine the required area of the basin were 
varied by a factor of two or four. For example, two design 
storm magnitudes were considered, with the first selected to 
be the NJDEP stormwater quality design storm of 1.25 inches, 
so the second storm was chosen to be 0.3125 inch (one-fourth 
of 1.25 inches, rounded to 0.31 inch in the remainder of this 
report). Similarly, infiltration basins are often designed to 
be 2 ft deep (greater depths could pose a drowning hazard), 
but shallower depths are sometimes used, so a depth of 0.5 ft 

(one-fourth of 2 ft) was chosen. Therefore, for a given per-
centage of impervious area, the basin footprint required for a 
design storm magnitude of 1.25 in. and a basin depth of 2 ft 
is the same as for a design storm magnitude of 0.31 in. and a 
basin depth of 0.5 ft. For this study the design-storm mag-
nitude is assumed to have fully infiltrated pervious surfaces 
under predevelopment conditions; the runoff from the design 
storms that must be infiltrated is assumed to be the magnitude 
of the design storm with no allowance for evaporation from 
impervious surfaces or runoff from natural, pervious surfaces.

The simulations do not include any delay or attenuation 
associated with travel through the unsaturated zone. Also, the 
volume of water from the design storm falling on impervious 
surface is simulated as directly recharging the water table at 
the infiltration basin over 36 hours. 

For analytical methods such as that proposed by Hantush 
(1967), horizontal flow is assumed; therefore, vertical anisot-
ropy of hydraulic conductivity (vertical hydraulic conductiv-
ity, also called soil permeability, is different from, usually less 
than, horizontal hydraulic conductivity) is not accounted for 
in the method. Use of multiple layers in MODFLOW allows 
inclusion of vertical anisotropy. The number of layers used 
to represent the aquifer was chosen to be three to balance the 
need for multiple layers with the need for keeping the run-
times of simulations to a minimum. The difference in results 
from simulations with fewer or greater than three layers is dis-
cussed in the “Comparison of Analytical and Finite-Difference 
Estimates of Groundwater Mounding and Effect of Vertical 
Layering” section of this report.

In the 576 simulations for the 10-acre site, 7 of the 
MODFLOW input files were identical: the Basic, Drain, and 
Pre-conditioned Conjugate Gradient (solver) Packages, Output 
Control Option, Observation Process, and Name and Observa-
tion Data files. These files were copied into 576 sequentially 
numbered directories. The MODFLOW input files that varied 
among simulations—the Discretization Package (includes 
aquifer thickness), Layer Property Flow Package (includes 
soil permeability and specific yield), and Recharge Package 
files—were copied into the appropriate directories. The goal 
for the simulations for the 10-acre site was to simulate aquifer 
response to a recharge event where recharge was reduced in 
the developed area and concentrated at an infiltration basin. 
Because the aquifer response is, in part, a function of aquifer 
characteristics, aquifer response to recharge under predevel-
opment (uniform) conditions was simulated for each unique 
combination of aquifer characteristics and design storm 
magnitude. Binary files of aquifer heads from the predevelop-
ment simulations were copied into the appropriate directories. 
After the post-development simulations were completed, 
a FORTRAN program was used to extract the water levels 
from the binary head file for each simulation, subtract the 
predevelopment water level from the post-development water 
level; calculate the maximum change in head, calculate the 
maximum extent of groundwater mounding of 0.25-ft and the 
change in water levels at fixed distances from the right edge of 
the infiltration basin, and save the results to a summary file. 
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In the 432 simulations for the 1-acre site, the same proce-
dure was followed, except recharge over the 1-acre area was 
not reduced by the percentage of impervious cover. Therefore, 
the water-level change was calculated by the MODFLOW 
Drawdown Output Control option without the need for sub-
tracting predevelopment from post-development water levels.

Previous Investigations

Artificial recharge of groundwater through recharge 
basins has been conducted for various reasons. In some appli-
cations the goal is to store excess water available seasonally 
(for example, during periods of snow melt) for later use in 
irrigation. In other applications the goal is to dispose of treated 
wastewater. Infiltration of stormwater runoff is a similar appli-
cation, although the timeframe of infiltration is shorter than for 
the preceding examples.

Recharge basins and the effects on the underlying water 
table have been widely studied for decades. A number of 
investigators have presented analytical solutions for the shape 
of the water table beneath an artificial recharge basin, includ-
ing Baumann (1952), Glover (1960), Hantush (1967), Rao and 
Sarma (1981), and Hunt (1971). Sunada and others (1983) and 
Warner and others (1989) evaluated the above solutions. Rai 
and Singh (1981) presented a similar analytical solution to that 
of Hantush (1967), and in a number of subsequent articles they 
(sometimes with other authors) present solutions that include 
a variety of different boundary conditions (for example, Man-
glik and others, 1997, 2003). Marino (1974) and Latinopoulos 
(1981, 1984) also present several analytical solutions to the 
problem with different boundary conditions. For all of the 
analytical solutions referenced above, it is assumed that flow 
away from the location of the recharge basin is horizontal 
and occurs in an isotropic, homogeneous aquifer in which the 
change in height of the water table is not large (generally less 
than one-half the aquifer thickness). 

Although the above analytical solutions have been used 
to simulate the shape of a groundwater mound beneath hypo-
thetical infiltration basins, they are difficult to apply without 
numerical integration. Sunada and others (1983) found the 
solution of Hantush (1967) to be the most accurate and ame-
nable to numerical integration. Sunada and others (1983) and 
Warner and others (1989) developed computer programs to 
solve the Hantush equation for steady (continuous) or transient 
recharge with user-specified input variables of transmissiv-
ity, basin size, and recharge rate. These computer programs 
are no longer readily available and do not run on some 
personal computers (for example, they will not run on com-
puters using a 64-bit processor). Finnemore (1995) presents a 
computer program for solving the Hantush (1967) equation, 
and Zomorodi (2005) offers a simplified method for solving 
the Hantush equation, but both approaches are used only with 
steady-state conditions. Poeter and others (2005) also evaluate 
groundwater mounding under steady-state conditions. Engi-
neering Software, Inc. (2006), developed proprietary software, 

MODRET, that is based on the USGS finite-difference model 
MODFLOW. The software, initially developed for use in 
engineered aquifer-recharge facilities in Florida, calculates 
unsaturated and saturated losses and groundwater mound-
ing from infiltration basins; it includes limited surface-water 
flow routing. MODRET is designed as a 1-layer aquifer and, 
therefore, does not include the effects of vertical anisotropy 
(aquifer permeability in the vertical direction differs from that 
in the horizontal direction).

Sumner and Bradner (1996) and Sumner and others 
(1999) simulated infiltration from artificial recharge basins 
with the USGS variably saturated, two-dimensional flow 
model (VS2D). They found that analyses that ignore the unsat-
urated zone (as do all of the analytical and finite-difference 
methods referenced above) may over-estimate the height of 
the groundwater mound occurring beneath an infiltration basin 
and may not correctly estimate the behavior over time because 
of storage and delay in the unsaturated zone.

Physical Variables Affecting Height 
and Extent of Groundwater Mounding

New Jersey regulations (New Jersey Administrative 
Code 7:8-5.4(a)2, 2004) require the recharge of stormwater 
falling on newly added impervious surfaces. The physical 
characteristics of the aquifer, stormwater infiltration basin, and 
design storm can all contribute to the height and breadth of a 
groundwater mound occurring under a stormwater infiltration 
structure. The physical characteristics that were varied in the 
simulations are discussed below.

Soil Permeability and Aquifer Thickness

The ability of an aquifer to transmit water from an area 
of higher water level (head) to lower water level is quantified 
as the aquifer transmissivity. Transmissivity is the horizon-
tal hydraulic conductivity multiplied by aquifer thickness 
(typically written T = Kb, where K is in units of length per 
time (L/T) and b is in units of length). The thickness of the 
water-table aquifer in most locations in New Jersey ranges 
from about 10 to 200 ft (about one order of magnitude) (see, 
for example, Nicholson and others, 1996; Johnson and Watt, 
1996; Johnson and Charles, 1997; and Charles and others, 
2001). In northern New Jersey bedrock is commonly close to 
land surface and the unconsolidated sediments can be 10 ft 
or less in thickness. Areas covered by glacial till can be tens 
of feet thick, and glacially buried valleys commonly have as 
much as 100 ft of unconsolidated sediments comprising the 
water-table aquifer. Where the water-table aquifer occurs in 
bedrock, typically most water-producing fractures are present 
in the upper 200 ft and most of the groundwater flow occurs in 
this portion of the aquifer (for example, see Carleton and oth-
ers, 1999). Coastal Plain aquifers typically are less than 100 ft 
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thick where they crop out, with the notable exception of the 
Kirkwood-Cohansey aquifer, although in most locations a clay 
layer is encountered within the top 200 ft of the Kirkwood-
Cohansey aquifer (Zapecza, 1989).

The horizontal hydraulic conductivity of the unconfined 
aquifers in New Jersey ranges over several orders of mag-
nitude, about 0.01 to 200 feet per day (ft/d) (Nicholson and 
others, 1996; Johnson and Watt, 1996; Johnson and Charles, 
1997; Charles and others, 2001; and Carleton and others, 
1999). When simulating groundwater mounding associated 
with stormwater infiltration, the large variations in horizon-
tal hydraulic conductivity make it the more important and 
controlling variable compared to aquifer thickness. Because 
thickness is readily measured (using surface geophysics for 
example), it was also varied in the analyses.

In soil science, the term soil permeability has the same 
units and meaning as hydraulic conductivity, usually measured 
in the vertical direction (see, for example, Ritter, 2006), and 
is a measure of the resistance to flow of water through a unit 
volume of material. In groundwater hydrology and petroleum 
engineering, intrinsic permeability is a property of the porous 
medium independent of the material and is in units of length 
squared (Fetter, 1994, p. 96). Hydraulic conductivity is a func-
tion of the intrinsic permeability and the specific weight and 
dynamic viscosity of the fluid flowing through the material. In 
most soil science applications the fluid of interest is water that 
has a density and viscosity that can be assumed to be con-
stant; therefore, the term soil permeability (in this report and 
many other publications) is used interchangeably with vertical 
hydraulic conductivity. 

Measurements of soil permeability in the unsaturated 
zone are measurements of vertical hydraulic conductivity and 
are referred to as an infiltration rate, often reported in inches 
per hour. The permeability of unsaturated sediments varies 
with the degree of saturation. Quantifying the effects of vari-
ably saturated permeabilities in the unsaturated zone is beyond 
the scope of this report. In the saturated zone (aquifers and 
confining units), horizontal hydraulic conductivity is often 
measured by conducting an aquifer test; the resulting estimates 
are often reported in feet per day. 

