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ABSTRACT: Failures in cast iron water mains are more complex and diverse than is widely understood in the
industry. This paper discusses the modes and causes of pipc failures that have been encountered during a
three year investigation by the National Research Council Canada. In addition to corrosion, manufacturing
defects, human error and unexpected levels of pipe loading all play a role in the large number of pipe failures

that occur each year.
1 INTRODUCTION

Gray cast iron is the most common material used in
North American water systems, representing about
50% of the total length of installed water mains
(Kirmeyer, Richards and Smith, 1994). It is also the
material that is most prone to failure. A large water
utility may experience 300 or more water main
breaks a year. Each such main failure causes dis-
ruptions to water supply and may require emergency
repairs. If a large diameter main fails, millions of
dollars of damage may result. Even without a large
main failure, the total cost of small diameter water
main breaks represents a significant portion of the
annual operating budget of most water utilities.

Despite the economic and social significance of
water main breaks, little work has been done to
analyse the failures and understand the mechanisms
that cause them. Past research has concentrated on
soil and corrosion behaviour (Romanoff, 1964;
Zamanzadeh, 1990; Fitzgerald, 1968). The work
that has been done to investigate the failures them-
selves has largely been for legal purposes to deter-
mine liability for a particular single water main fail-
ure. This has led to a widely held belief that the
failure process is a simple one, where a pipe cor-
rodes to the point at which it can no longer with-
stand the applied internal and external forces, re-
sulting in a main break.

However, recent work at the National Research
Council Canada (NRC) has shown that the failure
process is much more complex than expected. Cor-
rosion plays a significant role in gray cast iron water
main failures, but soil-pipe interactions, poor pipe
casting techniques and human error are also impor-
tant factors. Failures also often take place in multi-
ple stages, rather than in a single episode. This pa-

per discusses the different modes of failure in gray
cast iron pipes and the causes behind those failures.
Individual examples of ductile iron failurcs will also
be examined. A number of photographs of pipes are
prescnted in order to assist practitioners in identify-
ing similar problems in other water systems. Finally,
a case study will be presented that briefly discusses
the failure analysis process.

2 FORCES ON IN-SERVICE PIPES

At the most basic level pipe failures are caused by
applied forces exceeding the residual strength of the
metal. The forces applied to pipes have been inves-
tigated in detail elsewhere (Rajani, Zhan and
Kuraoka, 1996), but a brief summary will be pre-
sented here to provide the context for the remainder
of the paper. The forces applied to water pipes can
be considered as five groups: those produced by
internal water pressure; bending forces; crushing
forces; soil movement induced tensile forces; and
temperature induced expansive forces. Gray cast
iron pipe systems were generally designed to with-
stand only internal pressure and crushing forces
(AWWA, 1975). The loads that produced the latter
forces were assumed in the standards to be due to
ground weight or truck loading above the pipe.
However, frost loading and expansive clays may
also produce similar loads above the pipe. Crushing
failures appear to be very uncommon in gray cast
iron pipes. None of the eighty four pipe failures in-
vestigated by NRC have shown evidence of this type
of failure. Many of the same loads can also produce
bending in pipes, which is a common failure mode.
Additional loading conditions that can produce
bending include some forms of soil movement and




possibly thermal forces due to differences between
the temperature of the water in the pipes and the sur-
rounding soil. Another possible loading condition
that can cause pipe failures is one produced by soil
locking to the pipe wall through friction. Soil
movements may then produce tension in the pipe,
producing simple tensile failures. Finally, leadite, a
sulphur based joint sealing compound used in the
1940s and 1950s appears to produce pipe failures
due to the difference between its coefficicnt of ther-
mal expansion and that of the metal in the pipes it
seals. This mechanism is discussed further in Sec-
tion 3.3

3 FAILURE MODES

The term “failure modes” refers to the actual manner
in which cast iron pipes fail, rather than the mecha-
nism that causes the failure. These modes vary de-
pending on the diameter of the pipe. Smaller di-

ameter pipes have lower water pressure but also
smaller moments of inertia, which makes them more
susceptible to longitudinal bending failures. Larger
pipes have higher water pressure and higher mo-
ments of inertia, producing a tendency to longitudi-
nal cracking and shearing at the be
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Figure 1. Failure modes for small (<380 mm) diameter pipe.
Left pipe: bell splitting at top of pipe, circumferential cracking
at middle of pipe. Right pipe: corrosion through-hole at top of
pipe, chain created corrosion pitting at middle of pipe, elon-
gated corrosion pitting with blow out hole at bottom of pipe.
Generally these failure modes will not be seen on the same

pipes.

3.1 Blowout holes

As discussed in the following sections, corrosion
plays a role in many mechanical failures. However,
corrosion by itself or in conjunction with internal
water pressure can also cause pipe failures. In this
case corrosion pitting occurs until the pipe wall has
thinned to the point where the water pressure blows
out the remaining, very thin pipc wall. This type of
corrosion failure may produce a very small hole or a
large one, depending on how localised the corrosion
process has been and the pressure experienced by
the pipe.

3.2 Circumferential Cracking

Circumferential cracking is the most common failure
mode for small diameter (<380 mm diameter) gray
cast iron pipes (Figure 1). Typically this type of fail-
ure is caused by bending forces applied to the pipe.
The resulting failure occurs in a manner similar to a
twig snapping, with the failure crack propagating
across the circumference of the pipc. This type of
failure may also be caused by soil movements pro-
ducing tensile forces on the pipe, producing a simple
tensile failure,

3.3 Bell Splitting

This failure mode also appears to be most common
in small diameter pipe. Joints in cast iron pipes were
originally sealed using rope packed between the bell
of one pipe and the spigot of the other. Molten lead
was then poured into the joint to complete the seal,
Leadite, a rigid, sulphur based compound was used
in the 1930s and 1940s as a substitute for lead.
However, as a non-metallic compound, leadite has a
different thermal co-efficient of expansion than lead.
Consequently, very cold temperatures at the pipe can
cause the bell to split as shown in Figure 1. This
failure mode is different from the longitudinal split-
ting shown in Figure 2 both because of different
causes and because the crack terminates just below
the bell of the pipe oncc the stresses produced by the
thermal expansion have been relieved.

3.4 Longitudinal Cracking

Longitudinal cracking appears to be confined to
large diameter pipes. This failure mode may be due
to internal water pressure, to crushing forces acting
on the pipe or possibly to compressive forces acting
along the pipe. Any of these loadings could result in
a longitudinal crack. Once the crack has initiated, it
may travel the length of the pipe. In some instances
cracks have formed on opposite sides of the pipe.
The end result has been the removal of a section of
the top of the pipe, producing a hole that may be as




long as the pipe and taking up a third of its circum-
ference.

Figure 2. Failure Modes for large (>500 mm) diameter pipe.
Left pipe: Longitudinal splitting. Right pipe: Bell shearing.
Corrosion pit failure modes are also common on these pipes.

3.5 Bell Shearing

Large diameter pipes generally have too high a mo-
ment of inertia to produce the circumferential fail-
ures shown in Figure 1. However, large diameter
gray cast iron pipes do fail by having a section of the
bell shear off as shown in Figure 2. A possible cause
of this failure mode is compressive forces pushing
the spigot of a pipe into the bell of the next pipe in
the pipeline. However, bending forces are more
likely to be the cause of this type of failure. Simple
compressive loading would tend to producc a crack
that propagates down the length of the pipe, but a
bending force would produce the type of shearing
shown in the figure. An example of this mode was
seen in a 1998 failure of a 914 mm diameter main in
Boston.

3.6 Spiral Cracking

Some medium (380 mm —-500 mm) diameter pipes
experience a unique failure mode where the crack in
the pipe appears to start in a circumferential fashion
and then propagates down the length of the pipe in a
spiral fashion. This failure mode has been seen in
Des Moines, St. Louis and Ottawa. In the two for-
mer cases the failures were associated with pressurc
surges. The appearance of this failure mode also

suggests that the failure is produced by a combina-
tion of bending forces and internal pressure.

Figure 3. Spiral failure mode in mid-diametcr (380 mm —500
mm) pipe. Corrosion pitting failures have also been seen in
these pipes.

4 CAUSES OF FAILURE
4.1 Corrosion

Corrosion induced failures are common to all pipe
diameters. Although many of the failure modes de-
scribed in section 3 are mechanical in nature, corro-
sion pitting is frequently associated with these fail-
ures, having produced the weakening in the fabric of
the pipe that allowed the failure to occur. As an ex-
ample, twenty three out of the twenty five circum-
ferential failures investigated by NRC have been as-
sociated with corrosion pitting. Other failures arce
due to corrosion alone (Figure 4). Simple corrosion
pitting is a minor failure mode in small diameter
pipes, but more important in diameters above about
300 mm.

