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Groundwater Treatment
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6.1 Introduction
Compared to surface water sources, many groundwater supplies are characterized by
reduced seasonal variability and microbial counts, lower turbidity, and lower concen-
tration of synthetic organic substances. Because of this, and its normally high over-
all quality, groundwater is often preferred to surface water as drinking water source.
When it does not contain excessive mineral concentrations or contaminants, ground-
water may be suitable for direct pumping to the distribution system and consump-
tion, without prior treatment. However, this depends on specific regulations, typically
on a country (federal) level. For example, in the United States, the Ground Water
Rule, published in 2006 (US Federal Register, 2006), requires only those groundwater
systems that are identified as being at risk of fecal contamination to disinfect water.
“At-risk” supplies are identified by using sanitary surveys and periodic monitoring of
fecal indicator organisms conducted, on a frequency determined by the size of the sys-
tem, under the Total Coliform Rule (US Federal Register, 1989). Secondary disinfection
(i.e., maintaining chlorine residual through the distribution system) is, instead, manda-
tory, regardless of the initial quality of raw water. Often the treatment of groundwa-
ter is limited to the removal of inorganic contaminants such as iron and manganese
and disinfection (see Fig. 6.1 for a typical schematic for this type of system). This, by
no means, implies that groundwater cannot be contaminated, as discussed in Chap.
5. When contaminants are found above the concentrations specified by the regula-
tory agencies or tolerated by the public, treatment of groundwater is required before
consumption.

Groundwater treatment processes are designed to remove a variety of natural and
anthropogenic contaminants. Efficacy, capital, and operation and maintenance (O&M)
costs, and owner’s preference determine the selection of a specific treatment technology.
Individual process units are arranged in a “treatment train” to achieve the removal of
multiple contaminants from the water. At the municipal scale, commonly used processes
include some form of oxidation, coagulation/clarification process, filtration, and disin-
fection (a flow schematic for a typical conventional groundwater treatment process is
presented in Fig. 6.2).
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FIGURE 6.1 Basic groundwater treatment plant with iron and manganese oxidation and removal.

In cases where an individual household or a small number of connections is served
by an individual well, it is often more economical to install a treatment system directly
at the location where water is consumed. Point of entry (POE) and point of use (POU)
devices are designed for this particular use (USEPA, 2006a). POE devices treat all water
entering a single home, business, school, or facility, while POU devices treat only the
water from a particular faucet. Typically, POE/POU devices rely on the same treatment
technologies used by centralized treatment plants. However, it should be noted that
POU/POE systems are designed to function at much higher specific flow rate than those
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FIGURE 6.2 Conventional drinking-water treatment plant. GAC: granular activated carbon.
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for municipal systems. For example, flow rates for ion-exchange resins up to 70 m3/m2h
(approximately 30 gpm/ft2) are used in POU/POE versus 2.5 to 12 m3/m2h (approx-
imately 1 to 5 gpm/ft2) in municipal systems. POU units are typically installed under
the kitchen sink, providing purified water for drinking and cooking, while other water
faucets deliver untreated water for washing and cleaning. This configuration provides
treatments only where needed thus helping to contain the O&M costs of the treatment.
POE units are instead typically installed to treat all the water that is entering a single
home, building, or facility.

Municipal systems that supply water to larger communities, small systems treating
water only for a few users, and individual well owners use a variety of technologies
to remove contaminants from groundwater water. The most commonly used of these
technologies are described in the following sections.

6.2 Oxidation
In groundwater treatment, oxidation is typically implemented at the plant headworks.
The selection of oxidant type, dose, and reaction time depends on the type of contaminant
to be removed and overall raw water quality conditions.

The simplest method of oxidation is aeration and is often used for oxidation of iron,
manganese, and arsenic and the removal of hydrogen sulfide and volatile organic com-
pound (VOC). Aeration is a physical process aimed at transferring oxygen from air to
water, decreasing carbon dioxide dissolved in water and stripping volatile compounds
from water. The efficiency of the exchange process is typically enhanced by providing a
large surface area. Aeration systems may be classified into four general categories: wa-
terfall aerators, diffusion or bubble aerators, mechanical aerators, and pressure aerators
(AWWA and ASCE, 1998). For oxidation of groundwater, waterfall aerators are often
used. The more common types include spray aerators, multiple-tray aerators, cascade
aerators, cone aerators, and packed columns. The selection of the specific type of aerator
system depends on several factors, such as required transfer efficiency, footprint, and
cost.

Chemical oxidants used in groundwater treatment are chlorine, permanganate, chlo-
rine dioxide, and ozone. Table 6.1 presents the standard potentials of common chemical
oxidants used in water treatment.

Many of these oxidants are also used as disinfectant and can be added both at the plant
headworks to provide oxidation and disinfection or/and downstream in the treatment
process for disinfection purposes (further information on disinfection is provided later
in this chapter).

Traditionally, chlorine has been the most common oxidant used by small groundwa-
ter systems because, in addition to its effectiveness, it requires limited equipment and
capital investment both in the gaseous (Fig. 6.3) and in the liquid forms (Fig. 6.4), and
relatively low O&M costs. However, stricter standards for and concerns over disinfection
by-products (DBPs), which are formed by the reaction of chlorine with natural organic
matter (NOM), have caused many plants to discontinue the practice of prechlorination,
i.e., the addition of chlorine at the plant headwork (USEPA, 1999a). Many water treatment
plants have switched to alternative oxidants. Permanganate is widely used, especially by
systems with high concentrations of manganese, which is more difficult to oxidize than
iron. One problem posed by permanganate is that the dosage has to be carefully targeted.
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Oxidizing Compound Standard Half-Cell Potential (V)

Ozone 2.08
Hydrogen peroxide 1.78
Hypochlorite1 1.64
Permanganate 1.68
Chlorine dioxide2 0.95
Hypochlorous acid1 1.48
Monochloramine 1.40
Chlorine gas1 1.36
Dichloramine 1.34

1 Chlorine is available as chlorine gas and as dry and aqueous hypochlorite. Chlorine gas hydrolyzes
rapidly in water to form hypochlorous acid (HOCl) (White, 1999).

2 The oxidation potential of chlorine dioxide may be misguiding, as it is a very effective oxidant due to
its selective (only reacts with certain compounds) characteristics (White, 1999).

Source: Singer and Reckhow, 1999; Stumm and Morgan, 1996.

TABLE 6.1 Oxidation Potential of Common Water Treatment Oxidants

An insufficient dosage will not provide adequate oxidation, while overfeeding can lead
to pink water entering the distribution system. Pink water does not pose a health hazard
but can cause customer concern and complaints. Furthermore, overfeeding can cause op-
erational problems in conventional filters by contributing to the formation of mudballs
(spherical conglomerate of sand and silt, which form in the top layer of granular filters
due to inadequate backwashing).

Ozone is the strongest oxidant available in water treatment (see Table 6.1). It is very
reactive and must be produced on site. It does not form chlorinated DBPs although,
depending on the quality of the source water, may form other DBPs. Because of the
relatively high capital and O&M costs, ozonation is more frequently used by larger
systems (Singer and Reckhow, 1999; Kawamura, 2000).
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FIGURE 6.3 Gaseous chlorine feed system. (From USEPA, 1999a.)
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FIGURE 6.4 Hypochlorite feed system. (From USEPA, 1999a.)

Chlorine dioxide is another very strong oxidant that in recent years has gained more
attention because it does not form chlorinated DBPs and capital and operational costs are
lower than those for ozone. Like ozone, it is highly reactive and must be produced on site.
Dosage of chlorine dioxide must be carefully calibrated because residual concentrations
greater than 0.4 mg/L in the water delivered to consumers cause taste and odor problems
(USEPA, 1999a; Singer and Reckhow, 1999).

Further details on the oxidation of specific contaminants are given later in this chapter.

6.3 Clarification
Following oxidation, a clarification step is commonly used to promote the aggregation
and settling of suspended and dissolved constituents such as clay, silt, finely divided
inorganic and organic matter, soluble organic compounds, algae, and microscopic or-
ganisms including microbes. Conventional clarification comprises three steps. First is
the addition of coagulant or a pH-adjustment chemical in the flash mixer to destabilize
(reduction of the electrostatic repulsion) particles and, therefore, promote their agglom-
eration. Second is the flocculation step where water is gently mixed to produce larger
and heavier “flocs” (agglomerated particles). The third step is settling in which heavier
particles and the flocs formed during the previous steps settle by gravity at the bottom of
a tank (see Fig. 6.5 for an illustration of a circular radial flow clarifier). Extensive reviews
of this process unit are found in Gregory et al. (1999) and Letterman et al. (1999).

Variations on the clarification process include (1) high rate clarification, which in-
volves using smaller basins and higher surface loading rates than conventional clarifiers,
and (2) dissolved air flotation, which uses rising air bubbles to float flocs to the surface of a
tank where the material is skimmed off (LeChevallier and Au, 2004; Gregory et al., 1999).

The most commonly used coagulants are alum (aluminum hydroxide), iron salts,
and polyaluminum chloride (PACl). Coagulant dosages vary, based on several factors
including water pH, alkalinity, turbidity, quality of suspended solids (size and negative
charge), concentration of TOC (a measure of the concentration of organic substances), and
water temperature. Typical dosages for sources with low turbidity (less than 2 NTU), low
TOC (less than 2.5 mg/L), low alkalinity (less than 30 mg/L), and average temperature
around 15◦C range between 5 and 15 mg/L for ferric salts; 10 to 25 mg/L for alum; and 2 to
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FIGURE 6.5 Circular radial flow clarifier. (AWWA and ASCE, 1998; McGraw-Hill, printed with
permission.)

8 mg/L for PACl. Significantly larger dosages (>30 mg/L for ferric salts and >50 mg/L for
alum) are normally required for groundwaters with higher TOC and lower temperatures.
Various types of polymer additives with different molecular weights and charge may also
be added to improve particle removal and filterability at the flash mix or flocculation
step, or as sole coagulant in place of metallic coagulant. The selection of the appropriate
polymer is based on water quality, point of addition, and treatment objectives.

As alternative to coagulation/flocculation, chemical precipitation through softening
achieved through the addition of lime or caustic (sodium hydroxide) to increase pH can
be used in the clarification step for removing particulate matter if hardness removal is
one of the treatment objectives.

The performance of the clarification process is dependent on many factors, including
physical design of the facility, concentration and type of particulate to be removed, type
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and dosage of coagulant, pH, ionic strength, temperature, and concentration of NOM.
Turbidity is an expression of the optical property that causes light to be scattered and
absorbed by particles and molecules rather than transmitted through water (USEPA,
1999a). Although not a true measurement of particle concentration, turbidity is used to
measure the performance of the clarification process. High turbidity is an indication of
potential for drinking water contamination with microbial agents because suspended
particles can “shelter” microbes from disinfectants (USEPA, 1999b, 1999c). Typically, a
turbidity of less than 2 NTU is often considered a minimal target for the clarification
effluent.

Finally, the treatment of many groundwater supplies may not require the flocculation
and sedimentation steps. For high-quality source waters, such as those characterized by
low turbidity, in-line coagulation can be implemented by directly adding coagulant to
the raw water pipeline before direct filtration. The addition of the coagulant improves the
filterability of particles, thus improving filter performance (LeChevallier and Au, 2004).

6.4 Filtration
Following clarification, a filtration step is often used to remove remaining particulates.
In most treatment plants, filtration is the final step to accomplish removal of suspended
solids. Filtration consists of passing water through a bed of granular filter media such as
sand, anthracite, or other filtering material. Most of the suspended matter in the influent
water is retained onto the media. Filtered water should be clear with turbidity below
0.2 NTU (Binnie et al., 2002). Media size, filtration rates, effectiveness of the clarification
system, and filter-aid polymer addition greatly affect filter performance. In the United
States, the USEPA mandates (as of January 1, 2002) that the turbidity of the filter effluent
combined for all filters in a drinking water plant may never exceed 1 NTU, and must not
exceed 0.3 NTU in 95 percent of daily samples in any month (USEPA, 2006b).

6.4.1 Rapid Sand Filters
Rapid sand filters are the most common type of granular filter used in municipal water
treatment. They consist of concrete boxes filled with one or more layers of porous media
such as sand and anthracite (see Fig. 6.6). In some cases, a layer of granular activated
carbon (GAC) may also be placed in filter to adsorb chemicals and DBP precursors dis-
solved in water. Typical loading rates for these filters are 5 to 12 m3/m2h (approximately
2 to 5 gpm/ft2) of filter bed surface area. Water enters the filter from above the media
and flows by gravity downward through the filter media. At the bottom of the filter unit
water it is collected in the underdrain system, where it is removed from the filter. The
filter is cleaned through the “backwash” process, which consists of reversing the flow
of water through the filter, to remove the solids accumulated on the media surface and
within the media bed. Air can be added to the backwash water to improve scouring of
the solids. At the end of the backwash cycle, backwash water and the solids it contains
are removed from the filter with a series of collection troughs. Rapid sand filtration re-
quires advanced operator training and skills, particularly for starting and conducting
backwash operations and bringing back filters on line without affecting the quality of
finished water. Extensive monitoring is required during operation of media filtration
units.
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FIGURE 6.6 Rapid sand filter. (From AWWA and ASCE, 1998; McGraw-Hill; printed with permission.)

6.4.2 Slow Sand Filters
Slow sand filters are a form of filtration that has been in use for nearly two centuries
(USEPA, 1999b). Typically, they are not preceded by coagulation or flocculation processes
and can treat water with turbidity up to 50 NTU (Schultz and Okum, 1984). Hydraulic
loading rates for this type of filter range from 0.1 to 0.4 m3/m2h, or approximately 0.2
to 1.0 gpm/ft2 (Huisman and Wood, 1974; Schultz and Okum, 1984). The filter media
is contained in a box and is composed of a bed of relatively uniform in size and fine-
grained sand, which is supported by a layer of gravel (see Fig. 6.7). Similarly to rapid
sand filters, water flows down the filter media drawn by gravity. Water is treated as a
combination of physical straining and biological removal to remove suspended solids,
and some microbes. Removal of solids by physical straining occurs within the upper
0.5 to 2 cm of the sand layer. During operation, a layer of dirt and biologically active
organisms develops at the surface and within the uppermost part of the sand. This layer
is known as the “schmutzdecke” and is essential to the effectiveness of the filter in
removing suspended solids and reducing turbidity (Huisman and Wood, 1974; Schultz
and Okum, 1984; USEPA, 1999b; Binnie et al., 2002). When the filter becomes clogged
by the removed impurities, the top layer of the media is scraped off to start a new filter
cycle. The cleaning can be done by unskilled labor (Schultz and Okum, 1984). Depending
on water quality, filter runs between cleaning can last up to 2 to 6 months (Kawamura,
2000). Slow sand filters can effectively remove suspended solids; however, they have
been found to have limited capability for removing clay particles and color (AWWA
and ASCE, 1998). Their simplicity of operation, low cost of installation, simple design,
and no power requirements make them a very effective “low-tech” method of treating
water, especially for urban and rural communities of low-income areas (WHO, 2007).
Prefabricated slow sand filter units are also on the market. These systems are particularly
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FIGURE 6.7 Typical covered slow sand filter installation. (From AWWA and ASCE, 1998;
McGraw-Hill; printed with permission.)

suitable for installation in small communities where construction capabilities are limited
and in emergency situations.

6.4.3 Pressure Filters
Pressure filters and rapid sand filters have many similar characteristics. They use the
same types of media, and the removal of suspended solids is accomplished in the same
way. Their efficacy to remove suspended solids and reduce turbidity is also similar
(USEPA, 1999b). The main difference is that in pressure filters the media is contained
within a pressurized vessel, usually made of steel (see Fig. 6.8). Pressure, not gravity,
is the driving force to push water through the media. Some of the major advantages of
pressure filters are that they have a compact design since they do not require several
feet of water above the filter bed to provide a static pressure head and that water leaves
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FIGURE 6.8 Typical cross section of a pressure filter. (From Cleasby and Logsdon, 1999; copyright
McGraw-Hill; printed with permission.)
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the filter under pressure. The latter occurrence eliminates the need for repumping water
before delivery to the distribution systems and the potential for air binding, which is
sometimes associated with rapid sand filters. The disadvantages of pressurized filters
include the absence of visual observation of the filter during operation and the propensity
to experience turbidity “breakthrough” because of the high pressure driving the filtration
process (USEPA, 1999b).

6.4.4 Precoat Filters
This type of filter uses a thin layer of very fine media such as diatomaceous earth or
perlite, which is supported by a permeable rigid structure or fabric element. Water is
forced through the media by pressure or vacuum. The media physically strains solids
from the water. When the surface cake of strained solids builds up to impart a headloss
that does not allow an efficient filtration process, cake and media are washed out from
the support and a new layer of media is deposited in a slurry to start a new filtration
cycle (USEPA, 1999b; LeChevallier and Au, 2004).

Typically, loading rates are in the range of 1.2 to 5 m3/m2h (approximately 0.5 to 2
gpm/ft2). Advantages of this process include relatively low capital cost and no need for
the clarification. Disadvantages include the inability to handle water with high turbidity,
the potential for particle breakthrough if the precoat phase is not properly done or cracks
develop in the precoat layer during operation, and the poor capability to remove color-
and taste- and odor-causing compounds (USEPA, 1999b).

6.4.5 Bag and Cartridge Filters
Bag and cartridge filters are used to remove microbes and turbidity. The filtration process
for these units is based on physical screening—particles larger than the filter pore size
are removed. The pore size of these filters is typically designed to be small enough
to remove protozoa such as Cryptosporidium and Giardia. However, smaller particles,
including viruses and most bacteria, can pass through the filters. Bag and cartridge
filters can be used only for water with low-turbidity loadings, because high turbidity can
quickly clog them. Upon fouling, bag filters can be backwashed, while cartridge filters
must be replaced. A disinfectant is typically added to water before it enters cartridge
filters to inhibit bacterial growth in the unit. In larger systems, these filters typically find
their application as pretreatment to protect reverse osmosis (RO) membranes or other
process units sensitive to suspended solids. They are easy to operate and maintain, which
makes them suitable for small systems and for POE/POU applications (LeChevallier and
Au, 2004).

6.4.6 Ceramic Filters
Ceramic filters can remove bacteria and parasites by passing water through a porous
ceramic cartridge. The volume of water that can be treated with these filters is small,
and their application is limited to kitchen sink units that produce drinking and cooking
water. These filters are not able to remove all viruses if they are present in the water, and
additional disinfection should be provided. Ceramic filters tend to plug up quickly if the
water contains significant loads of particulate matter.

A type of “low-tech” ceramic filtration system (Filtron) developed by Dr. Fernando
Mazariegos of the Central American Industrial Research Institute (ICAITI) is used in
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low-income areas and emergency situations to purify water (Potters for Peace, 2007). This
filtration system is composed of a porous clay filter medium, a larger storage recipient
canister or a bucket with a lid, and a spigot attached to the bottom. Water is poured in the
clay filter at the top and percolates into the storage vessel. Users can draw water from the
spigot. The clay filter is manufactured with a simple process that can be easily replicated
on a local level, which includes a mix of local terra-cotta clay and a combustible material
such as sawdust or rice husks. The three ingredients are mixed together. A hand-operated
press and two-piece aluminum mold can be used to form the clay filter. The combustible
material burns out in the firing process, leaving a network of fine pores (ranging between
0.6 and 3.0 .μm). After firing, the filter is coated with colloidal silver to inhibit bacterial
growth (Potters for Peace, 2007). The Asociación Guatemalteca para la Familia de las Americas
(AFA Guatemala), in association with other organizations, conducted a study from 1993
to 2005 on the effectiveness of this filter. The study found that the filters could reduce
diarrhea by 50 percent (references in Johnson, 2006). Bench-scale testing has shown that
the majority of the bacteria and protozoa are removed mechanically through the filter’s
fine pores. The colloidal silver inactivates 100 percent of the bacteria (Lantagne, 2001).
The effectiveness of the filter in inactivating or removing viruses is unknown.

6.5 Membrane Filtration
Membranes are the new generation of water filters that are slowly replacing conventional
filters due to their ease of operation and robust performance. Membrane filtration can
also be considered, to a certain extent, as a form of disinfection because it can completely
remove those pathogens whose size is larger than the pore size of a specific type of mem-
brane (see Fig. 6.9). Capital and O&M costs, which used to be a deterrent for widespread
implementation of membrane filtration, have considerably declined in recent years,
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making membranes a very attractive treatment alternative. Small membrane units are
also used at POE/POU for the purification of groundwater from individual wells.

The membrane filtration process is driven by pressure (or vacuum) to force water
to the other side of a semipermeable membrane while retaining impurities and some of
the feed water. The most commonly used membranes for drinking water treatment are
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO).
Detailed descriptions of the fundamentals, design, and operation of these processes are
available in Mallevialle et al. (1996), Taylor and Weisner (1999), and USEPA (2005a).

There are a variety of membranes of different materials and operational configu-
rations (referred as modules) available on the market. Nearly all membranes used in
drinking water are made of synthetic polymers. NF and RO are made of semiperme-
able cellulose acetate (CA) or polyamide materials, while UF and MF are membranes
made of CA, polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), polypropylene
(PP), polysulfone (PS), polyethersulfone (PES), or other polymers (USEPA, 2005a). Mem-
branes are characterized by their capability to exclude (or reject) a solute (also referred
as pore size) or by molecular weight cutoff (MWCO). The MWCO is expressed in terms
of Daltons: a unit of mass designating 1/16 of the lighter and most abundant isotope of
oxygen. Typically, manufacturers use the MWCO value—the nominal molecular weight
of a known species that is always being rejected at a specific percentage under specific
test conditions—to characterize individual types of membranes. However, as MWCO
protocols vary among manufacturers, there is a certain level of ambiguity in defining the
“true” cutoff of a membrane (Taylor and Weisner, 1999).

UF and MF are membranes made of polymeric porous material designed specifically
to remove suspended solids via a sieving mechanism based on the size of the membrane
pores. The distribution of pore sizes characteristic of each membrane varies with material
type and manufacturing process. UF membranes are characterized by a pore size range
of approximately 0.01 to 0.05 μm (nominally 0.01 μm) or less (USEPA, 2005a). UF is the
primary membrane technology for the removal of viruses that, in general, range in size
from about 0.01 to 0.1 μm. At the lower end of the UF spectrum some larger organic
macromolecules, including DBP precursors, can be retained by the membrane. Typical
MWCO for UF membranes used in water treatment is approximately 100,000 Da. The
range of pore sizes for MF membranes is 0.1 to 0.2 μm (nominally 0.1 μm) (USEPA,
2005a). MF is primarily effective for removing turbidity and larger pathogens such as
Giardia or Cryptosporidium, and some species of bacteria that are larger than 0.1 μm.
In general, it is not an effective means for virus treatment, although some virus removal
by MF has been reported in the literature. This removal is generally attributed to for-
mation of a cake layer on the surface of the membrane. By the same process, MF can
remove coagulated organic matter. In terms of module configuration, typically MF and
UF are supplied in hollow-fiber membranes. MF and UF membranes must be regularly
backwashed and chemically cleaned on recurrent intervals (USEPA, 2005a). The disposal
options for residuals from these operations must be taken into consideration during the
planning and design phases.

RO and NF membranes employ the process of RO to remove dissolved contaminants
from water. NF and RO are made of semipermeable CA or polyamide materials. The
typical range of MWCO is less than 100 Da for RO membranes, and between 200 and
1000 Da for NF membranes (USEPA, 2005a). RO is often used for the desalination of
sea and brackish water, but also has high rejection capability for many synthetic organic
compounds (SOCs) (Taylor and Weisner, 1999). NF is used, primarily, for softening or



449G r o u n d w a t e r T r e a t m e n t

Feed

O-rings

End Adapter
Retaining Ring

Head Seal
Pressure Vessel

Spiral-Wound Module Concentrate

Permeate

Brine SealInterconnector

Head

Thrust Cone
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the removal of dissolved organic contaminants. NF and RO membranes are specifically
designed for the removal of total dissolved solids (TDS) and not particulate matter. They
are not intended to be sterilizing filters and some passage of particulate matter due to
manufacturing imperfections may occur. Further, because these membranes cannot be
backwashed, particulate matter can cause rapid irreversible fouling. Therefore, NF and
RO are not typically used to directly treat raw water with significant concentrations of sus-
pended solids. NF and RO use spiral-wound membranes (Fig. 6.10). A typical schematic
for these systems is shown in Fig. 6.11. RO and NO filtration produce a continuous stream
of concentrated brine, and the membranes must undergo chemical cleaning on a periodic
basis. Both residuals must be disposed of. RO and NO do not require backwash (USEPA,
2005a).

An additional type of membrane filtration is electrodialysis (ED). In this process water
does not pass through the membrane and only contaminant ionic species are transported
across selectively permeable membranes driven by an electric potential (USEPA, 2005a).
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FIGURE 6.11 Schematic of a reverse osmosis/nanofiltration treatment system.
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A variation of ED is electrodialysis reversal (EDR) in which the polarity of the electrodes is
periodically reversed to change the direction of ion movement, in order to reduce scaling.
As water is not physically filtered, ED and EDR do not provide a physical barrier to
pathogens and suspended solids. The USEPA recognizes their effectiveness for removing
dissolved ionic constituents but does not strictly consider them as filters (USEPA, 2005a).

6.6 Carbon Adsorption
The manufacturing of GAC for drinking water treatment involves a process of grinding,
roasting, and activation of the source materials—such as bituminous coal, coconut shell,
petroleum coke, wood, and peat—with high-temperature steam. The end product is a
porous material with very high internal surface area and high adsorptive properties.