Horizontal hydraulic conductivity in unconsolidated 
sediments is usually greater than vertical hydraulic conductiv-
ity (soil permeability). Often only vertical or only horizon-
tal conductivity is measured, and the directional hydraulic 
conductivity that was not measured is calculated by assuming 
a 10:1 ratio of horizontal to vertical hydraulic conductivity 
(Anderson and Woessner, 1991; Pope and Watt, 2005; Modica, 
1996; Cauller and Carleton, 2006). This vertical anisotropy 
can be caused by generally flat-lying mineral grain orientation 
and (or) layers of finer sediments interspersed with coarser, 
more permeable sediments. Vertical anisotropy is scale depen-
dent. Freeze and Cherry (1979, p. 32–34) state that vertical 
anisotropy in cores rarely exceeds 10:1 and is usually less 
than 3:1, but it is not uncommon for regional anisotropy to be 
100:1 or greater. On a county-wide scale, Kauffman and others 
(2001) used horizontal to vertical hydraulic conductivity ratios 

from 1:1 to 178:1 to calibrate a groundwater-flow model in 
an unconfined aquifer in the Coastal Plain of New Jersey. The 
ratio of horizontal to vertical hydraulic conductivity of 10:1 
was used in all simulations in this study.

The ratio of horizontal to vertical hydraulic conductivity 
can be estimated by analyzing multiple-well aquifer tests or 
making separate measurements of vertical hydraulic conduc-
tivity (for example, with a soil permeameter) and horizontal 
hydraulic conductivity (for example, a slug test or aquifer 
test). Where no estimate of the ratio is available, using a mea-
sured or estimated vertical hydraulic conductivity (soil perme-
ability) for both vertical and horizontal hydraulic conductivity 
(ratio of 1:1) is a conservative assumption.

The soil permeabilities used in this study to represent typ-
ical conditions were 0.2 in/hr, 1 in/hr, and 5 in/hr. The lowest 
value, 0.2 in/hr was chosen because that is the minimum soil 
permeability allowed for basins that infiltrate the groundwater 
recharge design storm (Sandra Blick, New Jersey Depart-
ment of Environmental Protection, oral commun., 2008). The 
National Resources Conservation Service (2009) has four 
soil hydrology categories: permeability less than 0.02 in/hr, 
0.06 in/hr to less than 0.57 in/hr, 0.57 in/hr to 1.42 in/hr, and 
greater than 1.42 in/hr. Soil permeability of 1 in/hr was chosen 
as the middle value for this study because it is the approximate 
midpoint of the third soil permeability category and is five 
times the minimum value used. Soil permeability of 5 in/hr 
was chosen as the third value for this study because it is five 
times the second value and represents a reasonable midpoint 
between 1 in/hr and 20 in/hr (the highest value in the data-
base); 38 percent of average permeabilities in the National 
Resources Conservation Service (2009) database are between 
1in/hr and 5 in/hr, and 19 percent are greater than 5 in/hr. The 
higher two soil permeabilities used for this study, 1 in/hr and 
5 in/hr, are equivalent to horizontal hydraulic conductivities 
of 20 ft/d and 100 ft/d, respectively (assuming a 1:10 verti-
cal anisotropy ratio), values that are representative for New 
Jersey. Reported horizontal hydraulic conductivities in uncon-
solidated water-table aquifers in New Jersey (including glacial 
till, glacial outwash, and Coastal Plain sediments) range from 
7 to 800 ft/d with average values ranging from 87 to 160 ft/d 
reported by different authors (New Jersey Geological Survey, 
2008; Nicholson and others, 1996; Johnson and Watt, 1996; 
Johnson and Charles, 1997; and Charles and others, 2001). 

Specific Yield 

Specific yield governs how much water the unsaturated 
zone can store when recharge reaches the water table. Specific 
yield is related to porosity. The total porosity is defined as the 
volume of the void space divided by the total volume, often 
expressed as a percentage. Typical unconsolidated sediment 
porosities range from about 20 to 40 percent (Fetter, 1994, 
p. 86). However, not all of the void space is available for 
stormwater storage because water adheres to grains of sedi-
ment (specific retention) and reduces the amount of storage for 
subsequent recharge. 
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Total porosity is equal to specific yield (Sy) plus specific 
retention (Sr). Specific yield is the volume of water that will 
drain from the sediment, as a result of gravity, divided by the 
total volume. Specific retention is the volume of water remain-
ing divided by the total volume. Specific yield and specific 
retention are often expressed as percentages. Coarse sediments 
will have a lower specific retention and higher specific yield 
than fine-grained sediments that have the same porosity. Field 
capacity is the term used in soil science for the concept of spe-
cific retention but includes a time component—for example, 
the percentage that will drain in 24 hours. This term is used in 
agriculture because it represents the amount of water poten-
tially available for plants to take up. There is no correspond-
ing term in soil science for specific yield, representing the 
volume of water drained. Specific yield was estimated to be 17 
percent for the water-table aquifer in Cape May County, New 
Jersey (Gill, 1962), and that value was used for this study. A 
value of one-half of 17 percent, 8.5 percent, also was used for 
this study, allowing evaluation of the sensitivity of results to 
specific yield.

Percent Impervious Cover

New Jersey stormwater management regulations (New 
Jersey Administrative Code 7:8-5.4(a)2, 2004) require that 
a new development that adds impervious cover (pavement, 
rooftops) includes stormwater management. The larger the 
percentage of impervious cover, the larger the volume of water 
that must be infiltrated by the recharge basin. A larger volume 
of infiltrated water will result in a higher groundwater mound 
and an increased radius of groundwater mounding in the 
underlying aquifer because a steeper groundwater gradient is 
required to push the larger volume away from the area where 
infiltration occurs. Four different impervious cover percent-
ages were used in simulations for this study: 10, 20, 40, and 
80. 

Design Storm

Infiltration basins are designed to accept runoff from 
storms of different magnitudes according to design constraints 
of individual sites. For example, if an area is determined to 
typically have 16 in/yr of groundwater recharge and the devel-
opment is expected to result in 10 percent impervious cover, 
then the infiltration basin must be able to infiltrate each year 
a volume of water equivalent to 1.6 inches of precipitation 
across the site. A designer would need to determine the depth 
of precipitation that must be captured from each precipitation 
event in an average year to yield 1.6 inches of annual recharge. 
However, for a development that wishes to capture only runoff 
from rooftops, not roads, the depth of precipitation from 
each storm that is required to be captured in the infiltration 
basin would be greater than if the runoff from all impervious 
surfaces were being channeled to the basin (Joseph Skupien, 
Storm Water Management Consulting, LLC, oral commun., 

2008). Data for New Jersey have been compiled to show, on 
average, how many storms per year are less than or equal to 
a given precipitation depth (Leon Kauffman, U.S. Geological 
Survey, written commun., 2001). 

A 1.25-inch storm was chosen as one of the design storms 
for this project because that value is the NJDEP water-quality 
design storm magnitude (Sandra Blick, New Jersey Depart-
ment of Environmental Protection, written commun., 2008). 
NJDEP regulations define the water-quality design storm 
magnitude as 1.25 inches in 2 hours (New Jersey Administra-
tive Code 7:8-5.4(a)2, 2004), but for this study the simulation 
period is 36 hours because the infiltration basins are assumed 
to have the capacity to accept and store all of the runoff from 
the storm, regardless of the duration. A second design storm 
of 0.3125 inch (rounded to 0.31 inch) was chosen because 
it is one-fourth of the 1.25-inch storm, reducing the number 
of basin footprints used in the simulations: a simulation with 
10-percent impervious cover and a 1.25-inch storm requires 
the same infiltration basin size as one with 40-percent impervi-
ous cover and a 0.31-inch storm. For comparison purposes, 
65 percent of average annual precipitation is derived from 
storms of 1.25 inches or less, and 14 percent of average annual 
precipitation is derived from storms of 0.31 inch or less (Leon 
Kauffman, U.S. Geological Survey, written commun., 2001).

For this study the design-storm magnitude is assumed to 
have fully infiltrated pervious surfaces under predevelopment 
conditions with no runoff. Therefore, for the percentage of the 
hypothetical development that will be converted to impervi-
ous surface, the runoff from the design storms that must be 
infiltrated is assumed to be the magnitude of the design storm. 
There is no allowance for evaporation from impervious sur-
faces or runoff from natural, pervious surfaces.

Basin Shape and Depth

To minimize construction costs and land area required, 
stormwater infiltration basins are usually designed to be the 
smallest footprint that will capture and store the volume of 
runoff indicated by regulations and site conditions. A basin 
designed to capture runoff from a 20-acre development with 
10 percent impervious cover would be the same size as that 
for a 5-acre development with 40 percent impervious cover 
(other factors being equal). Basin shapes can vary from round 
to square to elongate. The height and radius of a groundwater 
mound beneath a square basin will be virtually the same as 
that beneath a round basin, but a square basin can be better 
represented than a round basin with a finite-difference model. 
The rate at which water will drain down through the bottom 
of the basin can be greatly reduced (compared to the natural 
undisturbed materials) if equipment is driven on the basin 
during construction. The basin area required for a develop-
ment can be large enough that available construction equip-
ment does not have sufficient horizontal reach to excavate a 
round or square basin of sufficient size from the edges. In this 
case a rectangular basin may be constructed where the width 
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is determined by the reach of the construction equipment, and 
the necessary length is calculated by dividing the required vol-
ume by the achievable width. For this study, simulated basins 
were square or rectangular (width to length ratio of 1 to 8).

For safety reasons, stormwater infiltration basins are 
often designed to have no more than 2 ft of standing water. In 
some circumstances, depths of less than 2 ft are used in basin 
design (Sandra Blick, New Jersey Department of Environmen-
tal Protection, oral commun., 2008), so for this study 2-ft and 
0.5-ft depths were modeled. 

Single-home stormwater-management structures some-
times include a dry well (seepage pit) to temporarily store 
runoff. A dry well can simply be an excavation filled with 
crushed rock or can be made with a pre-cast concrete struc-
ture. Pre-cast concrete structures come in many sizes and vary 
from manufacturer to manufacturer. For this study, representa-
tive volumes of dry wells with depths of 2, 4, and 10 ft and 
their associated horizontal extents (Mershon Concrete, written 
commun., 2008) were used.

Depth to Water Table

The depth of the water table below land surface can also 
be described as the thickness of the unsaturated zone (not 
accounting for the capillary fringe). A thicker unsaturated 
zone can store more water and will, therefore, reduce and (or) 
delay the water reaching the water table beneath a stormwa-
ter infiltration basin (Sumner and others, 1999). Evaluation 
of the unsaturated-zone effects (delayed delivery of recharge 
to the water table or estimation of storage in the unsaturated 
zone and subsequent evapotranspiration preventing recharge 
to the water table) were beyond the scope of this study, in part 
because of the infinite combinations of thickness, degree of 
saturation prior to the storm event, and heterogeneity. Neglect-
ing the unsaturated zone is a conservative approach because 
a simulated water-table mound occurring beneath an infiltra-
tion basin will be smaller if storage in the unsaturated zone is 
included in the simulation. For sites at which the unsaturated 
zone is considered to be important (for example, sites with a 
thick unsaturated zone that fail to meet design criteria when 
the unsaturated zone is neglected), site-specific conditions 
would have to be included in simulations to provide appropri-
ate results.

