
LAND USE PLANNING
AND DEVELOPMENT

Ordinances enacted to protect
ground-water resources have been in
use for over 15 years in New Castle
County. In order for development to
occur in designated Water Resource
Protection Areas (WRPA),
development plans must meet a
number of design criteria and go
through a review process to ensure
that impacts to ground water are
minimized. This example shows how
WRPAs are used in land-use planning
in New Castle County. In the example
shown to the right, the land for a
commercial and office development is
partially located over an excellent
recharge area. The development plan
included:

Geotechnical investigation of
subsurface conditions–test borings,
observation wells, and hydraulic tests
were completed to better characterize
the boundaries of the WRPA and
optimize design of a water managment
plan.

Recharge basins (RB)–these basins
have a porous and permeable bottom
to enhance infiltration of water into the
subsurface. The basins were sized so
that post-development recharge on the
site is equal to or greater than pre-
development recharge. They receive
only roof-top runoff, which should be
relatively free of many of the
pollutants associated with parking lots
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P U R P O S E  A N D  S C O P E
GWRM was done in recognition of the importance of ground water as a source of fresh water, to

environmental quality, and to the economy of Delaware.  Ground water provides nearly all fresh
water for potable, irrigation, agricultural, and industrial uses in areas south of the Chesapeake and
Delaware Canal.  Ground-water discharge constitutes a majority of total fresh-water stream flow.

It has long been recognized that ground-water recharge strongly influences the availability and
quality of  ground-water resources, and that recharge is dependent on the infiltration of local
precipitation and water transmitting properties of subsurface geologic materials.  The tools and
results of the GWRM project provide objective technical means to characterize the recharge of
ground water.

The maps provide decision-making support for management, permitting, and pollution
prevention programs in water resources, solid waste, and hazardous substances.  As a result of
state legislation enacted in 2001 (7 Delaware Code Chapter 60, subchapter VI), Delaware
counties and municipalities with populations greater than 2,000 are directed to include excellent
ground-water recharge potential areas in their land use plans. GWRM methods were used to
complete a similar recharge area mapping project for New Castle County (Butoryak and Talley,
1993) where land use in ground-water recharge resource protection areas is regulated by county
ordinance (New Castle County Unified Development Code).

APPLICATIONS OF RECHARGE M A P P I N G

H Y D R A U L I C  T E S T I N G & M A T E R I A L  C L A S S E S

M A P P I N G  P R O C E D U R E S  A N D  R E S U L T S
The methods used in GWRM are founded on the techniques

and principles of geologic mapping, analysis of the physical
properties of earth materials, aquifer testing, and information
technology. The methodology described in detail by Andres
(1991) was developed for the geologic characteristics of the
Atlantic Coastal Plain portion of Delaware considering the
types of data available, project staffing, and the resource
management needs of the state.

Recharge maps represent the result of evaluation of water-
transmitting properties of the materials between land surface
and 20 ft below land surface (bls). Map categories identify
areas where materials have similar properties. For example,
excellent recharge areas are underlain by materials with
properties that permit the most water to move down and into
the shallow aquifer the most rapidly. Conversely, materials
underlying poor recharge areas have properties that slow the
flow of water into the aquifer. 

Recharge mapping criteria include three material thickness
categories, three lithologic (i.e., sediment types), and four
recharge categories. Tables M1 and M2 and figures M1 through
M4 show the mapping criteria and examples of recharge-rating
procedures. In general, the more coarse-grained and uniform
the material, the higher the recharge rating. The 20-ft thick
layer was chosen because:

About 600 test borings were installed with the DGS’s 1967 model CME-55 drilling rig and described by DGS
staff. This photograph shows a typical test boring site.

DGS staff completed detailed descriptions of more than 100 sand pits, excavations, outcrops, and hand-auger
borings. The outcrop in Figure M1 consists of 2 to 3.5 ft of structureless, slightly silty fine sand overlying
approximately 5 ft of bedded fine to medium sand with scattered laminae of silty fine sand and slightly gravelly
medium sand and lamellae consisting of higher concentrations of iron hydroxides

I N T R O D U C T I O N

Aground-water recharge potential map is one product of a detailed evaluation of water-
transmitting properties of sediments in the interval between land surface and 20 ft below
land surface (bls). The mapping methodology was developed by Andres (1991) for the

geologic characteristics specific to the Atlantic Coastal Plain portion of Delaware. Development of
the methods and mapping started in 1990 and the final digital map products were completed in
2002 (Andres et al., 2002). 