GAC filters can be placed after conventional filters as an additional process in
conventional treatment (postcontactors) or in place of conventional filter media (Kawa-
mura, 2000), since GAC media is able to remove suspended particles as efficiently as
conventional media. But the main reason for using GAC is its capability for removing
organic compounds. GAC can effectively remove SOCs such as aromatic solvents (ben-
zene, toluene, and nitrobenzenes), chlorinated aromatics (PCBs, chlorobenzenes, and
chloronaphthalene), phenol and chlorophenols, polynuclear aromatics (acenaphthene
and benzopyrenes), pesticides and herbicides (DDT, aldrin, chlordane, and heptachlor),
chlorinated aliphatics (carbon tetrachloride and chloroalkyl ethers), high-molecular-
weight hydrocarbons (dyes, gasoline, and amines) (Tech Brief, 1997; Faust and Aly, 1999;
Snoeyink and Summers, 1999), and methyl tertiary butyl ether (MTBE) (Stocking et al.,
2000). GAC can be used to remove natural organic compounds such as humics (DBP
precursors) and taste- and odor-causing compounds (Snoeyink and Summers, 1999).

During operation, when the adsorption capacity of a GAC filter is eventually ex-
hausted, the media must be replaced and regenerated. Depending on the quality of the
water to be treated and filtration rates, the interval between media replacement may be
months or years. Pretreatment to reduce organic loading and remove suspended solids
that may decrease the adsorptive capacity of GAC or clog the adsorption column is,
in some cases, a valuable option. Powdered activated carbon (PAC) is rarely used in
groundwater treatment with the exception of hydrogen sulfide removal.

6.7 Ion Exchange and Inorganic Adsorption
Ion exchange is a reversible chemical process wherein a charged molecule is removed
from solution by exchange for a similarly charged ion attached to a solid matrix. In
water treatment, the solid matrix is provided by resins composed of synthetic or natural
high-molecular-weight polymeric or inorganic material. These resins have high porosity
and, consequentially, large surface-area-to-weight ratio. This high ratio provides a large
number of adsorption sites for the removal of pollutants. Typically, resins are in the form
of small (less than 1 to 2 mm in diameter) beads that are packed in a filter column.

Examples of charged (anionic or cationic) constituents that can be removed through
ion exchange include the calcium (hardness) and other metals, nitrates, heavy metals,
arsenic, fluoride, and radionuclides. Ion exchange is most effective for water sources that
have relatively stable quality (like most groundwater sources) and low loading of sus-
pended solids and organic matter. In some cases, disposal of water used for regenerating
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FIGURE 6.12 Schematic of an ion-exchange treatment system.

ion-exchange resins can be a problem as it contains high salt concentration and can
negatively affect the performance of the wastewater plant. Otherwise, ion exchange is
a relatively simple inexpensive process that requires low capital costs and labor. Ion-
exchange media targeting specific compounds (e.g., nitrate and perchlorate) have been
developed, improving the performance of this technology in situations where several
ions may be competing for the same adsorption sites (Montgomery, 1985; Clifford, 1999).
The schematic of a typical ion-exchange treatment system is shown in Fig. 6.12.

Activated alumina is a physical and chemical process for the removal of ions by
adsorption. It is used in a similar way to ion-exchange resins. In this process, water
flows through the alumina-packed bed typically contained in a fiberglass canister. The
contaminant is adsorbed onto the surface of the alumina. Activated alumina is used in the
removal of constituents such as arsenic, uranium, beryllium, selenium, silica, fluoride,
and humics. Once the adsorptive capacity of activate alumina is exhausted, the media is
replaced or regenerated (Montgomery, 1985; Clifford, 1999).

6.8 Biological Treatment
Biological water treatment processes are used in small and large municipal water treat-
ment plants in Europe and are now gaining some consideration in North America. Bio-
logical treatment involves optimizing conditions to promote a permanent active biofilm
for the biodegradation or conversion of unwanted constituents such as biodegradable
organic matter, taste- and odor-causing substances, some SOCs, iron and manganese,
and arsenic. Granulated active carbon is an excellent media to support the growth of
bacteria (particularly when preceded by ozonation), which can be used to promote the
biological removal of certain compounds. However, biological growth must be controlled
to avoid operational problems such as sloughing-off of clumps of microbial growth from
the filter and transport of microbes to the distribution on activated carbon fine particles
that may be present in the plant effluent, which may cause high bacterial counts in the
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distribution system and taste and odor problems (AWWA and ASCE, 1998; Geldreich
and LeChevallier, 1999). Disinfection of the GAC effluent is, therefore, recommended
to ensure its acceptable microbiological quality before discharge into receiving surface
water bodies.

6.9 Distillation
Distillation uses temperature change to evaporate and condense water. Metals and other
mineral contaminants are generally retained in the boiling chamber, and purified water is
collected in the condensate chamber. Some organic contaminants are not removed by this
process. Because of the high energy cost and reject heat, this system is typically used only
by small-scale installations and POE/POU devices for groundwater treatment. However,
it is used in many large-scale systems in the Persian Gulf region for the desalination of
sea water.

6.10 Disinfection
Typically, some form of disinfection is the last step in the treatment process to ensure that
the water is microbiologically safe (free from bacteria, viruses, and protozoan parasites)
before the water is consumed. Because water quality deteriorates as soon as it enters
the distribution system, many utilities apply a secondary disinfectant to maintain the
microbiological quality of water. Water in the distribution system can be contaminated
by a variety of pollution sources, such as backflow, pipe leaks and intrusion, and bacte-
rial regrowth in the distribution pipes. In the United States, the USEPA mandates that
treated water contains sufficient excess disinfection chemical to maintain a residual in
the distribution system and to ensure that no microbial regrowth and recontamination
occur in the water as it is being distributed (USEPA, 1999a, 2006b). However, the idea
of the need for a residual disinfectant is not universally accepted. For example, some
European municipalities do not implement secondary disinfection.

The advantages and disadvantages of various disinfection methods are presented in
Table 6.2, and the effectiveness of various disinfection methods for various pathogens
are listed in Table 6.3.

6.10.1 Chlorine
Free chlorine can be introduced to water directly as a primary or secondary disinfectant.
Chlorine is effective for disinfection of bacteria, viruses, and some protozoa (e.g., Giardia).
However, the protozoan Cryptosporidium has demonstrated resistance to disinfection by
chlorination. The major problem with chlorine is that it is known to react with organic
substances and form variety of halogenated DBPs, including significant amounts of three
halo methanes (THMs) and halo acetic acids (HAAs). In general, more THMs and HAAs
are produced during chlorination than with all other disinfection methods. Further, ex-
cessive concentrations of chlorine can be harmful to human health. The USEPA has set
a maximum residual disinfectant level (MRDL) for chlorine of 4.0 mg/L (USEPA, 1999a,
2006b; Singer and Reckhow, 1999). Besides disinfection, chlorine is used to achieve sev-
eral other objectives during treatment (for example, oxidation and previously mentioned
in this chapter). Table 6.4 summarizes some of the reasons for adding chlorine and other
process considerations.
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Chlorine
Consideration Chlorine Chloramines Ozone Dioxide UV

Equipment
reliability

Good Good Good Good Medium

Relative
complexity of
technology

Less Less More Medium Medium

Safety concerns Low to high1 Medium Medium High Low
Bactericidal Good Good Good Good Good
Virucidal Good Medium Good Good Medium
Efficacy against

protozoa
Medium Poor Good Medium Good

By-products of
possible health
concern

High Medium Medium Medium None

Persistent
residual

High High None Medium None

pH dependency High Medium Low Low None
Process control Well developed Well developed Developing Developing Developing
Intensiveness of

operations and
maintenance

Low Moderate High Moderate Moderate

1 Safety concern is high for gaseous chlorine, but it is low for hypochlorites.
Source: Earth Tech (Canada), 2005.

TABLE 6.2 Summary of Advantages and Disadvantages of Disinfection Techniques

Microorganism Reduction Ability

Disinfectant E. Coli Giardia Cryptosporidium Viruses

Chlorine Very effective Moderately effective Not effective Very effective
Ozone Very effective Very effective Very effective Very effective
Chloramines Very effective Moderately effective Not effective Moderately effective
Chlorine Very effective Moderately effective Moderately Very effective

dioxide effective
Ultraviolet

radiation
Very effective Very effective Very effective Moderately effective

The reduction levels in the table are for normal dose and contact time conditions and they are only for
general comparison purposes. The effectiveness of different disinfectants depends on the dose, contact
time, and water characteristics.

Modified from USEPA, 1999a.

TABLE 6.3 Effectiveness of Disinfectants on Selected Pathogens
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Application Optimal Reaction Other
Typical Dose pH Time Effectiveness Considerations

Disinfection Min. 2
mg/L1 in

effluent2

7–8.5 “CT”
requirements

Good for virus
and bacteria

Fair for
protozoa

DBP formation
possible

Taste and odor
problems

Iron
oxidation

0.62 mg/
mg Fe

7.0 Less than
1 hour

Good

Manganese
oxidation

0.77 mg/
mg Mn

7–8
9.5

1–3 hours
minutes

Slow kinetics Reaction time
increases at
lower pH

Biological
growth
control

1–2 mg/L 6–8 NA Good DBP formation

Taste/odor
control

Varies 6–8 Varies Varies Dosage and
effectiveness
depends on
compound

DBP formation
Color

removal
Varies 4.0–6.8 Seconds to

minutes
Good DBP formation

may result in
taste and odor
problems at
high dosages

Zebra
mussels

2–5 mg/L
0.2–0.5

mg/L1

Shock level
Maintenance

level

Good DBP formation

Asiatic
clams

0.3–0.5
mg/L1

Continuous Good DBP formation

1 Residual, not dose.
2 For systems implementing secondary disinfection.
Modified from USEPA, 1999a.

TABLE 6.4 Typical Chlorine Applications in Drinking Water Treatment and Doses

The forms of chlorine most commonly used in water disinfection are chlorine gas,
liquid sodium hypochlorite, and (especially for smaller installations) calcium hypochlo-
rite. Selection of the most appropriate addition method for a specific application should
take into consideration several factors such as safety, cost and operation requirements,
stability, availability, odor-control ability, corrosiveness, solubility, and ability to respond
instantaneously to initiation and rate changes.

6.10.2 Chloramines
Chloramines are often used as a secondary disinfectant because of their capabil-
ity to maintain disinfection residual for a long time in the distribution system and
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because they form less DBP compared to chlorine (USEPA, 1999a; Singer and Reckhow,
1999; Faust and Aly, 1999). However, in recent years, concern over the formation of N-
nitrosodimethylamine (NDMA), iodoacetic acid (the most genotoxic DBP to mammalian
cells ever identified), and leaching of lead from pipes have raised many doubts over the
extensive use of chloramination to replace chlorination (Renner 2004a, 2004b; Edwards
and Dudi, 2004). Similarly to chlorine, the USEPA has set an MRDL of 4.0 mg/L (as total
chlorine) for chloramines (USEPA, 2006b).

6.10.3 Ozone
Ozone is very effective against a wide range of microorganisms, including bacteria,
viruses, and protozoa. However, ozonation can form DBPs such as haloketones, aldehy-
des, ketoacids, carboxylic acids, and other forms of biodegradable organic matter, which
must be adequately controlled, typically by a biologically active granular media filter, to
avoid increased biofilm production within the transmission system. Further, in waters
with sufficient bromide concentrations, ozonation can result in the formation of bro-
mate and other brominated DBPs. Bromate is a regulated DBP (0.010 mg/L in the USA)
and limits the use of ozone for many water supplies (USEPA, 1999a, 2006b; Singer and
Reckhow, 1999).

Ozone is not used for secondary disinfection because, due to its highly reactive nature,
ozone residual cannot be sustained for an extended duration. Generally, ozone is more
costly than other commonly used disinfectants/oxidants. Its use is typically justified
when disinfection objectives include inactivation of chlorine-resistant protozoa or where
advanced oxidation is required for DBP, taste and odors, and color control.

6.10.4 Chlorine Dioxide
Chlorine dioxide is a powerful oxidant typically used as preoxidant (i.e., added at the
plant headworks), because of its capability of enhancing the removal of iron and man-
ganese. However, in recent years it has been increasingly used as a primary disinfectant
due to its effectiveness for the inactivation of protozoa and bacteria (USEPA, 1999a).

Chemically, chlorine dioxide (ClO2) is unstable and degrades to form by-products
chlorite (ClO−

2 ) and chlorate (ClO−
3 ). The presence of all three species, chlorine dioxide,

chlorite, and chlorate, is a health concern, and taste and odor complaints are also often
associated with the use of chlorine dioxide (USEPA, 1999a; White, 1999). In the United
States the first two are regulated; the MRDL for chlorine dioxide is 0.8 mg/L and the
MCL for chlorite is 1 mg/L (USEPA, 2006b).

6.10.5 Ultraviolet Light Disinfection
When ultraviolet (UV) light is applied to a microorganism, DNA and RNA absorb the
light energy and their structure is altered. These alterations inhibit DNA replication and
diminish the capability of the microorganism to infect a host. UV light can be effectively
used for primary disinfection. Generally, it has been observed that the more complex the
microorganism, the more sensitive it is to UV inactivation. This means that UV is most
effective for the disinfection of protozoa and least effective for the disinfection of viruses.
Particularly, UV is effective for the disinfection of chlorine-resistant protozoa (i.e., Giardia
and Cryptosporidium) (USEPA, 1999a, 2006c).
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UV disinfection is a physical process rather than a chemical disinfectant. For this rea-
son, there is no residual disinfectant associated with UV light, and an additional disin-
fectant (e.g., chloramines or chlorine) must be applied to achieve secondary disinfection.
At the dosages appropriate for drinking water application, UV light is not believed to be
an effective oxidant. However, when used in combination with another oxidant such as
ozone, UV light can enhance the oxidation of contaminants. UV light can promote a free
radical reaction pathway that increases the potency of ozone when used as an oxidant
(USEPA, 1999a, 2006c).

To date, there is no evidence to suggest that UV irradiation results in the formation of
any DBPs; however, little research has been performed in this area. Most of the research
regarding application of UV light and DBP formation has focused on the impact on
chlorinated DBP formation as a result of UV application prior to the addition of chlorine
or chloramines.

One of the main drawbacks with UV is the possibility of microbes passing through at
times the lamp is operating off specification. At low UV intensities, some microbes have
shown the ability to repair damage done by UV light. Thus, it is important that drops in
lamp intensity are minimized (USEPA, 2006c).

6.11 Corrosion Control
Corrosion is of concern for all drinking water suppliers because of its potential impact
on aesthetics, economics, and human health. Discoloration and metallic taste caused
by corrosion raise customer concern over the quality of drinking water. The reduced
life of metallic and asbestos–cement pipe is a major economic loss due to corrosion.
Leaching of toxic elements including lead, copper, cadmium, and asbestos into the fin-
ished water from the plumbing within a home and or well pump can present a health
threat.

The presence of high concentrations of nitrate and sulfate ions may cause low pH in
some groundwater. Low pH (typically, less than 7.0) inhibits the formation of a protective
calcium carbonate scale on pipe and increases metal solubility. This requires that the pH
of water is adjusted before being delivered to the distribution system. In many cases,
pH is controlled by adding lime or caustic soda. In addition to raising the pH, lime
increases the alkalinity and calcium content of water. Caustic soda converts excess CO2

(if present) to alkalinity species. Some utilities also use chemical corrosion inhibitors in
combination with pH control or alone to limit the effects of corrosion. Phosphate, zinc
phosphate, and silicates are widely used corrosion control additives. The effectiveness
of these chemicals for a specific system needs to be carefully evaluated and tested before
full-scale implementation (DVGW/AWWARF/AWWA, 1996).

6.12 Removal of Specific Constituents from Groundwater
Removing specific contaminants in an affordable and effective manner is a challenge
for groundwater providers and well owners. Specific treatment strategies employed to
remove some of the most common contaminants found in groundwater are described
below.
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6.12.1 Iron and Manganese Removal
Until recently, it was thought that neither iron nor manganese causes adverse health
effects and that high concentrations of these elements were only responsible for aesthetic
effects. However, in recent study, Hafeman et al. (2007) have suggested that exposure
to high manganese concentrations in drinking water may contribute to Bangladesh’s
extremely high infant mortality. In terms of aesthetic effects, water containing high con-
centrations of iron can discolor water, spot laundry, and stain plumbing fixtures. In
addition, the growth of iron-oxidizing bacteria can result in abnormal taste and odor and
can contribute to the growth of iron bacteria in distribution systems (Kawamura, 2000).
Manganese causes similar reactions problems to form “black water” and can result in
brownish-black stains on contact surfaces. Levels of 0.5 mg/L of iron and 0.05 mg/L of
manganese are known to cause objectionable taste (Montgomery, 1985; Faust and Aly,
1999).

In general, iron and manganese problems arise in water containing low oxygen levels
and high iron and manganese concentrations. The reason is that both iron and manganese
are soluble under anoxic conditions, and problems occur when this type of water is
pumped to the surface. When chemical equilibrium is changed upon exposure to the
atmospheric pressure, the precipitation of iron and manganese will occur in plumbing,
on fixtures, and on clothing, dishes, and utensils. These conditions are typical of waters
that do not have regular contact with the atmosphere, such as groundwater from confined
aquifers and deep wells. However, sometimes oxygen-poor conditions can also occur in
relatively shallow wells that have stagnant water. In low-alkalinity groundwaters (less
than 50 mg/L), iron concentrations can be up to 10 mg/L (or greater) and manganese
concentrations up to 2 mg/L (Kawamura, 2000).

Oxidation
Iron and manganese removal is one of the most common objectives of groundwater
treatment. Many systems remove iron and manganese with a combination of oxida-
tion, coagulation/precipitation, and filtration. Oxidation is normally placed at the plant
headworks to changes the form of iron and manganese from the bivalent form (Fe2+ or
Mn2+), which is soluble to the trivalent form (Fe3+ or Mn3+), which is both insoluble and
colored (Mongtomery, 1985). Oxidation methods used in drinking water treatment are
aeration, chlorine, permanganate, ozone, and chlorine dioxide (Kawamura, 2000). Oxi-
dant dosages required for the oxidation of iron and manganese are reported in Table 6.5.

Oxidant Iron (II) (mg/mg Fe) Manganese (II) (mg/mg Mn)

Chlorine, Cl2 0.62 0.77
Chlorine dioxide, ClO2 1.21 2.45
Ozone, O3 0.43 0.881

Oxygen, O2 0.14 0.29
Potassium permanganate, KMnO4 0.94 1.92

1 Optimum pH for manganese oxidation using ozone is 8–8.5.
Source: Reckhow et al., 1991; Williams and Culp, 1986; Langlais et al., 1991.

TABLE 6.5 Oxidant Doses Required for Oxidation of Iron and Manganese
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Cascading tray aerators are used for iron and manganese oxidation. In waters where
iron and manganese form complexes with humic substances or other organic molecules,
aeration is not effective because oxygen is a weak oxidant and cannot break the bonds
between metal and organics. Further, the oxidation of manganese by oxygen is a slow
process (on the order of hours) unless the pH is raised above 9.5 (USEPA, 1999a).

Chlorine, permanganate, ozone, and chlorine dioxide are very effective for converting
iron and manganese to insoluble compounds. The presence of high concentrations of
NOM can hinder the oxidation of iron and manganese and increase oxidant demand. This
situation may pose a problem in terms of overfeeding of oxidant. Elevated concentrations
of chlorine can result in high DBP formation. High permanganate concentrations can
carry through the plant and result in pink water reaching the distribution system. High
ozone dosages can turn the oxidation of manganese to permanganate, which may result
in pink color to develop in the water. High chlorine dioxide residuals can cause taste and
odor problems.

Coagulation/Precipitation
Following the oxidation step, a clarification is commonly used to remove small iron and
manganese particulate. Manganese colloids are sometimes difficult to remove because
of their small size and high specific surface area if the clarification process is not carefully
optimized and may end up being removed by the downstream filters or carried through
the plant and end up in the distribution system.

In alternative to coagulation/flocculation, chemical precipitation is through soften-
ing, and this process can also remove iron and manganese particles. Softening is, however,
too expensive for removing these two metals alone. But when it is used for hardness re-
moval it can also be used for removing iron and manganese. The high pH used during
the softening process results in rapid oxidation and precipitation of iron and manganese.
Also, the two metals can be removed by incorporation in calcium and magnesium pre-
cipitate (Montgomery, 1985; Faust and Aly, 1999).

Filtration
Filtration is usually the last step for removing iron and manganese either following
sedimentation or, depending on water quality conditions, directly following oxidation.
Generally, manganese oxidation determines the hydraulic detention time needed before
filtration because it has a slower oxidation reaction rate than iron. Different types of filters
are used for the direct removal of iron and manganese (Montgomery, 1985).

The most commonly used type of filter for removing iron and manganese for small-
and medium-sized treatment plants is pressure manganese greensand filter. Greensand
is manufactured using grains of the zeolite mineral glauconite—a green clay mineral. The
glauconite is treated with various chemicals to produce a durable greenish-black coating
that has ion-exchanging properties. This coating behaves as a catalyst, facilitating the
chemical oxidation necessary for the removal of iron and manganese. As water is passed
through the filter, soluble iron and manganese are removed from solution and oxidized
to form insoluble iron and manganese. Insoluble iron and manganese will build up in the
greensand filter and must be removed by backwashing. The greensand is regenerated
by feeding continuously or intermittently a permanganate solution.

Anthracite/sand dual media can also be used for iron and manganese removal. In
this case, the oxide coating is obtained after the installation in the filter boxes by feeding
permanganate. Also, in this case, the coating acts as a catalyst for the oxidation of iron
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and manganese. Precoat filtration can also be used in potable water systems for removing
low concentrations of iron and manganese precipitants after oxidation.

Ion Exchange
Ion exchange is usually considered for removing iron and manganese only if water
hardness is also a problem. This method is suited to remove only low concentrations
(less than 0.5 mg/L combined) of these metals because of the risk of precipitation and
rapid clogging of the media. Removal of iron by ion exchange should be run in the
absence of oxygen to prevent oxidation and precipitation of iron and manganese oxides.
Iron and manganese precipitates can coat and foul the media requiring acid or sodium
bisulfate washing to resume operations. Further, ion exchange is not effective if the iron
has combined with organic material, or if the growth of iron bacteria, which secrete large
amounts of iron oxide, is not adequately controlled (Montgomery, 1985; Faust and Aly,
1999; Kawamura, 2000).

Biological Treatment
Ion and manganese removal can be achieved by biological filtration. To optimize biolog-
ical removal, the unit feed water should have low levels of oxygen and should not be
chlorinated. After the biological step, aeration and disinfection are usually required to
stabilize treated water (for more information of this topic see Sharma et al., 2005).

Sequestration
In systems with low concentrations of iron and manganese of, respectively, less than 1.0
and 3.0 mg/L, polyphosphates can be added as a sequestering agent before iron and
manganese come in contact with air or an oxidant to prevent precipitation. Normally, a
dosage of 2 to 4 ppm of a polyphosphate compound, such as sodium hexametaphosphate
(SHMP), sodium tripolyphosphate (STP), or tetrasodium pyrophosphate (TSPP), forms
colorless phosphate complexes. This method is effective in mitigating the negative effects
of iron and manganese precipitation. However, consumers may still be affected as iron
and manganese precipitation still takes place when water is heated—creating deposits
in water heaters, boilers, and kitchen pots—and when water age—affecting areas at the
margins of the distribution system or served by tanks where water is held for a long time
(Kawamura, 2000).

6.12.2 Hardness
Excessive water hardness can result in soap deposits, scaly deposits in plumbing, appli-
ances and cookware, and decreased cleaning action of soaps and detergents. It is caused
by high concentration of dissolved calcium and magnesium. Other bivalent ions such as
strontium, barium, zinc, and aluminum can also have some minor effects on hardness
levels. Table 6.6 presents a classification of different types of water according to their
hardness content.

Total hardness is calculated by summing up the concentrations of bivalent metals
expressed as mg CaCO3/L and is differentiated between carbonate and noncarbonated
hardness. Carbonate hardness is the portion of hardness where ions are associated with
carbonate and bicarbonate compounds. The most common source of this type of hardness
is when groundwater flows through aquifers formed of limestone or chalk. Noncarbon-
ate hardness is associated with chloride, sulfate, and other anions, and it is typical of
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Description Milligrams per Liter as CaCO3

Soft 0–60
Moderately hard 61–120
Hard 121–180
Very hard More than 180

From USGS, 2007.

TABLE 6.6 General Hardness Scale

groundwater passing through sedimentary formations containing high concentrations
of sulfates.

Because of the tangible effects of high hardness levels, it is quite common to treat
groundwater. However, because of concerns over the association between softened water
and heart diseases, some systems prefer not to remove hardness.

For large potable systems, the most common method to soften water is precipitative
softening by lime, lime–soda ash, or caustic soda. The selection of one of these processes
depends on costs, concentration of TDS, sludge production, prevalent type of hardness,
and chemical storage issues. In general, softening with caustic soda is more costly than
lime and lime–soda ash. In most cases, lime and lime–soda ash softening lower TDS
while caustic soda increases their concentration. More sludge is produced by lime and
lime–soda ash than by caustic soda. Water mostly containing carbonate hardness can
be softened by lime alone. However, if noncarbonate hardness is significant, lime and
lime–soda ash may be used in combination to obtain the desired degree of hardness
reduction. Chemical stability during storage and clogging of feeding systems are issues
for softening plants. Hydrated lime absorbs water and carbon dioxide forming lumps,
and quicklime may slake. Conversely, caustic soda does not deteriorate during storage
and does not clog feeding lines. High concentrations of carbon dioxide should be reduced
before precipitative softening because its removal through precipitation requires the use
of more chemicals and more sludge is produced. An aeration step can be used for this
purpose (Montgomery, 1985; AWWA and ASCE, 1998; Kawamura, 2000).