Investigation of the effects of corrosion on gray
cast iron failures in particular is complicated by the
presence of two separate but closely related corro-
sion processes that may affect the pipes. Simple
corrosion pitting can occur in much the same way as
steel pipes. However, graphitisation can also take
place. This process removes some of the iron in the
pipe. but leaves behind a matrix of graphite flakes
that is held together in part by iron oxide.




Figure 4. Heavily corroded gray cast iron pipe. (City of To-
ronto)

Graphitisation can form a solid substance on the
pipe, producing the appearance of an undamaged
material. In many cases this corrosion product may
also be strong enough to temporarily resist the pipe’s
internal water pressure. Cleaning the pipe surface
using sand blasting or other methods is frequently
the only way to determine the full extent of the cor-
rosion damage to the pipe.

Areas of graphitisation are often thought to be
composed solely of the graphite flakes. In reality,
chemical analysis shows the presence of iron oxide,
which appears to be essential for the process. NRC
has used high speed corrosion cells on gray cast iron
pipe in order to produce artificial corrosion pits.
These cells are capable of producing a 5 mm deep, 7
mm wide hole in one to two hours. This corrosion
process left behind the graphite in the pipe, but as
soft, easily removable carbon flakes, not hard
graphitisation. Iron oxide therefore appears to be
necessary to form the corrosion product known as
graphitisation. In addition, it also suggests that a
slow corrosion process is required for the graphite to
bond with the iron oxide.

Unlike gray cast iron, ductile iron does not have
a matrix of cast iron flakes. Instead, its manufactur-
ing process produces fine carbon spheres in the
metal. This produces a stronger, more ductile mate-
rial than gray cast iron, with the greater ductility
giving the alloy its name. The lack of connection
between the graphite spheres in this material was as-
sumed to mean that graphitisation could not occur.

However, the Water Research Centre in the
United Kingdom has observed examples of graphiti-
sation in ductile iron pipe (De Rose and Parkinson,
1985). NRC has investigated ductile iron pipe fail-
ures from the cities of Ottawa and Toronto where
graphitisation was also observed (Figure 5). An
elemental analysis of the graphitisation from the
Ottawa pipe showed high amounts of carbon, iron
and oxygen in approximately the same proportions
as seen in graphitisation in gray cast iron pipes. Ad-
ditional trace elements from the surrounding soil
were also identified. While graphitisation is less
common in ductile iron pipes than in gray iron pipes,

it is clearly still a possibility. Visually undamaged
ductile iron pipes should not, therefore, necessarily
be assumed to be without corrosion damage.

Figure 5. Cross—s/ﬁ of ductile iron pipe showing graphiti-
sation. (City of Ottawa)

4.2 Manufacturing Flaws

Gray cast iron pipe was manufactured using a num-
ber of different methods, with the two most common
being pit casting and spin or centrifugal casting
(Talbot, 1926). In the former method a vertical
mould was built from sand inside a pit. Molten cast
iron was poured into the mould, which then slowly
cooled until the pipe could be removed and tested.
Spun cast pipe was produced in horizontal, spinning
metal or sand moulds, with the former approach re-
quiring water cooling of the mould. In this method a
ladle entered the centre of the mould and poured
molten cast iron down its length while the mould
rotated. The spinning of the pipe caused the molten
metal to be distributed evenly about the surface of
the mould. Centrifugal casting also produced a
stronger pipe due to differences in the microstruc-
ture produced by the two processes (Makar and Ra-
jani, 2000).

Figure 6. Pit cast pipe showing porosity (black dots on cut
metal surface). (City of Toronto)




NRC has identified manufacturing flaws in both
types of gray cast iron pipe. The more recent ductile
iron pipe is also made by spin casting, but none of
the ductile iron failures investigated by NRC has
been due to manufacturing flaws. Porosity (Figure
6) is the most common manufacturing defect in pit
cast pipe. It is produced by air being trapped in the
metal as it solidifies. Air in pit cast pipe may have
had to travel from the bottom of the pipe to the top
to escape, providing much greater opportunitics for
entrapment than in spun cast gray iron pipe, where
the air only needed to reach the inner wall of the
pipe surface to escape. However, NRC has found
smaller pores than those shown in Figure 6 (2 mm
diameter as compared to 8-9 mm) in clusters in
poorly manufactured spun cast pipe.

Inclusions are unintentional objects created in
metals during manufacturing that are not part of the
continuous fabric of the material (Figure 7). They
weaken the pipe metal by acting as crack formers,
reducing the total cross-section of metal in the pipe
and producing stress concentrations. The inclusion
shown was formed from iron oxide, but a more
common inclusion is undissolved ferrosilicon. The
latter material was a common means of adding sili-
con to cast iron, which Jowers the melting point of
the metal and makes it casier to cast. However, if
the metal cools too quickly, the ferrosilicon will not
completely dissolve, leaving behind a black, spheri-
cal inclusion.

Inclusion

Figure 7. Inclusion along a fracture surface. (City of Ottawa)

Spun cast pipes generally appear to have fewer
casting defects than pit cast ones. However, they do
experience a variety of defects that can only be pro-
duced by the spin casting process. Figure 8 shows
an example of a longitudinal surface defect. The
particular pipe photographed here and in Figures 9
and 10 had numerous examples of this type of defect
on its outer surface, which would have been in con-
tact with the pipe mould. In some cases these de-
fects were detached from the pipe surface as shown
in Figure 8, while in others they appeared only as
parallel lines on the pipe.

Figure 9 shows a cross-section of the pipe wall
across one of these longitudinal flaws. Both the
flaw material and the pipe itself are composed of
cast iron. However, a noticeable pore is located di-

rectly below the flaw and an iron oxide boundary
layer was identified between the flaw and the pipe
wall. The presence of the boundary layer and the
semi-circular shape of the flaw cross-section sug-
gests that the flaw material solidified before the bulk
of the pipe. The iron oxide layer was produced by
contact with the air as the flaw metal cooled, while
the clongated shape and the observed cross-section
was produced by a combination of surface tension
and the centrifugal “forces™ produced by the spin-
ning mould.

Longitudinal Fla V|

Longitudinal flaw in spun cast pipe.

Figure 8. (City of

Ottawa)

Figure 9. Cross-section of longitudinal flaw. (City of
Ottawa)

‘The same pipe also had lumps of metal standing
proud of the pipe surface (Figure 10). Normally
molten metal would be spread out by the spinning
process. The presence of the lumps suggests that the
pipe metal was cooler than desirable during the
casting process, allowing the lumps to solidify in
place.

Changes in the pipe wall thickness can also
weaken cast iron pipes. Pit cast pipes often have
non-uniform thickness around the circumference of
the pipe duc to the inner sand core of the mould used
to make the pipe being off-centre from the outer
mould. These differences can be quite large, with a
variation from 8 mm thickness at one side of the
pipe to 14 mm at the other. Spun cast pipes do not




experience this type of problem due to the nature of
the casting process, which evenly distributes the
molten metal around the pipe wall. However the
pipe shown in Figures 7 to 10 also had a wall thick-
ness that varied along the length of pipe, changing
from 18 mm to 15 mm over a 2 m distance. This
amount of change was significant since the maxi-
mum operating pressure allowed for the pipe under
the applicable standards could be significantly less
for the thinner walled pipe. This latter type of
manufacturing defect could only be produced by a
reduction in the amount of metal per second flowing
onto the pipe mould.

Lump f etl

Figure 10. Lumps of metal on pipe surface. (City of Ottawa)

A final type of manufacturing flaw observed in a
number of cast iron pipes is the presence of iron
phosphide networks throughout the pipe metal
(Figure 11). Phosphorus was added to molten cast
iron in order to lower the melting point of the metal
and its viscosity. This meant that lower casting
temperatures could be used, reducing the total cost

Figure 11. Portion of iron phosphide network within pipe
metal. (City of Moncton)

of manufacture. However, the presence of phospho-
rus can also produce the type of network shown in
Figure 11. This iron phosphide compound is even
more brittle than gray cast iron and its presence
weakens the pipe. Most modern steel and cast iron
manufacturing attempts to minimise the phosphorus
content, with specifications calling for a value that
depends on the quality of the steel but is typicaily

below 0.1 percent by weight (wt%) and often below
0.03 wt%. Gray cast iron pipes may have phospho-
rus contents as high as 0.9 wi% and are often in the
range of 0.4-0.6 wt.%

4.3 Excessive Forces

Most observed pipe failures are due to a combina-
tion of some form of damage or manufacturing flaw
and applied forces from the pipe’s environment.
However, it is also possible for pipes to fail without
the presence of either corrosion pitting or a manu-
facturing flaw at the point of failure. In some cases
damage elsewhere along the pipe may contribute to
the failure. An example of this happening would be
where the pipe has failed in tension due to ground
movement forces being transferred to the pipe by
corrosion pitting. In other cases the applied forces
may cause the pipe to fail even without any previous
damage to the pipe.