Use of Finite Difference Numerical 
Models to Estimate Groundwater 
Mounding

Finite-difference numerical models are useful in the 
solution of non-linear groundwater-flow problems. Finite-
difference models offer the benefit (compared to analytical 
solutions) of representing highly complex three-dimensional 
conditions and including site-specific conditions such as 

variations in aquifer characteristics, basin shape, recharge 
duration, and other local features in the simulations. The 
height of the water table beneath stormwater infiltration basins 
and the surrounding area was simulated for this study using 
the USGS groundwater-flow model MODFLOW-2000 (Har-
baugh and others, 2000). 

Model Design

The models of 10-acre and 1-acre areas having a hypo-
thetical stormwater infiltration basin were designed to simulate 
the groundwater mounding beneath and near the basin for a 
fully three-dimensional system with horizontal boundaries 
that are beyond the radius of influence of the infiltration basin 
(for modeling purposes assumed to be a simulated 0.01-ft 
increase in water level). The simulations are transient, running 
for 36 hours during the period of recharge from the basin to 
the aquifer. Initial conditions for all simulations include a flat 
water table and an initial constant aquifer thickness. Begin-
ning each simulation with a flat water table corresponds to a 
physical system that has recovered from any previous recharge 
events to a steady-state condition. Although the water table 
will have a gradient under almost all natural conditions, the 
gradient is likely to be very small compared to the local gradi-
ent caused by groundwater mounding. A pre-existing gradient 
created by having an initial model stress period with regional 
recharge and discharge to a surface-water feature (drain) was 
not used because this led to non-uniform aquifer thicknesses 
that could not be set to the desired 10, 20, and 40 ft. 

Multiple layers must be included in the model to simulate 
the effect of vertical anisotropy of permeability. For this study, 
soil permeability (vertical hydraulic conductivity) is estimated 
to be one-tenth of horizontal hydraulic conductivity. The 
models include three layers to make possible the simulation 
of the vertical component of flow and the effects of vertical 
anisotropy of permeability. The top layer was modeled as 
unconfined, whereas the middle and bottom layers were mod-
eled as confined.

Simulation of Groundwater Mounding Beneath 
Hypothetical Stormwater Infiltration Basins for 
a 10-Acre Development

A 10-acre development was chosen as a representative 
scale for developments that likely would have a hypotheti-
cal centralized stormwater collection and infiltration system. 
The modeled development is rectangular with the stormwater 
infiltration basin located close to the development boundary 
(fig. 2). 

Model Discretization
The simulated area is square (fig. 2), 2,300 ft (700 m) 

on each side (about 120 acres). The grid cells increase from 
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1.65 ft (0.50 m) on a side in the area of the infiltration basin to 
3.3 ft (1.0 m) and then 6.6 ft (2.0 m) on a side in the remainder 
of the model (fig.2). The model has 560 rows and 568 col-
umns, and all 318,080 cells are active in each model layer.

The model has three layers that are of equal saturated 
thickness (layer 1 is partially saturated, whereas layers 2 and 
3 are fully saturated) at the start of the simulation when the 
water table is flat. For the simulations with an aquifer thick-
ness of 10 ft, layers 2 and 3 are each a constant thickness 
of 3.33 ft. The saturated thickness of layer 1 was initially 

also 3.33 ft but increased throughout the 1.5-day simulation 
because of recharge. The total thickness (saturated and unsatu-
rated) of layer 1 is 60 ft, thick enough that layer 1 is never 
fully saturated at any location in any simulation. Similarly, for 
simulations with aquifer thicknesses of 20 and 40 ft, the initial 
saturated thicknesses of the three layers are each 6.66 ft and 
13.32 ft, respectively. 

All of the simulations are transient, lasting 1.5 days (36 
hours). This storm duration was chosen because the NJDEP 
requires that stormwater infiltration basins drain in 3 days or 

Area with recharge = design storm/1.5 days

Area of hypothetical 10-acre development 
Recharge = Design storm * [(1 - percent impervious cover) / 1.5 days]

Area of example rectangular stormwater infiltration basin 
(24 feet x 195 feet) Recharge = Basin depth/1.5 days

Area of example square stormwater infiltration basin 
(69 feet x 69 feet) Recharge = Basin depth/1.5 days
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Figure 2.  Model grid and boundary conditions of a finite-difference model used to simulate groundwater mounding beneath 
hypothetical stormwater infiltration basins on a 10-acre development.
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less to prevent mosquito breeding and, as a factor of safety, 
that the basins be designed to drain in 1.5 days (or, the basins 
can be designed to drain in 3 days if the soil permeability is 
assumed to be one-half the measured value, producing similar 
estimates of groundwater mounding). Although the NJDEP 
water-quality design storm duration is 2 hours (New Jersey 
Administrative Code 7:8-5.5(a)2, 2004), it was assumed that 
stormwater infiltration basins would capture and store the 
runoff while it infiltrates over 1.5 days. The 1.5-day stress 
period was divided into 16 time steps with an initial time step 
of 0.0208 day (30 minutes) and the time steps increased in 
length by a factor of 1.2 for each time step. The initial condi-
tion is steady-state (flat water table, no recharge, surface-water 
boundary at the same elevation as the water table), so no initial 
steady-state stress period was used.

Characteristics Varied to Estimate Groundwater 
Mounding

The seven physical characteristics varied to establish a 
range of simulated groundwater mounds are soil permeability, 
aquifer thickness, specific yield, infiltration basin shape, basin 
depth, design storm, and percentage of impervious cover  
(table 1). Unique combinations of three values of soil per-
meability, three values of aquifer thickness, two values of 
specific yield, two basin shapes, two basin depths, two design 
storm magnitudes, and four percentages of impervious cover 
required 576 simulations.

Values of soil permeability (vertical hydraulic conduc-
tivity, Kv) used in the simulations are 0.2 in/hr, 1 in/hr, and 
5 in/hr. A horizontal to vertical permeability ratio of 10:1 was 
used in all simulations, yielding horizontal hydraulic conduc-
tivities (Kh, in units of feet per day more commonly used in 
groundwater investigations) of 4 ft/d, 20 ft/d, and 100 ft/d. 
These values were chosen because the minimum soil perme-
ability allowed for infiltration basins is 0.2 in/hr (Sandra Blick, 
oral commun., 2008), and permeabilities of 5 in/hr are typical 
of unconsolidated sediments in New Jersey (see additional 
discussion in the “Soil Permeability and Aquifer Thickness” 
section of this report). Aquifer thickness values of 10, 20, and 
40 ft were used in this study. 

Specific yield in the simulations was either 0.17 or 0.085 
(17 or 8.5 percent). Because layer 1 included the water table, 
the specific yield determined how much water (when added 
via recharge, for example) could be stored in the aquifer. 
Specific yield is a function of the pore space available when 
water has drained from the aquifer. Layers 2 and 3 function as 
confined aquifers because the thickness does not change with 
changing head. Layers 2 and 3, therefore, have much lower 
storage capacity, entered into the model as storativity (which 
is equal to specific storage multiplied by aquifer thickness). 
Specific storage (expressed in units of 1/Length) is a function 
of the compressibility of water and of the aquifer material and 
is several orders of magnitude less than the porosity (Fetter, 
1994, p. 116). For this study, a value of 3.3 x 10-5 ft-1 was used 

in all simulations for specific storage. A sensitivity analysis 
using a specific storage value for model layers 2 and 3 of 3.3 x 
10-3 ft-1 lowered the maximum head only 0.02 ft.

The design storm magnitudes used in this study were 
1.25 inches and 0.31 inch. Although the NJDEP water quality 
design storm is 1.25 inches of rain in 2 hours, the duration of 
recharge (from the infiltration basin, the developed area, and 
the undeveloped area) is 1.5 days (36 hours). Four percentages 
of impervious cover were used—10, 20, 40, and 80 percent. 
Infiltration basins were simulated as either 2 or 0.5 ft deep.

The volume of runoff from the hypothetical developed 
area for each simulation was calculated by multiplying the 
depth of the design storm by 10 acres (435,600 square feet) 
by the percentage of impervious cover. The assumed runoff 
volume is a conservative estimate because no losses (for 
example, evaporation or storage) are included. The calculated 
volume of runoff was used to determine the area of the infiltra-
tion basin by dividing the volume of runoff by the depth of the 
basin, either 2 or 0.5 ft. For square basins, the lengths of the 
sides were calculated by taking the square root of the area. For 
rectangular basins, the length of the long side is eight times 
the length of the short side. The length of the short side was 
calculated by dividing the area by eight, then taking the square 
root. 

Model Boundaries, Recharge, and Difference 
Between Undeveloped and Developed Water 
Levels 

The lateral and bottom sides of the model shown in fig. 2 
are no-flow boundaries. The top is a specified-flux boundary 
with recharge occurring at the water table. The simulations 
were for a duration of 1.5 days with a steady infiltration of 
water during that period. A drain is included near the eastern 
boundary of the model, 1,000 ft east of the western edge of the 
simulated infiltration basins. The surface-water drain mod-
eled with the MODFLOW Drain Package was included in the 
simulations of a 10-acre development to test whether presence 
or absence of a stream at that distance affected results. The 
surface-water boundary had no effect on the simulated ground-
water mounds because the change in flow to the drain was less 
than 0.1 percent under pre- and post-development recharge.

The area of the hypothetical development is 10 acres; 
it is the same for all simulations and is a rectangle, 415 ft in 
the north/south direction (along model columns) and 1,050 ft 
in the east/west direction (along rows) (fig. 2). The modeled 
infiltration basins varied in size according to the input vari-
ables, ranging from 570 square feet (ft2) to 72,600 ft2 in area 
(table 1), meaning the width of the basin varies from 8.4 ft for 
the smallest rectangular basin to 270 ft for the largest square 
basin. The distance from the center to the edge of the basins 
varies from 4.2 ft to 135 ft. The eastern edge of the basin is 
always along the same line (in the same column), 20 ft west 
of the development boundary, and is centered in the north/
south direction around the same horizontal line (model row) 
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(fig. 3). The simulated height of the groundwater mounding is 
calculated and reported at distances from the eastern edge of 
the basin. Results from the analytical solution (discussed later 
in this report) are presented in feet from the center of the basin 
so that an adjustment needs to be made to compare analyti-
cal results to those presented in the following section of this 
report.