In precipitative softening plants, it is very important to carefully monitor pH. Typi-
cally, precipitative softening is conducted by raising the pH of water to approximately 10
for calcium carbonate precipitation. When the removal of magnesium is also required,
the pH needs to be increased up to approximately 11. Operating the plant at an improper
pH can lead to the precipitation and deposition of lime in the filter bed. This may lead
to the “cementification” of media with consequent irreparable damages to the integrity
of the media (AWWA and ASCE, 1998; Kawamura, 2000).

Water softened by chemical precipitation is characterized by high potential for car-
bonate scale formation. Recarbonation through the application of carbon dioxide and pH
control is often used post precipitation to lower pH and mitigate scaling downstream of
the softening process unit within the plant and in the distribution system. Scale forma-
tion can also be controlled by the application of low levels of polyphosphates (1 to 10
ppm) to inhibit scale formation (AWWA and ASCE, 1998; Kawamura, 2000).

Smaller potable systems are less likely to use precipitative softening because of
high capital costs and operational complexity associated with this process. A popular
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alternative is ion exchange. Water is passed through a column filled with resins beads
where bivalent ions are exchanged with sodium ions. For potable uses, only a portion of
the total flow needs to undergo this process before being blended with untreated water
to lower sodium concentration. Other less commonly methods that are used to lower
hardness are EDR and RO/NF.

6.12.3 Nitrates
Nitrate contamination is a common problem for many groundwater supplies. In most
cases, it is a result of the application of fertilizers containing nitrogen, livestock facilities,
or sewage disposal areas. However, in some instances, high nitrate concentrations can
originate from natural deposits of nitrates. The main concern with high concentrations of
nitrate in drinking water is methemoglobinemia, which causes “blue baby” syndrome,
especially in bottle-fed infants younger than 6 months of age, and the potential conversion
of nitrate into carcinogenic nitrosamine. The current MCL set by the USEPA (USEPA,
2006b) for nitrate in drinking water is 10 mg/L as nitrate-nitrogen (NO3-N). The WHO
guideline (WHO, 2006) for nitrate is 50 mg/L as nitrate (NO3); note that 10 mg/L NO3-N
= 44.3 mg/L NO3.

The most common treatment processes used to reduce nitrates in drinking water
are ion exchange and RO. In the ion-exchange process, a portion of the flow is passed
through a special resin, which replaces nitrate anions with another ion, usually chloride.
Because sulfate is preferentially exchanged over nitrate by chloride anions, special resins
that preferentially remove nitrates are normally used. These special resins (IX process)
that are used to remove nitrate/nitrite also reduce the possibility of nitrate “dumping”
(release of a large amount of nitrates that may occur when the ion-exchange column is
saturated).

An example of the application of the ion-exchange process is reported at the Village
of White Oak Water System in North Carolina, USA (Mitchell and Campbell, 2003). This
system supplies water to 42 homes from a single 95 L/minute (25 gpm) well. High nitrate
concentrations above 10 mg/L (nitrogen) were detected in the raw water. After pilot
testing, the water provider chose to install ion-exchange units to reduce nitrate levels.
The design includes a 50–50 flow split, so that only 50 percent of the flow is treated. This
allowed the reduction of costs and volume of reject water. After blending of the treated
and untreated water, the residual nitrate levels are on average 3 mg/L (as nitrogen), well
below the 10 mg/L MCL. The reject water from backwash of the ion-exchange units is
collected in a storage tank and transported to a wastewater treatment plant for treatment.

Although nitrate is not very well rejected by most membrane materials, RO can
be used for nitrate removal. Typical rejection rates for nitrate removal are around 90
percent, and they are sufficient to lower nitrate to acceptable concentrations. An example
of the application of RO for nitrate removal is the system in the greater Milan area,
Italy (Elyanow and Persechino, 2005). GE Italba installed 13 RO membrane plants in
nine locations to control high nitrate concentrations from a series of wells providing
drinking water. The nitrate concentrations in these wells range between 50 and 60 mg/L
(NO3), and the treatment goal was to lower nitrate levels to less than 40 mg/L (NO3),
while discharging in the sewer a waste stream with a nitrate concentration lower than
132 mg/L. To minimize treatment costs, permeate from the RO plants is blended with
untreated raw water at a ratio of approximately 20 percent permeate to 80 percent blend
water. The average water recovery for the RO plants averages around 60 percent, but
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Bermuda Delaware Italy

Production (m3/hour) 94.6 63.1 47.3
Recovery (%) 90 90 90
Desalting stages 3 3 3
Feed nitrate (mg/L NO3) 66 61 120
Product nitrate (mg/L NO3) 8.8 4.5 37
Feed TDS (mg/L) 278 11 474
NO3 removal (%) 86.7 92.6 69.2
TDS removal (%) 81 88 53

From Elyanow and Persechino, 2005.

TABLE 6.7 Example of General Electric (GE) Electrodialysis Reversal for Nitrate Removal

considering blending actual recovery ranges between 77 and 88 percent. The system is
run by a central control and data logging room in the GE Milan office.

ED reversal process is also used for nitrate removal, using the electrostatic proper-
ties of nitrate anions, and, especially where high recovery is required, EDR has been
implemented as it has demonstrated recoveries greater than 90 percent (Elyanow and
Persechino, 2005). This technology has been used by several plants across the world.
For example, General Electric reports that plants in Bermuda, Delaware, and Italy have
achieved reliable service (nearly 10 years) and nitrate removal rates from 69 to 93 percent.
Performance data from these plants are summarized in Table 6.7. Recent upgrades to this
technology have improved the performance of EDR systems (Elyanow and Persechino,
2005).

At the POE/POU scale, RO is the most frequently used point-of-use-sized treatment
system for nitrate/nitrite removal. It is the most cost-effective method for producing only
a few liters of treated water per day. Ion exchangers can also be used. However, because of
the risk of “dumping” mentioned earlier in this section, only nitrate-specific resins should
be used. Distillation is used at the POE/POU scale, since it is a very energy-intensive
technique, not suited for larger-scale installations. It involves boiling and collecting water
after condensation. Nearly all nitrates are removed in the process. However, it should
be pointed out that just boiling the water does not remove nitrates; on the contrary, it
increases their concentration.

6.12.4 Total Dissolved Solids
TDS refer to all dissolved solids that are present in water. Typically, these comprise
inorganic salts such as calcium, magnesium, potassium, sodium, bicarbonates, chloride
and sulfate, some organic materials, and soluble minerals (e.g., iron and manganese,
arsenic, aluminum, copper, and lead). TDS originate from dissolution of minerals in
geologic formations, sewage, urban runoff, and industrial wastewater.

In practice, TDS are measured by filtering a sample of water through a very fine
filter (usually 0.45 μm), which removes the suspended solids, evaporating the filtrate
and weighing the residue after evaporation (US Federal Register, 2007). It is important to
notice that this type of test provides a qualitative measurement of the overall amount of
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Water Source Total Dissolved Solids (mg/L)

Potable water <1000–1200
Mildly brackish water 1000–5000
Moderately brackish water 5000–15,000
Heavily brackish water 15,000–35,000
Average sea water 35,000

Sources: WHO, 2006; NRC, 2004.

TABLE 6.8 Classification of Source Water, According to Quantity of Dissolved Solids

dissolved solids, but it does not give any information on the specific nature of the solids.
Thus, TDS should only be used as a general indicator of water quality.

High TDS levels do not per se pose a public health concern; however, they may create
aesthetic problems such as limiting the effectiveness of detergents, corroding plumbing
fixtures, resulting in scale formation, and causing salty or brackish taste. Driven by
these considerations, the USEPA has set a secondary minimum contaminant level of
500 mg/L. The WHO (2006) guidelines for drinking water quality do not suggest a
health-based value for TDS. However, it is noted that drinking water with high levels
of TDS (greater than 1200 mg/L) may be objectionable to consumers, and extremely
low concentrations of TDS may as well be unacceptable because of its flat, insipid taste
(WHO, 2006). By comparison, seawater has an average TDS of about 35,000 mg/L. In
Table 6.8, a classification of source water according to the concentration of dissolved
solids is presented.

The selection of treatment options for elevated TDS depends on the type of dissolved
species to be removed. If the high TDS concentration is due to a constituent such as
calcium, magnesium, and iron, removal is possible through a softening or ion-exchange
process (see hardness removal). If the problem is, instead, associated with an elevated
concentration of sodium or potassium salts, removal techniques include RO, ED, or
distillation.

In recent years, desalination with RO and ED due to advances in technologies and
decreasing capital and operating costs has become an option for the development and
management of water resources. This is of great importance in regions where fresh-
water supplies are limited; especially in arid inland areas where the groundwater is
characterized by high TDS and in coastal regions. Desalination of groundwater can be
implemented for directly providing potable water to communities in areas where brack-
ish groundwater is found underground or to limit the overexploitation and degradation
of groundwater sources.

Numerous RO and ED desalination plants are in operation in the Western Region of
the United States, Middle-East, Mediterranean Region, Central Asia, and North Africa
for treating brackish groundwater for potable, irrigation, and industrial uses. Large RO
desalination plants have been built to supply water for major urban centers (see Table
6.9), but smaller-sized plants have also have been installed to provide water for smaller
communities.

For example, as one of several water management initiatives for limiting the overex-
ploitation of the Hueco and Mesilla Bolson aquifers, El Paso Water Utilities, and Ft. Bliss,
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Location Capacity (m3/d) Start of Operation

Malaga, Spain 165,000 2001
Al Wasia, Saudi Arabia 200,000 2004
Negev Arava, Israel 152,000 2006
Zara Maain, Jordan 145,000 2005
Undisclosed location, Iraq 130,000 2005
El Paso, USA 104,000 2007
Gwadar, Pakistan 95,000 2006
Bandar Imam, Iran 94,000 2002

Sources: Wagnick/GWI, 2005; El Paso Water Utilities, 2007.

TABLE 6.9 World’s Largest Brackish Groundwater Desalination Plants

Texas, have jointly begun to operate a 104,000 m3/day (27.5 mgd) desalination plant. This
facility contributes to the stabilization of the levels of fresh groundwater by intercepting
and treating brackish groundwater before it intrudes into historically freshwater areas
and limiting the need for pumping of freshwater. For the two cities, brackish water rep-
resents an important alternative and plentiful water source in addition to surface water
from the Rio Grande. The amount of brackish water in the Hueco and Mesilla Bolson
aquifers exceeds the amount of potable water by approximately 600 percent (El Paso
Water Utilities, 2007; Hutchison, 2007). In the desalination plant, the brackish water is
filtered to reduce suspended solids and then is passed through RO membranes (approx-
imately 83 percent recovery rate). The permeated (desalted) water from the RO process
is blended with water from freshwater wells and, after pH adjustment and disinfection,
is pumped into the distribution system. The concentrated brine from the desalination
process is disposed of through injection into an underground rock formation (El Paso
Water Utilities, 2007).

Another example is the Al Wasia Treatment Plant commissioned by the Saudi Arabia
Ministry of Agriculture to supply to the city of Riyadh. The plant is expected to start oper-
ation in 2007 and treat 200,000 m3/day (approximately 53 mgd) of brackish groundwater
through softening, sand filtration, and RO membranes. The reject flow from the mem-
branes will be finally conveyed to an evaporation pond, where it is further concentrated
by solar energy.

Typically, RO treatment decreases the pH of treated water due to the removal of
part of the constituents of the dissolved alkalinity. The EDR system does not lower pH
as much, and the treated water tends to have a pH closer to that of source. However,
both processes decrease TDS to very low concentrations. Pumping water with low pH
and TDS in a distribution system can have negative consequences on water quality,
especially if the pipes are used to carry water with different chemical characteristics.
Suppliers of desalinated water must evaluate the impact of changing water chemistry
on corrosion and pipe scale stability and implement adequate preventive measures.
These measures can include blending of desalinated water with other water sources
before entering the distribution system and adding chemicals such as sodium hydrox-
ide (caustic soda) or lime—to raise the pH to the 7.5 to 8.0 units range—and corrosion
inhibitors.
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6.12.5 Radionuclides
Radioactive minerals are commonly present in bedrock aquifers. They are soluble in wa-
ter, and, in some wells, radionuclides can be found at concentrations that exceed drinking
water standards. There are different processes for the removal of different radionuclides.
A general problem linked with the removal of these contaminants is that most treatment
processes concentrate the radioactivity. Thus, handling and shielding of the treatment
devices and waste must then be provided.

The following methods can be used for the removal of radionuclides (Montgomery,
1985; Faust and Aly, 1999):

� Distillation is capable of removing all types of mineral radionuclide types in one
treatment process with the exception of radon gas. Because of the high energy
costs associated with providing the heat source for distillation, this method is
only practical as a POU/POE device.

� RO and EDR remove uranium, radium-226 and radium-228, gross alpha, gross
beta, and proton emitters. There is no concern about the accumulation of ra-
dioactive substances in the membrane, as rejected particles are carried away in
the waste stream.

� Cation exchangers can remove radium-226 and radium-228 and some gross alpha
contaminants and that portion of the gross alpha that is positively charged.

� Anion exchange can be used to remove uranium and the negatively charged
fraction of gross alpha. Particularly, uranium is removed only above pH 6.0
when it becomes negatively charged (below pH 6.0, uranium may be either an
anion or nonionic). Above pH 8.2, uranium may precipitate and, as a solid, is
not removed by anion exchange. Thus, ion exchange for uranium has to occur
within the pH 6 to 8 window.

� When an oxidation filter such as potassium permanganate greensand is used to
treat iron and manganese, removal of radionuclides (in particular radium) can
also be expected.

� Some removal of radionuclides (especially uranium, radium-226, and radium-
228) may also occur during coagulation/sedimentation and lime softening. To
determine if these processes provide sufficient removal, it is necessary to monitor
the treated water to determine the effluent concentration of radionuclides.

A special case among groundwater radioactive contaminants is represented by radon.
Radon is a radioactive gas produced by the natural radioactive decay of radium and ura-
nium during the weathering of rocks. According to the United States National Research
Council (NRC, 1999): “Of all the radioisotopes that contribute to natural background ra-
diation, radon presents the largest risk to human health.” Radon is particularly harmful
to the lungs through breathing of the gas. Water can transport the gas from the soil into
households, and exposure can take place when taking shower, doing laundry, or washing
dishes. Radon represents a greater problem for individual well users and small systems
than for large systems, because radon decays relatively quickly (3.825-day half-life) and
storing water (as done by most large systems) considerably reduces public exposure. In
the United States, radon is not yet regulated at the federal level; however, the USEPA
has proposed (1999 Federal Register 64 FR 59246) new regulations to reduce the public
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health risks from radon. Water should be treated where it enters a house or building. POU
devices, such as those installed on a tap or under the sink, are not effective and should
not be used for radon removal because they treat only a small portion of the water used
in a house or building and do not address radon vapors that are released during show-
ers or laundry. Aeration, GAC, and POE GAC are the recommended technologies for
radon removal (NRC, 1999; USEPA, 2003). Aeration is the most efficient method. Proper
venting of the aeration systems to the atmosphere must be installed to avoid indoor con-
tamination. Removal by activated carbon requires large amounts of carbon media and
long contact times. When activated carbon is used, it should be placed in sealed canisters
to avoid leaks of accumulated gas. Furthermore, special consideration should be given
to the disposal of the spent media or cartridge disposal because of radon accumulation
to high concentrations (USEPA, 2003).

6.12.6 Hydrogen Sulfide
Hydrogen sulfide, H2S, is found in groundwater as a result of the bacterial decomposition
of vegetation and other organic matter under anoxic conditions. It can cause taste and
odor problem such as rotten-egg odor and metallic taste even at very low concentrations.
Furthermore, it reacts with many metals, causing black stains or black deposits of iron
sulfite.

Aeration can be used to remove hydrogen sulfite from water, and groundwater sup-
plies are often aerated for this reason. Oxidation is also often used to reduce sulfur species
and limit taste and odor problems. Chlorine, ozone, permanganate, and hydrogen per-
oxide have been successfully used for this purpose. Adsorption through GAC or PAC is
capable of adsorbing H2S. This is a particularly advantageous system to use for H2S at
the POU/POE (Montgomery, 1985; Faust and Aly, 1999).

6.12.7 Volatile Organic Compounds and Synthetic Organic Compounds
Organic chemicals may be present in groundwater because of contamination from var-
ious sources. Many of these compounds represent serious public health threats if con-
sumed in drinking water. In general, the three treatment methods that have been shown
to be effective in removing organics from drinking water are aeration, adsorption using
activated carbon, and oxidation. Carbon adsorption with GAC is effective for remov-
ing both VOCs and SOCs. Treatment with PAC is effective for removing some of the
SOCs.

VOC chemicals, including trichloroethane and tetrachloroethane, are easily removed
by air stripping. The off-gases from the air-stripping process must be further treated to
avoid pollution of the atmosphere. Air stripping can be accomplished through packed
tower aeration, incline cascade aeration, or membrane air stripping. In all cases, GAC
columns are typically used to remove VOCs from off-gas.

Some organic contaminants will chemically react with oxygen and oxygen-like com-
pounds. After this treatment, the resultant compounds either may be fully neutralized
or will have a lower level of hazard. Further treatment may still be necessary.

Oxidizing chemicals could include potassium permanganate, hydrogen peroxide,
and hypochlorite. Ozone oxidation is effective for removing certain classes of VOCs and
SOCs, and certain RO membranes and UV treatment can also be effective against VOCs
and SOCs (Montgomery, 1985; AWWA and ASCE, 1998; Faust and Aly, 1999; Kawamura,
2000).
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6.12.8 Total Organic Carbon
Total organic carbon (TOC) is a gross measurement that quantifies the amount of NOM
in water. TOC per se is not a harmful chemical, but its combination with disinfectant,
and particularly with chlorine, results to the formation of DBPs, which are regulated
compounds and pose a risk to public health. Further, natural organic compounds must
be removed to improve the aesthetic quality of water (color) and to reduce the growth of
biofilms in the distribution system as they constitute a food source for the bacterial pop-
ulation. Effective treatment strategies to remove TOC form water include the following
(Singer, 1999; Letterman et al., 1999):

� Enhanced coagulation (low pH)
� Modified lime-softening (pH greater than 10 and addition of small amounts of

ferric- or aluminum-based coagulants)
� GAC columns
� Ozone/biofiltration
� Synthetic iron-based resins
� RO

6.12.9 Arsenic
Arsenic occurs naturally in rock and soil and is released to groundwater due to its sol-
ubility. In recent years, arsenic contamination of groundwater has received increasing
attention. The WHO guideline and the US and EU standard for arsenic is 10 parts per bil-
lion (ppb). According to an assessment conducted by the National Academy of Sciences
(NAS), consumption of water with this concentration of arsenic still poses a significant
health hazard (NAS, 2001). An individual drinking 2 L of water per day with 10 ppb
of arsenic has a lifetime risk of fatal bladder or lung cancer greater than 1 in 300. This
is far greater than the risk that the USEPA has traditionally used for cancer-causing
compounds, which is no larger than 1 in 10,000.

As part of the regulatory process for lowering arsenic standards, the USEPA identified
seven best available technologies (BATs) at the municipal scale in the Final Arsenic Rule
based on removal efficiency, history of full-scale operation, geographic applicability,
costs based on large and metropolitan water systems, service life, compatibility with
other water treatment processes, and ability to bring all of the water in a system into
compliance (US Federal Register, 2001). The performance of most of these treatment
technologies is contingent on the state of oxidation of arsenic. Arsenic is removed more
efficiently as arsenic V than arsenic III. Arsenic V ions are negatively charged, and they
can be removed efficiently by several processes through electrostatic interaction. On the
contrary, arsenic III is uncharged and its removal from water is difficult. All the BATs
identified by the USEPA are for arsenic V, and preoxidation may be required to convert
arsenic III to arsenic V before treatment (USEPA, 2000; US Federal Register, 2001).

Ion (Anion) Exchange
Ion exchange removes arsenic anions by exchange with chloride or other anions. There
are several designs of ion-exchange systems. Some are nonproprietary, while others are
proprietary designs by various manufacturers. Ion exchange combined with an oxida-
tion pretreatment step has been shown to reduce total arsenic effluent concentrations



468 C h a p t e r S i x

as low as 0.003 mg/L (Health Canada, 2006). Laboratory studies using ion-exchange
columns treating water with an arsenic concentration of 0.021 mg/L have achieved ef-
fluent concentrations as low as 0.002 mg/L (Clifford et al., 1999). A variety of adsorption
media have been developed for treating arsenic. Sulfate, TDS, selenium, fluoride, and
nitrate compete with arsenic for adsorption sites and can shorten run length. Suspended
solids and iron precipitation can clog the adsorption column. Systems containing high
concentrations of these constituents may require pretreatment. A typical schematic of an
ion-exchange system in presented in Fig. 6.12. The groundwater is first oxidized with
chlorine (or an alternative oxidant) and then passed to a filter cartridge to remove silt and
salt. If chlorine is used for oxidation, a dechlorination agent should be added before the
resin to limit the rapid deterioration of the resin and the potential for NDMA formation
in the resin. The dechlorination agent is expected to increase the concentration of TDS in
the filtered water. The brine from regeneration usually contains high TDS and arsenic.
Often it cannot be discharged or accepted by a wastewater treatment plant. In those cases
when the residual cannot be discharged it is treated with iron salts. The resulting sludge
containing high levels of arsenic is then disposed of in a landfill while the supernatant
is treated in an evaporation pond.

Activated Alumina
Activated alumina is a granular media manufactured for the purpose of removing ions
from water. It is prepared by dehydration of aluminum hydroxide at high temperature.
It has high adsorptive capacity, and it is the most common arsenic removal process for
municipal-scale treatment of arsenic. Several studies have reported high arsenic removal
efficiencies. A pilot study has reported effluent arsenic levels of <0.01 mg/L (Health
Canada, 2006; Simms and Azizian, 1997). Activated alumina preferentially adsorbs ar-
senate over sulfate and other major ions; therefore, it is able to achieve long run lengths.
The performance is sensitive to pH, which must be kept in the 5.5 to 6 range for optimum
performance. This means that acid must be added upstream of the activated alumina
column. After treatment, the pH must be adjusted before releasing into the water dis-
tribution system to avoid corrosion problems. It is possible to regenerate the media, but
regeneration is incomplete and requires the addition of a strong base followed by acid
neutralization. Replacement with new media and landfilling of the exhausted media is
the other alternative. Operationally, the safest configuration is to have two columns op-
erating in a series, with the first column removing the bulk of the arsenic and the second
column providing a polishing step. When the medium in the first column is exhausted,
it is replaced, and the two columns are switched using the first column for the polishing
step. In this way, the column with the fresher media is always the last step, making the
event of a breakthrough less likely. The waste produced from activated alumina processes
includes the water caustic solution used in the regeneration process and the arsenic re-
moved from the media. Typically, the combined volume of these waste streams is less
than 1 percent of the processed water.

RO Membrane Technologies
RO is effective for removing both positive and negative forms of arsenic. However, be-
cause RO is nonselective in its rejection of contaminants and fouling, it requires frequent
backwashing and water rejection can be high (on the order of 20 to 25 percent). The
waste of a large portion of water may be an issue in water-scarce regions, which may
prompt the implementation of more efficient, although more costly, recovery processes.
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Although RO is included among the BATs for its high removal efficiency, based on costs
of treatment and brine disposal, it is unlikely that it would be installed exclusively for
arsenic removal.

Modified Coagulation/Filtration
Arsenic can be removed by coagulation with both aluminum and ferric hydroxide co-
agulants. Adsorbed arsenic is removed by precipitation or/and filtration. The optimal
pH for adsorption is around 7 for aluminum and up to 8 for ferric hydroxides. Silica is
known to compete with arsenic for adsorption onto ferric hydroxides particularly when
pH is above 7. High concentrations of TOC may also reduce arsenic removal capabilities.
The disadvantage of this treatment process includes the production of large amounts of
arsenic-contaminated sludge that, depending on the arsenic concentration, might need to
be disposed of in a hazardous waste landfill and large settling tanks. Typically, groundwa-
ter systems are not designed for particulate removal and use small clarification facilities.
Because of high costs, it is unlikely for this process to be installed solely for the removal
of arsenic.

Modified Lime Softening
Arsenic is effectively removed by the lime-softening process as long as the pH is high
enough to precipitate Mg(OH)2 (normally 10.5 or higher). As per conventional treat-
ments, the production of arsenic-contaminated sludge is a disadvantage and the selection
of lime softening solely for arsenic removal is not cost effective.

Electrodialysis Reversal
EDR can, in some instances, produce effluent water quality comparable to that of RO. A
major advantage of EDR is that the system is fully automated and it requires limited op-
erator attention, and no chemical addition. However, EDR systems are, in general, more
expensive than other membrane systems including RO. Furthermore, typical recovery
rates are low: in the 70 to 80 percent range. This may be a factor preventing the use of
this technology in regions where water is scarce. Other options are more cost effective
and have much smaller waste streams.