The Ground-water recharge mapping (GWRM) program was funded by the Ground-Water
Protection, Non-Point Source Pollution, and Source Water Protection programs of the Delaware
Department of Natural Resources and Environmental Control and by the Delaware Geological
Survey
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Single-well aquifer, or slug, tests
are conducted in an observation well
by increasing and decreasing the
water level in the well and measuring
the change in water level over time
back to starting conditions. The
change in water level with time is a
function of the hydraulic conductivity
of the materials surrounding the
observation well. 

Figure T2 shows a slug test in
progress, with the slug (a sand-filled
PVC pipe attached to a rope) being
inserted into a monitoring well (not
visible). Water levels are recorded
with a system (Fig. T3) consisting of
a pressure transducer in the well

(small silver cylinder), a digital data
logger (small gray box), a portable
computer, and two separate cables
(black-colored wire) one that
connects the transducer to the logger
and one connecting the logger to the
computer. 

For a typical test, changes in water
levels for two to three slug insertions
(e.g., rise then decline of pressure on
Fig. T4) and removals (e.g., decline
then rise of pressure on Fig. T4) are
recorded. Data are processed and
analyzed after return to the office.
More than 200 wells in Delaware
were successfully tested during the
project.

Because hydraulic conductivity (K) is the key measure of
a material’s water-transmitting properties, single-well
aquifer tests (slug tests) were run in more than 200
monitoring wells in Kent and Sussex counties to test the
relationships between lithology and hydraulic conductivity.
The method of Bouwer (1989) proved to be most
successful for analyzing test data. 

Figure T1 shows the general trend of decreasing K with
decreasing grain size and overlap of K ranges between the
different classes of materials. Some overlap is due to the
varieties of materials in each class and is to be expected
(Freeze and Cherry, 1979). Some of the overlap also can
be caused by problems with well construction, errors in the
descriptions of materials, and problems with the test data
or analyses.

Each recharge category has a range of expected K
values because each category is made up of multiple
material classes each with a range of K values. In the
simplest case, an excellent recharge area consisting of
clean and dirty sand would be expected to have a K range
between about 20 and 120 ft/day, and more than half of

the areas would have K values slightly greater than 60
ft/day. 

In Figure T1 to the right, clean sand indicates tests run in
materials described as sand, gravelly sand, and sand and
gravel. One-hundred-eight wells are in the clean sand
group.

Dirty sand includes all tests run in materials described as
sand with or without gravel, sand with laminae or thin beds
of silty sand, muddy sand, sandy mud, and mud. Forty-
seven wells are in the dirty sand group.

Silty sand indicates tests run in materials described as
silty sand and silty sand with laminae or thin beds of sand,
muddy sand, sandy mud, and mud. Thirty-four wells are in
the silty sand group.

Mud indicates tests run in materials described as mud,
sandy mud, and muddy sand, with or without thin beds of
sand, silty sand, and gravelly sand. Fifteen wells are in the
mud group. Freeze and Cherry (1979) report K values for
muddy sediments orders of magnitude less than what has
been measured in these tests.
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Table M1. Definitions of lithologic (i.e., sediment type-sand, silt, clay), rating and
thickness category symbols. Illustrative examples are shown in figs. M3 and M4.

Lithologic Category Symbols
S = Sand with trace (0 to 12%) of silt or clay and coarser, including: Gravel,

sandy, silty; Sand, gravelly, silty*; and, Gravel, silty*. 
L = Silty sand - sand with 12 % to 35 % silt
M = Mud-all finer than silty sand

* When stratified into sorted layers; when unstratified then L.
Sand–size particles are between 0.06 and 2 mm
Gravel–size particles are between 2 and 64 mm
Silt and clay–size particles are less than 0.06 mm

Thickness Category Symbols
0 to < 5 ft = (lower case s, l, m)*

5 to 10 ft = 10
10.1 to 20 ft = 20

* Lithologies with a total thickness of 1 ft or less may be combined with another
lithologic category.