The groundwater mound associated with a stormwater 
infiltration basin is calculated by subtracting the water-level 
increase associated with precipitation events under prede-
velopment conditions from that under post-development 
conditions, using the same aquifer characteristics. Therefore, 
predevelopment simulations were run for all combinations 
of selected aquifer characteristics (soil permeability, aquifer 
thickness, and specific yield) with 0.31 inch or 1.25 inches of 
recharge applied uniformly over the simulated area in  
1.5 days. Post-development simulations were then run for the 
same combinations of aquifer characteristics with the addi-
tion of infiltration basins on a 10-acre developed area. For the 
simulation, if the developed area has, for example, 10 percent 
impervious cover, then 90 percent of the storm depth will 
recharge the aquifer over the 10-acre area and 10 percent will 
recharge through the infiltration basin. If the 10-acre area has 
10, 20, 40, or 80 percent impervious surface, the developed 
area receives 90, 80, 60, or 20 percent of the recharge, respec-
tively, and the remainder will recharge through the infiltration 
basin. The area outside the developed area receives the same 
recharge as predevelopment, and the infiltration basin area 

receives a depth of recharge equal to the depth of the basin. 
The simulated water levels under predevelopment conditions 
were subtracted from simulated water levels post-develop-
ment to determine the change associated with the addition of 
impervious surfaces (reducing recharge in those areas) and an 
infiltration basin (concentrating recharge in a small area). 

Results

The maximum height of simulated groundwater mounds 
(which occurs under the center of the basin), the maximum 
extent of 0.25-ft groundwater mounding, and the height of 
groundwater mounding at fixed distances from the east (right) 
edge of the hypothetical stormwater infiltration basin for 
10-acre developments are given in table 2 (located in back of 
report due to its length). The range of the maximum ground-
water-mound heights and of the maximum extent of ground-
water mounding height of 0.25 ft for each of the 18 values of 
the seven aquifer, basin, and design storm variables are shown 
in box plots in figures 4 and 5, respectively. (The box plots 
included in this report show results from the synthetic popula-
tion of hypothetical simulations and do not imply a random 
distribution.) The maximum simulated groundwater-mound 
height is 18.5 ft and the minimum is 0.1 ft. The median of all 
576 simulations of the maximum mound heights is 1.8 ft. The 
maximum extent (east from the eastern edge of the infiltration 
basins, see figs. 2 and 3) of groundwater mounding of  

Table 1.  Values of variables input to the finite-difference simulations of groundwater mounding beneath hypothetical 
stormwater infiltration basins on 1-acre and 10-acre developments. 

Input variable
Values for a 10-acre development 

(centralized stormwater infiltration basin)
Values for a 1-acre development 

(individual dry well)

Soil permeability  
(vertical hydraulic conductivity)

0.2, 1.0, or 5.0 inches/hour 0.2, 1.0, or 5.0 inches/hour

Aquifer thickness 10, 20, or 40 feet 10, 20, or 40 feet

Specific yield  
(Sy, pore space available for new storage)

0.085 or 0.17 0.085 or 0.17

Percentage of development to be covered by 
impervious material  
(for example, rooftops and pavement)

10, 20, 40 or 80 percent 10, 20, 40 or 80 percent

Design storm magnitude  
(depth of precipitation site-wide that must be 
accommodated by infiltration basin)

1.25 inches or 0.31 inch 1.25 inches or 0.31 inch

Depth of infiltration basin or dry well 0.5 or 2.0 feet 2, 4, or 10 feet

Infiltration-basin/dry-well shape Square (ratio of sides 1:1) 
Rectangular (ratio of sides 1:8)

Square

Range of infiltration basin/dry well areas 570 to 72,600 square feet 11 to 1,800 square feet

Number of variable combinations 576 432
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Figure 3.  Relative size and placement of selected hypothetical infiltration basins used in simulations of groundwater mounding 
beneath a 10-acre development.
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0.25 ft ranges from 0 to 300 ft with a median of 51 ft for all 
576 simulations.

A basin designer needing estimates of the height and 
extent of groundwater mounding associated with a stormwater 
infiltration basin for a proposed 10-acre development can find 
in table 2 the results of a simulation with the same or similar 
aquifer characteristics and design criteria as the proposed 
10-acre development and can obtain simulated groundwater-
mound heights and extents. The results in table 2 may be 
applicable to sites of sizes other than 10 acres. The area of the 
infiltration basin is a function of a combination of the area of 
the development, percentage of impervious surface, design 
storm magnitude, and basin depth; therefore, it is not the area 
of the development, but the area and depth of the basin, that is 
the relevant factor for groundwater mounding. Choosing the 
basin area and depth from table 2 that is equal to or greater 
than the user’s design basin will yield conservative results. 
For example, the area of a stormwater infiltration basin for 
a 20-acre site with 20 percent impervious surface would be 
the same as that for a 10-acre site with 40 percent impervious 
surface and same depth basin. For sites with aquifer char-
acteristics different from those used in this report, the user 
can choose the closest value that is more conservative. For 
example, if vertical soil permeability is estimated to be  
3 in/hr, using appropriate simulations from table 2 includ-
ing soil permeability of 1 in/hr would yield a conservative 
estimate of maximum groundwater-mound height and 5 in/hr 
would yield a conservative estimate of maximum extent of 
groundwater mounding of 0.25-ft. The same approach is 
appropriate for aquifer thickness (smaller thickness for a 
conservative estimate of maximum groundwater-mound height 
and larger thickness for a conservative estimate of maximum 
extent of groundwater mounding) and basin shape (square 
basins for a conservative estimate of maximum groundwater-
mound height and rectangular basins for a conservative esti-
mate of maximum extent of groundwater mounding). Lower 
values of specific yield and higher values of basin depth pro-
duce more conservative estimates of both maximum ground-
water-mound height and extent of groundwater mounding. 

The simulated systems respond non-linearly to changes in 
soil permeability and aquifer thickness; increasing soil perme-
ability by a factor of five from 0.2 to 1 in/hr reduces maximum 
groundwater-mound heights more than increasing by a factor 
of five from 1 to 5 in/hr. Therefore, interpolating between (or 
extrapolating beyond) results for input values between (or 
beyond) those used in this study may yield incorrect results. 
More conservative estimates can be obtained by using the 
closest appropriate simulated input value to the variable mea-
sured (or estimated) at a particular site.

The groundwater mounding associated with two or more 
nearby infiltration basins can be conservatively estimated 
by simulating the basins separately then adding together the 
mounding at any given location associated with each indi-
vidual basin. For example, if identical basins were centered 
100 ft apart, the maximum height of the groundwater mound 
beneath one basin would be increased by the height of the 

groundwater mound created by the second basin at a distance 
of 100 ft from the center of that second basin. The height and 
extent of groundwater mounding are governed by non-linear 
equations because of the changing thickness of the saturated 
zone (and, therefore, changing capacity of the aquifer to trans-
mit water). Therefore, there is a known error associated with 
adding the simulated height of individual groundwater mounds 
to estimate the combined height. However, the estimate will 
be conservative and the error will be small if the height of the 
simulated groundwater mounds is small in comparison to the 
thickness of the saturated zone. For example, a finite-differ-
ence simulation with aquifer and basin characteristics the same 
as simulation number 218 (table 2) but with two infiltration 
basins centered 100 ft apart produced maximum groundwater-
mound heights within 0.02 ft of the result reached by simply 
adding the effects, and at the midpoint between the two basins 
the mound height was 1.00 ft lower than the height calculated 
by adding the two individually simulated groundwater-mound 
heights at that location.

Maximum Height of Groundwater Mounding

The box plots in figure 4 show whether a higher value of 
a variable increases or decreases the maximum groundwater-
mound height and whether changing the values of some 
variables changes maximum heights more than changing the 
values of other variables. For example, groundwater-mound 
heights are most sensitive to (show the greatest variation with) 
soil permeability (vertical hydraulic conductivity). Maximum 
mound heights have the smallest range (0.1 to 3.6 ft) when soil 
permeability is set to the highest value of 5 in/hr and lowest 
median (0.6 ft) of the 18 variable values. In contrast, maxi-
mum heights have the highest minimum (0.9 ft) and highest 
median (3.9 ft) when soil permeability is 0.2 in/hr. Varying 
aquifer thickness would have the same effect as varying soil 
permeability (which, in this study, is one-tenth horizontal 
hydraulic conductivity) if the values were changed by a factor 
of 25 (for example, from a thickness of 10 to 250 ft), but aqui-
fer thickness was changed only by a factor of 4 (10 to  
40 ft) in this study because aquifer thickness usually varies by 
about an order of magnitude (for example, from 20 to 200 ft), 
whereas hydraulic conductivity usually varies by several 
orders of magnitude at any given site and can vary by seven or 
more orders of magnitude at a site or between sites. Figure 4 
shows that the greatest and median maximum groundwater 
heights decrease with increasing soil permeability and aquifer 
thickness. 

Groundwater-mound heights decrease when soil perme-
ability, aquifer thickness, or specific yield is increased (and 
other variables are held constant). In these simulations, chang-
ing soil permeability, aquifer thickness, specific yield, basin 
depth, or basin shape does not change the volume of aquifer 
recharge; it changes the shape or height of the groundwater 
mound resulting from the infiltration. 

An aquifer with a greater horizontal permeability or 
aquifer thickness has a greater ability to transmit water away 
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Figure 4.  Range of maximum height of simulated groundwater mounding beneath hypothetical stormwater infiltration basins on a 
10-acre development in relation to aquifer and basin characteristics.
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from the source of infiltration than aquifers with lower hori-
zontal permeability or aquifer thickness. Therefore, increas-
ing horizontal permeability decreases the maximum height of 
groundwater mounding and increases the extent of groundwa-
ter mounding. Also, the simulated heights of the groundwater 
mounds beneath the rectangular basins in this study are lower 
than beneath the equally sized square basins. Infiltration reach-
ing the water table beneath a rectangular basin has a greater 
cross-sectional area of aquifer across which to flow away from 
the basin compared to that of a square basin of equal area. 
Therefore, the rectangular basin requires less hydraulic head to 
move the infiltrated water through the aquifer and the simu-
lated groundwater mounds are lower. 

The groundwater mound is lower when specific yield 
is higher because the aquifer can store more water per unit 
volume of aquifer. The lower height occurs because a given 
volume of infiltrated water will saturate, for example, one-half 
the volume of an aquifer when specific yield is doubled.

Linear changes in values of the variables produce non-
linear changes in the groundwater-mound heights. Doubling 
the specific yield (from 8.5 percent to 17 percent) doubles 
the storage capacity of the aquifer and, therefore, potentially 
halves the maximum height of the groundwater mound. The 
maximum groundwater-mound height of the 576 simulations 
was 18.5 ft, occurring in simulation number 506, for which 
the specific yield was 8.5 percent (table 2). Simulation number 
505 has the same variable values as number 506 except for 
specific yield of 17 percent and a maximum groundwater-
mound height of 10.6 ft. The reason the maximum groundwa-
ter-mound height for simulation 505 is not exactly half that of 
simulation 506 is that the simulated unconfined flow system 
is non-linear and transmissivity changes as the height of the 
groundwater mound changes. 