Oxidation/Filtration
This removal process is based on the coprecipitation of arsenic with iron during iron
removal. The presence of a sufficiently high concentration of iron is critical to obtain
significant removal of arsenic. One study conducted by Subramanian and coworkers
(1997) suggested that a 20:1 iron to arsenic ratio result in lower removal rates. For a lower
7:1 iron to arsenic ratio, a 50 percent arsenic removal rate was reported. Competition with
other ions is not a major factor limiting the effectiveness of this technology. Although
a preoxidation step is not needed, when the arsenic is present as arsenic III, sufficient
contact in an aerobic environment needs to be provided for the conversion to arsenic V.
This USEPA suggests that this inexpensive technology may be appropriate for systems
treating raw water with high iron and low arsenic concentrations. Table 6.10 summarizes
the maximum arsenic removal rates as reported by the USEPA in the final version of the
Arsenic Rule in 2001 (US Federal Register, 2001).

Additional technologies not listed as BAT by the USEPA but reputed to be effective
to some extent for arsenic treatment are described below.
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Treatment Technology Maximum Percent Removal

Ion exchange (sulfate ≤50 mg/L) 95
Activate alumina 95
Reverse osmosis >95
Modified coagulation/filtration 95
Modified lime softening (pH > 10.5) 90
Electrodialysis reversal 85
Oxidation/filtration (20:1 iron:arsenic) 80

Source: US Federal Register, 2001.

TABLE 6.10 USEPA Best Available Technologies for Arsenic Removal and Removal Rates for
Arsenic V (Preoxidation May Be Required)

Coagulation/Membrane Filtration
The use of small doses (less than 10 mg/L) of ferric coagulant (added inline) in com-
bination with MF or UF membranes removes arsenic. Arsenic adsorbs to the small floc
formed by the ferric coagulant and then is filtered with the membrane. Typically, ferric
dosages range between 5 and 20 mg/L, depending on the quality of raw water. This
method reduces the amount of sludge produced, as there is no need for a large settleable
floc to be formed. Other advantages of this technology include low chemical dosages and
a smaller footprint compared to conventional treatment. Similar to conventional treat-
ment, a pH above 8 or the presence of high levels of silica or TOC can reduce the arsenic
removal performance of this technology. Membranes require occasional cleaning with
caustic soda and citric acid to remove dissolved organic matter that may clog pores and
reduce the efficiency of filtration. The frequency of the cleaning depends on the quality of
the water to be treated. Typically, membranes must be backwashed to remove the ferric–
arsenic precipitate that collects on the surface on the membrane. Backwash is, typically,
started every 30 to 60 minutes, depending on the type of membrane and ferric dose.
This process has two waste streams: the spent chemical-cleaning solution, which does
not contain significant levels of arsenic but high concentrations of sodium and organic
carbon, and the spent backwash water, which contains high concentrations of arsenic.
The first stream is commonly discharged directly to the sanitary sewer. The second can be
discharged to the sewer (if TDS concentrations are low) or decanted and returned to the
head of the plant. The concentrated solids from the decanted can be normally discharged
in the sanitary sewer.

Pilot tests conducted at Albuquerque, New Mexico, on iron coagulation followed
by a direct MF showed that this process can effectively remove arsenic V and yield
arsenic concentrations consistently below 2 mg/L (Clifford et al., 1997). Although there
is extensive full-scale experience of coagulation and MF as separate processes, there are
no full-scale applications of the combined coagulation/MF process (USEPA, 2000).

A full-scale application of this technology is provided by the Pall Aria r© MF system
(Fig. 6.13). To optimize arsenic removal, ferric chloride is added to the water before
filtration. Arsenic anions are adsorbed onto positively charged ferric hydroxide particles,
which are then removed by MF. Backwash is used to remove the ferric hydroxide–arsenic
cake from the membrane surface. One of such systems has been installed for the Fallon
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FIGURE 6.13 Pall Aria® microfiltration system. (Photograph courtesy of Pall Corporation.)

Paiute-Shoshone Tribe in Fallon, Nevada, to comply with the USEPA arsenic MCL. It
is reported that at this location the Pall Aria r© system is able to reduce arsenic from
concentrations as high as 160 μg/L to undetectable levels, less than 2 ppb (Wachinski
et al., 2006).

Granular Ferric Hydroxide
Granular ferric hydroxide (GFH) is a very promising technology based on arsenic
adsorption onto iron-based granular media. It can effectively remove arsenic up to pH 8.
Preoxidation is not required. High levels of silica and phosphate reduce arsenic removal
through this process. The medium is contained in a filter vessel. Similarly to the oper-
ation of a conventional filter, water enters the filter from the top and is filtered through
the media bed. As water is being filtered, the amount of arsenic being adsorbed onto
the media increases. When the adsorptive capacity of the media is used up, the arsenic
concentration in the treated water increases to a breakthrough value. At or before break-
through, the operator must switch the operation to another filter with fresh media. It is
possible to regenerate GFH with caustic; however, because of potential headloss issues,
it may be more suitable for one-time use (US Federal Register, 2001). The simplicity of
this process makes it very attractive for small installations and single-well applications.

Nanofiltration
NF membranes primarily reject arsenate by electrostatic repulsion. They do not foul as
easily and can be operated at higher recovery than RO. Sato et al. (2002) compared the
performance of rapid sand filters and NF for arsenic removal. When arsenic concen-
tration in the raw water exceeded 50 μg/L, NF achieved 95 percent arsenic V removal
and 75 percent arsenic III removal without chemical addition. Rapid sand filtration was
ineffective for the removal of soluble arsenic III. Sato et al. (2002) suggested that NF
membrane can be used with any type of water for arsenic removal.
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Greensand Filtration
In manganese greensand filtration, the arsenic contained in the raw water is oxidized as
it passes through the filter and is deposited onto the filter media. Similarly to oxidation/
filtration, removal is dependent on water quality and particularly on the iron-to-arsenic
ratio (Subramanian et al., 1997). In laboratory studies conducted by Subramanian et al.
(1997) using tap water spiked with high concentrations (200 mg/L) of arsenic III, removal
increased from 41 percent to more than 80 percent as the Fe/As ratio increased from 0 to
20. Sulfate and TDS did not seem to strongly affect arsenic removal. A full-scale study
showed arsenic removal rates ranging between 90 and 98 percent (an average effluent
arsenic concentration of 2.2 μg/L), with an influent arsenic concentration of 54 μg/L for
the greensand system in Village Kelliher, Saskatchewan, Canada (Magyar, 1992). This
water was characterized by a total iron concentration of 1.79 mg/L (a 33 Fe/As ratio)
and an average pH between 7.2 and 7.3. Potassium permanganate was added before the
filters at a feed rate of about 2.3 mg/L. The filters were operated at a continuous pressure
between 4.0 and 5.5 psig and a flow rate of 76 gpm (4.8 L/s). The Guideline Technical
Document on Arsenic prepared by Health Canada (2006) suggests that this technology
is appropriate for systems that do not require high arsenic removal, because of the high
iron to arsenic ratio that is required to obtain high arsenic removal rates. Furthermore,
because of its simplicity of operation and relatively low cost, it may be attractive for
installations in remote areas and developing countries.

Additional Technologies
Additional technologies that have received some attention for their arsenic removal ca-
pabilities include the following:

� Slow sand filters: removal without preoxidation of up to 96 percent from ground-
water containing 14.5 to 27.2 μg/L arsenic (Pokhrel et al., 2005).

� Biological activated carbon filter: removal of up to 97 percent of arsenic without
preoxidation and 99 percent after ozone addition (Pokhrel et al., 2005).

� Nano-sized polymer beads: 100 percent removal from Idaho groundwater at
pH greater than 7 and in the presence of significant concentrations of silica in
experiments conducted by the Idaho National Laboratory (Patel-Predd, 2006).

� Titanium-based media: the Dow Chemical Company manufactures the
ADSORBSIATM GTOTM, a granular titanium oxide media designed with strong
affinity for arsenic, lead, and other heavy metals.

� Synthetic ceramic materials: Kinetico Inc. of Newbury, Ohio, has patented the
Macrolite r© pressure filtration process based on a ceramic media designed to
remove arsenic.

POU and POE Treatment Devices for Arsenic Removal
A variety of technologies can be adapted to POE/POU devices to remove arsenic on
the residential and commercial scale. These types of devices are affordable and can re-
move arsenic from drinking water to concentrations below 0.010 mg/L. Before selecting
a POE/POU device, the groundwater should be tested to determine the concentrations
of arsenic, and substances such as competing ions (e.g., fluoride, iron, sulfate, and silica)
and organic matter, which could hinder arsenic removal. Furthermore, because most
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technology cannot effectively remove arsenic III, an oxidation step should be imple-
mented to convert arsenic III to arsenic V (US Federal Register, 2001).

The most common POE/POU devices available on the market for arsenic removal
are RO and steam distillation (Health Canada, 2006), but other their types of systems
based on alternative technologies such as adsorption are also becoming more common.
RO is easy to service and is affordable. The main disadvantage is the significant volume
of reject water that is produced during treatment. Distillation can remove virtually all
arsenic in drinking water. It is more complex than RO to operate and service. It is normally
used in commercial-scale applications. It should be noted that both RO and distillation
remove all minerals including those that are beneficial such as calcium and magnesium.
Adsorption/filtration using media such as ferric hydroxide, aluminum, and titanium
oxide is becoming increasingly popular for arsenic removal in small water treatment
systems because of its relatively simple O&M.

Developing Countries’ Systems and Applications
High arsenic levels in the alluvial aquifer underlying Bangladesh and India have been
recognized as a major environmental and public health problem. Al-Muyeed and Afrin
(2006) report that, in most of Bangladesh, arsenic in groundwater has been found to be
higher than 0.05 mg/L. In many instances, high iron and arsenic levels have been found
to coexist (Al-Muyeed and Afrin, 2006), and groundwater in approximately 65 percent of
Bangladesh is characterized by high iron content above 2 mg/L. Al-Muyeed and Afrin
(2006) also noted that, with the exception of a few cities and towns, centralized water
treatment systems are rare, and a large part of the population is served by individual or
community tube-wells. Therefore, the short-term solution of this environmental problem
depends on the development of low-cost technologies that can be implemented at the
community or household level.

Al-Muyeed and Afrin (2006) conducted an investigation on the efficiency of con-
ventional iron removal plants for arsenic removal operating in small communities in
Bangladesh. These systems are typically constructed, including aeration, sedimentation,
and filtration steps in small units. The field survey of 60 community plants showed re-
moval rates between 60 and 80 percent for 60 percent of the installations and less than
60 percent for 40 percent of the installations. The pH of water strongly affected arsenic
removal, with increasing rates corresponding to increasing pH. For pHs above 7.0, ar-
senic removal was, in most cases, in excess of 70 percent. As previously mentioned, the
removal of arsenic is strongly correlated with the removal or iron (Subramanian et al.,
1997), and relatively high arsenic removal rates in excess of 70 percent were observed
when Fe concentrations were in the 6 to 8 mg/L range.

A variety of simple POU technologies have been suggested and used for the treatment
of contaminated water in rural communities in Bangladesh. Despite their limitations from
a technological perspective, they are extremely valuable tools for protecting public health
in less affluent communities. Among the most popular and effective technologies are the
3-Kolshi filter and the SONO r© filter.

6.12.10 Trace Metals and Inorganic Compounds
A variety of trace metals and inorganic compounds can be found in groundwater. The
most common treatment removal options for several of these contaminants are summa-
rized in Table 6.11.
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Compound Treatment Technology

Antimony RO
Asbestos Chemical coagulation/filtration
Barium Softening and ion exchange
Beryllium Coagulation/filtration, lime softening, activated alumina, RO, and ion

exchange
Cadmium Chemical coagulation, lime softening, and RO
Chromium GAC, PAC, coagulation at lower pH, oxidation, and lime softening
Copper Coagulation at lower pH
Cyanide Chemical and biological degradation
Lead RO, distillation, customized GAC, chemical precipitation, and lime

softening
Mercury Coagulation at lower pH and coagulation/filtration
Nickel Lime softening and RO
Selenium Coagulation/filtration, lime softening, activated alumina, ion exchange,

and RO
Silver Coagulation/filtration and lime softening
Thallium Ion exchange and activated alumina
Zinc Conventional treatment
Fluoride Activated alumina, coagulation, and lime softening

TABLE 6.11 Common Treatment Removal Technologies for Trace Metals and Inorganic Compounds

6.13 Drinking Water Treatment Costs
The cost of water treatment projects is highly variable and difficult to predict because the
final cost of facilities depends on site-specific factors such as plant capacity, design crite-
ria and selection of treatment processes, raw water quality, site characteristics, climate,
land costs, regulation and permit requirements, status of national and local economic
conditions, and cost of contractors.

In the United States, the cost of construction for a basic groundwater treatment plant
(including well construction, chemical addition and filtration for iron and manganese
removal, pumping, storage, and disinfection facility) and disinfection is in the US $250
to 500/m3 ($1.00 to 2.00/gal) range, depending on plant size and local conditions. As
discussed in previous sections, additional process units may be required to achieve other
treatment objectives.

In terms of individual treatment technologies, costs for conventional clarification,
lime softening, and conventional media filtration are, to a large extent, due to construction
and land requirements; therefore, they vary from one location to another. Costs for other
process units are more dependent on equipment cost. Indicative average capital costs for
various technologies used in groundwater treatment and O&M for some of the individual
process units that are often used in groundwater treatment are presented in Table 6.12.
Costs are calculated for installation in the United States, and they include site work,
electrical work and instrumentation, contractor overhead, and profit. They do not include
land requirements, pretreatment, and sludge disposal options, as these factors are site
specific and should be determined for each location.



Capital Cost (Including Construction Costs)
($/m3) ($/1000 gal) O&M ($/m3) ($/1000 gal)

Small Plant Medium Plant Large Plant Small Plant Medium Plant Large Plant
<4000 4000–40,000 >40,000 <4000 4000–40,000 >40,000
m3/d m3/d m3/d m3/d m3/d m3/d

Process Unit (<1 mgd) (1–10 mgd) (>10 mgd) (<1 mgd) (1–10 mgd) (>10 mgd)

Oxidation
Chlorine 14 (53) 5 (19) 1.3 (4.9) 0.021 (0.080) 0.006 (0.021) 0.001 (0.004)
Permanganate 15 (55) 4.3 (16.4) 1.3 (4.9) 0.024 (0.090) 0.013 (0.050) 0.001 (0.004)
Chlorine dioxide 95 (360) 15 (56) 6.3 (24) 0.021 (0.080) 0.005 (0.020) 0.003 (0.010)
Ozone (5 mg/L dose) 33 (125) 21 (78) 10 (36) 0.026 (0.100) 0.007 (0.026) 0.002 (0.007)
Aeration (packed

tower)
84 (318) 40 (150) 12 (45) 0.011 (0.040) 0.005 (0.020) 0.004 (0.015)

Clarification
Conventional 284 (1075) 73 (275) 30 (114) 0.001 (0.004) 0.013 (0.050) 0.003 (0.010)
Upflow 140 (528) 63 (237) 27 (101) 0.023 (0.090) 0.008 (0.030) 0.003 (0.010)
Media filtration
Rapid sand 268 (1014) 146 (551) 50 (190) 0.050 (0.190) 0.018 (0.070) 0.018 (0.070)
Greensand 269 (1018) 147 (556) 52 (198) 0.050 (0.190) 0.018 (0.070) 0.018 (0.070)
Pressure 455 (1725) 89 (340) 83 (314) 0.016 (0.060) 0.034 (0.013) 0.018 (0.070)
Softening
Lime softening 205 (777) 64 (241) 41 (155) 0.026 (0.100) 0.011 (0.040) 0.001 (0.005)
Ion exchanger

softener
201 (761) 90 (339) 55 (208) 0.021 (0.080) 0.006 (0.022) 0.004 (0.015)

TABLE 6.12 Average Costs for Process Units Typically Used in Groundwater Treatment (Continued )
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Capital Cost (Including Construction Costs)
($/m3) ($/1000 gal) O&M ($/m3) ($/1000 gal)

Small Plant Medium Plant Large Plant Small Plant Medium Plant Large Plant
<4000 4000–40,000 >40,000 <4000 4000–40,000 >40,000
m3/d m3/d m3/d m3/d m3/d m3/d

Process Unit (<1 mgd) (1–10 mgd) (>10 mgd) (<1 mgd) (1–10 mgd) (>10 mgd)

Membrane filtration
MF/UF 302 (1145) 183 (691) 167 (633) 0.40 (1.5) 0.066 (0.250) 0.028 (0.110)
RO/NF 957 (2623) 507 (1920) 320 (1210) 4 (15) 1.3 (4.8) 0.276 (0.015)
Electrodialysis

reversal
172 (650) 121 (456) 102 (385) 0.150 (0.580) 0.120 (0.470) 0.250 (0.940)

GAC 819 (3101) 599 (2266) 553 (2093) 0.558 (2.113) 0.390 (1.490) 0.231 (0.873)
Ion exchange 14 (54) 9.8 (37) 6.7 (25) 0.05 (0.19) 0.036 (0.14) 0.025 (0.009)
Disinfection
Chlorine 19 (71) 6.7 (25) 2.6 (9.9) 0.025 (0.090) 0.007 (0.026) 0.001 (0.004)
Ozone (5 mg/L) 44 (166) 27 (103) 17 (64) 0.026 (0.100) 0.009 (0.034) 0.002 (0.008)
Chloramines 26 (98) 9.2 (35) 3.2 (12) 0.0004 (0.0016) 0.0004 (0.0016) 0.0004 (0.0016)
Ultraviolet radiation 44 (165) 29 (111) 23 (87) 0.090 (0.034) 0.03 (0.007) 0.003 (0.012)
Corrosion control

(lime or soda ash)
30 (113) 6.1 (23.2) 2.8 (11) 0.004 (0.015) 0.0024 (0.009) 0.001 (0.004)

Sources: USEPA, 2005b; Culp/Wesner/Culp, 2000; Cotton et al., 2001.

TABLE 6.12 Average Costs for Process Units Typically Used in Groundwater Treatment (Continued )
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Chemical Use Cost in $/kg ($/lb)

Chlorine gas Disinfection/oxidation 0.23 (0.5)
Sodium hypochlorite 12.5% Disinfection/oxidation 0.36 (0.8) as free Cl2
Ammonia, anhydrous Chloramines formation 0.18 (0.4)
Ammonia, aqueous Chloramines formation 0.23 (0.5)
Liquid oxygen (LOX) Ozone production 0.06 (0.13)
Sodium chlorite (NaClO2) 80% Chlorine dioxide production 1.14 (2.5)
Potassium permanganate 80% Oxidation 1.14 (2.5)
Aluminum sulfate (alum), dry Coagulation 0.05–0.1 (0.1–0.2)
Ferric sulfate, dry Coagulation 0.07–0.08 (0.15–0.18)
Ferric chloride, dry Coagulation 0.07–0.08 (0.15–0.18)
Ferrous sulfate, dry Coagulation 0.07–0.08 (0.15–0.18)
PACl, liquid Coagulation 0.05 (0.11)
Anthracite coal Filter media 0.07 (0.15)
Cationic polymer Coagulation aid 0.3 (0.7)
Anionic polymer Flocculation, filter aid 1.14 (2.5)
Sulfuric acid pH control 0.03 (0.06)
Sodium chloride, salt Hypochlorite production and

ionic exchange regeneration
0.01 (0.03)

Lime, quick Softening, lime precipitation,
and pH control

0.02 (0.05)

Lime, hydrated Softening, lime precipitation,
and pH control

0.02 (0.06)

Caustic soda, dry pH control 0.07–0.08 (0.15–0.18)
Soda ash, dry pH control 0.07 (0.15)
Activated carbon, granular Removal of dissolved

contaminants, T&O
compounds

0.45 (1.0)

Powdered activated carbon Removal of dissolved
contaminants, T&O
compounds

0.3 (0.7)

Carbon dioxide, liquid Recarbonation 0.08 (0.17)
Citric acid Membrane cleaning 0.36 (0.8)
Hydrofluosilicic acid Fluoridation 0.1 (0.2)
Phosphoric acid Corrosion control 0.2 (0.45)
Zinc orthophosphate, liquid Corrosion control 0.45 (1.0)

TABLE 6.13 Indicative Prices of Common Water Treatment Chemicals in the United States

Water treatment chemicals represent a major component of the cost of treatment.
Chemicals used in drinking water should be high-grade food additive class or approved
by the local regulatory agencies (Kawamura, 2000). Table 6.13 provides indicative prices
(for the US market) of most chemicals commonly used in water treatment and their
uses. In addition to price, other factors that should be considered in the selection of
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a specific chemical include appropriateness, supply reliability, sludge formational and
disposal costs, possible effects on other process units, environmental impact, dosing and
maintenance issues, and safety.

Finally, a variety of coagulant aids derived from natural products are available for the
treatment of drinking water. They include adsorptive clays (e.g., bentonite and fuller’s
earth) and limestone to improve the coagulation of high-color or low-turbidity sources,
and a variety of natural polyelectrolyte coagulant aids. The price of these chemicals tends
to be low, although dosage requirements tend to be high. Because of their low cost and
local availability, they have been mainly used in developing countries.
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C H A P T E R 7
Groundwater Development

7.1 Introduction
The history of groundwater development in the United States is very similar to many
other countries, and it reflects patterns of socioeconomic development. Groundwater as
a resource is less understood than surface water, as it is “hidden” and inaccessible for di-
rect observation. The first phase of groundwater development is generally characterized
by unrestricted land use, growth of agriculture, and use of shallow aquifers, which allow
human settlement of large areas including semiarid regions with scarce surface water
resources (Fig. 7.1). The general result of uncontrolled early groundwater development
is the lowering of the water table and widespread shallow groundwater contamination.
The next phase reflects advances in well drilling technology (Fig. 7.2), and irrigation and
energy availability, which enable development of deeper aquifers on a large regional
scale, more intensive agriculture, and faster population growth. At the same time, rapid
groundwater development is followed by advancements in various groundwater-related
scientific and engineering fields, and a growing public awareness of the importance of
groundwater as an irreplaceable resource. Finally, as large-scale groundwater develop-
ment brings more obvious consequences such as land subsidence, depletion of aquifer
storage, and diminished flows of springs and surface streams, the challenge for science
and engineering changes from supporting the development of groundwater resources
to understanding its sustainability and impact on the environment.

As in many other countries, the surface waters of the United States are largely de-
veloped, with little opportunity available to increase storage along main rivers because
few suitable sites remain for dams, and there is general concern about the environmental
effects of impoundments. The surface waters of the nation also receive and assimilate, to
a large degree, significant quantities of point- and nonpoint-source contaminants (An-
derson and Woosley, 2005). In contrast, approximately 800,000 boreholes are drilled for
water in the United States each year. Although not all boreholes are completed as wells,
this represents significant and continuing groundwater development. There are an es-
timated 16 million water wells in the United States, of which 283,000 are public supply
wells with distribution systems (National Ground Water Association, 2003).

Rivers are an important component of the natural environment as well as the eco-
nomic infrastructure. They are crucial water supplies for municipal, industrial, and agri-
cultural uses and are sources for recreation, power generation, and transportation of
goods. The history of water policy in the United States is dominated by the construction
of structures such as dams, canals, dikes, and reservoirs (Gleick, 2000). As pointed out
by Anderson and Woosley (2005), many of the 77,000 dams in the United States were
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FIGURE 7.1 Many early immigrant families like this one settled in large areas of the American
Midwest, in part thanks to readily available shallow groundwater, and helped turn it into one of the
most important agricultural regions in the world. (Photograph courtesy of the Natural Resources
Conservation Service.)

constructed largely without considering the environmental consequences. The dams on
the Columbia River, for example, were constructed without the full understanding of
the long-term consequences to fish populations. When Glen Canyon dam was proposed
for the Colorado River, few concerns were expressed about the downstream ecosystem.
The environmental debate focused on the submergence of Glen Canyon’s sculptured
canyon walls, beneath what is now Lake Powell in Utah. Today, the management of Glen
Canyon dam is influenced strongly by numerous factors downstream from the dam,
such as preservation of the limited sand supply that maintains beaches for recreation
and wildlife habitat and protection of the Kanab amber snail and the humpback chub
(Bureau of Reclamation, from Anderson and Woosley, 2005).

The storage, diversion, use, and reuse of limited surface water resources to support
agriculture, industry, and the expanding human population in the American West have
had an adverse effect on the health and sustainability of aquatic biological communities
and associated riparian and wetland habitats (Postel and Richter, 2003). Some examples
of adverse effects include the following (Anderson and Woosley, 2005):

� Loss of ecologically significant wetlands and other riparian habitat and invasion
of less desirable native and nonnative, exotic vegetation owing to reduced flood-
ing and increased groundwater pumpage. Riparian habitat, such as that along
the Pecos River in New Mexico and Texas, supports more than 75 percent of the
animal species in arid regions during some stage of their life cycles and is the sole
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FIGURE 7.2 California well rig after completing 12-in. well flowing 5,250,000 gallons per 24 hours.
(From Slichter, 1905; photograph courtesy of U.S. Geological Survey.)

habitat for amphibians and invertebrates that require moist conditions (Patten,
1997).

� Changes in the saltwater-freshwater interface in coastal estuaries, such as those
in the San Francisco Bay in California, and the ecosystems dependent on them.

� Coastal land subsidence, such as that in the Houston-Galveston area of Texas,
caused by subsurface fluid extraction.

� Contamination of fish and wildlife and their habitats as a result of irrigation
return flows, urban runoff, point-source discharges, and numerous abandoned
mine drainage areas in Colorado and South Dakota.

� Reduced populations of anadromous fish owing to in-stream restrictions to mi-
gration, such as those in the Columbia River in Oregon.

� Extinction or near extinction of native fish species, as in the Upper Klamath Basin
in Oregon and California, resulting from habitat degradation.