These failures may be particularly perplexing to
the practitioner, since they have no apparent cause.
In addition, this type of failure has sometimes been
observed where there has been no apparent addi-
tional loading to the system (i.e. no truck loads, frost
loads, changes in temperature or changes in water
pressure that might have affected the pipe and
caused the failure). Such an event may result in re-
placement of the failed pipe and little further analy-
sis.

However, there is always a cause for pipe fail-
ures. If no defects or corrosion pits arc found on the
failed pipe, the most likely cause is that the forces
applied to the pipe have exceeded its resistance ca-
pacity. These forces may have built up gradually
over time and be difficult to detect, but their size and
direction can be determined by the nature of the
failure mode observed in the pipe. They are often
produced by ground movements and may have
originated at a significant distance from the failed
pipe. Failure may occur at a change in pipeline di-
rection at a thrust block, for instance, when the
ground movement that caused the applied forces
happened farther away along the line.

A major question related to this type of failure is
whether the forces on the pipeline were rclieved by
the failure and the subsequent replacement process.
If they were not, the pipeline should be assumed to
be at a higher than normal risk of further failures.
Further research is required to determine the best
way of making this assessment. One part of the pro-
cess is the establishment of the forces that were
likely to be responsible for the failure itself. This
determination will require investigating the failure
mode, the mechanical strength of the pipe and also
the manner in which the pipeline was designed. In
some cases the resistance capacity of the line may
have been overestimated by mistakes in the assump-




tions made about ground cover, maximum truck
loads or maximum waler pressure experienced by

line. It is also possible that installation procedures
that are now recognised as incorrect were used on
early pipelines. An example of the latter problem
was the use of wooden blocks under the pipe to raise
it above the floor of the trench. This approach was
later recognised to contribute to pipe failures due to
forces being concentrated on the pipe at the blocks,
rather than distributed along the length and width of
the pipe by the bedding material. It is important to
recognise, however, that failures due to excessive
forces can also take place even when there are no er-
rors in the design and installation of the pipeline.

4.4 Human error

Design problems are one type of human error that
can contribute to pipeline failures. However, there
are other practices during construction and after that
can also promote or cause pipe failures. In particu-
lar, some types of corrosion induced failures have
been identified as being due to poor installation or
movement techniques. Figure 12 shows an example
of a pipe that failed due to a large blow out of the
side of the pipe. This pipe had a pair of very long
corrosion pits that appear to have formed where the
black coating on the pipe was scratched during in-
stallation. Some additional scratches could also be
seen on the pipe. The coating is also seen on ductile
iron pipc and is a natural iron oxide byproduct of the
manufacturing process that provides some corrosion

Figure 12. Elongated corosion pits caused by scratching pipe.
(City of Ottawa)

iron and ductile iron pipes have been observed to
corrode without noticeable coating damage, but
damage to the coating enhances the probability of
significant corrosion in the damaged area. In the
case shown in the figure, the long thin pits corroded
fo the point where the metal was paper thin at the
bottom of the pit. A pressure surge caused the pipe
to fracture along the pit, followed by a full blow out.
Similar damage has been observed on ductile iron
pipes from the City of Toronto. In this case an un-
padded chain was placed around the pipe when it
was being moved. Each link of the chain damaged

the pipe coating, resulting in a series of corrosion
pits located around the circumference of the pipe
(see Figure 1 for a sketch of this failurc).

Another common source of failures duc to human
error is third party damage. Excavations made on or
near pipelines without accurate knowledge of their
location frequently causes pipeline damage or failure
(Figure 13). This type of failure is common to all
buried utilities, including both pipelines and other
services such as telephone and television cabling,

Figure 13. Dent and hole in ductile iron pipe due to third party
damage. (City of Toronto)

Sometimes problems can be perpetuated through
simply following a water utility’s standard operating
procedures. Figure 14 shows two pieces of a single
pipe that experienced four distinct failures in the
length shown. The back of the left pipe section was
connected to the front of the right one by the clamp
that is shown in the picture. Each of the failures was
associated with corrosion pitting. These failures ap-
pear to have taken place over a significant length of
time, with the response to the first three cases being
to place a stainless steel clamp over the damaged
area. The pipe was not removed until the very long
corrosion pit on the left section developed.

An examination of the damage to the pipe makes
it clear that it was located in a very corrosive envi-
ronment. The stainless steel clamps held the pipe
together, but did not prevent further corrosion in a
nearby location. In fact, a number of pipe failures
observed by NRC occurred next to previous failures
covered by stainless steel clamps. It is possible that
some aspect of the repair procedure itself may be re-
sponsible for the subsequent failures. More research
is required to investigate this possibility.

This result suggests that alternate approaches to
simple clamping for dealing with corrosion related
failures may be desirable. One method used by
some cities is to add a sacrificial anode to the pipe at
the site of each failure. This should protect the pipe
for the duration of the anode’s life. The anodes can




also be checked and replaced if necessary on a
scheduled basis, rather than through emergency re-
pairs.

Circumfarentisl
o Breaks -

Figure 14. Multiple failures on same pipe. (City of Toronto)

5 MULTIPLE EVENT FAILURES

Until recently, most mechanical failures of gray cast
iron pipe were assumed to have occurred in a single
event, with the pipe cracking to the point of failure
due to one incident of applied forces exceeding the
strength of the pipe material. Recent work at NRC
has shown that many circumferential and bell split
type failures occur as a scries of multiple events
(Makar, 2000). In these cases the pipe cracks part
way through and may start leaking water. If the
damage is not detected, a second or even third
cracking event may take place, with the process
continuing until the pipe fails completely or is re-
moved from service due to a leak detection cam-
paign.

Figures 15 and 16 show two examples of multiple
event failures. Their role in a pipe failure can be
detected by carefully examining the fracture surface
of the pipe. In the case of the pipe shown in Figure
16, only about 80% of the pipe circumference had
been cracked through at the time it was removed
from service. The intact circumference, labeled as
region 3 in the figure, was broken in the laboratory
using a stress testing machine. Examination of the
entire fracture surface afterwards showed that two
cracking episodes had taken place while the pipe
was in use. Region 1 was covered with a relatively
thick layer of corrosion products that had an orange
colour and regions of gray material. The regions la-
beled 2 in the figure had a much thinner layer of cor-
rosion product with a dark red colour. The gray col-
our of the graphite flakes that give gray cast iron its
name could also be seen below the corrosion prod-
ucts.

Although the pipe in Figure 16 clearly shows that
not all circumferential failures require complete
cracking around the pipe, visual identification of dif-
ferent cracking episodes can be very subjective in
nature. Further evidence for this phenomena is pro-
vided by elemental analysis of the fracture surface.

Figure 15. Multi-event circumferential failure. “1” indicates
the first cracking event, “2” indicates the second cracking
event and “3”indicates the region that was intact until broken
in the laboratory. (City of Toronto)
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Figure 16. Multi-event bell splitting failure. “1” indicates the
start of the first cracking event at a small corrosion pit while
“2” indicates the start of the second cracking event. (City of

Ottawa)

In the case of Figure 16 the visual examination
showed evidence of two cracking episodes, with one
region near the bell having thick corrosion products
and an orange-gray colour and the other region
closer to the end of the crack having thin corrosion
products with a dark red colour. An elemental analy-
sis shows the presence of a number of elements on
both regions of the fracture surface that are not pres-
ent in the pipe metal. These elements were therefore
acquired from the surrounding soil. However, the
region with thicker corrosion products showed the
presence of sulphur, aluminum, potassium and a
high quantity of calcium, while the region with the
thinner layer of corrosion products showed consid-
erably smaller amounts of the last three elements
and no sulphur at all. This difference indicates that
the fracture surface under the thicker layer had been
exposed to the surrounding soil for a longer period
of time than that under the thinner layer, providing




further evidence for a multi-event cracking process.
Elemental analyses have been done for other frac-
ture surfaces with similar results.

The cause of the multi-event fractures is unclear.
Normally brittle fractures would be expected to
propagate quickly across an entire object. More re-
search, including both finite element modelling and
fracture mechanics studies, will be necessary to
completely understand this aspect of cast iron be-
haviour.