Basin depth, when changed by a factor of 4 (from 0.5 
to 2 ft), has a substantial effect on the maximum height of 
groundwater mounding. If there was no lateral flow away from 
the source of recharge, vertical infiltration of, for example, 
2 ft of water into an aquifer with specific yield of 8.5 percent 
would raise the water level 23.53 ft, whereas vertical infiltra-
tion (with no lateral flow) beneath a basin depth of 0.5 ft and 
specific yield of 8.5 percent would raise the water level 5.88 ft, 
one-fourth of that for a basin four times deeper. The simula-
tions for this study do not include flow in the unsaturated zone 
so water is recharged directly to the water table, and horizontal 
flow away from the source of recharge begins immediately 
and continues during the entire 36-hour recharge period, 
resulting in a maximum groundwater-mound height of 18.5 ft 
rather than 23.5 ft. 

Increasing the design-storm magnitude by a factor of 
4 (from 0.31 to 1.25 inches) or the percentage of impervi-
ous cover by a factor of 8 (from 10 to 80 percent) also has 
a substantial effect on the maximum height of groundwater 
mounding. The groundwater-mound height increases when the 
design storm magnitude or percentage of impervious cover 
increases (and values of other variables are held constant) 

because the total volume of infiltrated water also increases. A 
greater volume of infiltrated water requires a higher head to 
move that water away from the source of recharge if the physi-
cal characteristics of the aquifer are unchanged. Impervious 
cover percentage and design-storm magnitude have a greater 
effect on maximum heights of groundwater mounding for the 
1-acre developments (described further on in this report) than 
for the 10-acre developments because recharge in the 10-acre 
developments was reduced in the area of the development to 
account for the effect of impervious surfaces.

The maximum groundwater-mound height (18.5 ft) was 
produced by a simulation with a square basin, maximum basin 
depth, impervious cover percentage, and storm magnitude 
(2 ft, 80 percent, and 1.25 in, respectively), and minimum 
specific yield, soil permeability, and aquifer thickness (8.5 
percent, 0.2 in/hr, and 10 ft, respectively); therefore, the head 
required to impart horizontal flow away from the area of 
recharge is higher than in other simulations.

Maximum Extent of Groundwater Mounding
The maximum extent of groundwater mounding (defined 

as a 0.25-ft water-level increase at a distance measured from 
the east edge of the hypothetical infiltration basin, see figs. 
2 and 3) for 10-acre developments ranges from 0 ft to 300 ft 
(table 2, fig 5). Of the 576 simulations, 117 had a maximum 
extent of less than 25 ft, and 95 had an extent of more than 
100 ft, with a median value of 51 ft. The maximum extent of a 
simulated mound of at least 0.01 ft was less than 750 ft for all 
simulations and 500 ft or greater for 56 of the simulations.

Groundwater mounding of at least 0.25 ft was chosen as 
the lower limit of mounding considered to be significant. A 
0.05 ft difference between pre- and post-development water 
levels caused by stormwater infiltration is not detectable under 
field conditions when recharge from precipitation outside of 
an infiltration structure is increasing water levels by tenths of 
a foot or more. The value of 0.25 ft was chosen as the amount 
of significant groundwater level change based on the NJDEP 
stormwater regulation that sets 0.1 ft as the maximum accept-
able change for surface water. Any simulated groundwater 
value of 0.05 ft is rounded up to 0.1 ft (Sandra Blick, oral 
commun., 2008), and a surface-water-level increase of 0.05 ft 
is equivalent to a groundwater-level increase of 0.25 ft if the 
specific yield of the aquifer was 20 percent (0.05 ft/0.20 = 
0.25 ft). 

The relation between the maximum extent of ground-
water mounding and the seven variables tested for this study 
appears contradictory in some cases. As mentioned in the 
above discussion of groundwater-mound heights, when 
other variables are held constant, increasing soil permeabil-
ity results in a decreased maximum height of groundwater 
mounding but an increased areal extent. However, the box 
plots for maximum extent of a 0.25-ft groundwater mound-
ing for the three values of soil permeability (fig. 5) show that 
the median extents for soil permeabilities of 0.2 in/hr, 1 in/hr, 
and 5 in/hr are 41, 69, and 52 ft, respectively, so the median of 
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the maximum extents increases from the lowest to the middle 
value of soil permeability but decreases from the middle to 
the highest value of soil permeability. This outcome also can 
be seen in some of the results shown in table 2, for example 
for simulation numbers 2, 4, and 6, where the soil perme-
abilities are 0.2 in/hr, 1 in/hr, and 5 in/hr and the maximum 
extents of 0.25-ft groundwater mounding are 41ft, 52ft, and 
13 ft, respectively. The reason the maximum extent is small-
est for the highest value of soil permeability is that 0.25 ft was 
selected as the threshold of significant groundwater mounding. 
The maximum groundwater-mound heights are 5.40, 1.83, and 
0.48 ft, and the groundwater-mound heights at 150 ft from the 
east (right) edge of the infiltration basin are 0.00, 0.02, and 
0.04 ft for simulation numbers 2, 4, and 6, respectively. These 
results show that the groundwater mound in settings with 
higher soil permeability is lower at the center and extends far-
ther from the center. However, because the maximum ground-
water-mound height in simulation number 6 (soil permeability 
of 5 in/hr) is only 0.48 ft, groundwater mounding of 0.25 ft 
occurs closer to the edge of the basin than in simulations 2 or 
4. Because the groundwater mound for a system with higher 
soil permeability has a lower maximum height but a greater 
extent than for a system with lower soil permeability (other 
variables held constant), there is a “crossover” point where 
the groundwater mounds have the same height (fig. 6). If that 
“crossover” point is at 0.25 ft or greater, the maximum extent 
of groundwater mounding of 0.25 ft increases with increasing 
soil permeability. Because of the 0.25 ft threshold selected for 
significance, the range of maximum extents is greatest for high 
soil permeabilities and least for low soil permeabilities. The 
highest extents occur with the highest permeabilities because 
the groundwater mound is lower and more areally extensive, 
as described above. For a few of the simulations with high per-
meabilities, the groundwater mound is so flat that the 0.25-ft 
rise does not extend beyond the east edge of the basin, and the 
maximum extent is zero, lower than any extent that occurs in 
simulations with lower permeabilities.

The extent of groundwater mounding of 0.25 ft is sub-
stantially affected by changing specific yield by a factor of 
2, basin depth by a factor of 4, design-storm magnitude by a 
factor of 4, or percentage of impervious cover by a factor of 8 
(fig. 5). The extent is less affected by changing aquifer thick-
ness by a factor of 4 or basin shape from square to rectangular.

Distances in table 2 for the maximum extent of 0.25-ft 
groundwater mounding and groundwater mounding at fixed 
locations are given from the east edge of the basin. (This is 
different than analytical and finite-difference results given in 
table 4 (farther on in this report), where distances are from the 
center of the basin.) For the 10-acre developments, the sizes 
of the hypothetical basins vary from 24 ft to 270 ft on a side 
for the square basins and 8.4 ft x 67 ft to 95 ft x 760 ft for the 
rectangular basins, meaning that the distance from the center 
to the right edge of the basin varies from 4.2 ft to 135 ft. The 
relevant measurement for adjacent property owners is likely to 
be the distance from the edge of the basin to existing or pro-
posed structures. For basins with shapes different than square 

and rectangular (short side to long side ratio 1:8), groundwa-
ter mounding effects relative to the edge of the basin can be 
estimated from the results presented in table 2 by, for example, 
interpolating between the results for a square basin and a 1:8 
rectangular basin to obtain an estimate for a rectangular basin 
with a short side to long side ratio of 1:4.

Simulation of Groundwater Mounding 
Beneath Hypothetical Dry Wells for a 1-Acre 
Development

Stormwater management can be applied on a develop-
ment-wide scale (such as the hypothetical 10-acre develop-
ments described in the preceding section) or on a property-by-
property scale. For example, some municipalities require that 
substantial expansion or redevelopment of existing structures 
includes stormwater management measures to address the 
increased runoff caused by the expansion (for example, 
Township of Princeton, 2009). In other circumstances it 
may be more cost-effective to capture stormwater runoff at 
each property rather than construct a centralized facility. The 
simulation of stormwater infiltration at a hypothetical 1-acre 
development incorporated the assumption that the infiltration 
structure would be a pre-cast concrete dry well. These struc-
tures are constructed with capacities that can range from 600 
to 2,700 gallons and with open bottoms and openings on all 
sides to allow discharge of received water (Mershon Concrete, 
written commun., 2009).

Model Discretization, Boundaries, and 
Difference Between Undeveloped and 
Developed Water Levels

The modeled area is rectangular, 1,700 ft (518 m) in the 
x-direction (along rows) by 1,300 ft (400 m) in the y direc-
tion, about 50 acres (fig. 7). The grid cells are 0.5 ft (0.15 m) 
on a side in an approximately 60 ft by 60 ft square around the 
infiltration dry well, increasing to 1 ft (0.30 m), 2 ft (0.60 m), 

Initial water table

Groundwater mound 
in higher permeability 
aquifer 

Groundwater mound in 
lower permeability 
aquifer 

Figure 6.  Schematic diagram showing relative shape of 
groundwater mounding in aquifers of higher and lower soil 
permeability.
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4 ft (1.25 m), 8 ft (2.50 m), and 16 ft (5.00 m) on a side with 
increasing distance from the hypothetical dry well. The model 
has 410 rows and 475 columns, and all 194,750 cells are 
active in each layer.

The model of hypothetical 1-acre developments has the 
same features as the model of hypothetical 10-acre devel-
opments, including three initially equal-thickness layers, 
transient simulations of 1.5 days, no-flow boundaries on the 
bottoms and sides, and a specified flux (recharge) boundary on 
the top. However, the model of the 1-acre development does 
not have the surface-water boundary (drain) used in the model 
of the 10-acre system because simulations of the 10-acre 
developments indicated that a drain located 1,000 ft from the 
infiltration basin had an insignificant effect on groundwater 
mounding. Furthermore, not including a surface-water bound-
ary is conservative because the simulated mound height is 
higher than would be the case if a nearby drain were present. 
The same variables were changed (soil permeability, aquifer 
thickness, specific yield, design storm magnitude, percent-
age of impervious cover, and basin depth), except for basin 
shape: all hypothetical basins in the 1-acre developments were 
square. Also, because there is not a safety concern regarding 
water depth in a buried structure, drywells are simulated to be 
2 ft, 4 ft, or 10 ft deep (Mershon Concrete, written commun., 
2009). 

Because of the small area of the hypothetical develop-
ment, 1 acre, the effect of less recharge in the developed 
area compared to the surrounding area was assumed to be 
small, and the only recharge input to the model was from the 
hypothetical dry well. Therefore, the groundwater mounding 
due to the dry well was calculated by subtracting the initial 
(flat) water-table height from the final water-table height. 
(Neglecting the effect of reduced recharge in the developed 
area is a different approach than was used in the model of the 
hypothetical 10-acre development described in the previous 
section of this report.) The hypothetical dry wells were varied 
in size according to the input variables, but the east edge of the 
dry well was always located along the same north/south line 
(model column) and is centered in the north/south direction 
around the same east/west line (model row), similar to that 
of the simulation of hypothetical basins in the models of the 
10-acre development (figs. 2 and 3).