Table M2. Recharge rating and lithologic categories. The symbol +/- indicates
presence or absence of a material.

EXCELLENT = E
20S / 20S (l)

GOOD = G
20S 10L (+m) / 20S (m+l) / (10S 10L (+m) / 20L 10S (+m) / 20L (s) 

FAIR = F
20L (m +s) / 20S 10M (+l) / 10S 10M (+l) / 10M 10L 10S / 20L 10S 10M / 
20L (+ m) 10M (+s)

POOR = P
20M 10S (+l) / 10M 10L (+s) / 20M 10L (+s) / 20M (+s,l)

Table M3. Percentages of land area by recharge category and county.
Values have been rounded to the nearest half-percent.

Area Excellent Good Fair Poor

Kent County 14 41 40 5

Sussex County 8 40.5 42.5 9

All areas 10.5 40.5 41.5 7.5

Table M4. Number of recharge-rating observations in Kent and Sussex
counties by recharge category. Density (in points per square mile) is the
result of total number of observations divided by the sum of areas of
excellent, good, fair, and poor recharge map units. Nearly 700
observations were assigned a range of recharge potential values (e.g., f-g,
g-e) because the borehole or outcrop did not penetrate 20 ft bls or
because the log detail was not adequate to assign a single value.

Density
Area Excellent Good Fair Poor (pts/sq mi) 

Kent County 748 759 733 385 5.5

Sussex County 731 1025 971 600 4.3

Kent and Sussex 1479 1784 1704 985 4.8

and roadways. The runoff is routed
through a solids-settling system prior
to entry into the recharge basin to
remove fine-grained sediment that will
clog pore spaces and reduce the
infiltration of water. Recharge basin
maintenance and ground-water
sampling plans were incorporated to
ensure adequate long-term
performance of the recharge
facilities.

Storm water runoff from roadways
and parking lots, which potentially
contains more pollutants, is routed to
separate retention basins. These
basins were not constructed to
enhance recharge.

OTHER APPLICATIONS
FOR RECHARGE MAPPING
Results of this work have been used

for water-budget studies for evaluating
quantities of base flow and storm flow
in watersheds, hydrologic simulations
for wellhead protection delineations,
ground-water availability assessments,
and quantifying pollutant runoff and
infiltration.

Regulations of the Delaware
Department of Natural Resources and
Environmental Control and Delaware
Department of Agriculture contain
additional requirements for activities
that may release contaminants to
ground water in excellent recharge
potential areas.

Figures M3 and M4 are examples of typical records used for
recharge mapping. One (Fig. M3) is a geologist’s descriptive
lithologic log from a test boring completed by the DGS, the
other prepared by a water well driller for a domestic well (Fig.
M4). Also shown on the logs are the lithologic and recharge
ratings.
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1. Almost all water that recharges the ground water
moves through this layer.

2. This interval almost always contains the water
table, and therefore, ground-water recharge
occurs in this layer.

3. This thickness is great enough to filter some local-
scale heterogeneity and allow for correlation
(between data points), but not so large as to filter
out subregional heterogeneity or local trends.”
(Andres, 1991 p. 5)

The recharge rating and mapping procedures
primarily rely on descriptive logs of drill holes and
boreholes from selected water well drillers, test boring
operators, geologists, and engineers, as well as
descriptions of materials exposed in outcrops, borrow
pits, drainage ditches, and hand auger borings. Typical
examples of these logs are shown in figures M3 and M4.
Grain-size distribution tests were run on selected
samples to calibrate and check the accuracy of visual
descriptions by DGS staff. 

Test borings were completed in areas where there
were questions about the accuracy of driller’s logs.
Hydraulic tests were run in observation wells to relate
descriptions of sediments to measured water-
transmitting properties of the sediments. (See “Testing”
below.)

A majority of land and observations are rated as
having good or fair recharge potential (tables M3 and
M4). Compared to good and fair areas, a relatively
small portion of Kent County is rated either excellent or
poor.

Desinged by Kathlene WheatleyBy A.S. Andres, 2003

“