6 THE BATHGATE MAIN - A CASE STUDY

NRC was asked to conduct a failure analysis on a
broken 410 mm water main in the summer of 2000
by the Regional Municipality of Ottawa-Carleton
(now part of the City of Ottawa). This main had
experienced a spiral failure (Figures 3 and 17) and
appeared to have failed in a brittle manner. How-
ever, the Region’s records showed the pipe as being
ductile iron rather than gray cast iron. The unusual
failure mode, the uncertainty in the records and the
need to determine the vulnerability of the rest of the
line led to the need for the failure analysis.

The sample delivered by the Region to NRC con-
sisted of only half the failed pipe. In addition, a
section of the pipe at the point where the crack likely
initiated was missing. These missing sections of
pipe meant that the exact cause of the failure could
not be determined. However, it was possible to ex-
amine the rest of the pipe and determine its quality.

oy

Figure 1. Medu#r“n diameter plpé failure. ‘(City onO'ttav/va)

The first step in the examination was to cut up the
pipe and expose the fracture surface. No evidence
for a multi-event failure was seen, but the fracture
surface did show a change in the direction of the
fracture part way through the pipe (Figure 18). This
change in the direction of the surface had not been
seen in other pipes that had been investigated by
NRC.

Subsequent investigation did not identify any sig-
nificant areas of corrosion on the fracture surface or
on the pipe in general. However, a large number of

manufacturing defects were found. Numerous small
pores were seen in the metal of the pipe and along
the pipe surfaces. Each of the casting defects shown
in Figures 7 to 10 were found on this pipe. As noted
earlier, the longitudinal flaws in Figures 8 and 9 oc-
curred frequently on the outer pipe surface. This
pipe also experienced the change in wall thickness
mentioned carlier.

As shown in Figure 9, the microstructure of the
pipe was investigated in order to determine the type
of pipe. The presence of graphite flakes in the metal,
rather than spheres showed that it was gray cast iron.
An elemental analysis confirmed that the pipe metal
did not have the small amount of magnesium neces-
sary to produce ductile iron. The microstructural
analysis did show that the type and form of the
graphite flakes in the pipe changed part way through
the pipe wall. This change was responsible for the
change in the fracture surface shown in Figure 18,

The mechanical properties of the pipe were also
investigated, with five tensile tests and seven four
point bending tests being conducted on samples
from the failed pipe. Multiple tests have been found
to be necessary due to the high variability of gray
cast iron. Some pipes have shown a variation of as
much as 100% between the weakest sample and the
strongest (Rajani, Makar and McDonald, 2001). In
this case the samples were all taken from sections of
pipe without manufacturing defects. The tensile tests
all showed pipe strengths above the 124 or 145 MPa
called for by the two standards (ASA 1953, AWWA
1967) that may have becn applicable to the manu-
facture of this pipe. However, one of the four point
bending tests produced a modulus of rupture signifi-
cantly below that allowed by either standard (224
MPa versus 276 MPa or 310 MPa). Six of the seven
tests were below the 310 MPa standard.

Figure 18. Change in fracture surface along spiral crack. (City
of Ottawa)

A second pipe was removed {rom the line to act
as a control sample for the investigation. It did not
show any of the manufacturing defects identified on
the failed pipe. The mechanical tests conducted on
the control pipe also showed values that were con-
sistently above those required by the standards.

The analysis concluded that the failure was due to
the manufacturing defects in the pipe. The inherent




resistance of the pipe to bending was marginal at
best compared to the values required by the applica-
ble standards. The frequency of the observed defects
was such that there was a very high likelihood of
one occurring at the failure site. The combination of
a weak pipe material and an inclusion, longitudinal
flaw or cluster of pores lowered the pipe’s resistance
capacity to point where the failure occurred.

7 CONCLUSIONS

Cast iron pipe failures are more diverse and complex
than is usually appreciated by the water industry.
Failure modes include not only corrosion blow outs
and circumferential breaks, but also include longitu-
dinal cracking, bell splitting, bell shearing and spiral
cracking. The causes of failure go beyond corrosion
and mechanical loading to include manufacturing
defects and a variety of human factors. Many fail-
ures also occur as multiple events, rather than as a
single cracking episode.

Understanding the nature and causes of pipe fail-
ures is important in making decisions about pipeline
rehabilitation and replacement. Pipeline failures are
normally unexpected and often produce emergen-
cies. This is especially the case for medium and
large diameter lines, which may supply water to
large numbers of people. A water utility’s major
goal in resolving such a failure situation is naturally
to prevent water damage to the area around the pipe
and restore water supply as soon as possible. How-
ever, gathering the information and samples neces-
sary to complete a failure analysis should be consid-
ered a necessary part of the repair process.
Conducting an engineering analysis after a major
pipeline failure is essential to determining the risk of
a subsequent failure on the same line. The complex
nature of pipeline failures and the inherent variabil-
ity of gray cast iron pipes mean that the information
about the pipe and its failure necessary for the engi-
neering analysis can only be acquired by the failure
analysis process.
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ABSTRACT: Approximately two thirds of the water mains in the City of Regina are asbestos cement (AC)
pipes. These pipes are experiencing more and more failures in recent years and account for almost all of
the water main breaks in the city. The AC water main failures, along with the failure of other types of
water mains in general, are a result of various factors, some of which are site specific. To assess the
condition and identify the factors that significantly influence the breakage of AC water mains, the historical
failure data for AC water mains in the City of Regina have been collected, along with their corresponding
working environments, including soil type, water quality, weather, etc. The AC water main break data were
analyzed for correlation between pipe breakage and all known physical, environmental and operational
factors. The predominant factors that influence the AC pipe breaks were identified. It was observed that
pipe age, diameter, climate, soil and construction and repair methods all influence the condition of the AC
water mains in Regina, with climate and soil conditions being the two critical factors. Water quality is not a
major determinant of the AC water main condition for the city. The observations will serve as a basis for
further research on the failure mechanisms of the AC pipes, which is essential for the performance
prediction of these water mains and, therefore, the management of the city’s AC water main assets.

1. INTRODUCTION

In the City of Regina, approximately 531 km, or two-thirds, of the water mains are asbestos cement (AC)
pipes. These pipes are experiencing more and more failures in recent years and account for almost all of
the water main breaks in the city. In many municipalities, AC pipes are replaced whenever their
performance and condition warrant extensive repairs. This is not an option for the City of Regina because
of its large inventory of AC water mains and funding constraints. To ensure that the city’s administration
can manage its AC water main assets to continue to provide an adequate supply of safe water in a cost-
effective, reliable and sustainable manner, it is essential that a clear understanding be developed of AC
pipe failure conditions and the mechanisms behind the failures.

The failure conditions and their corresponding mechanisms are dependent on a number of factors. These
factors may be grouped into three general categories: (a) physical characteristics of the pipes themselves
(e.g. flexural strength), (b) the environments in which the pipes are working (e.g. climate, soil type,
groundwater properties, water table), and (c) operational characteristics (e.g. water quality, operation and
maintenance, repair or replacement procedures) (NRC 2002; Rajani and Kleiner, 2001). The interplay of
these factors determines the failure processes and modes. However, the role played by each factor may
vary due to site-specific conditions. Therefore, identification of factors contributing to the occurrence of
water main failures in a given site should be the first step towards understanding of the failure
mechanisms.
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Previous studies on the performance of AC water mains have stemmed from two concerns. One was a
health concern related to the release of asbestos fibres into the drinking water due to chemical attack on
the asbestos cement material and the erosion of the internal surface of the pipe by the water. It was found
that in some environments, AC pipe materials are subject to damage due to various chemical processes
that either leach out the cement material or penetrate the pipe wall to form products that weaken the
cement matrix (Mordak and Wheeler 1988). Nebesar (1983) did a comprehensive review of these
“corrosion” mechanisms in AC pipes. A number of chemical agents were identified including acids,
sulphates, magnesium salts, alkaline hydroxides, ammonia and soft water. Some organic compounds
were found to be “corrosive” as well. Pits and holes on pipe walls are indicators of corrosion. External
corrosion of AC pipes follows the same principles as internal corrosion, i.e., pH, alkalinity, sulphates
contained in the soils or groundwater will attack AC pipes (Jarvis 1998).

The other concern was related to the asset management of AC water mains, which requires a condition
assessment of the pipes for determining the remaining service life and improving the service condition. AC
water mains were observed to deteriorate with pipe age and a linear relationship was identified between
the breakage rate and the pipe age (Kettler and Goulter 1985). It was also noted that the breakage rate of
AC pipe was influenced by pipe diameter, with a lower breakage rate for larger diameter (Guan 1995,
Mordak and Wheeler 1988), which was attributed to the thicker wall and higher bending moment
resistance associated with larger diameter pipe (Mordak and Wheeler 1988). The greater wall thickness
provided an inherently more robust pipe, which was not as likely to fail structurally as a result of chemical
attack and external loading (Kettler and Goulter 1985).