Results
Simulated maximum groundwater-mound heights, 

maximum extent of groundwater mounding of 0.25-ft, and 
groundwater mounding at fixed distances from the right edge 
of the hypothetical stormwater infiltration dry well for 1-acre 
developments are given in table 3 (located in back of report 
due to its length). The range of maximum heights of ground-
water mounds and maximum extent of a 0.25-ft groundwater 
mounding for each of the17 values of the six aquifer, basin, 
and design storm variables are shown in box plots in figures 
8 and 9, respectively. The maximum simulated height of 

groundwater mounding ranges from 0.01 to 14.0 ft (fig. 8). 
The median for all 432 simulations of the maximum height 
of groundwater mounding is 1.0 ft. The maximum extent 
(measured east of the right edge of the dry wells) of the 0.25-ft 
groundwater mounding ranges from 0 to 100 ft (fig. 9) with a 
median for all 432 simulations of 10 ft.

Results from simulations of hypothetical dry wells 
on 1-acre developments are similar to those from 10-acre 
developments: maximum heights of groundwater mounds are 
most affected by the changes made to soil permeability, and 
sensitivity to other variables is similar. For further informa-
tion on the groundwater mounding associated with changes 
to different variables, see the “Results” section within the 
“Simulation of Groundwater Mounding Beneath Stormwater 
Infiltration Basins for a 10-Acre Development” earlier in this 
report. However, neglecting the effect of reduced recharge in 
the developed area (away from the dry well) produces results 
that differ slightly from the simulation of 10-acre develop-
ments. For example, maximum groundwater-mounding height 
and extent of groundwater mounding results for simulations of 
1-acre developments are more sensitive to changes in design-
storm magnitude and percentage of impervious cover than 
changes in dry-well depth, whereas for 10-acre developments 
changing basin depth had more influence.

The small size of the infiltration dry wells in the 1-acre 
models and the fixed threshold of 0.25 ft for maximum extent 
of groundwater mounding lead to different results of simula-
tions of 1-acre developments compared to results of simula-
tions of 10-acre developments. For example, although increas-
ing soil permeabilities are associated with decreasing heights 
of the groundwater mound at the center and increasing lateral 
extent, at the highest permeability the groundwater mound is 
less than 0.25 ft at the edge of the dry well for more than half 
of the 1-acre simulations, and the median extent decreases 
with increased soil permeability or aquifer thickness (fig. 9). 
In contrast, as was the case for the 10-acre results, the maxi-
mum extent of groundwater mounding of 0.25 ft in simula-
tions of 1-acre developments increases with increased basin 
depth, design-storm magnitude, or percentage of impervious 
cover, or decreased specific yield.

Model Limitations

The initial water-table gradient is simulated to be zero. 
At some sites, the slope of the water table prior to infiltra-
tion can cause the aquifer transmissivity to vary enough that 
the assumption of an initial flat water table leads to errors 
in estimated groundwater mounding large enough to affect 
basin design decisions. If the initial simulated thickness of 
the water-table (unconfined) aquifer in this study is equal to 
the smallest thickness measured at a site, the assumption of 
an initial flat water table is conservative and could be used to 
minimize errors associated with using results from this study 
for an area with a sloping water table.
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The duration of the simulations was 1.5 days with a 
steady infiltration of the stormwater-basin design volume of 
water during that period. Infiltration of the same volume of 
water during a shorter period would result in a higher ground-
water mound beneath and near the infiltration basin. Also, 
there is no evaluation of whether the design volume would 
infiltrate to the water table within 1.5 days. The simulated 
recharge was applied directly to the water table, irrespective 
of the physical plausibility of complete infiltration through 
the basin bottom and the unsaturated zone. It is possible 
that in sediments of lower permeability (0.2 in/hr) the basin 
would not fully drain in 1.5 days, yet for the simulations it is 
assumed the water reaches the water table during that period. 
Methods for calculating whether the infiltration basin will 
drain in more, less, or exactly 1.5 days are beyond the scope 
of this study but would need to be applied to confirm that the 

basin meets the design criteria before using the results of these 
simulations.

The model used for these simulations, MODFLOW-2000 
(Harbaugh and others, 2000), simulates only flow in the satu-
rated zone. Therefore, the simulated stormwater infiltration 
reaches the water table without attenuation in an unsaturated 
zone. In reality, there can be substantial storage and time delay 
in the unsaturated zone that would act to lower the height of 
the groundwater mound associated with a stormwater event. 
Because neglecting the unsaturated zone leads to higher simu-
lated groundwater mounds, this approach is conservative. 

A finite number of simulations are described for a lim-
ited suite of variables, whereas there are an infinite number 
of combinations of values of variables not included and of 
properties that were not varied (such as the ratio of vertical to 
horizontal permeability). Additional simulations would need to 
be done to estimate the sensitivity of results to properties that 
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1-acre development in relation to aquifer and dry well characteristics.
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were not changed and to estimate groundwater mounding at 
sites for which properties are substantially different than those 
used in this study.

Use of Analytical Equations to Estimate 
Groundwater Mounding

Analytical equations (partial differential equations with 
initial and boundary conditions that mathematically describe, 
in this case, groundwater flow) can be used to estimate the 
magnitude and radius of groundwater mounding beneath an 
infiltration basin or dry well, but the accuracy of the results is 
limited by simplifying assumptions that are inherent to solving 
the non-linear differential equations. A number of solutions 
have been presented over the past 50 years; the most widely 
cited is that by Hantush (1967).

Description of Hantush Equation 

Hantush (1967) proposed a solution of an equation 
describing the “growth and decay of groundwater mounds in 
response to uniform percolation.” The Hantush and similar 
equations are widely implemented (for example, Finnemore, 
1995; Zomorodi, 2005) to estimate water-table mounding 
beneath septic systems and other similar infiltration structures 
that can reasonably be considered steady-state (infiltration 
is constant over time). However, few implementations have 
included the more challenging transient condition (infiltration 
occurs over a limited duration, then ceases) which is addressed 
in this study. 

Hantush (1967) assumes a water-table aquifer of infinite 
extent and finite thickness with a horizontal, impermeable 
base. The solution also includes the Dupuit assumptions of 
horizontal flow and negligible change of transmissivity with 
a change in head. The solution Hantush derived making these 
assumptions provides results that correspond well with similar 
analytical solutions and some field measurements. 

Hunt (1971) proposed a solution that mathematically 
includes the vertical component of the flow vector that can 
be significant in groundwater mounding, but the solution has 
substantial limitations, including a non-solvable integral at 
the center of the infiltration basin and numerical oscillations 
beyond the outer edge of the infiltration basin. Hunt’s solution 
does not account for vertical anisotropy of permeability. 

Finite-difference numerical simulations of groundwater 
mounding show that vertical anisotropy can lead to simu-
lated groundwater-mound heights on the order of 15 percent 
higher than those simulated in either a 1-layer finite-difference 
model or analytical solution with the assumption that flow is 
strictly horizontal flow (see the following section of this report 
“Comparison of Analytical and Finite-Difference Estimates 
of Groundwater Mounding and Effect of Vertical Layering”). 
Also, simulations that include storage in, and delayed yield 

from, the unsaturated zone result in groundwater mounding 
less than that obtained by neglecting the unsaturated zone 
(Sumner and others, 1999). Therefore, the height of ground-
water mounding is underestimated by the Hantush equation 
where vertical anisotropy is present and overestimated where 
an unsaturated zone is present. 

Hantush (1967) solves the general two-dimensional 
groundwater flow equation by making assumptions to create 
boundary conditions that allow the use of a Laplace transform 
with respect to time and the Fourier cosine transform with 
respect to x and then y to derive an integral that can be solved. 
The resulting equation is 
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where
	 h	 =	 head at a given time after recharge begins; 
	 hi	 =	 initial head (height of the water table above 

the base of the aquifer); 
	 w	 =	 recharge (infiltration) rate; 
	 K	 =	 horizontal hydraulic conductivity;
	 v	 =	 diffusivity, where v = Kb/Sy;
	 b	 =	 average aquifer thickness;
	 Sy	 =	 specific yield;
	 t	 =	 time elapsed since recharge began;
	 l	 =	 half-length of the recharge basin;
	 a	 =	 half-width of the recharge basin;
	 x	 =	 distance from the center of the recharge 

basin in the x direction;
	 y	 =	 distance from the center of the recharge 

basin in the y direction;

	 α	 =	
 

l + x

4vt
or

l − x

4vt
;

	 ß	 =	
 

a + y

4vt
or

a − y

4vt
;

	 τ	 =	 dummy variable of integration; and
	 erf	 =	 error function.

The integral in the above equation cannot be solved 
explicitly and is solved using iterative numerical methods.

Spreadsheet for Solving Hantush Equation

As part of this study, a spreadsheet was developed to 
use the Hantush equation (1967) to calculate the magnitude 
of groundwater mounding. The required input values (aquifer 
thickness, horizontal hydraulic conductivity, specific yield, 
basin size, and recharge rate and duration) are straightforward 
and can be measured or estimated from published values. The 
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difficulty of solving the Hantush equation for transient (non-
steady state) flow has prevented it from being widely applied 
in groundwater-mounding applications. This report provides a 
tool using readily available software to solve the integrals and 
allow users to specify input variables and generate reasonable, 
quantified, reproducible estimates of groundwater mounding 
beneath stormwater infiltration structures.

The numerical solution used in the Microsoft Excel 
spreadsheet presented in this report was written by Dr. Arthur 
Baehr (U.S. Geological Survey (retired), written commun., 
2009) to solve the above equation using the numerical inte-
gration techniques Simpsons Rule and the Trapezoidal Rule 
(Chapra and Canale, 1998). Users specify the recharge rate, 
specific yield, horizontal hydraulic conductivity, basin width 
and length, and duration of recharge, and the spreadsheet 
software calculates the maximum height of groundwater 
mounding and the mounding at user-specified distances from 
the center of the mound. 

The user executes an Excel macro to recalculate water 
levels if any values are changed, so macros need to be enabled. 
Although a change entered for any input variable will cause 
the spreadsheet to automatically recalculate values, the results 

will not be correct until the macro is executed because the 
numerical integration requires an estimate of the final result 
as an input. The macro uses the Excel function “Goal Seek” 
to converge on a solution where the estimated and calculated 
water levels are within 0.0001. The numerical integration uses 
the error function, which the user may need to add by follow-
ing the Excel help instructions for ERF:

If this function is not available, and returns the 
#NAME? error, install and load the Analysis ToolPak add-
in.