� Increased erosion of stream banks associated with loss of bank-stabilizing ripar-
ian vegetation in numerous urbanized locations throughout the West.

The U.S. Fish and Wildlife Service and federal courts are using the authority under
the Endangered Species Act (ESA) to divert water from past economic-based uses to
support sensitive ecological communities and their habitats. The competition for water
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in the arid West, however, was intense well before considerations were being given to
ecological water needs. As discussed in Chap. 4, surface waters of the Colorado River
Basin managed by a series of reservoirs are overallocated for water supply and irrigation
uses. An analysis of in-stream water needs showed that in-stream flows in the Rio Grande,
the Upper Colorado, and the Lower Colorado water-resource regions are insufficient to
meet current needs for wildlife and fish habitat, much less allow for any additional
off-stream use (Guldin, 1989). As discussed in previous chapters, the competition for
and overallocation of surface water resources are not limited to the American West. For
example, the population growth and the recent droughts in the American Southeast are
fueling the ongoing disputes over surface water rights between Georgia, Alabama, and
Florida.

Sustainable groundwater development has become a focal point of the integrated
water resources management in many countries, including where use of surface water
resources had an undisputable priority. Following are some of the reasons for this trend
in regions where both surface water and groundwater resources are available:

� Groundwater development requires lower capital investment and simpler dis-
tribution systems, since it can be executed in phases and closer to end users.

� Surface water intakes and storage (reservoirs) are more vulnerable to seasonal
fluctuations in recharge, as well as periods of drought; they are also more vul-
nerable to the projected impacts of climate change, as discussed in Chap. 4.

� Evaporative loss from surface water reservoirs is large, especially in semiarid and
arid regions, whereas such loss from groundwater systems (storage) is mostly
negligible or nonexistent.

� The environmental impacts of surface water reservoirs are incomparably less
acceptable to the general public than just a generation ago.

� The general quality of surface water bodies and their sediments has been im-
pacted by point- and nonpoint sources of contamination to a much greater ex-
tent and for longer periods of time, requiring more expensive drinking water
treatment and use of a variety of chemicals.

� Surface water supplies are more vulnerable to accidental or intentional contam-
ination.

� The ability of surface water systems to balance between daily and seasonal pe-
riods of peak demand and periods of low demand is limited. In contrast, water
wells can simply be turned off and on, and their pumping rates can be adjusted
as needed.

Proper groundwater development can completely avoid some of the above-listed
problems inherent to surface water supplies; it can also alleviate most of them as part
of the integrated management of both surface water and groundwater. One such ap-
proach, described in more detail in Chap. 8, is artificial aquifer recharge with surface
water and used water. In addition to aquifer recharge, which is usually considered more
of a water management strategy, groundwater development is generally accomplished
by the following: (1) installation of individual water wells or wellfields, (2) construction
of underground dams (reservoirs), and (3) regulation of springs. In addition to classical
vertical wells, groundwater extraction can be performed in a number of other ways,
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including with horizontal and slanted wells, collector wells, infiltration galleries,
drainage galleries, trenches, and drains.

7.2 Water Wells
Probably the first thought that comes to mind for many people when discussing ground-
water development and use, in general, is a well. For nonhydrogeologists and those who
are not in a related water supply profession, a well usually means a nondescript hole
in the ground that somehow produces water; this may include an image of a fenced
well house or a picturesque country-side image of a dug well with a rotating wooden
wheel and a bucket. In any case, a relatively small number of people fully understand the
complexity, importance, and cost of a properly constructed well used for public water
supply. The same is true in many developed countries where modern drilling technolo-
gies have been routinely used for a long time to construct wells for both the public and
the domestic supply; the end users usually leave this “well business” to well drillers and
do not care to learn much about their own hole in the ground. However, hydrogeologists
and groundwater professionals think of wells in many different contexts, and some of
them spend lifetimes trying to better understand and design them.

Selecting the “best” site for a well or wellfield is considered by some to be an art or
a matter of luck, by some to be as simple as finding a recommended dowser, and by
some as a natural part of collecting fees for drilling holes into the subsurface as deep
as possible. Although a few groundwater professionals may agree with some of these
statements (except, arguably, for the question of a dowser), siting and then designing
wells for public supply or large irrigation projects is very complex and should result from
thorough considerations of multiple design elements. In most cases, selecting the final
well location(s) and well design is not a straightforward task but rather a compromise
made after considering various factors such as

� Capital cost
� Vicinity to future users
� Existing groundwater users and groundwater permits
� Hydrogeologic characteristics and depth to different water-bearing zones

(aquifers)
� Required flow rate of the water supply system and expected yield of individual

wells
� Well drawdown and radius of well (wellfield) influence
� Interference between wells in the wellfield
� Water treatment requirements
� Energy cost for pumping and water treatment, and general operations and main-

tenance (O&M) costs
� Aquifer vulnerability and risks associated with the existing or potential sources

of contamination
� Interactions with other parts of the groundwater system, and with surface water
� Options for artificial aquifer recharge, including storage and recovery
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� Societal (political) requirements
� Existence or possibility of an open water market

The above factors are not all inclusive and are not listed in order of importance;
sometimes just one or two factors are all that is needed for proceeding with the final
design. However, as the development and use of groundwater resources is becoming
increasingly regulated in the United States and in many other countries, it is likely that
most of these factors will have to be addressed as part of a well-permitting process. Even
in cases where permitting requirements are absent, it is prudent to consider most, if not
all, of the listed factors, since they ultimately define the long-term sustainability of any
new well or wellfield.

An overview of the technical design of water wells is discussed further in this chapter,
while various aspects of groundwater management and protection, including optimiza-
tion of groundwater extraction by wellfields, are presented in Chap. 8.

7.2.1 Vertical Wells
Vertical wells have been used for centuries for domestic and public water supply through-
out the world. Their depth, diameter, and construction methods vary widely and there
is no such thing as a “one size fits all” approach to well design. Answers to just about
any question regarding well design can be found in the classic 1000-page book Ground-
water and Wells by Driscoll (1986, published by Johnson Filtration Systems, now avail-
able from Johnson Screens/a Weatherford Company). Another exhaustive reference
book on well design is Water Well Technology by Campbell and Lehr (1973). Various
public-domain publications by U.S. government agencies provide useful information
on the design and installation of water supply and monitoring wells (e.g., USEPA,
1975, 1991; U.S. Bureau of Reclamation, USBR, 1977; Aller et al., 1991; Lapham et al.,
1997).

Well design, installation, and well construction materials should conform to appli-
cable standards. In the United States, the most widely used water well standard is the
ANSI/AWWA A100 standard, but the authority to regulate products for use in, or contact
with, drinking water rests with individual states, which may have their own standard
requirements. Local agencies may choose to impose requirements more stringent than
those required by the state (AWWA, 1998).

The design elements of vertical water wells include the following: (1) drilling method,
(2) boring (drilling) and casing diameter, (3) depth, (4) well screen, (5) gravel pack, (6)
well development, (7) well testing, and (8) selection and installation of the permanent
pump.

Whenever possible, a well design should be based on information obtained by a
pilot boring drilled prior to the main well bore. Geophysical logging and coring (sample
collection) of the pilot boring provide the following information: depth to and thickness
of the water-bearing intervals in the aquifer, grain size, and permeability of the water-
bearing intervals, and physical and chemical characteristics of the porous media and
groundwater. Unknown geology and hydrogeology of the formation(s) to be drilled
may result in the selection of an improper drilling technology, sometimes leading to a
complete abandonment of the drilling location due to various unforeseen difficulties
such as flowing sands, collapse of boring walls, or loss of drilling equipment in karst
cavities.
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If pilot boring is not feasible, some design parameters must be estimated, on the
conservative side, and may significantly reduce well efficiency (e.g., selecting smaller
screen openings or gravel-pack grain size to prevent entrance of fines).

The expected well yield, the well depth, and the geologic and hydrogeologic char-
acteristics of the porous media (rock) all play an important role in selecting the drilling
diameter and the drilling method. Deep wells, or thick stratification of permeable and
low-permeable porous media, may require drilling with several diameters, and the in-
stallation of several casings of progressively smaller diameter, called telescoping casing.
This is done to provide stable and plumb boreholes in deep wells and to bridge difficult
or undesirable intervals (e.g., flowing sands, highly fractured and unstable walls prone
to caving, and thick sequences of swelling clay). The cost of drilling increases progres-
sively with the drilling diameter, and it is important to balance this cost with other design
requirements, some of which may be desirable but not always necessary. For perspective,
a public supply, high-capacity well that is several thousands feet deep (say, 1000 m) may
easily cost well over US $1 million. Such wells are drilled with large drill rigs and may
use special large-diameter drilling bits and include large-diameter casing as shown in
Fig. 7.3.

Ultimately, the expected well capacity is the parameter that will define the last drilling
diameter sufficient to accommodate the screen diameter, including thickness of any
gravel pack, for that capacity. The relationship between the two diameters is not linear—
doubling the screen diameter will not result in doubling the well yield as illustrated in
Fig. 7.4. For example, for the same drawdown and radius of influence, an increase in di-
ameter from a 6- to a 12-in well will yield only 10 percent more water. In addition to the
screen diameter, the diameter of the riser pipe (inner casing), which conducts pumped
water to the surface, also plays a role in selecting the drilling diameter. The riser pipe may
have the same diameter as the screen, or it may be larger in which case the screen and the
casing are connected with a diameter reducer. In either case, the riser pipe diameter must
satisfy two requirements: (1) the casing diameter must be large enough to accommodate
the pump of required capacity and to provide for easy maintenance access, and (2) the
diameter of the casing must be sufficient to assure that the uphole velocity is less than
5 ft/s (1.5 m/s) to avoid an excessive pipe loss (Driscoll, 1986).

All permanent well casings have to be continuous and watertight from top to bot-
tom, except for the screen section, and have to be grouted (i.e., they cannot be left loose).
Grouting prevents possible short-circuiting of groundwater along the boring walls and
between various aquifer intervals or aquifers, and contamination from the land surface.
In the United States, most states require that the upper casing be grouted a minimum
depth from the land surface, usually 50 ft. Casing material must be compatible with
the groundwater chemistry to prevent corrosion or other failures. The selection of ma-
terials for well casing is critical in locations where there is likelihood of its exposure to
significant concentrations of contaminants comprising low-molecular-weight petroleum
products or organic solvents and their vapors. Casing materials such as polyethylene,
polybutylene, polyvinyl chloride (PVC), and elastomers, such as used in jointing gaskets
and packing glands, may be subject to permeation by lower-molecular-weight organic
solvents or petroleum products (AWWA, 1998). If the well casing extends through such a
contaminated area or an area subject to contamination, the well casing material should be
selected accordingly. Casing has to be strong and thick enough to provide for structural
stability during its installation, well development, and use. This is especially important
in deep wells where high formation pressures may cause casing to collapse if undersized
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FIGURE 7.3 A 48-in.-diameter surface casing being placed in a 54-in.-diameter borehole. The target
depth for the well is 1300 ft with an open interval from 1000 to 1300 ft in the Floridan aquifer. The
final casing inside diameter is 20 in. The well is drilled for water supply of the city of Miramar, FL.
(Photograph courtesy of Richard Crowles.)
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FIGURE 7.4 Graph showing well diameter versus percent yield increase from the basic 6-in.-screen-
diameter well in an unconfined aquifer, pumping at 100 gpm and having a 400-ft radius of
influence. (Data from Driscoll, 1986).
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(underdesigned). In general, selecting an inferior casing material will initially reduce the
capital cost but may result in irreparable damage to the casing and premature loss of
a well. ANSI/AWWA A100 standard provides specifications for casing materials and
diameters, and calculations of minimum acceptable casing strengths.

Wells in stable bedrock are in many cases completed as an open borehole intersect-
ing as many fractures as possible to maximize well yield and minimize construction
cost. Such wells should have appropriately grouted casing in the top portion to prevent
caving-in of regolith material and pieces of weathered rock and contamination of the
well from the land surface. It is highly recommended that the grouted casing extends
through the entire thickness of the regolith and the highly weathered rock, and for some
distance into the competent bedrock. This prevents deterioration of the well due to inflow
of fine particles, and it extends the life of the well pump. Although the final boring diam-
eter of unlined, open-borehole wells still has to accommodate the pump assembly and
easy maintenance access, it is not limited by the well-screen diameter and gravel-pack
thickness required for the screened wells.

Table 7.1 illustrates the selection of drilling methods based on geologic formation and
well depth, and Table 7.2 lists the optimum and minimum size of well inner casing (riser
pipe) for various pumping rates.

Figure 7.5 illustrates some of the more common well designs, which can vary widely
based on project-specific requirements and can be combined in a single well. Continuing
advances in drilling and well installation technology allow for elaborate designs such
as under-reaming (widening of borehole below already installed and grouted casings),
use of temporary casings for drilling in unstable conditions, telescopic screens, multiple
screen intervals with or without continuous gravel packs, and slanted wells.

As discussed later in this chapter, iron bacteria can cause a variety of problems in
water wells. Because it is difficult to eliminate iron bacteria once they exist in well sys-
tems, prevention is the best safeguard against accompanying problems. For well drillers,
prevention means disinfecting everything that goes into the ground with a strong (250
parts per million (ppm)) chlorine solution. Iron bacteria are nourished by carbon and
other organics, and it is essential that these are not introduced into any part of the well
system during the drilling process. Tools, pumps, pipe, gravel-pack material, and even
the water used in drilling should be disinfected. Use of a tank that circulates chlorinated
water instead of digging a mud pit will help avoid contamination from soil. For owners
of new wells in places where iron bacteria have been a problem, the best prevention is
to be especially alert for signs of their occurrence. If the well driller and pump installer
are scrupulous in keeping the new well “clean,” iron bacteria even in such areas can be
avoided (Wisconsin DNR, 2007).

Well Screen
The well screen is arguably the most important part of a well, since this is where ground-
water enters the well and where the efficiency of an otherwise good design may be
compromised, including loss of the entire well. In unconsolidated materials, and under
certain conditions in consolidated materials, the well casing (lining) must be used to
stabilize the formation materials and prevent their caving (entrance) into the well bore.
To allow the water to enter the well, openings must be placed in the well casing opposite
the water-bearing (targeted) aquifer intervals. These intervals with openings (perfora-
tions) are called well screens. Casing and screens both stabilize the formation materials,
while screens, in addition to inflow of water, allow proper well development. It has



Drilled

Rotary

Characteristics Dug Bored Driven Percussion Hydraulic Air Jetted

General range of
common depths

0–50 ft 0–100 ft 0–50 ft 0–1000 ft 0–1000 ft 0–750 ft 0–100 ft

Diameter 3–20 ft 2–30 in. 11/4 to 2 in. 4–18 in. 4–24 in. 4–10 in. 2–12 in.
Type of geologic formation

Clay Yes Yes Yes Yes Yes No Yes
Silt Yes Yes Yes Yes Yes No Yes
Sand Yes Yes Yes Yes Yes No Yes
Gravel Yes Yes Finer size Yes Yes No 1/4 in. pea

gravel
Cemented gravel Yes No No Yes Yes No No
Boulders Yes Yes if < than No Yes when in Difficult No No

well diameter firm bedding
Sandstone Yes, if soft or Yes, if soft or Thin layers Yes Yes Yes No

fractured fractured
Limestone No Yes Yes Yes No
Dense igneous rock No No No Yes Yes Yes No

From USEPA, 1991.

TABLE 7.1 Applicable Drilling Method for Different Types of Geologic Formations
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Anticipated Well Yield Optimum Casing Size Smallest Casing Size

gpm L/s in mm in mm

less than 100 less than 5 6 ID 152 ID 5 ID 127 ID
75–175 5–10 8 ID 203 ID 6 ID 152 ID
150–350 10–20 10 ID 254 ID 8 ID 203 ID
300–700 20–45 12 ID 305 ID 10 ID 254 ID
500–1,000 30–60 14 OD 356 OD 12 ID 305 ID
800–1,800 50–110 16 OD 406 OD 14 OD 356 OD
1,200–3,000 75–190 20 OD 508 OD 16 OD 406 OD
2,000–3,800 125–240 24 OD 610 OD 20 OD 508 OD
3,000–6,000 190–380 30 OD 762 OD 24 OD 610 OD

ID, inside diameter; OD, outside diameter.
Modified from Driscoll, 1986; reprinted by permission of Johnson Screens—A Weatherford Company.

TABLE 7.2 Recommended Well Diameters for Various Pumping Rates

been generally accepted that the screens of public water supply wells should be made
of high-quality stainless steel (AWWA, 1998). To reduce the possibility of corrosion, the
well screen and its fittings should be fabricated of the same material.

During the process of well development, the finer materials from the productive
water-bearing zones, as well as any fines introduced by the drilling fluid, are removed
so that only the coarser materials are in contact with the screen. In formations where the
porous media grains surrounding the screen are more uniform in size (homogeneous)
and are graded in such a way that the fine grains will not clog the screen, the developed
aquifer materials will form a so-called natural pack consisting of grains coarser than
further away from the well bore. Such wells are called naturally developed wells. In
contrast, when the targeted aquifer (formation) intervals are heterogeneous and have
predominantly finer grains, it may be necessary to place an artificial gravel pack around
the screen intervals. This gravel pack (also called filter material) will allow proper well
development and prevent the continuous entrance of fines and screen clogging by the
fines during well operation.

The size of well-screen openings depends on the grain size distribution of the natural
porous media. When natural well development is not possible, the size of screen openings
is also dependent on the required gravel-pack characteristics (gravel-pack grain size and
uniformity). The percentage of openings, the screen diameter, and the screen length
should all be selected simultaneously to satisfy the following criteria: (1) maximize well
yield, (2) maximize well efficiency by minimizing hydraulic loss at the screen, and (3)
provide for structural strength of the screen, i.e., prevent its collapse due to formation
pressure.

The following equation can be used to determine the optimum relationship between
different screen parameters (AWWA, 1998):

L = Q
AeVe(7.48)

(7.1)
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FIGURE 7.5 Some basic well types: (a) deep well with multiple cemented casing for bridging
unstable and undesired formations; (b) naturally developed well in unconsolidated formation with
intervals of low-permeability sediment that are not screened, and with telescoped screen; (c) well
in unconsolidated sediments with telescoped screen and gravel pack in the under-reamed
(widened) borehole below riser pipe cemented in place; and (d) well completed as open borehole
in stable fractured bedrock and with casing cemented in place and extending through regolith and
upper portion of the bedrock.
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where L = length of screen (ft)
Q = discharge (gallons per minute)
Ae = effective aperture area per foot of screen, in square feet (the effective

aperture area shall be taken as one-half of the total aperture area [ft2/ft])
Ve = design entrance velocity (ft/min)

As a rule of thumb, the screen entrance velocity should be equal to or less than
0.1 ft/s (0.03 m/s), since it has been shown that higher velocities cause turbulent well
loss, may accelerate various screen problems such as corrosion and incrustation, and
can transport sand particles (Walton, 1962; Driscoll, 1986). A lower entrance velocity is
recommended for water of significant incrusting potential (USEPA, 1975). ANSI/AWWA
standard for the upper limit of entrance velocity is 1.5 ft/s (0.46 m/s); the users of the
standard are cautioned to thoroughly examine the issue of well-screen entrance velocity
and site-specific (aquifer) conditions before the final selection (AWWA, 1998).

In naturally developed wells, screen apertures should be sized according to the fol-
lowing criteria (AWWA, 1998):

1. Where the uniformity coefficient of the formation is greater than 6, the screen-
aperture openings should retain from 30 to 40 percent of the aquifer sample.

2. Where the uniformity coefficient of the formation is less than 6, the screen-
aperture openings should retain from 40 to 50 percent of the aquifer sample.

3. If the water in the formation is corrosive or the accuracy of the aquifer sample is
in doubt, a size selected should retain 10 percent more than in items 1 and 2.

4. Where fine sand overlies coarse sand, use the fine-sand aperture size for top 2 ft
(0.61 m) of the underlying coarse sand. The coarse-sand aperture size should not
be larger than twice the fine-sand aperture size.

For gravel-packed wells, the screen-aperture openings should be sized to retain be-
tween 85 and 100 percent of gravel-pack material.

There are many different types of screens and screen opening configurations offered
worldwide by a variety of vendors. Some types may have advantages in certain condi-
tions, and the final selection should be made after careful considerations of site-specific
design requirements. Continuous-slot screens (Fig. 7.6) provide maximum open area and
access to the formation so that well development procedures are enhanced and through-
screen head loss is reduced.

In general, the screen should be as long as possible and placed within a thick aquifer
interval with the highest hydraulic conductivity. However, when the aquifer is stratified
with less permeable interbeds, it is preferable to use multiple screen intervals separated
by solid casing, including screens with varying slot size selected to match porous media in
different water-bearing (production) intervals. This will prevent the continuous entrance
of fines from the undesired intervals. It is recommended to select screen intervals such
that the water level in the well during pumping always stays above the top of the screen.
At the same time, the pump intake should not be placed within the screen interval but
within the solid casing (also called a riser pipe or pump-housing pipe) above or below
the screen. This prevents hydraulic stresses on the screen when the pump is turned on
and off and problems associated with screen dewatering, which can accelerate screen
corrosion and scaling (incrustation).
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FIGURE 7.6 Top: Finishing of continuous-slot screen. Bottom: (a) slot openings in continuous-slot
screen are V shaped and nonclogging because they widen inwardly; particles passing through the
narrow outside opening can enter the screen and (b) elongated or slightly oversize particles can
clog straight-cut, punched, or gauze-type openings. (Photograph courtesy of Johnson Screens—A
Weatherford Company.)

Driscoll (1986) provides the following recommendations for the selection of screen
intervals and their lengths for some common hydrogeologic situations:

� Homogeneous unconfined aquifer. Screening of the bottom one-third to one-half
of an aquifer less than 150 ft (45 m) thick provides the optimum design for
homogeneous unconfined aquifers. In some cases, however, particularly in thick,
deep aquifers, as much as 80 percent of the aquifer may be screened to obtain
higher specific capacity and greater efficiency, even though the total yield is less.
A well in an unconfined aquifer is usually pumped so that, at maximum capacity,
the pumping water level is maintained slightly above the top of the pump intake
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or screen. The well screen is positioned in the lower portion of the aquifer because
the upper part is dewatered during pumping. Maximum drawdown should not
exceed two-thirds of the saturated thickness because larger drawdown does not
provide significant additional yield but increases well loss and energy cost for
pumping.

� Heterogeneous unconfined aquifer. The basic principles of well design for homoge-
neous unconfined aquifers also apply to this type of aquifer. The only variation
is that the screen or screen sections are positioned in the most permeable layers
of the lower portion of the aquifer so that maximum drawdown of two-thirds of
the aquifer saturated thickness is available.

� Homogeneous confined aquifer. In this type of aquifer, 80 to 90 percent of the thick-
ness of the water-bearing sediment should be screened, assuming that the pump-
ing water level is not expected to be below the top of aquifer. Maximum available
drawdown for wells in confined conditions should be the distance from the hy-
draulic head (potentiometric) surface to the top of the aquifer. If the available
drawdown is limited, it may be necessary to lower the hydraulic head below
the aquifer top in which case the aquifer will respond like an unconfined aquifer
during pumping.

� Heterogeneous confined aquifer. Most relatively thick confined aquifers are hetero-
geneous and screen sections should be placed in 80 to 90 percent of permeable
layers, interspaced with blank casing in the less permeable (silt and clay) zones
of the formation. Continuous screens of varying slot size (multiple-slot screens)
can be successfully used in generally permeable, water-bearing aquifer sections,
consisting of alternating layers of finer and coarser sediments. Two recommenda-
tions should be followed when selecting slot openings for such screens, to avoid
entrance of the finer material into the well (Driscoll, 1986): (1) if fine material
overlies coarse material, extend at least 3 ft (0.9 m) of the screen designed for the
fine material into the coarse material below; and (2) the slot size for the screen
section installed in the coarse layer 3 ft beneath the formation contact should not
be more than double the slot size for the overlying finer material. Doubling of
the slot size should be done over screen increments of 2 ft (0.6 m) or more.

Well Gravel Pack
Gravel pack is now routinely placed around well screens in wells completed in both
uniform and heterogeneous (nonuniform) formations for the following reasons: (1) to
stabilize the formation; (2) to minimize flow of fines and sand through the screen; (3) to
enable larger screen openings, which can increase well efficiency and minimize rate of
screen incrustation; and (4) to establish transitional velocity and pressure fields between
the formation and the well screen, which also minimizes the incrustation rate.

The placement of a gravel pack makes the zone around the well screen more perme-
able and increases the effective hydraulic diameter of the well. The gravel pack allows
the removal of finer formation material during well development, and it retains most of
the aquifer fine material during the well exploitation. Gravel pack is particularly use-
ful in fine-grained, uniformly graded formations, and in extensively laminated aquifers
where there are alternating layers of silt, sand, and gravel. In addition to sand pump-
ing, which can mechanically destroy the pump and the screen, another very important
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problem in well maintenance can be avoided or deferred by a properly installed gravel
pack—chemical and biological incrustation of the well screen and the material adjacent
to the well screen. Carbonate, iron, and manganese incrustation are the most common
problems. They are partially related to the velocity-induced pressure changes that dis-
turb the chemical equilibrium of the groundwater in the well-screen zone. Due to the
permeability change, there is an abrupt increase of groundwater velocity at the contact
between the aquifer material and the gravel pack before the well development. This
increase corresponds to an equally abrupt decrease of pressure, which causes the precip-
itation of calcium carbonate, iron, and manganese. The precipitation may occur either in
an improperly developed well with a gravel pack or in a well without a gravel pack (here
the pressure drop occurs at the contact between the aquifer material and the screen). Well
development results in a significant change in the velocity and pressure fields and the
permeability in the screen zone. Most of the fine grains are removed from the aquifer
material, resulting in an increased permeability. At the same time, the permeability of
the gravel-pack portion is somewhat smaller due to the filling of the pore space between
the pack grains with the aquifer material. The result is a gradually increasing groundwa-
ter velocity and a gradually decreasing pressure in the well-screen zone, which allows
groundwater to carry its chemical load into the well rather than to precipitate it onto the
screen and gravel-pack (aquifer) material.