AC water mains may also fail due to other operational, environmental and physical factors. For example, it
was observed by Mordak and Wheeler (1988) that the distribution of failures through the year has been
fairly random for areas where sandy/gravel soils commonly occur, whereas in areas with cohesive clay
soils, most failures occur during the dry summer months. Cohesive clay soils are also associated with high
incidence of circumferential fractures, which are commonly related to bending stresses.
Construction/repair methods may also contribute to the failure of AC water mains (Mavin 1996; Guan
1995). Pipe breakage is more likely 1o occur when the environmental and operational stresses act upon
pipes whose structural integrity has been compromised by corrosion, degradation, inadequate installation
or manufacturing defects (Rajani and Kleiner 2001).

All the aforementioned studies show that AC water main failure, along with the failure of other types of
water mains in general, is a result of various factors, some of which are site specific. To assess the
condition and identify the factors that significantly influence the breakage of AC water mains in the City of
Regina, the historical failure data of AC water mains in the city has been collected and analyzed, along
with their corresponding working environments, including soil type, water quality, weather, etc. In this
paper, the information was evaluated to determine the failure conditions of the AC water mains in the city.
The predominant factors that contribute to the AC pipe failure were identified.

2. REGINA’S WATER DISTRIBUTION SYSTEM
21. History of the Water Distribution System

Regina, Saskatchewan, Canada, was founded in 1903 and had a population of around 200,000 in 2003.
The earliest construction of the water distribution system was in 1904. Cast iron (Cl) pipes were first used
in the water distribution system and were predominant until the 1940s. The use of asbestos cement pipes
was adopted in the middle 1940s and became predominant in the 1950s and 1960s. Since they were
considered by the city to have better performance than C! pipes, AC pipes were used in all the new
subdivisions, as well as to replace failed Cl pipes.

In the early 1980s, health concerns with the asbestos fibres and the wide acceptance of polyviny! chloride
(PVC) pipe by the water works industry changed the landscape of the water distribution system in City of
Regina. Since then, PVC pipes have been used in the construction of new developments and in the
replacement of Cl and AC pipes.
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Besides Cl, AC and PVC, steel pipes were also used. Steel pipes have a good service performance but
are more costly. Most steel pipes in Regina are used for large diameter ( > 500 mm) transmission mains.
Other materials that were used to a much less extent are polybutylene and concrete.

Currently, Regina has approximately 753 kilometres of water mains within the city limits. These mains vary
in size from 100 to 600 mm in diameter. With about 531 km in service, AC comprises about two-thirds of
the total length of the pipe network. The length of AC pipe in service has not changed significantly since
1986, except for small reductions due to replacement during repairs. The pipe sizes for asbestos cement
water mains in Regina include 100, 150, 200, 250, 300 and 400 mm. The 150 and 200 mm pipes comprise
a large percentage of the system. There are only a few sections of 100 and 400 mm pipes.

2.2. Data Collection

The AC pipe repair information used in this study was acquired mainly from the Engineering and Works
Department of the City of Regina. The original records show that the earliest installation of AC pipe was in
1945. With the development of the city and the construction of new residential, commercial and industrial
areas, the water distribution system expanded. The dates of pipe construction, repair and replacement
were recorded and are available for most streets. However, these records are not complete and some
data are missing.

The data recorded on the water main repair report sheets include leak location, dates received and
repaired, pipe material, size, leak type, repair material and length and connection information. Some
particular situations were noted in a Remarks portion of the repair report. The installation year for each
AC water main can be found on the Water Main Distribution System Map of the City of Regina. However,
some AC pipes have been replaced with PVC pipes since the mid-1980s and the installation year data for
the original AC water mains were not available.

3. CONDITIONS OF AC WATER MAINS
3.1. Installation of AC Water Mains

Figure 1 shows the length of AC pipes installed each year from 1945 to 1986. The annual installation
lengths shown in this figure represent the AC water mains currently in service. Three peak periods can be
identified in Figure 1. The first one is from 1953 to 1959 with around 20 km of AC water mains installed
each year. The second one is from 1964 to 1966 with about the same length of AC pipes installed
annually as the previous peak. The third peak period lasted from 1972 to 1980 with the highest annual
installation length of 42.8 km of AC water mains in 1976 falling in this period.

The annual installation length for the period between 1983 and 1986 was reduced gradually to zero when
use of PVC was fully adopted. It should be noted that the annual installation lengths may not be accurate,
especially for the earlier period, because of water main repairs. Some AC water mains are likely to have
been replaced during these programs and their records removed from the City’s database.

3.2. History of AC Failure

The service condition of AC pipes is evaluated in terms of the number of breaks of water mains based on
the available data collected by the City of Regina. The term “break” in this study is taken to correspond to
an entry on a water main repair report sheet and constitutes a single repair event. The AC water main
breaks during the period from 1994 to 2003 were analyzed and a total of 911 breaks were recorded for
this period. Figure 2 shows the annual number of breaks. The plot indicates that the number of breaks
has, in general, been increasing steadily. Also included in this figure is a fitted exponential curve. The

good correspondence (the square of the correlation coefficient, R?, =0.83) between the fitted curve and
the historic data points indicates that the number of breaks is increasing at an accelerated (exponential)
rate and the overall system condition is deteriorating.
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Figure 1. Annual installation length of AC water mains (1945 -1986)

The historic data plot shows that two peaks of breakage occurred in 2001 and 2003. The abnormal
weather in these two years might be the major factor inducing more pipe breaks. In 2001, a record rainfall
was noted in July followed by extremely low rainfall in August and September. City staff has reported that
the higher number of breaks in 2003 might have been due to the high temperature and dry weather during
the summer period of this year.
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Figure 2. Break history of AC water mains (1994~2003)
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3.3. Monthly Failure Conditions

The monthly breakage numbers are shown in Figure 3 for AC water mains in Regina. There are three
curves, which represent the monthly break numbers for 2001, 2003 and the average number for the 10-
year period from 1994 to 2003, respectively. The monthly break numbers for 2001 and 2003 are also
included for comparison. This figure shows that high breakage rates occurred in August and September
and sometimes in February and March. The highest breakage of water mains occurred in September.

100
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gg | — W — 2003 . " T
——&— 10-year average / . * \
b Tttt / \\

Monthly Breaks
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Month

Figure 3. Monthly breaks of water mains in Regina fro 2001, 2004
and the 10-year average (1994 to 2003)

The higher breakage in the summer season for both normal and off-normal years may be attributed to
different factors. The high temperature combined with relatively low precipitation will desiccate the soil,
inducing shrinkage and, consequently, differential movement, uneven bending support and/or uneven
loading conditions. More traffic in summer may also impose extra loading on the buried pipes. The second
peak for the two off-normal years may be related to extended periods of cold temperatures in these
particular winter seasons. If a decrease in the ambient temperature is sustained, the frost will penetrate
deeper into the ground, causing increased frost loads on the buried pipes, even though they are buried at
some distance below the maximum frost penetration depth (Bahmanyar and Edil 1983).

3.4. Spatial Failure Conditions

To assess the system failure condition in the entire city, the breakage distribution for the AC water mains
in the city was investigated. Figure 4 presents the breaks of AC pipes during a one-year period in 2003. It
can be seen from Figure 4 that the water main breakage was not evenly distributed within the city. The
breakage of AC pipe was most serious in the southern areas. Other areas that have a high concentration
of AC pipe breakage include the central, central west and northern parts of the city. These areas were the
earliest ones constructed using AC pipes. The southeast and northwest areas were developed since the
1980s and PVC pipes were used.
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Figure 4. Water main breaks in 2003

There are a few factors that may account for the spatial pattern of AC water main breaks as shown in
Figure 4. In addition to the earlier development period and greater age of the pipes, the pipe length per
unit area in these areas may also be a factor, i.e., the areas with greater pipe length per unit area may
have more breaks. The higher density of pipe breakage in the southern area may be affected by low
elevation and soil conditions as well.

3.5. Failure Modes

All breaks are divided into five categories: longitudinal, circumferential, hole-in-main, pinhole and other.
Although hole-in-main and pinhole are both primarily due to chemical attack, their failure modes are
different in that a hole-in-main failure requires internal pressure or external loading whereas pinhole fails
due to chemical attack only. A few breaks are characterized as “other”, which include everything from joint
failure to subsequent leakage at a clamped repair location. Table 1 lists the different failure modes and
their corresponding percentages. Among the 911 breaks from 1994 to 2003, circumferential breaks
comprise the predominant failure mode (90.9%).