On the Tools menu, click Add-Ins. 
In the Add-Ins available list, select the Analysis ToolPak 		

	 box, and then click OK. 
If necessary, follow the instructions in the setup program.

The values highlighted in yellow/orange in the user inter-
face page of the spreadsheet (fig. 10) are user-specified input 
values of aquifer and basin characteristics and the distances 
from the center of the basin for which groundwater-mounding 
(thickness of the saturated zone) estimates are desired. The 

Figure 10.  User interface page of spreadsheet for solving the Hantush (1967) equation that describes groundwater mounding beneath 
an infiltration basin with example input and output.
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values highlighted in red are the calculated maximum height 
of the groundwater mound, maximum change in water level, 
and groundwater-mound heights at user-specified distances 
from the center of the basin. The graph shows the height of the 
groundwater mound (y axis) above the bottom of the aquifer 
(datum of zero) in relation to distance (x axis) from the center 
of the infiltration basin. Each time a value in the spreadsheet is 
changed, the user must click on the blue button to recalculate 
the saturated thickness at each of the user-specified points to 
get valid results.

Comparison of Analytical and Finite-
Difference Estimates of Groundwater 
Mounding and Effect of Vertical 
Layering

Results of groundwater-mounding calculations from the 
spreadsheet described in the preceding section were compared 
to results from other methods, including the MODFLOW 
simulations done for this study, to determine accuracy of the 
methods (table 4, fig. 11). Nicholas Trainor (Rutgers Univer-
sity, Dept. of Applied Mathematics, written commun., 2009) 
used the mathematical software MAPLE to numerically 
integrate the Hantush equation (1967) and calculated results 
identical to those from the spreadsheet solution described in 
this report. Trainor also solved the Hantush equation in radial 
coordinates for a circular basin of the same area with similar 
results. A FORTRAN program, originally written by Sunada 
and others (1983) and modified by Warner and others (1989), 
that numerically integrates the Hantush (1967) equation yields 
maximum groundwater-mound heights that are as much as 
15 percent different from those generated for this report with 
the same input values. The reasons for the discrepancy are not 
known but may be that the FORTRAN program was written 
to minimize run-times on 1980s-era personal computers, and 
the approximations from the numerical integrations introduce 
more numerical error than those used for this study. Results 
from numerical integration of the Hunt (1971) equation by 
Baehr (U.S. Geological Survey, written commun., 2009) show 
that the Hunt equation cannot be solved at the center of the 
basin. Also, close to the center of the basin, groundwater-
mound heights calculated using Hunt’s solution increase with 
distance from the center of the basin (out to 16.4 ft) instead of 
decrease and do not correspond closely to values calculated 
using the Hantush equation (table 4). At distances beyond 
the edge of the user-specified infiltration basin, groundwater-
mound heights calculated using the Hunt and Hantush equa-
tions are similar.

For comparison with the analytical solution described 
in the preceding paragraph, finite-difference model (MOD-
FLOW) simulations were conducted with recharge only at the 
infiltration basin (as opposed to simulations of hypothetical 
10-acre developments described earlier in this report for which 

recharge was applied over the entire model domain at differ-
ent rates). For the simulations listed in table 4, a 2-ft-deep 
infiltration basin was modeled that drains at a steady rate over 
1.5 days (1.33 ft/d). Specific yield was 8.5 percent; the initial 
saturated aquifer thickness was 10 ft; and the infiltration basin 
was square with an area of about 4,500 ft2 (67 ft on a side). 
Five MODFLOW models were constructed with 1, 3, 6, 9, 
and 15 layers to test the sensitivity of results to finer vertical 
discretization. The 1-layer model is analogous to the Hantush 
solution, neither of which includes a vertical component of 
flow. Horizontal hydraulic conductivity was 4 ft/d and the ratio 
of vertical anisotropy was 10:1 (vertical hydraulic conductiv-
ity (soil permeability) was 0.2 in/hr, which is equivalent to 
0.4 ft/d, one-tenth horizontal hydraulic conductivity).

The maximum groundwater-mound height simulated 
by a finite-difference model that is analogous to the Hantush 
solution (one layer, two-dimensional flow, recharge applied 
only over the area of the infiltration basin) is within 3 percent 
of that from the Hantush equation (table 4). The maximum 
groundwater-mound height simulated with a 3-layer model is 
8 percent (1.1 ft) higher than that from the 1-layer model. The 
maximum groundwater-mound heights simulated with the 6-, 
9-, and 15-layer models are 12, 14, and 15 percent (1.5, 1.7, 
and 1.8 ft) higher, respectively. The maximum groundwater-
mound heights from the 6-, 9-, and 15-layer models are 3, 4, 
and 5 percent (0.4, 0.6, and 0.7 ft) higher, respectively, than 
that from the 3-layer model. In contrast, because the volume 
of the groundwater mound is constant, the simulated maxi-
mum extent of groundwater mounding is greater for models 
with fewer vertical layers than for models with more vertical 
layers. Figure 11 shows the sensitivity of the simulated height 
of the groundwater mound in the hypothetical 10-acre devel-
opment to the number of layers used in the simulation. The 
MODFLOW model results are the same at about 45 ft from 
the center of the basin: between 0 and 45 ft the models with 
more vertical layers yield higher mound heights than models 
with less vertical layers; beyond 45 ft models with more verti-
cal layers yield lower mound heights than models with less 
vertical layers. Input values for aquifer and stormwater-runoff 
characteristics other than those used to obtain the results 
shown in table 4 and figure 11 could yield larger departures of 
mound heights from the analytical and 3-layer models, but the 
input variables for simulations shown were chosen to obtain 
a high groundwater mound, and most values for input vari-
ables would yield smaller mound-height differences (although 
potentially larger percentage differences) than shown. These 
results indicate how sensitive simulated results can be to verti-
cal anisotropy and how results achieved under field conditions 
could be affected by horizontal low-permeability layers.

Simulations of groundwater mounding beneath infil-
tration basins will underestimate the maximum height of 
mounding if vertical anisotropy is not included. Horizontal 
layers of lower permeability material are common in many 
geologic environments and have a substantial effect on verti-
cal flow (but have less effect on horizontal flow than over- or 
underlying higher-permeability layers). Beneath and near an 
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infiltration basin there is a large vertical component of flow, 
and lower-permeability horizontal layers exert more control 
on vertical flow than intervening higher-permeability layers. 
Although vertical anisotropy ratios of 3:1 or less are common 
in cores, the cumulative effect of one or more low-permeabil-
ity horizontal layers can lead to an overall vertical anisotropy 
ratio of 10:1 or greater (Freeze and Cherry, 1979, p. 32–33). 
Thus, vertical permeability measured in a core sample may 
overestimate the vertical permeability of the full vertical sec-
tion through which flow will occur.

Table 4.  Calculated and simulated groundwater mounding beneath hypothetical stormwater infiltration basins using selected 
analytical solutions and finite-difference models. 

[solutn, solution; -, not calculated; n/a, not applicable]

Distance from 
center of square 

stormwater 
infiltration 

basin

Trainor1

solution of 
Hantush2 

water-level 
increase 

(feet)

Spread-
sheet3 

solution of 
Hantush 

water-level 
increase  

(feet)

Sunada4 
solution of 

Hantush 
water-level 

increase  
(feet)

Baehr5 
solution of 

Hunt6 
water-level 

increase 
(feet)

MOD-
FLOW7 
1-layer

water-level 
increase 

(feet)

MOD-
FLOW 
3-layer

water-level 
increase 

(feet)

MOD-
FLOW 

15-layer
water-level 

increase 
(feet)

MOD-
FLOW 
3-layer 
10-acre 

simulation 
number 2188 
water-level 

increase 
(feet)

(feet) (meters)

0.0 0 12.63 12.63 15.83 n/a 12.23 13.32 14.03 12.39
0.3 0.1 12.63 12.63 - 10.56 - - - -
3.3 1 12.60 12.60 15.76 10.60 12.22 13.31 14.02 12.34
6.6 2 12.49 12.50 15.59 10.83 12.14 13.23 13.93 12.23

10 3.1 12.31 12.32 15.30 11.16 11.99 13.08 13.78 12.06
20 6 11.35 11.31 13.70 11.59 11.14 12.17 12.86 11.08
25 7.6 10.49 10.49 12.43 11.17 10.41 11.37 12.02 10.24
30 9.1 9.52 9.41 10.80 10.31 9.47 10.31 10.89 9.13
40 12 6.79 6.63 6.95 7.62 6.99 7.32 7.57 6.30
50 15 4.31 4.29 4.22 4.55 4.86 4.72 4.62 4.03
75 23 1.05 1.07 1.01 0.23 1.46 1.10 0.88 0.97

100 31 0.19 0.19 0.18 0.15 0.32 0.27 0.25 0.25
150 46 - 0.01 0.01 0.04 0.01 0.02 0.02 0.02
200 61 0.00 0.01 0.01 -0.02 0.00 0.00 0.00 0.00

1Nicholas Trainor, Rutgers University Department of Applied Mathematics, written commun., 2009.
2Hantush, M.S., 1967, Growth and decay of groundwater mounds in response to uniform percolation: Water Resources Research, v.3, p. 227–234.
3Excel spreadsheet presented in this report (revised from Arthur Baehr, U.S. Geological Survey (retired),  written commun., 2009).
4Sunada, D.K., Warner, J.W., and Molden, D.J., 1983, Artificial groundwater recharge, San Luis Valley, Colorado: Colorado Water Resourece Research 

Institute, Colorado State University, Fort Collins, Co., Research Project Technical Completion Report, Project no. A-050-Colo, 116 p.
5Arthur Baehr, U.S. Geological Survey (retired),  written commun., 2009.
6Hunt, B.W., 1971, Vertical recharge of unconfined aquifers: Journal of Hydraulics Division, American Society of Civil Engineers, v. 97, no. HY7, p. 

1017–1030.
7Harbaugh, A.W.,Banta, E.R., Hill, M.C., and McDonald, M.G., 2000, MODFLOW-2000-The U.S. Geological Survey modular ground-water model--

User guide to modularization concepts and the ground-water flow process:  U.S. Geological Survey Open-File Report 00-92, 121 p.
8See table 2 in this report.
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Summary and Conclusions
In 2004, the New Jersey Department of Environmen-

tal Protection (NJDEP) implemented stormwater manage-
ment rules that include the requirement that “substantial” 
(greater than 1 acre) new development must have no net loss 
in groundwater recharge (New Jersey Administrative Code, 
2004). Therefore, the amount of recharge that is rejected by 
new impervious surfaces, such as roofs or driveways, needs to 
be recharged through engineered structures, such as infiltration 
basins or dry wells. 