In order to successfully retain the formation particles, the thickness of the gravel
(filter) pack in ideal conditions does not have to be more than 0.5 in. according to lab-
oratory tests made by Johnson Screens: “Filter-pack thickness does little to reduce the
possibility of sand pumping, because the controlling factor is the ratio of the grain size
of the pack material in relation to the formation material” (Driscoll, 1986). However, for
practical purposes, the thickness of the gravel pack should be at least 3 in. to ensure its
accurate placement and the complete surrounding of the screen. On the other hand, a
filter pack that is more than 8 in. (203 mm) thick can make the final development of the
well more difficult “because the energy created by the development procedure must be
able to penetrate the pack to repair the damage done by drilling, break down any residual
drilling fluid on the borehole wall, and remove fine particles (from the formation) near
the borehole” (Driscoll, 1986).

As discussed by Campbell and Lehr (1973), probably the most common cause of well
sanding is the use of a gravel pack that is too coarse for at least part of the formation. A
relatively thin interval of fine sand, sandwiched between coarser sand and gravel, may
continue to sift through the pack indefinitely. Generally, the problem of well sanding can
be caused by three factors: (1) poor sampling of the formation (aquifer) materials, (2) lack
of care in selecting the gravel-pack size, and (3) improper placement of gravel pack.

The choice of the gravel-pack size is based on the grain size distribution of the for-
mation (aquifer) materials. If the aquifer material is uniform and well sorted, a uniform
gravel pack is selected. The grading of the filter pack in this case is based on the grain
size distribution curve of the finest aquifer material within the well-screen section. A
graded gravel pack may be considered for aquifers with a wide range of particle sizes
and large uniformity coefficients. In this case, the grading of the pack depends on both
the coarsest and the finest aquifer materials.

Uniform gravel packs are designed for aquifers with uniformity coefficients (U) less
than 2.5. The first criterion for choosing the gravel pack is as follows:

D70 = 4 to 6 times d70 (7.2)
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where D70 = sieve opening size which would retain 70 percent of the gravel-pack material
and d70 = sieve opening size which would retain 70 percent of the finest formation
(aquifer) material to be filtered. It is also common to use the fiftieth percentile retained
of the gravel pack and the formation material in the above relationship.

The second criterion is

Upack = d60

d10
< 2.5 (7.3)

where Upack = uniformity coefficient of the gravel pack and d60 and d10 are the sieve
opening sizes which would allow 60 and 10 percent of the aquifer material to pass,
respectively. The gravel-pack grain size distribution should form a smooth and gradual
curve, parallel to the formation curve. As described earlier, the screen aperture openings
should retain 85 to 100 percent of the gravel-pack (filter) material. Fig. 7.7 is an example
of the gravel-pack and the formation grain size characteristics for the above criteria.

Uniform gravel packs are generally preferred because well screens can be manufac-
tured with varying sizes of openings to match the formation materials, and there is less
possibility for separation during gravel-pack placement. To prevent separation, bridg-
ing, and voids, special equipment such as tremie pipe (ordinary 4-in. pipe) is needed.
The tremie is lowered to the bottom of the annular space between the screen and the
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well bore wall and filled with pack material, which is allowed to settle 4 or 5 ft at each
application as the tremie is slowly raised.

The placement of a gravel pack by a reverse-circulation method is generally accepted
as being more effective than the placement with tremie pipes. This method is usable for
wells of any depth, with certain modifications for relatively deep applications (Campbell
and Lehr, 1973). If the velocity of the descending stream in the annular space is about the
same as the velocity at which a particle of gravel falls in a fluid, no separation of sizes
should occur.

The filter material should extend some distance above the top of the screen. Then
it should be sealed with cement or a mixture of cement and bentonite, which is placed
between the top of the gravel pack and the lower limit of the sanitary seal or outer casing.

It is very important that the gravel-pack material is made of well rounded silica grains
with less than 5 percent soluble impurities and without organic materials. It should also
not contain any iron, manganese, copper, lead, or any other heavy metals in a form or
quantity that will adversely affect the quality of the well water.

Well Development
Proper well development will improve almost any well regardless of its type and size,
whereas without development an otherwise excellent well may never be satisfactory.
As discussed by USEPA (1975) and Driscoll (1986), in any well drilling technology the
permeability around the borehole is reduced. Compaction, clay smearing, and driving
fines into the wall of the borehole occur in the cable tool drilling method. Drilling fluid
invasion into the aquifer and formation of a mud cake on the borehole walls are caused
by direct rotary method. Silty and dirty water often clog the aquifer in the reverse rotary
drilling method. In consolidated formations, compaction may occur in some poorly ce-
mented rocks, where cuttings, fines, and mud are forced into fractures, bedding planes,
and other openings, and a mud cake forms on the wall of the borehole.

Proper well development breaks down the compacted borehole wall, liquefies jelled
mud, and draws it and other fines that have penetrated the formation (aquifer) into
the well, from which they are removed by bailing or pumping. Well development also
removes smaller grains initially present in the formation and creates a more permeable
and stable zone adjacent to the well screen. Development of new wells is based on the
mechanical action of water or air and should involve backwashing, i.e., movement of
water in both directions through the well-screen openings. Chemicals should be used
in well development only exceptionally, in small quantities, and with prior approval
of both the well owner and the regulatory agency where applicable. Such chemicals
include mud-dispersing agents such as crystalline and glassy polyphosphates and acids
for wells completed in limestone. Various problems can arise from improper use of
chemicals leading to an inferior well or sometimes to a complete screen clogging. For
example, an overrich solution of sodium hexametaphosphate (SHMP) can precipitate
glassy phosphates on contact with the cold groundwater. These glassy precipitates are
gelatinous masses that are extremely difficult to remove because no effective solvents
exist (Driscoll, 1986).

There are various methods of well development, and their selection depends pri-
marily on the applied drilling technology and the formation characteristics. However,
availability of the equipment and driller’s preference in many cases play unjustifiably
more important roles. It is often impossible to anticipate how a well will respond to cer-
tain types of development and how long it will take to achieve adequate development.
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Since a lump-sum basis for well development may result in unsatisfactory work, it is
better to provide for development on a unit price per hour basis and continue until the
following conditions have been met (AWWA, 1998):

1. Sand content should average not more than 5 mg/L for a complete pumping
cycle of 2-hour duration when pumping at the design discharge capacity.

2. No less than 10 measurements should be taken at equal intervals to permit plot-
ting of sand content as a function of time and production rate and to determine
the average sand content for each cycle.

3. There should be no significant increase in specific capacity during at least 24
hours of development.

The USEPA (1975) provides the following guidance as to the acceptable sand contents
in clean well water:

� Wells supplying water for food-type irrigation and where the nature of the water-
bearing formation and the overlying strata are such that pumping the following
amount of sand will not seriously shorten the useful life of the well: 15 mg/L
limit.

� Wells supplying water to sprinkler irrigation systems, industrial evaporative
cooling systems, and other uses where a moderate amount of sand is not espe-
cially harmful: 10 mg/L limit.

� Wells supplying water to homes, institutions, municipalities, and industries other
than those mentioned above: 5 mg/L limit.

� Wells supplying water to be used directly in contact with or in the processing of
food and beverages: 1 mg/L limit.

General methods of well development are pumping, surging, fracturing, and wash-
ing, each of which has several variations (USEPA, 1975). It is recommended that at least
two methods be applied for best results. One of the less effective—but commonly used—
methods is overpumping the well. Here, water flows in one direction only—toward the
well. The flow velocities are generally not fast enough to remove much of the fine ma-
terial plugging the formation. During overpumping, a surging action can be created by
periodically shutting off the pump and allowing the water in the pump column to flow
back into the well. This is more effective than overpumping. However, water will reenter
the most permeable parts of the formation or those that have been least damaged during
well construction. Thus, the portion of the formation that requires the most active devel-
opment is largely excluded (Johnson Screens, 2007). Injecting water into the well and then
pumping it back from the well (backwashing) will result in movement of water through
the well’s screen and gravel pack in both directions, thus increasing the effectiveness of
development.

Pumping with compressed air, or airlift (Fig. 7.8), is probably the most common
method of well development. However, an improper use of the technique can cause
various problems and may even lead to screen collapse. In certain formations, such as
where stratified, coarse sand and gravel lenses are separated by thin impermeable clay
layers, it should be avoided altogether because it may cause air locking of the formation.
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FIGURE 7.8 Development of water well with airlift, St. Louis, MI. (Photograph courtesy of James
Brode, Fishbeck, Thompson, Carr and Huber, Inc.)

In formations where air trapping is a problem, other techniques such as surging with air
and high-velocity jetting should be used. Driscoll (1986) provides a very detailed discus-
sion on various airlift techniques, including determinations of quantitative parameters
required for proper airlift design. Unfortunately, many well drillers and contractors al-
ways apply the same airlift method (one they are familiar with) without regard for
site-specific conditions.

The most efficient form of development is the use of high-pressure water or air jetting
combined with simultaneous airlift pumping. This method employs a jetting tool that
is lowered into the well and injects water at high pressure (1000 to 1500 kPa) through a
series of nozzles. Jetted water dislodges clogging material from the well screen and gravel
pack and puts it into suspension. This fine suspended material is removed from the well
by the simultaneous airlift pumping. The pumping rate should be substantially greater
than the rate at which water is injected into the well by the jetting tool. High-velocity
jetting can be localized to an area of the formation that requires the development.

As with unconsolidated formations, all drilling methods including air drilling cause
some plugging of fractures and other openings in consolidated sediments and hard
rock formations. Therefore, any material that clogs openings in such formations should
be removed during well development. In many cases, the best method is the water
jetting combined with airlift pumping. Inflatable packers can isolate the productive zones
(fractures) supplying water to the well and increase efficiency of their development.
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In general, well yield (specific capacity) in consolidated and hard rock formations
can be increased significantly if one or more well stimulation methods are applied. Well
stimulation is considered as a second level of development, which can increase well per-
formance beyond that obtained through traditional methods. As discussed by Driscoll
(1986), sandstone aquifers require the most careful considerations regarding both well
development and well stimulation. For example, open-borehole wells in friable sand-
stone may never be developed to the extent of reducing sanding to an acceptable level,
even when expensive and long-lasting techniques such as blasting and bailing are ap-
plied. For this reason, an increasing number of wells in sandstone are screened at the
expense of some loss of specific capacity.

Hydrofracturing is used to stimulate both new and old wells in consolidated rock
formations. In hydrofracturing, water at extreme pressures can be injected into the entire
well or into discrete intervals sealed by packers. The injected water removes sediment
from the existing fractures and creates new fractures, resulting in an increased perme-
ability of the formation adjacent to the well.

Blasting with explosive charges lowered in an uncased borehole in consolidated rock
is sometimes used to increase well-specific capacity. Similarly to hydrofracturing, this
method enlarges the existing fractures and creates new ones, resulting in an increased
hydraulic conductivity of the formation. However, blasting with explosives should be
applied with utmost care and only after considering many factors including legal re-
quirements and environmental impacts.

Acid can be used for well stimulation and formation development in limestone and
dolomite aquifers and in some semiconsolidated aquifers with calcium carbonate cement.
Acid dissolves carbonate minerals and enlarges voids and small fissures in the formation
adjacent to the borehole. Acid can also be forced into discontinuities away from the well,
resulting in dissolution and removal of a larger volume of the native material. This
increases the overall hydraulic conductivity of the aquifer around the well and may
result in a significant increase of the specific capacity of the well.

Well Testing and Performance
Testing of well performance and aquifer characteristics is conducted after developing the
well and allowing for recovery and stabilization of the water level in the well. Figure 7.9
shows hydrographs and the corresponding drawdown for a pumping test designed for
that purpose. The first part of the test, which has three steps, is designed to determine the
well characteristics such as well loss and need for possible redevelopment. The duration
of each step should be the same, usually not more than 6 to 8 hours. Data recorded during
the first step are used to initially assess the transmissivity and the storage coefficient of
the aquifer. The size of the pump and the long-term pumping rate for the second part
of the test are selected based on drawdown development during the three-step test. The
second part of the test should be performed after a complete recovery of the hydraulic
head in the well and with a maximum feasible pumping rate. Duration of this part of the
test, which is designed to determine the overall aquifer transmissivity for an extensive
radius of influence, depends on specific project requirements and may vary from 24 hours
to several weeks in case of aquifer development for major water supply purpose. Long-
term pumping with a maximum rate should uncover aquifer characteristics that may be
less obvious after a short test: distant boundaries, leakage, presence of dual porosity, or
changes in storage. Both the drawdown and the recovery data should be used to find
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FIGURE 7.9 Pumping rate hydrographs and drawdown curves for a pumping test designed to
determine well and aquifer characteristics.

the aquifer parameters. As explained in Chap. 2, at least one monitoring well near the
pumping well should be available to analyze the test results.

Well loss is the difference between the actual measured drawdown in the pump-
ing well and the theoretical drawdown due to groundwater flow through the aquifer’s
porous media. This theoretical drawdown is also called the formation loss. Equations of
theoretical drawdown should be applicable to the actual aquifer (formation) conditions,
such as confined, unconfined, leaky, with delayed gravity response, quasi steady state,
or transient. Well loss is the result of various factors, such as an inevitable disturbance of
the porous medium near the well during drilling, an improper well development (e.g.,
drilling fluid is left in the formation and mud cake along the borehole is not removed), a
poorly designed gravel pack or well screen, and turbulent flow through the gravel pack
and the well screen. Well loss is always present in pumping wells, and its evaluation
is an important part in deciding if the well performance is satisfactory or not. All wells
will experience a decrease in well efficiency sooner or later, as indicated by an increased
well loss. Three-step pumping test is the only reliable means of quantifying the well
loss, and it should be performed not only after well completion but also periodically
during well exploitation to evaluate the well performance and needs for possible well
rehabilitation.

The total measured drawdown (sw) at a well is combination of the linear losses and
turbulent losses:

sw = AQ + BQ2 (7.4)

where A = coefficient of the linear losses, B = coefficient of turbulent losses, and
Q = pumping rate

The turbulent losses are usually assumed to be quadratic, but other powers may be
used to describe it. The linear losses (A) include both the formation loss (A0) and the
linear loss (A1) in the near-screen zone:

A = A0 + A1 (7.5)
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For practical purposes A1 can usually be ignored. The formation loss or the theoretical
drawdown in the well (s0) is determined by using the appropriate equation for the specific
flow condition. For example, in case of a quasi-steady-state flow in a confined aquifer,
the equation is as follows:

s0 = Q
2πT

ln
R
rw

(7.6)

where s0 = drawdown due to groundwater flow through the aquifer
porous media

T = transmissivity
R = radius of well influence

rw = well radius

The coefficient of linear formation loss (A0) can be calculated as follows:

A0 = 1
2πT

ln
R
rw

(7.7)

A0 can also be determined graphically if two or more monitoring well data are available,
as shown in Fig. 7.10. The same graph shows that the s/Q ratio for the pumping well
increases with the increasing pumping rate, whereas for the monitoring wells this ratio
remains constant for all three steps.

The coefficients of the total linear loss (A) and the quadratic loss (B) can be determined
from graph pumping rate (Q) versus drawdown-pumping rate ratio (s/Q), as shown in
Fig. 7.11. The graph is a straight line of the following form:

sw

Q
= A+ B Q (7.8)

where A = intercept and B = slope of the best-fit straight line drawn through the ex-
perimental data from the three pumping steps. After substituting values of A and B
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conditions, showing data for pumping well and two monitoring wells.
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FIGURE 7.11 Graph pumping rate (Q ) versus drawdown-pumping rate ratio (s/Q ) for a three-step
well pumping test.

determined from the graph into Eq. (7.4), it is possible to calculate the total (i.e., expected
to be actually recorded) drawdown in the pumping well for any pumping rate. A graph
similar to that in Fig. 7.12 can be used to plot the calculated drawdown expected to be
actually measured in the well, versus the theoretical formation drawdown (which does
not include well loss).

The coefficient of turbulent (quadratic) well loss, B, smaller than 2500 to 3000 s2/m5

is usually considered acceptable. Larger coefficients may indicate potential problems
with the well such as inadequate well design and/or development, clogging of the well
screen or other deterioration of the well. Theoretically, B is not time dependent and
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FIGURE 7.12 Pumping rate versus formation loss (theoretical drawdown) calculated with Eq. (7.6)
and the expected drawdown in the well calculated with Eq. (7.4).
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should remain the same for different pumping rates. A common exception is pumping
from karst and fractured rock aquifers where turbulent well loss may increase with an
increasing pumping rate. In such cases, the points on the graph Q versus s/Q would
form a parabola rather than a straight line.

In case of transient conditions in a confined aquifer, the coefficient of formation loss
is easily found by applying the Theis equation:

A0 = 1
2πT

W(u) (7.9)

Parameter u for the well is given as follows:

u = r2
wS

4Tt
(7.10)

where rw = well radius
S = storage coefficient
T = aquifer transmissivity
t = time since the pumping started

As shown by Cooper and Jacob, for small values of parameter u (u < 0.05), i.e., sufficiently
long pumping time, the well function W(u) is

W(u) = 2.25Tt
r2

wS
(7.11)

and the formation loss (i.e., theoretical drawdown s) can be written as

s = Q
2πT

1
2

ln
2.25Tt

r2
wS

(7.12)

s = Q
2πT

ln

√
2.25Tt

r2
wS

(7.13)

s = Q
2πT

ln

√
2.25Tt

S

rw
(7.14)

s = Q
2πT

ln
1.5

√
Tt/S

rw
(7.15)

Notice that Eq. (7.15) looks similar to the steady-state equation describing ground-
water flow toward a fully penetrating well in a confined homogeneous aquifer:

s = Q
2πT

ln
RD

rw
(7.16)

where RD = radius of well influence, which does not change in time (steady-state flow),
also called Dupuit’s radius of well influence. From the analogy between Eqs. (7.15) and
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(7.16) it is apparent that, in transient conditions, Dupuit’s radius of well influence is time
dependent and is expressed as

RD = 1.5 ×
√

Tt/S (7.17)

Theoretically, for an infinite confined aquifer, the groundwater flow forms in infinity
and reaches the well pumping rate at the well perimeter (rw). The corresponding radius
of well influence also approaches infinity for a long pumping period (t → ∞), which
means that Dupuit’s radius of well influence does not have a real physical meaning.
For most practical purposes, however, Dupuit’s radius of well influence given with Eq.
(7.17) will yield satisfactory results in various analytical calculations involving the Theis
equation. Again, it should be noted that a definite real radius of well influence could not
be formed in a homogeneous confined aquifer unless there is a source of recharge, such
as from a boundary or from leakage. Using the expression for Dupuit’s radius of well
influence, the coefficient of the linear formation loss is

A0 = 1
2πT

ln
1.5 × √

Tt/S
rw

(7.18)

Similar to steady-state conditions, the coefficients of linear and turbulent well losses
are found from a graph Q versus s/Q, as shown in Figs. 7.10 and 7.11. However, because
the radius of well influence in transient conditions increases with time, the drawdown
recorded at the end of each step may have to be corrected if not sufficiently stabilized. Fig-
ure 7.13 shows the components of drawdown recorded at the end of each step and the er-
ror made if the three drawdowns (s1, s2, and s3) were used to draw a graph Q vs. s/Q with-
out corrections. Kresic (2007) provides detailed explanation of this correction procedure.

Well Efficiency Well efficiency is the ratio between the theoretical drawdown and the
actual drawdown measured in the well. It is expressed in percent:

Well Efficiency = Theoretical Drawdown (s0)
Measured Drawdown (sw)

× 100% (7.19)
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FIGURE 7.13 Components of drawdown recorded at the end of each step showing errors made if
drawdowns s1, s2, and s3 were used directly to draw graph Q versus s/Q .
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As explained earlier, the theoretical drawdown is determined by applying an ap-
propriate equation of groundwater flow toward a well (theoretical drawdown equals
the formation loss). It can also be found graphoanalytically as explained earlier. In gen-
eral, the difference between the theoretical drawdown and the measured drawdown
increases with increasing pumping rate as shown in Fig. 7.12. Consequently, well ef-
ficiency decreases with an increasing pumping rate. Determining well efficiency and
well loss is highly recommended because it provides valuable information about the
well performance and can be used to make an informed decision regarding the well
pumping rate, maintenance, and rehabilitation. A well efficiency of 70 percent or more
is usually considered acceptable. If a newly developed well has less than 65 percent
efficiency, it should not be approved without a thorough analysis of the possible un-
derlying reasons. This may include well redevelopment followed by new performance
testing.

Well efficiency has always been a major concern in the water well industry, but in the
past this concern has focused primarily on pumping equipment. Pump efficiencies can be
easily calculated, and most pump manufacturers make this information available to their
customers. Efficiencies of different pumps may vary by only a few percentage points.
Well efficiency, on the other hand, can vary greatly even between wells completed in very
similar hydrogeologic conditions and close to one another. However, the determination
of well efficiency is still largely ignored because it is difficult to quantify different factors
that contribute to it. Many variables affect well efficiency including the drilling procedure,
screen design, filter pack size, and development methods.

One aspect of well efficiency is operating costs over the life of the well. Efficiencies
of two wells can be compared through these costs including cost savings from a more
efficient well. Figure 7.14 compares the efficiency of two wells in the same aquifer. The
direct cost for power can be calculated by the following formula (Johnson Screens, 2007):

Cph = m3/hr × tdh × 0.746 × kwh cost
270 × pump efficiency

(7.20)

PWL

PWL

SWL

Both wells pump
227 m3/hr

Inefficient Well Efficient Well

20 m
27 m

A B

FIGURE 7.14 Two wells completed in the same aquifer can have nearly identical cones of
depression and pump water at the same rate. The less efficient well (A), however, will have a lower
pumping level. The extra drawdown will significantly increase the pumping costs of the well. PWL,
pumping water level in the well; SWL, static water level before pumping. (Figure courtesy of
Johnson Screens, 2007.)



510 C h a p t e r S e v e n

where Cph = cost of power per hour
m3/hr = rate of pumping in cubic meters per hour

tdh = total dynamic head, which includes the distance from the pump
discharge down to the pumping water level plus the elevation
pressure in meters beyond the pump discharge, and the head due to
friction and turbulence of flow

0.746 = constant to convert brake horsepower to kilowatt-hours
kwh cost = cost per kilowatt-hour for electricity in cents

Costs for wells A and B (Fig. 7.14) can be compared assuming the same pumping rate
of 227 m3/hr for both wells, above-ground head of 50 m (i.e., the total dynamic head is
50 m + 27 m = 77 m for well A and 50 m + 20 m = 70 m, for well B), electricity cost of
10 cents per kilowatt-hour, and overall pump efficiency of 60 percent (0.60). Note that
the cones of depression are the same. The inefficient well, however, requires more draw-
down to produce the same volume of water, which significantly increases the pumping
costs.

The cost for the inefficient well (A) with the above input parameters is $8.05 per
hour of operation, whereas this cost for the efficient well (B) is $7.32. If these wells
operated for 4000 hours during a year, the savings at well B would amount to $2920 in
electricity cost per year. If these wells operated 20 years, that savings would amount to
$58,400. While direct savings such as this is sufficient reason in itself for insisting upon
an efficient well, the savings in indirect costs could exceed the savings in power costs.
Indirect costs arise from maintenance expenses, short life span, and initial pumping costs.
The principal causes of maintenance expenses and short life are corrosion, incrustation,
and sand pumping. A correctly designed and constructed well will reduce these factors,
contributing to well inefficiency to a minimum level (Johnson Screens, 2007).

The specific capacity of a well is given as

Well Specific Capacity = Pumping Rate (Q)
Measured Drawdown (sw)

(7.21)

and expressed as the pumping rate per unit drawdown (e.g., liters per second per 1 m
of drawdown). Similar to well efficiency, the well’s specific capacity also decreases with
the increasing pumping rate. It also decreases in time due to inevitable well deteriora-
tion. Choosing an optimum rate at which a well will be pumped is a decision based on
numerous factors. For example, if the well will be used for a short-term construction de-
watering, maintaining a desired drawdown may be the only relevant criterion. In some
cases, where there are no alternatives, a certain pumping rate is all that matters. On the
other hand, if the well is designed for a long-term water supply, in addition to the en-
ergy cost of pumping, the hydraulic criteria are the most important in deciding which
pumping rate is the optimum one. This includes a comparative analysis of well losses
and well efficiency for various pumping rates.

Well Completion
Well completion includes disinfection of the entire casing and the screen, installation
of the permanent well pump, and construction of the well housing (wellhead) with all
its sanitary requirements. It is highly recommended that a dedicated small-diameter
perforated pipe (“sounding line”) be installed in the well for water-level measurements
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FIGURE 7.15 Schematic of a typical vertical well completed in unconfined aquifer. (Modified from
Kresic, 2007; copyright Taylor & Francis Group; used with permission.)

and depth-discrete sampling. Figure 7.15 shows the main design elements of a well
completed in a shallow, unconfined aquifer.