Table 1. Failure modes and their percentage

Failure Modes Longitudinal ~ Circumferential Hole-in-main  Pinhole  Other
Breaks 5 828 7 2 69
Percentage 0.5% 90.9% 0.7% 0.2% 7.6%

This table indicates that corrosion is not a big problem for the AC water mains, as the breaks due to
corrosion (hole-in-main and pinhole) account for less than 1% of the total breaks for this period. Because
the longitudinal break number is very small, internal water pressure, soil stresses and other circumferential
loading (e.g., traffic) also do not have a major influence on the breakage of AC pipe. The high rate of
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circumferential failure suggests that axial bending (or beam action) is the predominant loading condition
leading to failure.

3.6. Failure Pipe Size

The pipe breakage for different pipe sizes was also analyzed. Table 2 summarizes the break numbers of
AC water mains for the four major pipe sizes (150, 200, 250 and 300 mm diameter) during the 10 year
period, 1994 to 2003. Table 2 shows that most repair work was related to the 150 mm pipes and more
than 94% of the breaks occurred in the 150 and 200 mm pipes. The City of Regina provided the 1993
percentages of the four pipe sizes: 62.4%, 21.1%, 10.7% and 5.8%, respectively (Guan 1995). Based on
this information. When converted to the number of breaks per unit length (km) per year for AC water mains
(Table 2) the break rate decreases with increased pipe size. This finding agrees with that of previous
researchers, e.g., Mordak and Wheeler (1988), among others. For Regina, the rate for 150 mm pipes
(0.22 breaks per km per yr) is nearly double the rate for 200 mm pipes (0.13 breaks per km per yr), which
is nearly 4 times the rate for 250 and 300 mm pipe (about 0.04 breaks per km per yr).

Table 2 Number of breaks of various diameter pipes (1994-2003)

Diameter (mm) 150 200 250 300 Others* Total
No. Breaks 719 149 20 14 9 911
Percentage 78.9% 16.4% 2.2% 1.5% 1.0% 100%
Breaks/km/year 0.215 0.132 0.035 0.044

* Others include 100 mm, 400 mm and unknown pipe sizes (not recorded)

The reasons for the tendency for decreasing pipe breakage with increasing pipe diameter may be
attributed to higher bending moment resistance associated with larger diameter pipes, as suggested by
Mordak and Wheeler (1988). A greater diameter pipe with a larger moment of inertia will have lower
bending stresses in the pipe if the external loading condition is the same and, therefore, will have less
possibility of circumferential failure. A large wall thickness associated with a larger diameter pipe may not
be important because chemical attack related breaks were only a small percentage of total breaks.

4. DISCUSSION

In the previous section, the failure conditions of AC water mains in the City of Regina were analyzed and
the possible factors causing the failures were also discussed. Pipe age, size, climate and soil conditions
were cited as possible factors which may influence the AC pipe conditions and cause them to break.
These factors, along with other possible factors identified during the repair records review and field
observations at repairs performed in the summer and fall of 2004, are discussed in this section.

4.1. Climate

Climate appears to be one of the most important factors contributing to the observed AC water main
failure patterns. Two peaks in the historic data plot (Figure 2) are all related to off-normal climate
conditions in 2001 and 2003, respectively. The higher number of breaks in 2003 corresponds to a hot
summer with a long dry period. Abnormal weather was also observed in 2001, with a record rainfall in July
followed by extremely low rainfall in August and September. The cyclic pattern of the monthly pipe
breakage, as illustrated in Figure 3, may also be aftributed to the seasonal cyclic pattern of climate
changes in this region.

The summer season in Regina usually sees high temperatures and relatively low precipitation, especially
in August and September. During these dry months, soil moisture is depleted due to evapotranspiration. A
reduction in moisture content will result in shrinkage of the cohesive clay soils that are predominant within
the Regina region and cause loading of the buried pipes. Additionally, the drying of the clay may reduce
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the attenuation of imposed traffic and other loads, leading to higher loads transmitted to the pipes. The
relative effect of these factors in contributing to the high incidences of breaks in summer, especially those
in 2001 and 2003, requires further study.

Figure 3 also shows that a second peak in pipe break number occurs during the coldest period of the year
for both of the abnormal years. This phenomenon has been observed by many researchers, including
Rajani and Zhan (1996) and Selvadurai and Shinde (1993). It has been attributed to increased earth loads
on the buried pipes due to freezing and expansion of the water in the ground. The process involves not
only the water near the freezing front (0°C isotherm), but also the moisture around the front through
migration towards the freezing front (Shah and Razaqpur 1993). A loss in moisture, as discussed
previously, will further worsen the environment of water mains by causing soil movement around the
pipes. In addition, a decrease in temperatures external to the pipe during the winter season will cause an
increase in pipe tensile stress (Zhan and Rajani 1997). The very cold temperatures in the winter season of
2001 and 2003 may have contributed to the second peak of breaks that occurred in these two years.

4.2. Soil

The clay soil in the Regina region is a Montmorillonite type clay and consequently has high rates of
volumetric shrinkage and expansion due to changes in moisture content. The change in soil volume will
result in soil movement, which, in turn, induces additional stress on buried pipes. The soil movement may
cause these stresses through different mechanisms, such as non-uniform bedding support and differential
settlement. Since non-uniform soil bedding support or differential soil settlement is typically related to axial
bending or beam action, it is expected that bending-related failures will be significant, especially during the
period when greater soil moisture change occurs. The high incidence of circumferential failures (Table 1)
and the large proportion of failures on small diameter mains (Table 2) are consistent with such external
loading imposing bending stresses on the pipes.

Besides climate (temperature and precipitation), other factors may also cause change in moisture content,
including water uptake by vegetation (e.g., roots of large trees), pipe leakage and other activities, such as
pipe repairs.

4.3. Corrosion

In general, the water transported inside the pipes and the external soil and ground water conditions can
influence the condition of asbestos cement pipes. The total breaks due to corrosion (Hole-in-main and
Pinhole, as presented in Table 1), represent only 1 percent of the total number of failures, indicating that
corrosion is not an important factor in AC water main failure in Regina. The non-corrosive environment
was confirmed by exhumed AC water mains showing smooth internal surfaces even after 50 years in
service.

4.4. Pipe age

The annual break curve of AC water mains (Figure 2) indicates that the system condition is deteriorating
with time, especially in recent years. Since all the impacts induced by the physical, environmental and
operational factors will accumulate with time, it is expected that more breaks will occur with increased pipe
age. Therefore, the age of water mains is expected to be a overall factor affecting pipe breakage.
However, the actual mechanisms behind the age effect have not been separately evaluated and these
factors require further study.

4.5. Other factors

Other factors may include construction specifications and practices, operating pressures, manufacturing
processes, traffic, etc. For example, the variable stresses due to traffic loading may induce pipe breakage
by fatigue action. The increased breaks in August and September may alsc be due to the increased traffic
volume in the summer season.
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5. SUMMARY AND CONCLUSION

The historical failure data for asbestos cement water mains in the City of Regina were analyzed for the
period from 1994 to 2003 to assess the condition and identify the factors that significantly influence the
breakage of these water mains. The failure data suggest that the condition of the AC water mains in the
City of Regina is deteriorating, with the number of failures increasing annually at an exponential rate
during the 10-year period. Years 2001 and 2003 have recorded the two highest water main break numbers
in history, due to particularly abnormal climate conditions in these two years. Most of the breaks occurred
during the dry summer months and the cold winter months. Circumferential breakage was the predominant
failure mode.

Uneven spatial and temporal patterns of AC water main breaks in the city were also observed. Pipe
breakage was concentrated in a few subdivisions such as the central, central-west, northwest and
southern areas. Water quality was not found to be an important factor in terms of pipe corrosion.

The primary causes behind the AC water main break patterns are attributed to the properties of the
Regina clay and the local climate. Regina clay has a very high swelling and shrinkage potential upon
moisture change. The high expansive characteristics of Regina clay coupled with a reduction of soil
moisture content in summer contributes to the high incidence of pipe breaks in summer seasons and the
break peaks in the driest years. Frost load and temperature change may have contributed to the relatively
small peaks in breakage noted during the winter months.

Pipe diameter, age and other construction specifications and practices are also important factors when the
pipe failure patterns in Regina were analyzed. These factors may influence the pipe failure patterns
themselves and the effect may become more severe by combining with particular soil and climate factors.
Further study of the contributing factors identified in this study will lead to a better understanding of the
failure mechanisms, which is essential for the performance prediction of these water mains and, therefore,
the management of the city’s AC water main assets.
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Introduction. A new kind of challenge is emerging in the United States, one
that for many years was largely buried in our national consciousness. Now it can
be buried no longer. Much of our drinking water infrastructure, the more than one
million miles of pipes beneath our streets, is nearing the end of its useful life
and approaching the age at which it needs to be replaced. Moreover, our shifting
population brings significant growth to some areas of the country, requiring larger
pipe networks to provide water service. ~

As documented in this report, restoring existing water
systems as they reach the end of their useful lives and
expanding them to serve a growing population will cost at
least $1 trillion over the next 25 years, if we are to maintain
current levels of water service. Delaying the investment can
result in degrading water service, increasing water service
disruptions, and increasing expenditures for emergency
repairs. Ultimately we will have to face the need to “catch
up” with past deferred investments, and the more we delay
the harder the job will be when the day of reckoning comes.