Groundwater mounding beneath stormwater infiltration 
structures was simulated using an analytical method (Hantush, 
1967) that incorporates the assumptions of horizontal flow 
and, therefore, does not account for vertical anisotropy of per-
meability. Groundwater mounding also was simulated using 
the finite-difference groundwater-flow model MODFLOW. 
Three layers of equal initial saturated thickness are used in 
the three-dimensional MODFLOW simulations that include 
vertical anisotropy. The simulations do not include any delay 
or attenuation associated with travel through the unsaturated 
zone. Also, the volume of water resulting from the design 
storm falling on impervious surfaces is simulated as steadily 
recharging the water table below the infiltration basin over 
1.5 days. 

A 10-acre development was chosen as a representative 
scale for developments that might have a centralized stormwa-
ter collection and infiltration system. The seven physical char-
acteristics varied to establish a range of simulated groundwater 
mounds beneath a hypothetical infiltration basin for a 10-acre 
development are soil permeability, aquifer thickness, specific 
yield, infiltration basin shape, basin depth, design storm, and 
percentage of impervious cover, and these form 576 unique 
combinations of the input values. A horizontal to vertical 
permeability ratio of 10:1 was used in all simulations. Val-
ues of vertical soil permeability used in the simulations were 
0.2 in/hr, 1 in/hr, or 5 in/hr (equivalent to horizontal hydraulic 
conductivities of 4, 20, or 100 ft/d). Initial aquifer saturated 
thicknesses used were 10, 20, or 40 ft, specific yield was 0.17 
or 0.085 (17 or 8.5 percent), design storm magnitudes were 
1.25 inches or 0.31 inch, percentages of impervious cover 
were 10, 20, 40, or 80 percent, and stormwater infiltration 
basins were either 2 or 0.5 ft deep. Basins were either square 
or rectangular (with the length of the long side eight times the 
length of the short side). Recharge to the 10-acre developed 
area with 10, 20, 40, or 80 percent impervious surface was 90, 
80, 60, or 20 percent of the design storm depth, respectively; 
recharge to the area outside the developed area was equal to 
the design storm magnitude; and the infiltration basin area 
received a depth of recharge equal to the depth of the basin. 
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Figure 11.  Groundwater mounds beneath hypothetical stormwater infiltration basins calculated using the Hantush equation and 
simulated with 1-, 3-, 6-, 9-, and 15-layer finite-difference models.



Summary and Conclusions    27

The maximum height of groundwater mounding calcu-
lated during the simulations for the 10-acre development is 
18.5 ft, and the minimum is 0.1 ft. The median from all 576 
simulations of the maximum groundwater mounding is 1.8 ft. 
The maximum extent (measured from the edge of the infiltra-
tion basins) of groundwater mounding of 0.25-ft ranges from 
0 to 300 ft with a median of 51 ft for all 576 simulations. 
Maximum heights of groundwater mounding are most sensi-
tive to (show the greatest variation with) the three values of 
soil permeability used. Maximum groundwater-mound heights 
when soil permeability is 5 in/hr have the smallest range (0.1 
to 3.6 ft) and lowest median (0.6 ft) for the 18 variable values. 
In contrast, maximum groundwater-mound heights when soil 
permeability is 0.2 in/hr have the highest minimum (0.9 ft) and 
highest median (3.9 ft) for the 18 variable values. Varying the 
aquifer thickness would have the same effect as varying the 
soil permeability if the values were changed by a factor of 25 
(for example, from 10 to 250 ft), but values were only changed 
over a factor of 4 (10 to 40 ft) in this study. 

The maximum groundwater-mound height is higher when 
one of three variables—soil permeability, aquifer thickness, 
or specific yield—is decreased (and other variables are held 
constant). Changing soil permeability, aquifer thickness, 
specific yield, or basin shape did not change the volume of 
water infiltrated, it changed the shape or height of the ground-
water mound resulting from the infiltration. An aquifer with 
a greater soil permeability or aquifer thickness can transmit 
water away from the source of infiltration with less increase 
in head needed to drive the flow than an aquifer with lower 
soil permeability or thickness. Therefore, the maximum 
groundwater-mound height will be lower and the extent of 
the groundwater mounding will be farther with higher soil 
permeability. Similarly, the maximum groundwater-mound 
height beneath a square infiltration basin will be greater than 
beneath a rectangular basin, but the extent of groundwater 
mounding (perpendicular to the long edge of the basin) will be 
greater than beneath a square basin with the same area as the 
rectangular basin. The maximum groundwater-mound height 
is lower when specific yield is greater because the aquifer 
stores more water per unit volume than when the specific yield 
is lower. For example, a given volume of infiltrated water will 
saturate one-half the volume of the aquifer when specific yield 
is doubled.

The maximum groundwater-mound height is higher 
when the basin depth, design storm magnitude, or percent-
age of impervious cover is larger (and other variables are 
held constant) because of the larger total volume of infiltrated 
water. A larger volume of infiltrated water requires a higher 
head to move that water away from the source of recharge if 
the physical characteristics of the aquifer are unchanged. The 
second greatest effect on maximum groundwater mounding 
(after increasing soil permeability by a factor of 25, from 0.2 
in/hr to 5 in/hr) in simulations of the 10-acre development 
occurred when the basin depth was increased by a factor of 4 
(from 0.5 ft to 2 ft). 

Groundwater mounding of at least 0.25 ft was chosen 
as the lower limit of mounding considered significant. The 
relation between the maximum extent of groundwater mound-
ing and variations of the seven variables tested for this study 
is sometimes contradictory. Because the groundwater mound 
in an aquifer with higher permeability has a lower maximum 
height but a greater extent than in an aquifer with lower per-
meability (other variables held constant), there is a “crossover” 
point where the groundwater mounds have the same height. 
If that “crossover” point is at 0.25 ft or greater, the maximum 
extent of groundwater mounding of 0.25 ft will increase with 
increased aquifer transmissivity (increased permeability and 
(or) aquifer thickness). 

Stormwater infiltration at a 1-acre development was sim-
ulated, and the hypothetical infiltration structure was simulated 
as a pre-cast concrete dry well. Unique combinations of three 
values of soil permeability, three values of aquifer thickness, 
two values of specific yield, three dry-well depths, two design 
storm magnitudes, and four percentages of impervious cover 
required 432 simulations, with the same input values as used 
for simulations of the 10-acre development except that basin 
depths of 2, 4, and 8 ft were used for the dry wells. 

 The maximum simulated height of groundwater mound-
ing for the 1-acre development ranges from 0.01 to 14.0 ft. 
The median from all 432 simulations of the maximum height 
of groundwater mounding is 1.0 ft. The maximum extent of 
groundwater mounding of 0.25-ft ranges from 0 to 100 ft with 
a median of 10 ft for all 432 simulations.

Hantush’s equation describing the “growth and decay of 
groundwater mounds in response to uniform percolation” is 
widely used to estimate water-table mounding beneath septic 
systems and other steady-state conditions. However, fewer 
implementations have included the more challenging transient 
condition (infiltration occurs over a limited duration and then 
ceases). A spreadsheet was developed requiring input values 
(aquifer thickness, horizontal hydraulic conductivity (assumed 
in this study to be 10 times vertical soil permeability), specific 
yield, basin size, and recharge rate and duration) that are 
straightforward and can be measured or estimated. Users 
specify the recharge rate, specific yield, horizontal hydraulic 
conductivity, basin width and length, and duration of recharge, 
and the spreadsheet calculates the maximum height of ground-
water mounding and the mounding at user-specified distances 
from the center of the infiltration basin.

 Maximum groundwater-mound height beneath a storm-
water infiltration basin simulated with a finite-difference 
model analogous to the Hantush solution (one layer, horizontal 
flow only) is within 3 percent of that from the Hantush equa-
tion for the set of variable values simulated. The maximum 
groundwater-mound height simulated with a 3-layer model 
(using the same input variables) is 8 percent (1.1 ft) higher 
than that from the 1-layer model. The maximum groundwater-
mound height simulated with the 15-layer model is 15 percent 
(1.8 ft) higher than that from the 1-layer model and 5 percent 
higher than that from the 3-layer model (0.7 ft). The increase 
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in maximum height of the simulated groundwater mound 
(and decrease in extent of groundwater mounding) with an 
increased number of horizontal layers illustrates the impor-
tance of the vertical component of flow and the typically 
lower-vertical-than-horizontal hydraulic conductivity. Inclu-
sion of storage in, and delayed yield from, the unsaturated 
zone would result in lower simulated groundwater mounds 
compared to those from simulations that omit the unsatu-
rated zone. Therefore, the height of groundwater mounding 
is underestimated by the Hantush equation where vertical 
anisotropy is present and overestimated where an unsaturated 
zone is present. 

Results from this study can be used to estimate ground-
water-mound heights for sites of different sizes than 10 acres 
or 1 acre and (or) with different variables than those used in 
the simulations. The area of the infiltration basin is a func-
tion of the area of the development, percentage of impervi-
ous surface, design storm magnitude, and basin depth. Area 
and depth of the basin, not area of the development, governs 
groundwater mounding. Choosing the basin area and depth 
that is equal to or greater than the user’s design basin will 
yield conservative results. For sites with aquifer characteristic 
values different than those used in this study, a basin designer 
will obtain a conservative result when a conservative variable 
value is chosen from among those given in this report. For 
example, if vertical soil permeability is estimated to be 3 in/hr, 
using appropriate simulations and including soil permeability 
of 1 in/hr would yield a conservative estimate of maximum 
groundwater-mound height, and soil permeability of 5 in/hr 
would yield a conservative estimate of maximum extent of 
groundwater mounding of 0.25-ft. The same approach is 
appropriate for aquifer thickness (smaller thickness for a 
conservative estimate of maximum groundwater-mound height 
and larger thickness for a conservative estimate of maximum 
extent of groundwater mounding) and basin shape (square 
basins for a conservative estimate of maximum groundwater-
mound height and rectangular basins for a conservative esti-
mate of maximum extent of groundwater mounding). Lower 
values of specific yield and higher values of basin depth are 
conservative for estimating both maximum groundwater-
mound height and extent of groundwater mounding. 

The simulated systems respond non-linearly to changes in 
soil permeability and aquifer thickness: increasing soil perme-
ability by a factor of five from 0.2 to 1 in/hr reduces maxi-
mum groundwater-mound heights more than increasing soil 
permeability by a factor of five from 1 to 5 in/hr. Therefore, 
interpolating between (or extrapolating beyond) results for 
input values between (or beyond) those used in this study may 
yield incorrect results. Conservative estimates can be obtained 
by using the value for a variable that is closest to the value 
measured (or estimated) at a particular site.

The groundwater mounding associated with two or 
more nearby infiltration basins can be estimated by model-
ing the basins separately then adding together the resulting 
mounding. Because of non-linearities, adding separately 

simulated groundwater mounds will overestimate the ground-
water-mound height, a conservative result.
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For additional information, write to:
Director
U.S. Geological Survey
New Jersey Water Science Center
Mountain View Office Park
810 Bear Tavern Rd., Suite 206
West Trenton, NJ 08628

or visit our Web site at:
http://nj.usgs.gov/
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