Probably the only design element of the entire well that cannot be guaranteed by any
well driller, hydrogeologist, or engineer is the well yield and its long-term sustainability.
It is not uncommon that, for various reasons, a well that costs several hundred thousand
dollars to complete disappoints all stakeholders by actually producing just a fraction of
its designed capacity. However, many such surprises can be avoided by following well-
established hydrogeologic principles of aquifer evaluation and testing, and, of course,
well design itself.

Well Maintenance and Rehabilitation
Continuous monitoring of well performance is the most important part of the overall
O&M program. It enables early detection of well deterioration signs such as changes in
the chemical and physical characteristics of the pumped water, or a notably increased
drawdown for the same pumping rate. Well performance testing, as described earlier, is
the easiest method for confirming the actual well deterioration. It also helps in excluding
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possible external reasons for apparent drawdown changes such as regional drawdown
increases or the influence of other wells. In general, it is very important to have easy access
for measuring water level in the well. This is best provided by a permanently installed
small-diameter pipe (“sounding line”). Perforated sounding lines can also be used to
sample well water at different depths and can host probes for continuous monitoring
of water levels and various physical and chemical parameters such as temperature, pH,
Eh, and electrical conductance. A permanent flow meter, preferably with the automated
recording of the well pumping rate, is an essential tool for adequate O&M of any well.
The metering system should allow measurements of the instantaneous pumping rate,
the total pumped volume, and the indicator of actual hours of pumping and hours of
standby. The permanent sounding line and the flow meter enable easy regular testing of
well efficiency and specific capacity by well operators, eliminating the need for external
consultants and minimizing interruptions of the water supply system.

The continuous monitoring of well performance does not eliminate the need for rou-
tine maintenance of the pump assembly, which includes pulling out the pump, cleaning
it, and replacing various parts according to the manufacturer’s schedule. Removal of
the pump assembly also allows for optional inspection of the casing and the screen with
a downhole video camera. Regular replacement of the pump discharge column every
3 to 4 years, or more frequently if needed, is also highly recommended, regardless of
its apparent state. Although this entire process is dreaded by all well operators, it will
assure an early detection of any well deterioration signs such as scaling and corrosion of
the screen and the well pump.

When the three-step pumping test shows a decrease of well efficiency on the order
of 20 percent or so, it will be necessary to pull out the pump assembly and inspect the
entire casing and the screen using downhole video camera and geophysical tools. The
inspection should include sampling of any screen-clogging (incrustation) materials to
determine their type and select appropriate well rehabilitation methods. Well efficiency
testing should be frequent enough to prevent a “sudden” discovery of various prob-
lems. When well efficiency decreases more than 40 to 50 percent, it is usually too late
for any rehabilitation method to be effective. The well efficiency and specific capacity
should be determined before and after any rehabilitation (redevelopment) to evaluate
the effectiveness of the procedure.

Improper well operation such as excessive pumping rate, which results in excessive
drawdown including partial dewatering of the well screen, can greatly accelerate well
deterioration. High entrance velocities, as well as exposure of well screen to air, change
chemical balance in the water entering the well and may cause or accelerate incrustation
and corrosion. Similarly, frequent changes in pumping rates and cycling of pumping
(turning the pump on and off) can damage the screen due to hydraulic stresses and
promote incrustation due to turbulent flow and related water oxygenation (aeration).
As long nonpumping periods also promote scaling, it is recommended that the pump
operates continuously for 18 to 20 hours a day, followed by short period of rest during
which the aquifer can recover to a certain degree and regain some form of equilibrium.
Longer periods of operation can also allow for comparatively lower pumping rates and
lower drawdown for the same daily demand.

Two general processes lead to well deterioration (aging) and may eventually result
in a complete loss of the well: corrosion and incrustation (clogging). In general, however,
proper well monitoring and O&M including timely rehabilitation can extend life of a
well for decades. Chemical corrosion problems can be significantly delayed or avoided
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in the first place by using appropriate, corrosion-resistant, and high-quality casing and
screen materials such as stainless steel. In situ cathodic protection of the already-installed
well casing and screen may be effective in minimizing corrosion in some cases. This
method, developed in the oil industry, is not widely applied in the water well industry
mainly because of the cost. However, it can be very useful in extending the life of large-
production municipal wells, which are expensive to replace or rehabilitate and whose
operation cannot be interrupted for longer periods of time. Corroded casing of large-
diameter wells can sometimes be lined with corrosion-resistant (inert) material.

In general, electrochemical corrosion is promoted by the presence of one or more
constituents in the water including dissolved oxygen, carbon dioxide, hydrogen sulfide,
water with low pH (acidic water), chlorides, and calcium sulfates such as gypsum. Me-
chanical corrosion is caused by continuous sanding, which enlarges screen openings and
may result in irreparable screen damage.

Some form of incrustation is inevitable for any well, and, in extreme cases, no re-
habilitation measures can save the well. Incrustation is defined as being any clogging,
cementation, or stoppage of a well screen, gravel pack, and water-bearing formation,
which is the result of a collection of material in and adjacent to the openings of the screen
and pore spaces of the formation and gravel-pack materials (Driscoll, 1986). Incrustation
may take the form of a hard, brittle, cement-like deposit, or it may be a soft and pasty
sludge or jelly-like deposit. Incrustation can be triggered by a variety of chemical, bio-
chemical, and hydraulic processes, but the main reason is installation of the well itself,
which changes the natural equilibrium of the groundwater system by default. The most
common causes of incrustation are the following:

� Chemical precipitation of materials carried to the screen in solution, such as
carbonates of calcium and magnesium and hydroxides of iron and manganese

� Mechanical deposition of fine-grained materials such as clays and silts carried
to the screen in suspension

� Biochemical precipitation caused by iron and manganese bacteria, including de-
position of their organic matter

� Activity of slime-forming organisms other than iron bacteria (e.g., organisms
that feed on ammonia and organic matter)

Mechanical well clogging with fine formation materials can be removed in the same
manner that new wells are developed—using various pumping, surging, and jetting
methods as described earlier. The mechanical action of water flushes fines from around
the well screen and the filter pack. Flushing methods may also be effective for loosening
and removing chemical and biological deposits unless they are particularly hard or thick.
Flushing can be accompanied by screen scrubbing with mechanical brushes.

Methods such as acid washing can be used to remove scaling deposits from the well
screen and gravel pack, but caution must be exercised in evaluating the applicability of
any method that introduces a chemical to the subsurface. Considerations concerning the
use of chemicals to rehabilitate a well include permitting requirements when approval of
the regulatory agency is needed and possible chemical reactions between the introduced
chemical and the well materials (screen and casing). For example, harsh or corrosive
chemicals such as acids can damage certain well-screen materials such as PVC. In ad-
dition, acids can degrade the integrity of the adjacent formation material and actually
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cause a clogging problem to become worse. As discussed by Campbell and Lehr (1973),
hydrochloric and other acids cause certain silicates to swell, expanding the individual
particles to as much as five times the original size. Such a reaction could completely plug
the formation and offset the increased permeability caused by the acid. In some cases,
formation minerals containing iron are dissolved by the acid and form iron chloride.
The iron chloride remains in solution until the acid spends to a pH of 3.5 or higher. At
this time, the iron precipitates as iron hydroxide, a jelly-like material having remarkable
plugging properties. These are just some of the reasons why the use of chemicals to reha-
bilitate wells must be evaluated very carefully and should include thorough analysis of
possible interactions between the chemical, the well materials (screen and casing), and
the natural formation materials.

Iron Bacteria Iron-related bacteria grow naturally in environments with steep Eh gra-
dients, such as groundwater seeps and wetlands. Similar conditions can develop in the
vicinity of a well when oxygenated groundwater mixes with anoxic groundwater that
contains ferrous iron. Favorable conditions for the development of iron bacteria are pH
in the range of 5.4 to 7.2, ferrous iron concentration between 1.6 and 12 mg/L, presence
of CO2, redox potential (Eh) higher than –10 ± 20 mV, and high velocities of water en-
tering the well (Detay, 1997). Biological clogging occurs regardless of the nature of the
screen material (e.g., steel, copper, and synthetic materials), but metals are commonly
susceptible to corrosion that results from clogging and bacterial activity.

Various terms such as screen clogging, screen encrustation, and screen (aquifer) bio-
fouling have been used to describe the geochemical and microbial processes that con-
tribute to declines in the specific capacity of a well caused by iron bacteria. Manganese-
related well-screen encrustation, which involves the oxidation of manganese (II) and
the precipitation of manganese oxyhydroxides, is less common but can occur in some
hydrogeologic environments. Most iron bacteria can also form biofilms consisting of
manganese oxyhydroxides and cellular material (Walter, 1997).

Iron bacteria can cause extensive physical clogging of well screens and promote
growth of sulfur bacteria, which produce hydrogen sulfide (the “rotten egg” smell) that
can corrode well casing and screen. Iron bacteria are oxidizing agents—they combine iron
or manganese dissolved in groundwater with oxygen. A side effect of the process is a foul-
smelling brown slime, which, although not a health hazard, can cause unpleasant odors
and tastes and can change water color to yellow-red or orange. If conditions are right, the
bacteria can grow at amazing rates and an entire well system may be rendered virtually
useless in just a few months. Iron bacteria can also cause biochemical corrosion of the
screen and pump beneath the slimy scale, which becomes rich in disaggregated metal.

Studies carried out in France show that biological clogging does not merely affect
the screen or gravel pack but may extend much farther beyond into the aquifer forma-
tion. In most cases, such clogging is due to the presence of heterotrophic anaerobic and
sulfate-reducing bacteria, which develop as a result of the nutrient flux brought in by
pumping, thus forming a biomass several meters in size, which considerably reduces the
permeability of the medium (Detay, 1997).

Treatment techniques that may be successful in removing or reducing iron bacteria
include (1) physical removal, (2) pasteurization, and (3) chemical treatment. Treatment
of heavily infected wells may be difficult, expensive, and only partially successful. Iron
bacteria are widely spread in various hydrogeologic environments, and many state agen-
cies in the United States offer guidance and technical help with iron-bacteria treatment.
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The following discussion is from the Minnesota Department of Health, Division of En-
vironmental Health (MDH, 2007).

Physical removal of iron bacteria is typically done as a first step in heavily infected
wells. The pumping equipment in the well must be removed, cleaned, and disinfected,
and the well casing is then scrubbed by use of brushes or other tools. Physical removal
is usually followed by chemical treatment.

Pasteurization has been successfully used to control iron bacteria. Pasteurization
involves a process of injecting steam or hot water into the well and maintaining a water
temperature in the well of 60◦C (140◦F) for 30 minutes. Although pasteurization can be
effective, its application may be cost prohibitive.

Chemical treatment is the most commonly used iron bacteria treatment technique. The
three groups of chemicals typically used include (1) surfactants, (2) acids (and bases), and
(3) disinfectants, biocides, and oxidizing agents. Surfactants are detergent-like chemicals
such as phosphates. They are generally used in conjunction with other chemical treat-
ment. It is important to use chlorine or another disinfectant if phosphates are used, since
bacteria may use phosphates as a food source.

Acids have been used to treat iron bacteria because of their ability to dissolve iron
deposits, destroy bacteria, and loosen bacterial slime. Acids are typically part of a series
of treatments involving chlorine, and at times, bases. Extreme caution is required to
use and properly dispose of these chemicals. Acid and chlorine should never be mixed
together. Acid treatment should only be done by trained professionals.

Disinfectants are the most commonly used chemicals for treatment of iron bacteria,
and the most common disinfectant is household laundry bleach, which contains chlorine.
Chlorine is relatively inexpensive and easy to use but may have limited effectiveness and
may require repeated treatments. Effective treatment requires sufficient chlorine strength
and time in contact with the bacteria and is often improved with agitation. Continuous
chlorine injection into the well has been used but is not normally recommended because of
concerns that the chlorine will conceal other bacterial contamination and cause corrosion
and maintenance problems (MDH, 2007).

Detailed discussions of various well rehabilitation methods and processes contribut-
ing to well deterioration is given by Detay (1997), McLaughlan (2002), and Houben and
Treskatis (2007).

7.2.2 Collector Wells
This section—courtesy of Mr. Sam Stowe, Collector Wells International, Inc., a Layne Christensen
Company.

For more than 70 years, horizontal collector wells (also referred to as RanneyTM

wells and radial collector wells) have been used to develop groundwater primarily from
alluvial aquifers formed around large rivers, but also from other unconsolidated and
consolidated rock aquifers. They have also been used for groundwater recharge and
aquifer storage and recovery (ASR) programs, as well as for extraction of filtered seawater
in coastal areas. Collector wells, typically, are constructed in unconsolidated sand or sand
and gravel deposits and generally consist of a central, reinforced concrete-caisson wet
well that serves as the pump station, with horizontal well screens projected from within
the caisson out into the aquifer (Fig. 7.16).

The horizontal collector well concept originated in the 1920s by petroleum engineer
Leo Ranney, who developed a horizontal drilling approach for extracting oil in relatively
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FIGURE 7.16 Typical collector well, showing possible additional direct intake of surface water.
(Figure courtesy of Collector Wells International, Inc., a Layne Christensen Company.)

shallow oil-bearing rock formations. As the price of oil dropped in the 1930s, Mr. Ranney
modified his horizontal drilling process to allow the installation of horizontal bores into
unconsolidated deposits to develop water supplies.

The first horizontal collector well was constructed for the London Water Board, Eng-
land, around 1933. Following that installation, Mr. Ranney introduced horizontal col-
lector well technology to Europe, where the concept flourished, with utilities installing
numerous collector wells using the original installation method bearing the inventor’s
name (The Ranney Method), whereby perforated pipe well screens were jacked hori-
zontally into aquifer formations. This method was used exclusively until about 1946,
when Swiss engineer Dr. Hans Fehlmann modified the jacking process to permit con-
tinuous wire-wound well screens to be installed in a collector well for the City of Bern
in Switzerland. This technology involved projecting a solid pipe into the formation and
then inserting a wire-wound well screen, designed to conform to the grain size of the
formation, into the pipe. The projection pipe is then retracted, exposing the formation
to the wire-wound well screen. This process allows fine slot screens to be used to match
finer-grained formations with a more hydraulically efficient screen.

In 1953, German engineers modified this installation process to include the instal-
lation of an artificial gravel-pack filter around the well screens to accommodate finer-
grained formations. This process, known as Preussag method, also involves a solid pipe
that is projected full length into the formation. A special well screen is then inserted into
the pipe, and gravel materials are pumped into the annulus between the projection pipe
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and the screen while the projection pipe is retracted. The use of an artificial gravel-pack
filter provides a transition between fine-grained formation deposits and more efficient
screen openings.

These two advances in collector well technology improved the hydraulic efficiency
of collector wells and permitted collector well laterals to be installed in a wider range
of geologic formations. Both the Fehlmann and the gravel-packing technologies were
brought into the United States in the mid-1980s and have been used extensively since.

Collector wells can be used in virtually any unconsolidated geologic formation that
contains sand, gravel, and cobbles, and in consolidated (rock) formations, if conditions
are appropriate. Collector wells offer advantages in situations where aquifer formations
are stratified or shallow, because the entire well screen can be installed in the most
hydraulically efficient zone within the aquifer, thus minimizing head losses. The well
screen is installed horizontally so that it can be placed toward the base of the aquifer, max-
imizing the amount of available drawdown and maximizing the possible yield. Since the
length of screen is not restricted by the aquifer thickness, longer screens can be installed,
thus minimizing head losses through the screen, and minimizing the rate of plugging.

Since the first collector well was installed in 1933 in England, hundreds of collector
wells have been installed throughout the world, including over 300 in the United States.
These have ranged from single-well to multiple-well installations for a single utility, such
as 99 collector wells for the City of Belgrade in the Republic of Serbia. The individual
well capacities (yields) have ranged from about 0.0044 to 1.75 m3/s (70 to 27,700 gpm).
The largest single collector well in the world for the Board of Public Utilities in Kansas
City, Kansas, has been pumped at rates of up to 2.4 m3/s (55 mgd). A second collector
well in Kansas City; one in Prince George, British Columbia, Canada; and one in Sonoma
County, California, have yields approaching this as well.

Collector Well Design and Construction
The expected yield and subsequent design of a collector well is determined much the
same way vertical wells are, using data obtained from exploratory test drilling and aquifer
testing. Specialized analytical equations for calculating the expected yields from horizon-
tal collector wells are presented in Hantush (1964) for various hydrogeological settings.
Numerical models can also be used to estimate yields and time of travel. A collector well
is designed to infiltrate water from the adjacent surface water source, using the natural
streambed and riverbank deposits to naturally filter out suspended materials from the
source water. The first, obvious, requirement is that the well and its laterals be placed in
close proximity to a source of recharge, such as a river. During the feasibility and siting
stages of a project, a number of criteria must be considered, including

1. Availability of water from a surface water source that can recharge the aquifer

2. An efficient hydraulic interconnection between the river and the aquifer

3. Suitable aquifer, capable of developing and conveying infiltrated water to the
well

4. Suitable water quality in the aquifer and source surface water

5. Sustainable flow in the river for the anticipated withdrawal rates

The key parameters to any riverbank filtration (RBF) evaluation are aquifer trans-
missivity and streambed permeability. A good understanding of these parameters along
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with the hydrogeological setting will result in the proper evaluation of expected yield
and quality of a horizontal collector well and allow thorough evaluation of design op-
tions. Understanding the ability of the aquifer to provide sufficient RBF to recharge water
pumped from a horizontal collector well is the key to ensuring that long-term capacities
can be sustained and that target water quality can be maintained through a balance of
infiltrated surface water and groundwater.

The caisson is constructed by forming and pouring concrete sections—or lifts—at
grade, and then excavating soil materials from within the caisson and allowing the caisson
walls to sink into the ground. One of the lower sections includes wall-port openings to be
used for projecting the lateral well screens. As each lift section, usually 3–3.7 m (10 to 12 ft)
high, sinks into the ground, the subsequent sections are tied together with reinforcing
steel and water stops, formed, and poured. The sinking process continues until the lower
portion of the caisson reaches the design depth for projection of the lateral well screens.
Once the caisson has been placed to its design depth, a reinforced concrete bottom sealing
plug is poured to enable the interior of the shaft to be dewatered for screen installation.
The concrete caissons are typically constructed with an inside diameter ranging from 3
to 6 m (10 to 20 ft) or larger, if necessary. The caissons can be installed to depths of 46 m
(150 ft) using normal construction methods and possibly deeper using special hydraulic-
assist jacking equipment. The average depth of the caissons in the United States is 21 m
(68 ft), and the average diameter is 4 m (13 ft).

Once the bottom seal has set, the water in the caisson is pumped down and the
lateral well screens are jacked out into the aquifer formation hydraulically from inside
the caisson (Fig. 7.17). Often, 150 to 300 m or more (500 to 1000 ft) of well screen is installed
in a collector well at various lateral configurations, depending on the aquifer properties.
The largest collector well to date has over 800 m (2600 ft) of well screen installed, divided
into two tiers.

The original (Ranney) method to install lateral well screens involves projecting pipe
sections that have been perforated by punching or sawing. The pipe sections are attached
to a digging head that is used to direct the projection of the lateral pipe. In this approach,
the pipe sections are projected into the aquifer and left in place. The openings on the pipe
typically provide a maximum open area of 20 percent, which is limited since the pipe
needs to have sufficient structural strength to accommodate the jacking forces used dur-
ing projection. Because of the methods used for perforating the pipe, the minimum slot
size that can be made is sometimes too large to sufficiently retain fine-grained formation
materials for efficient well development, so it is used primarily for aquifers containing
coarser-grained deposits with higher percentages of gravel.

The projection pipe method involves the use of a special heavy-duty pipe that is
pushed out into the aquifer formation. During the projection process, formation samples
are collected and analyzed for grain-size distribution. Once the pipe has been placed in
the aquifer to the desired distance, a wire-wrapped continuous-slot well screen (with
slot openings selected to conform to the aquifer deposits encountered) is inserted inside
the projection pipe. The projection pipe is then withdrawn so that it may be used in
projecting the next lateral. The lateral lengths range from about 30 to 75 m (100 to 250
ft) using this method, with 20- or 30-cm-diameter screens installed. This screen design
can use a variety of slot size openings to accommodate almost any formation gradation,
including fine- to medium-grained sands. These screens are developed by removing fine-
grained deposits to create a natural gravel-pack filter around the well screens. Using this
method, the well screen gains the following advantages:
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FIGURE 7.17 Installing 12-in. diameter well screen in 13-ft-diameter collector well. (Photograph
courtesy of Collector Wells International, Inc., A Layne Christensen Company.)

� The screen can have more open area (often 40 percent or more).
� The screen is more durable (usually composed of stainless steel).
� The screen has more flexibility in slot size, to accommodate a wider range of

formation deposits.
� The method of installation allows the slot size of individual screen sections to be

selected to conform to the specific gradation of the formation in which they are
placed.

� This screening method allows the use of other screen materials (e.g., plastic) in
selected applications.

� Screen can be installed in formations containing higher amounts of fine-grained
(e.g., sand) deposits.

This method also provides the ability to use special well-screen materials that are
applicable in saline and brackish environments. It is also possible to install laterals in
formations containing large cobbles and boulders using this approach.

Examples of collector wells using wire-wrapped, continuous-slot well screens in-
clude the well referenced above in Kansas City; four municipal collector wells in Olathe,
Kansas, that are about 23 m (77 ft) deep and each produces approximately 0.4 m3/s (6300
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FIGURE 7.18 Johnson Muni-PakTM prepacked well screen. Carbolite grains help minimize biofilm
accumulation. (Photograph courtesy of Johnson Screens—A Weatherford Company.)

gpm); a collector well for a municipality in Arizona that is about 32 m (104 ft) deep that
can produce up to 1.1 m3/s (17,400 gpm); and a municipal collector well in Boardman,
Oregon, that can produce 0.63 m3/s (10,000 gpm). Two municipal water utilities in cen-
tral Iowa use collector wells (10 in total) that are in shallow alluvial aquifers about 9 to
12 m (30 to 40 ft) deep and can produce 0.09 to 0.13 m3/s (1400 to 2100 gpm) each.

Gravel-packed screens are installed in much the same manner as for the wire-wrapped
design; however, an artificial gravel pack is installed around the well screen. For this
method, formation samples are also collected as the pipe is projected. Once the projection
pipe has been pushed to the full design length, specially designed well screens (usually
stainless steel) are inserted and an artificial gravel-pack filter is placed around the well
screens as the projection pipe is withdrawn, or a prepacked well-screen design can be
installed that uses dual-screen sections and contains the artificial media between the two
sets of screens, as shown in Fig. 7.18. This permits the installation of a gravel filter to act
as a transition zone between a fine-grained aquifer formation and the openings in the
well screen to prevent ongoing sand intrusion into the well. This method has been used
for both seawater and freshwater (inland) applications.

Examples of several collector wells that have gravel-packed lateral well screens in-
clude a municipal utility in New Jersey that is 20 m (66 ft) deep and can produce 0.22
m3/s (3500 gpm) and a municipal utility in Missouri with a well about 42 m (137 ft) deep
that can produce 0.53 m3/s (8400 gpm). At an industrial facility in Missouri, a collector
well 27 m (90 ft) deep can produce 0.19 m3/s (3000 gpm). Three seawater collector wells
with gravel-packed lateral screens in Mexico are about 30 m (98 ft) deep and each can
produce approximately 0.19 m3/s (3000 gpm) for desalination.
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Once installed, the well screens are developed to remove fine-grained formation
materials from around the screens. This optimizes filter permeability and improves flow
hydraulics within the filter as the water nears the screen. The development process is
performed along the full length of each lateral well-screen section in an incremental
manner to ensure that all sections of the well screen get uniformly developed to meet
sand specifications.

Collector Well Maintenance
As with any water well, a collector well will eventually require maintenance to restore
lost well efficiency and capacity. With the data collected and graphed as part of the mon-
itoring program, declines in well performance can be observed and maintenance can be
anticipated and scheduled for opportune times to minimize disruption to normal ser-
vice. Maintenance is most effectively accomplished by inserting specialized equipment
into the individual laterals while keeping the central caisson dewatered. This flushes
out any loose scale, encrustation, and fine sand loosened during the cleaning process.
This cleaning and redevelopment program removes debris from inside the well screen,
accumulations within the well-screen slot openings, and deposits from outside the well
screen in the aquifer and gravel-pack materials. Through the use of specialized proce-
dures, well-screen cleaning and redevelopment can also be performed while the collector
well remains in service, if the well is the only source of water supply for the utility. With
one of these methods, redevelopment and cleaning can take place while the collector well
continues to pump into the system, uninterrupted. This illustrates the unique flexibility
of a collector well.

Maintenance can also include installation of new lateral well screens when older
screens have corroded or deteriorated with time or become excessively plugged. Many
of the older collector wells (constructed with mild steel screens) require new lateral screen
after 40+ years of operation. However, most of the collector wells built in recent years
have used newer technology that has allowed the use of stainless-steel well screens,
which should last longer and be more resistant to normal corrosion processes. The new
laterals can be installed into an existing facility by installing new port assemblies and
projecting new lateral screens. This type of maintenance can be performed to restore well
capacity where older screens need replacement, or to supplement existing well screens
to develop additional capacity where available.

Riverbank Filtration
As the design and construction process for the horizontal collector well evolved, it be-
came evident that wells installed adjacent to and, sometimes, underneath surface-water
sources, were able to develop large quantities of water. As groundwater levels were
lowered by pumping, the hydraulic gradients in the aquifer permitted water to be in-
filtrated from an adjacent river or lake, providing recharge into the aquifer to replenish
water removed by pumping. This infiltration process prefilters river water as it perco-
lates through riverbed sediments toward the aquifer (recharging it) and, ultimately, into
the well screens, typically removing objectionable characteristics of the river water, such
as turbidity and some microorganisms. Because the recharge water from the river is in-
filtrated over a large area, infiltration rates are low, providing a high degree of filtration
in most cases. This process of recharging aquifers and supporting well yields through a
natural filtration process is generally referred to as RBF.