In the years ahead, all of us who pay for water service will
absorb the cost of this investment, primarily through higher
water bills. The amounts will vary depending on community
size and geographic region, but in some communities
these infrastructure costs alone could triple the size of a
typical family’s water bills. Other communities will need to
collect significant “impact” or development fees to meet the needs of a growing
population. Numerous communities will need to invest for replacement and
raise funds to accommodate growth at the same time. Investments that may be
required to meet new standards for drinking water quality will add even more to
the bill.

Although the challenge to our water infrastructure has been less visible than other
infrastructure concerns, it's no less important. Our water treatment and delivery
systems provide public health protection, fire protection, economic prosperity and
the high quality of life we enjoy. Yet most Americans pay less than $3.75 for every
1,000 gallons of safe water delivered to their taps.

This report demonstrates that as a nation, we need to bring the conversation
about water infrastructure above ground. Deferring needed investments today
will only result in greater expenses tomorrow and pass on a greater burden to
our children and grandchildren. It’s time to confront America’s water
infrastructure challenge.

The Era of Infrastructure Replacement. More than a decade ago

the American Water Works Association (AWWA) announced that a new era was
dawning: the replacement era, in which our nation would need to begin rebuilding
the water and wastewater systems bequeathed to us by earlier generations. Our
seminal report—Dawn of the Replacement Era—demonstrated that significant
investments will be required in coming decades if we are to maintain the water
and wastewater systems that are so essential to our way of life.

BURIED NO LONGER: CONFRONTING AMERICA'S WATER INFRASTRUCTURE CHALLENGE 3




The Dawn report examined 20 water systems, using a relatively new technique
to build what came to be called a “Nessie Curve” for each system. The Nessie
Curve, so called because the graph follows an outline that someone likened to a
silhouette of the Loch Ness Monster, revealed that each of the 20 water systems
faced unprecedented needs to rebuild its underground water infrastructure—its
pipe network. For each system, the future investment was an “echo” of the
demographic history of the community, reflecting succeeding generations of
pipe that were laid down as the community grew over many years. Most of those
generations of pipe were shown to be coming to an end of their useful service
lives in a relatively compressed period. Like the pipes themselves, the need for
this massive investment was mostly buried and out of sight. But it threatens our
future if we don’t elevate it and begin to take action now.

The present report was undertaken to extend the Dawn report beyond those

20 original cities and encompass the entire United States. The results are
startling. They confirm what every water utility professional knows: we face

the need for massive reinvestment in our water infrastructure over the coming
decades. The pipe networks that were largely built and paid for by earlier
generations—and passed down to us as an inheritance—last a tong time, but
they are not immortal. The nation’s drinking water infrastructure—especially the
underground pipes that deliver safe water to America’s homes and businesses—
is aging and in need of significant reinvestment. Like many of the roads, bridges,
and other public assets on which the country relies, most of our buried drinking
water infrastructure was built 50 or more years ago, in the post-World War Il era
of rapid demographic change and economic growth. In some older urban areas,
many water mains have been in the ground for a century or longer.

Given its age, it comes as no surprise that a large proportion
of US water infrastructure is approaching, or has already
reached, the end of its useful life. The need to rebuild these
pipe networks must come on top of other water investment
needs, such as the need to replace water treatment plants
and storage tanks, and investments needed to comply with
standards for drinking water quality. They also come on top
of wastewater and stormwater investment needs which—
judging from the US Environmental Protection Agency’s
(USEPA) most recent “gap analysis”—are likely to be as large
as drinking water needs over the coming decades. Moreover,
both water and wastewater infrastructure needs come on
top of the other vital community infrastructures, such as
streets, schools, etc.

Prudent planning for infrastructure renewal requires credible,
analysis-based estimates of where, when, and how much
pipe replacement or expansion for growth is required. This
report summarizes a comprehensive and robust national-level analysis of the
cost, timing, and location of the investments necessary to renew water mains
over the coming decades. It also examines the additional pipe investments we
can anticipate to meet projected population growth, regional population shifts,
and service area growth through 2050.
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This analysis is based on the insight that there will be “demographic echoes” in
which waves of reinvestment are driven by a combination of the original patterns
of pipe investment, the pipe materials used, and local operating environments.
The report examines the reinvestment demands implied by these factors, along
with population trends, in order to estimate needs for
pipe replacement and concurrent investment demands to
accommodate population growth.

Although this report does not substitute for a careful and
detailed analysis at the utility level as a means of informing
local decisions, it constitutes the most thorough and
comprehensive analysis ever undertaken of the nation’s
drinking water infrastructure renewal needs. The keys to
our analysis include the following:

1. Understanding the original timing of water system
development in the United States.

2. Understanding the various materials from which pipes were
made, and where and when the pipes of each material
were likely to have been installed in various sizes.

3. Understanding the life expectancy of the various types and
sizes of pipe (“pipe cohorts”) in actual operating environments.

4. Understanding the replacement costs for each type and size of pipe.

5. Developing a probability distribution for the “wear-out” of each pipe cohort.

Methodology

For this report, we differentiated across four water system size categories™:

m Very small systems (serving fewer than 3,300 people, representing
84.5% of community water systems).

| Small systems (3,300 to 9,999 served, representing 8.5% of community
water systems).

& Medium-size systems (10,000 to 49,999 served, representing over
5.5% of systems). And,

® Large systems (serving more than 50,000 people, representing
1.5% of community water systems).

* Note that the water system size categories used in this analysis are not identical to the size
categories USEPA uses for regulatory purposes. Note also that although data were analyzed
based on these four size categories, some of the graphs that accompany this report combine
medium-size and small systems. This is done for simplicity in the visual presentation, when the
particular dynamics being represented are closely similar for medium-size and small systems.
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Next, we divided the country into four regions (Northeast, Midwest, South, and
West), as shown in Figure 1. These regions are not equal in population, but they
roughly share certain similarities, including their population dynamics and the

Figure 1: Regions Used in This Report
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historical patterns of pipe installation driven by those dynamics. Data published
by USEPA, the water industry, and the US Census Bureau were tapped to obtain a
solid basis for regional pipe installation profiles by system size and pipe diameter.
The US Census Bureau has produced a number of retrospective studies of the
changes in urban and rural circumstances between 1900 and 2000 that proved
especially useful in this analysis. The report also used the AWWA Water/Stats
database, the USEPA Community Water Supply Survey, and data from the 2002
Public Works Infrastructure Survey (PWIS) as essential inputs in the analysis.

Figure 2: Historic Investment Profile for All US Water Systems, 1850-2000
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In addition, we conducted a limited survey of professionals in the field concerning
pipe replacement issues and other relevant “professional knowledge.” The
national aggregate for the original investment in all types and sizes of pipes is
shown in Figure 2, while Figure 3 shows the aggregate current replacement value
of water pipes by pipe material and utility size, totaling over $2.1 trillion.
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Figure 3: Aggregate Replacement Value of Water Pipes by Pipe Material and Utility Size
(millions 2010 $s)

Reqio » A = e P & OTA
Northeast Large 48,958 8,995 5,050 2,308 1,875 335 0 67522
Northeast Medium & Small | 66,357 61,755 28,777 26,007 | 16,084 5,633 [6,899 | 211,411
Northeast Very Small 14,491 15,992 10,661 7,281 7,997 329 462 57,152
Midwest Large 37,413 9,151 3,077 2,504 1,098 784 512 54,539
Midwest Medium & Small | 74,654 92,106 81,577 37,248 30,506 8662 11152 | 305926
Midwest Very Small 37,597 28,943 25,464 12,428 19,720 601 828 125,581
Southeast Large 30,425 28,980 29,569 21,229 14,936 9337 | 7227 | 141,703
South Medium & Small 54,772 98,608 140,079 | 103,659 | 102,804 | 21,394 | 17160 | 538,475
South Very Small 43,183 24,998 49,791 34,529 | 41823 1,461 1,244 | 203,028
West Large 15,448 16,055 28,949 14,774 14,723 7,443 |6,215 | 103,607
West Medium & Small 16,715 50,145 70,355 50,541 48,885 12,276 | 9,806 | 257,782
West Very Small 16,344 11,199 17,910 13,166 17,245 545 453 76,862
Total 455,416 | 446,927 | 461,258 | 325,674 | 323,637 | 68,719 | 61,957 | 2,143,589
Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride,

PCCP: prestressed concrete cylinder pipe

Finally, we used historical data on the production and use of seven major types of
pipe with 14 total variations (Figure 4) to estimate what kinds of pipe were installed
in water systems in particular years. This was validated by field checking with a
sample of water utilities as well as checking against the original Nessie analysis.
Together these steps resulted in the development of 16 separate inventories

(four regions with four utility sizes in each region), with seven types of pipe in

each inventory, thus providing the most comprehensive picture of the nation’s
water pipe inventory ever assembled. Note that in some of the report’s graphs,
“long-" and “short-lived” versions of certain pipe materials are combined, for
purposes of visual simplicity in the presentation.