522 C h a p t e r S e v e n

As regulatory agencies began evaluating groundwater under the direct influence of
surface water issues in the 1990s, siting and design philosophies for collector wells were
revised to take full advantage of RBF. New installations are designed to

� Improve the filtration of surface water
� Site wells to minimize the potential for contamination from surface-water

sources
� Improve caisson installation methods to minimize disturbance to the aquifer
� Improve surface-sealing techniques around the caisson

This involved the proper selection of the horizon (elevation) for projecting the lateral
screens and sometimes locating the wells a sufficient distance back from the river to in-
crease the degree of filtration and travel time for recharge water. The ability (or efficiency)
of the streambed and aquifer materials to filter out objectionable microorganisms and
to reduce the turbidity from surface-water sources will vary from region to region and
from site to site. In most alluvial settings, it should be possible to achieve some degree
of filtration to improve water quality. If adequate natural filtration occurs, RBF systems
can qualify as an approved alternative treatment technology by regulatory agencies and
receive filtration credits for removal of microorganisms.

Other Collector Well Applications
In addition to being used for municipal or industrial water supplies, collector wells have
been used for other applications including construction dewatering, seawater collector
wells, and for artificial recharge, such as in ASR programs. Collector wells have been
installed at several coastal sites to develop a filtered seawater supply to be used for
desalination. Installing the well screens beneath beaches minimizes environmental dis-
turbance and impact on local aquatic life. Filtering the raw seawater through the native
beach sands removes suspended particulates that would otherwise clog RO membrane
equipment, serving as pretreatment for the main treatment process.

Collector wells have also been constructed in conjunction with a direct surface water
intake to provide a system that can use either water source, depending on groundwater
levels, river water quality, temperature needs, and system demands. Typical of this appli-
cation is an installation constructed for an industry in Missouri that is about 26 m (85 ft)
deep and can produce 0.13 m3/s or 2100 gpm (Fig. 7.16).

Case Study: Belgrade Waterworks
Courtesy of Urosevic, U., Vrvic, N., Dolinga, I., Teodorovic, M., and Miljevic, M., Belgrade
Waterworks, Deligradska 28, Belgrade, Serbia; www.bvk.co.yu.

The first horizontal collector well for water supply of Belgrade was installed in 1953
using the original Ranney method. Over the next 40 years, 94 more collector wells were
installed using a modified Ranney method (Fig. 7.19). The last four collector wells were
installed with the Preussag method. Currently, there are 98 operational collector wells and
44 vertical wells. Figure 7.20 shows the steady increase of the number of collector wells
until 1986, at which point the Waterworks entered a phase of no growth due to economic
and political problems in the country. The peak combined capacity of the collector wells
was 6.2 m3/s in 1988, and it has been declining ever since due to minimal investment
in well maintenance and rehabilitation. Most collector wells are aging rapidly and are

www.bvk.co.yu
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FIGURE 7.19 Ranney type collector well at the Ada Ciganlija wellfield. The well is adjacent to
artificial Topcider Lake also shown in Figure 2.68 in Chap. 2. This lake, created by three
dams-levees between the right bank of the Sava River and the Island of Ada Ciganlija, now serves
as groundwater recharge basin receiving filtered river water. (Photograph courtesy of Belgrade
Waterworks.)

creating excessive drawdowns, with operating water levels at 6 to 9 m below the bottom
of the river channel. At the same time, the hydraulic heads across the wellfield have
been rising steadily since about 1996 due to the decrease in the total pumping rate. The
excessive drawdowns have locally created unconfined flow conditions from the initially
confined to semiconfined aquifer system.
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FIGURE 7.20 Number of collector wells and capacity of the Belgrade Waterworks wellfield,
1957–2007. (Figure courtesy of Belgrade Waterworks).
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FIGURE 7.21 Changes in pumping rate of collector well RB-25 showing effects of well aging and
rehabilitation. (Figure courtesy of Belgrade Waterworks.)

All drains of the collector wells are inserted into the lower portion of the alluvial
aquifer, which rests on thick tertiary clays. The thickness of this highly permeable zone
consisting of gravel and sandy gravel is between 5 and 15 m. The hydraulic conductivity
ranges between 0.1 and 0.001 cm/s. This main productive zone is overlain with 0.5 to
10 m thick sands, silty sands, and silty clays, with the hydraulic conductivity range of
1 × 10−3 to 1 × 10−5 cm/s. The productive portion of the aquifer is overlain by low-
permeable silts and clays with the hydraulic conductivity less than 1 × 10−6 cm/s, and
thickness ranging between 1.5 and 10 m. These low-permeable sediments extend to the
land surface and play an important role in aquifer protection from contamination. At
the same time, when below the river channel, they often significantly reduce the rate of
direct infiltration from the river.

During early years of operation, the pumping rate of collector wells in the system
ranged between 150 and 250 L/s. Direct contribution of the Sava River water to the yield
of collector wells ranged between 80 and 90 percent. Due to intensive groundwater ex-
traction, large vertical gradients, and an uncontrolled deterioration (aging) of the wells,
the pumping rates have declined and currently range between 30 and 100 L/s, with the
average of 50 L/s for all wells (in comparison, the average pumping rate of vertical wells
is 12 L/s). Well deterioration is caused by all of the following: chemical corrosion, bio-
chemical incrustation including excessive iron bacteria development in most locations,
and mechanical incrustation. In addition to the well scaling (incrustation), clogging of
the aquifer porous media immediately below the river channel by fine river sediments
has contributed significantly to the overall decline of the system’s performance. The Wa-
terworks have recently initiated a comprehensive assessment of the wellfield conditions,
including a research and development program for rehabilitation of the collector wells
and removal (dredging) of fine river channel deposits. Although sporadic well rehabil-
itation efforts in the past have helped in maintaining acceptable levels of water supply
for the most part, they were not effective in significantly reversing the drop in specific
capacity of individual wells (Fig. 7.21). The Waterworks is also looking at new drain tech-
nologies, since traditional Ranney punched-slot screen without gravel pack is installed
in almost all collector wells.

7.3 Subsurface Dams
The benefits of storing water in the subsurface have been recognized in the United States
since the late 1890s. Slichter (1902) gives this account of one of the first subsurface dams
built in the United States:
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FIGURE 7.22 Underground dam being constructed on the Pacoima Creek, Los Angeles County, CA,
1887–1890. (Photograph courtesy of the U.S. Geological Survey.)

Another method of recovering the underflow of a stream is by means of a subsurface dam. Such a dam
is constructed by excavating a trench at right angles to the direction of the underflow and extending in
depth to the impervious stratum, and then filling the trench with impervious material. If the underflow
is confined within an impervious trough or canyon, it is obvious that such a construction must result
in bringing it to the surface. An example of this is found on Pacoima Creek, Los Angeles County, Cal.,
where a subsurface dam was constructed in 1887–1890 (Fig. 7.22). It is claimed that by means of this dam
the owners have been enabled to use the bedrock flow of water for the three dry years, 1898–1900, and
thereby to successfully carry through the orange, lemon, and olive growing in Fernando Valley. This
dam is described in the Eighteenth Annual Report of the United States Geological Survey, Part IV, pages
693 to 695; also in Reservoirs for Irrigation, Water Power, etc., by James D. Schuyler, 1901, page 205.

Compared with surface water reservoirs formed by conventional dams, use of
groundwater impoundments behind underground dams has the following major ad-
vantages:

� Very limited or negligible evaporation loss.
� Land use above the groundwater reservoir can continue without change (there

is no submergence of houses, infrastructure, and property in general).
� There is general improvement of water quality because of the porous media

filtration of airborne and surface runoff contaminants and pathogens.
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� Function of underground reservoir may be permanent since there is no accumu-
lation of sediment, the main reason for a limited life span of surface reservoirs.

� There is no danger of dam failure and catastrophic loss of life and property.
� Overall impact on the environment and natural habitat of plants and animals is

of much lower magnitude.

Reoccurring landslides and rock falls along reservoir banks present one of the more
dramatic negative impacts of surface impoundments. Reservoir level changes due to
water use, droughts, and floods, and the associated changes in groundwater levels cause
activation of new landslides and rock falls and reactivation of old dormant landslides.
For example, a recent study of 15 large artificial reservoirs for hydroelectric power gen-
eration in Serbia registered over 400 active landslides, which were classified based on
the risk they pose to reservoirs and dams. Over 10 percent (47) were classified as high-
risk landslides, requiring immediate stabilization measures, and another 40 percent (151)
were classified as medium-risk, requiring continuous monitoring with permanently in-
stalled instrumentation. The remaining landslides, which were classified as having low
risk for the direct operation of dams and reservoirs, nevertheless, all had significant risk
levels with respect to regional and local infrastructure, buildings, and the environment
(Abolmasov, 2007).

The main disadvantage of subsurface reservoirs is that virtually none of the feasi-
ble (cost-effective) construction methods can guarantee complete dam impermeability,
although “practical” impermeability, i.e., a tolerable level of dam leakage, is often pos-
sible to achieve. In addition, storage capacity of the underground reservoir cannot be
accurately determined and has to be estimated based on more or less limited field data
on heterogeneous porous media. Another disadvantage of subsurface dams is that they
intercept downstream groundwater flow. However, an appropriate design can allow con-
trolled draining of the groundwater reservoir to reduce this impact if needed. Potential
salinization in the reservoir area due to evaporation from the shallow water table can
be avoided by an appropriate design, which keeps the water table from reaching critical
depth of evaporation.

Subsurface dams can be defined as structures that intercept or obstruct the natural
flow of groundwater and provide storage for water underground. Most commonly, they
have been used in India, Africa, and Brazil, in areas where flows of groundwater vary
considerably during the course of the year, from very high flows following rain to neg-
ligible flows during the dry season. Groundwater dams can be divided in two types:
subsurface dams and sand storage dams. A subsurface dam is built entirely under the
ground using low-permeable natural materials such as clay or impermeable materials
such as concrete (Fig. 7.23). The underground dam causes water-table upgradient of
the dam to raise, stores additional volumes of groundwater, and reduces water-table
fluctuations (Fig. 7.24).

Another type of underground storage of water used in Africa’s arid regions is the
sand storage dam constructed above ground. Sand and soil particles transported during
periods of high flow are allowed to deposit in front of the dam, and water is stored in these
deposits. The sand storage dam is constructed in stages to allow sand to be deposited in
thin coarser layers and finer material to be washed downstream. Figure 7.25 illustrates
this principle. Whenever the dam basin has filled up with sand, the crest of the dam
wall is topped by another barrier until the basin builds up a groundwater reservoir.
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FIGURE 7.23 Construction of subsurface dam in Turkana District, Kenya, constructed by
compacting clay in the narrow trench (dyke). (Photograph courtesy of VSF-Belgium, 2006.)

This process may take 4 to 10 years, depending on the frequency of flood occurrence. In
order to improve storage capacity, in practical sediment engineering, the river floods are
geared to flush the sands over a set of specially designed hydraulic weirs, which force
the sand to meander. In the process, coarser sand grains tend to remain at the bottom of
the channel, while small grains are lifted over the wedges (Diettrich, 2002). Figure 7.26
shows the initial stage of a sand dam after the first flood.

Similar to surface dams and reservoirs, underground dams and groundwater storage
basins cannot be constructed “everywhere” and require certain favorable hydrogeologic
conditions such as sufficient effective porosity of the aquifer materials, sufficient thick-
ness of the unsaturated zone which will accommodate the rising water table, and natural
lateral and vertical containment of the groundwater flow by low-permeable formations.

Well

Low-permeable strata (rock)

Saturated
zone

Subsurface
dam

Alluvial
sediment

FIGURE 7.24 Schematic cross section of subsurface dam. (Modified from VSF-Belgium, 2006.)
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FIGURE 7.25 Schematic cross section of subsurface sand dam. (Figure courtesy of Thomas
Diettrich.)

Figure 7.27 shows a subsurface dam built in a river valley filled with alluvial gravel and
sand deposits, which are underlain by low-permeable bedrock.

There is considerable experience in building small-scale subsurface dams and sand
dams in drier areas of sub-Saharan Africa where soil and water conservation is a high
priority. For example, Vétérinaires Sans Frontières (VSF-Belgium, 2006) discuss results of

FIGURE 7.26 Initial stage of the subsurface sand dam located in Kwa Ngola, the Mwingi District,
Kenya. Water leaking out at the foot of the dam is fetched by students of the primary school.
(Photograph courtesy of Thomas Diettrich.)
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FIGURE 7.27 Conceptual design of subsurface dam with cutoff wall. (Modified from VSF-Belgium,
2006.)

the Turkana Livestock Development Program (TLDP) carried out in the Turkana District
of Kenya where storage of water from the rainy season to the dry season, or even from wet
years to dry years, is critical for the lives of pastoral people. The region is located in the dry
savannah of northwest Kenya, an area characterized by desert conditions and a rainfall
of 300 mm/yr or less. When sited and built properly, subsurface dams in Turkana store
sufficient quantities of water for livestock and minor irrigation as well as for domestic
use, thus providing an appropriate answer to the local water needs. Most rivers in the
Turkana region only have water for a few days during the rainy season. These floodwaters
are drained immediately except for water that remains stored in the subsurface in alluvial
sediments deposited by the rivers. Subsurface dams increase the storage capacity of the
sediments and, at the same time, minimize environmental degradation caused by the
changes to the natural flow regime.

To estimate the effects of a proposed new subsurface dam on the Khumib River in
Namibia for which little data are available, Diettrich (2002) used a model calibrated with
long-term time series data for one of the first subsurface sand dams in Namibia, built
in the channel of the Hoanib River in 1956 by the Department of Water Affairs. The
proposed model is a discrete differential equation model (“dynamic model”) for the op-
erations research of the complex nonlinear hydrological time series. The model generates
unit hydrographs, flood routing, and water balances of a river basin from topographical
data, design criteria, rainfall records, and aquifer parameters. Based on the model sim-
ulations, the author concluded that subsurface dam operations improve bank storage
and sustainable groundwater flow by approximately 60 percent. In view of Namibia’s
almost 5000 shallow farm dams suffering from 3000 to 8000 mm/yr of evaporation, their
conversion into subsurface dams would add some 50 m3/s of freshwater to agriculture
and tourism at 10 US cents/m3.

Detailed description of the design and construction of one of the largest subsurface
earth-fill dams in Africa (Fig. 7.28), including discussion on extensive multidisciplinary
investigations for the siting of the dam, is provided by the Ministry of the Environment,
the Government of Japan (2004). The dam was built as part of a project financed by the
Government of Japan to combat desertification in Nare Village, Burkina Faso. It was
constructed by excavating the alluvial sediments down to the bedrock, and building the
dam core from compacted clay. Parallel to the construction of the dam core, the excavated
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FIGURE 7.28 Construction of one of the largest subsurface earth-fill dams in Africa located in Nare
Village, Burkina Faso. (From Ministry of the Environment, 2004.)

space of both the upstream and the downstream sides was backfilled. Finally, the core
was completely covered by the backfill.

7.4 Spring Development and Regulation
There are three basic types of spring capture: (1) with minimal or no artificial intervention
when the spring is used “as is,” (2) with some form of engineering intervention aimed
at securing the source for reliable use and protecting it from surface contamination, and
(3) with engineering aimed at artificially increasing the spring discharge rate. Figure
7.29 illustrates the first type, common for small springs issuing from fractured rocks
and with a relatively uniform (steady) discharge rate. This form of spring capture is not
recommended since the spring can be easily accessed by animals and contaminated by
surface runoff.

When used for potable water supply, a spring should be completely enclosed, pro-
tected from contamination and equipped with fixtures for easy access, cleanup, and water
distribution. One such design showing a typical capture of a contact gravity spring with
a watertight basin (“spring box”) constructed in place with reinforced concrete is illus-
trated in Fig. 7.30. The basin has one side open to the aquifer, allowing inflow of water.
In case of ascending springs issuing from a horizontal surface without a clearly defined
impermeable contact, the basin is open at the bottom. In either case, the side of the
basin open to the inflow of groundwater should be stabilized with a gravel pack or rock
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FIGURE 7.29 Simple capture of a low-yielding spring issuing from fractures in Paleozoic
metamorphic rocks of the Piedmont physiographic province, the United States. This spring was
tapped before the Civil War for water supply of a farmhouse in Virginia. Many other similar springs
are still used as sources of both potable and nonpotable water, although drilled wells are now the
main form of water supply in the region.

fragments (for fracture springs). The basin should be vented to the surface and have easy
access for maintenance. Three pipes equipped with valves should allow for (1) water
overflow, (2) complete basin drainage for the cleanout and maintenance, and (3) transfer
of water to supply or storage. All pipes should have screens on either end. If the water is
of such quality that disinfection is the only treatment required, a chlorination tank or UV
equipment may be housed in the maintenance room adjacent to the basin. Sanitary pro-
tection of the spring at the surface is achieved by fencing, placement of an impermeable
clay fill, and surface drainage ditches located uphill from the spring to intercept surface-
water runoff and carry it away from the source. Depending on site-specific conditions,
the basic configuration of spring capture shown in Fig. 7.30 may include additional fea-
tures such as drainage pipes (or galleries in case of fractured rock aquifers) extending
into the saturated zone behind the spring box for intercepting more flow.

Spring capture should be built at the location of primary discharge of water from the
subsurface, since secondary springs may move in time. If the discharge is from colluvium
and other types of rock debris, there is high probability that the spring is secondary and
located away from the primary discharge location, which may not be visible. In such cases,
every attempt should be made to clear the rock debris and locate the primary spring.
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FIGURE 7.30 Typical capture of contact gravity spring using spring box. (Modified from Kresic,
2007; copyright Taylor & Francis Group; used with permission.)

Capture of seepage springs, which occur where groundwater seeps from the soil over
large areas, is illustrated in Fig. 7.31. The development process for seepage springs con-
sists of intercepting flowing groundwater over a wide area underground and channeling
it to a collection point. The basic steps are the following (Jennings, 1996):

� Dig test holes uphill from the seep to find a point where the impervious layer
below the water-bearing layer is about 3 ft (1 m) underground. Water flows on
top of this layer in sand or gravel toward the surface seep.

� Dig a 2-ft-wide trench across the slope to a depth of 6 in. below the water-bearing
layer and extending 4 to 6 ft beyond the seep area on each side. Install a 4-in.
collector tile and completely surround the tile with gravel.

� Connect the collector tile to a 4-inch line leading to the spring box. The box inlet
must be below the elevation of the collector tile.

Springs are often contaminated with bacteria during construction or maintenance.
All new and repaired water systems should be disinfected using shock chlorination. If
bacterial contamination occurs on a regular basis because of surface sources above the
spring, continuous disinfection using chlorination or some other method may be neces-
sary. Shock chlorination requires concentration of at least 200 ppm chlorine (Jennings,
1996).

The majority of all springs used for public water supply of more than several hundred
users are karst springs, which in general have the highest average flow rate among differ-
ent types of springs. Large permanent karst springs usually discharge at topographically
low contacts with low-permeable formations, and along surface streams, which act as
regional erosional bases of karst aquifers (Fig. 7.32). Because of the diversity of karst
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FIGURE 7.31 Capture of seepage spring. (Modified from Jennings, 1996.)

FIGURE 7.32 Photograph of the outflow from the spring box of Hughes Spring near Zack, Arkansas,
used for public water supply. (Photograph courtesy of Joel Galloway, U.S. Geological Survey;
Galloway, 2004.)
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formations, the complexity of karst processes, and the role of geology and tectonics in
directing groundwater flow in karst, karst springs can be of any type: ascending, de-
scending, cold, thermal, with uniform discharge, or with discharge varying between 0
and >200 m3/s. For these reasons, the capture of karst springs can vary between a sim-
ple spring box–type and artificial concrete basins and dams built to capture flow of large
first-magnitude springs.

Advances in cave diving in the last few decades have made possible important reve-
lations regarding major ascending springs in karst terrains (Touloumdjian, 2005). In most
cases, such springs are issuing from deep vertical or subvertical conduits formed at the
lateral contact of karstified carbonate rocks with noncarbonates or nonkarstified rock.
They are also called vauclusian springs after the Fontaine de Vaucluse, the source of the
river Sorgue in Provance, France:

At the moment the shaft is explored to a depth of 315 m. This exploration was done using a small
submarine robot called MODEXA 350. The camera of the robot showed a sandy floor at this depth,
leads were not visible. The water table is most time of the year below the rim of the shaft. The Fontaine
appears as a very deep and blue lake. Small caves below lead to several springs in the dry bed of the
river, just 10 m below the lake. The source is fed by the rainfall on the Plateau de Vaucluse. In spring,
or sometimes, after enormous rainfall, the water table rises higher than the rim. During these periods
the Fontaine de Vaucluse really is a spring, producing more than 200 m3/s of water (Showcaves,
2005).

The ascending karst spring can be tapped “as is,” or, more invasively, by overpumping
it with deep submersible pumps placed in the spring shaft or using vertical wells drilled
into the deep karst channels connected to the main shaft.

The rate of natural discharge has often been a limiting factor when considering the use
of a particular spring for public water supply. Springs with discharge hydrographs similar
to the one shown in Fig. 7.33 may have potential for regulation, i.e., may be amenable
to artificially increasing their minimum and average annual flows. The basic idea is to
take advantage of the fact that the spring is capable of discharging large quantities of
water during periods of nonpeak demand such as in spring or late fall when natural
aquifer recharge is the highest. This volume of “surplus” water may be regulated in
two basic ways: (1) by using it to naturally recharge the volume of the aquifer drained
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FIGURE 7.33 Hydrograph of a spring with potentially exploitable reserves higher than the minimum
spring discharge. Q av, average spring discharge; Q min, minimum spring discharge; Q exp, potentially
secure exploitable reserves. (From Stevanovic et al., 2005.)
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FIGURE 7.34 Potentially favorable conditions for spring regulation using drainage galleries or wells
for overpumping. An additional volume of water that may be extracted from aquifer storage during
peak demand, assuming recovery during main periods of natural aquifer recharge, is shaded.

by overpumping during periods of peak demand (e.g., summer-early fall) and (2) by
storing it in the aquifer above the elevation of natural spring discharge, i.e., by creating
a surface or underground dam and groundwater impoundment. These two concepts are
illustrated in Figs. 7.34 and 7.35.

In either case, the main prerequisite is that the aquifer has adequate storage capacity,
below or above the spring elevation, respectively. A key additional requirement for case
2 is that there should not be an uncontrollable water loss around or below the dam. This
means that the spring must issue from a “V”-shaped land-surface contact between the
aquifer and the impermeable barrier. The dam is keyed into the impermeable barrier
and, in combination with a drainage gallery, is used to control the hydraulic head in
the aquifer and water flow. Spring regulation in this way often enables a generation of
hydroelectric power because of the elevated hydraulic head in the aquifer behind the
dam.

B

A

2

1

3

4 S

UD

DG

B

A

1

3

24

FIGURE 7.35 Possible spring regulation using surface or subsurface dam in the case of favorable
geologic and geomorphologic conditions. (1) Aquifer, (2) impermeable base, (3) surface dam with
impoundment, and (4) hydropower plant and water treatment. S, original spring; A, original natural
water table before impoundment; B, water table after impoundment; DG, drainage gallery; UD,
underground dam, such as grout curtain, instead of surface dam. (From Kresic, 1991.)
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Cvijić 2005, Stevanovic, Z., and Milanovic, P., editors. Univ. of Belgrade, Institute of
Hydrogeology, Belgrade, pp. 443–450.

USBR, 1977. Ground Water Manual. U.S. Department of the Interior, Bureau of Reclama-
tion, Washington, DC, 480 p.

USEPA, 1975. Manual of Water Well Construction Practices. EPA-570/9-75-001. Office of
Water Supply, Washington, DC, 156 p.

USEPA, 1991. Manual of Small Public Water Supply Systems. EPA 570/9-91-003. Office
of Water, Washington, DC, 211 p.

VSF-Belgium, 2006. Subsurface Dams: A Simple, Safe and Affordable Technology for
Pastoralists. A Manual on Subsurface Dams Construction Based on an Experience
of Vétérinaires sans Frontières in Turkana District (Kenya). VSF-Belgium, Brussels,
Belgium, 51 p.

Walter, D.A., 1997. Geochemistry and microbiology of iron-related well-screen encrusta-
tion and aquifer biofouling in Suffolk County, Long Island, New York. U.S. Geological
Survey Water-Resources Investigations Report 97-4032, Coram, New York, 37 p.

Walton, W.C., 1962. Selected analytical methods for well and aquifer evaluation. Illinois
State Water Survey Bulletin, vol. 49, 81 p.

Wisconsin DNR (Department of Natural Resources), 2007. Iron bacteria in drinking wa-
ter. Available at: http://www.dnr.state.wi.us/org/water/dwg/febact.htm. Accessed
November 2007.

http://www.seagrant.umn.edu/groundwater/pdfs/MDH-IBinWW.pdf
http://www.seagrant.umn.edu/groundwater/pdfs/MDH-IBinWW.pdf
http://www.env.go.jp/en/earth/forest/sub_dam.html
http://www.env.go.jp/en/earth/forest/sub_dam.html
http://www.wellowner.org/agroundwater/gwsupplyanduse.shtml/
http://www.dnr.state.wi.us/org/water/dwg/febact.htm


This page intentionally left blank 