In order to consider growth, it was also necessary to examine population trends
across rural, suburban, and urban settings over the past century. US Census Bureau

Figure 4: Historic Production and Use of Water Pipe by Material

Internal External -
Pipe Material Joint Type  Corrosion Corrosion 1900s | 1910s | 1920s | 1930s | 1940s | 1960s | 1960s | 1970s | 1880s | 1980s | 2000s
Protection Protection

Steel Welded None None

Cast Iron (Pit Cast) Lead None None

Cast Iron Lead None None

Cast Iron Lead Cement None

Cast Iron Leadite None None

Cast Iron Leadite Cement None

Cast Iron Rubber Cement None
Ductile Iron Rubber Cement None
Ductile Iron Rubber Cement  PE Encasement
Asbestos Cement Rubber Materiai Material
Reinforced Conc. Rubber Material Material
Prestressed Conc. Rubber Material Material

Polyvinyl Chioride (PVC) Rubber Material Material

Commercially Available
Predominantly in Use

Source: American Water
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projections of demographic trends allowed the development
of infrastructure need profiles for growth through 2050 in
each of the regions and utility size categories (for the latter
purpose, city size was used as a proxy for utility size).

The study generally assumes that utilities continue efforts
to manage the number of main breaks that occur per mile
of pipe rather than absorb increases in pipe failures. That
is, the study assumes utilities will strive to maintain current
levels of service rather than allow increasing water service
outages. We assume that each utility’s objective is to make
these investments at the optimal time for maintaining current
service levels and to avoid replacing pipes while the repairs
are still cost-effective. Ideally, pipe replacement occurs at
the end of a pipe’s “useful life”; that is, the point in time

n when replacement or rehabilitation becomes
less expensive in going forward than the costs of
numerous unscheduled breaks and associated
emergency repairs.

With this data in hand and using the assumptions
above, we projected the “typical” useful service
life of the pipes in our inventory using the
“Nessie Model”™. The model embodies pipe
failure probability distributions based on

many utilities’ current operating experiences,
coupled with insights from extensive research
and professional experiences with typical pipe
conditions at different ages and sizes, according to pipe material. The analysis
used seven different types of pipe in three diameters and addressed pipe
inventories dating back to 1870. Estimated typical service lives of pipes are

Figure 5: Average Estimated Service Lives by Pipe Materials (average years of service)
Derived Current Service Cl CICL CiCL DI DI AC AC PVC Steel Conc &

Lives (Years) (LSL) (SSL) (LSL) (SSL) (LSL) (SsL) PCCP
Northeast Large 130 120 100 110 50 80 80 100 100 100
Midwest Large 125 120 85 110 50 100 85 55 80 105
South Large 110 100 100 105 55 100 80 59 70 105
West Large 115 100 75 110 60 105 75 70 95 %5
Northeast Medium & Small 115 120 100 110 55 100 85 100 190 100
Midwest Medium & Small 125 120 85 110 50 70 70 55 80 105
South Medium & Small 105 100 100 105 55 100 80 58 70 105
West Medium & Small 105 100 75 110 60 105 75 70 95 75
Northeast Very Small 115 120 100 120 60 100 85 100 100 100
Midwest Very Small 135 120 85 110 60 80 75 55 80 105
South Very Small 130 110 100 105 55 100 80 55 70 105
West Very Small 130 100 75 110 60 105 65 70 95 75
LSL indicates a relatively long service life for the material resulting from some combination of benign ground conditions and
evolved laying practices etc.

SSL indicates a relatively short service life for the material resulting from some combination of harsh ground conditions and
early laying practices, etc.
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Figure 6: Aggregate Needs for Investment in Water Mains Through 2035 and 2050, by Region
2011-2035 Totals

Total $526,438 $498,285 $1,024,724

Total $951,283 $802,242 $1,753,525

reflected in Figure 5. Note that the actual lives of pipes may be quite different in a
given utility. Because pipe life depends on many important local variables as well
as upon utility practices, predicting the actual life expectancy of any given pipe is
outside the scope of this study. Many utilities will have
pipes that last much longer than these values suggest
while others will have pipes that begin to fail sooner.
However, these values have been validated as national
“averages” by comparing them to actual field experience
in a number of utilities throughout the country. The
model also includes estimates of the indicative costs to
replace each size category of pipe, as well as the cost
to repair the projected number of pipe breaks over time
according to pipe size.

The analysis of pipe replacement needs is compiled in
the Nessie Model by combining the demographically
based pipe inventories with the projected effective
service lifetimes for each pipe type. This yields an
estimate of how much pipe of each size in each region
must be replaced in each of the coming 40 years.
Factoring in the typical cost to replace these pipes,

we derive an estimate of the total investment cost for
each future year. The model then derives a series of
graphs (the Nessie curves) that depict the amount of
spending required in each future year to replace each

of the different pipe types by utility size and region.
Aggregating this information, we derived the dollar value
of total drinking water infrastructure replacement needs
over the coming 25 and 40 years for each utility size category per region, and for
the United States.
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Key Findings

1. The Needs Are Large. Investment needs for buried drinking water
infrastructure total more than $1 trillion nationwide over the next 25 years,
assuming pipes are replaced at the end of their service lives and systems are
expanded to serve growing populations. Delaying this investment could mean
either increasing rates of pipe breakage and deteriorating water service, or
suboptimal use of utility funds, such as paying more to repair broken pipes
than the long-term cost of replacing them. Nationally, the need is close to
evenly divided between replacement due to wear-out and needs generated
by demographic changes (growth and migration).

Over the coming 40-year period, through 2050, these needs exceed $1.7 trillion.
Replacement needs account for about 54% of the national total, with about
46% attributable to population growth and migration over that period.

Figure 6 (previous page) shows aggregate needs for investment in water mains
through 2050, due to wear-out and population growth.

2. Household Water Bills Will Go Up. Important caveats are
necessary here, because there are many ways that the increased investment in
water infrastructure can be allocated among customers. Variables include rate
structures, how the investment is financed, and other important local factors. But
the level of investment required to replace worn-out pipes and maintain current
levels of water service in the most affected communities could in some cases
triple household water bills. This projection assumes the costs are spread evenly
across the population in a “pay-as-you-go” approach (See “The Costs Keep
Coming” below). Figures 7 and 8 illustrate the increasing cost of water that can
be expected by households for replacement, and for replacement plus growth,
respectively. The utility categories shown in these figures are presented to depict
a range of household cost impacts, from the least-to-the-most affected utilities.

Figure 7: Costs per Household for Water Main Replacement by Utility Size and Region

Water Main Costs per Household: Replacement (constant $2010)
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Figure 8: Costs per Household for Water Main Replacement Plus Growth

Water Main Costs per Household: Replacement + Growth (constant $2010)
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With respect to the cost of growth, other caveats are important. Many
communities expect growth to pay or help pay for itself through developer fees,
impact fees, or similar charges. In such communities, established residents will
not be required to shoulder the cost of population growth to the extent that these
fees recover those costs. But regardless of how the costs of replacement and
growth are allocated among builders, newcomers, or established residents, the
total cost that must be borne by the community will still rise.

3. There Are Important Regional Differences. The growing
national need affects different regions in different ways. In general, the South
and the West will face the steepest investment challenges, with total needs
accounting for considerably more than half the national total (see Figures 6 and
9). This is largely attributable to the fact that the population of these regions is
growing rapidly. In contrast, in the Northeast and Midwest, growth is a relatively
small component of the projected need. However, the population shifts away
from these regions complicate the infrastructure challenge, as there are fewer
remaining local customers across whom to spread the cost of renewing their
infrastructure.

Figure 9: Water Main Replacement Costs per Region

Water Main Replacement:
National Totals by Region (Millions 2010 $s)
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This regional perspective reveals the inherent difficulty of managing infrastructure
supply and demand. Although water pipes are fixed in place and long-lasting, the
population that drives the demand for these assets is very mobile and dynamic.
People move out of one community, leaving behind a pipe network of fixed

size but with fewer customers to support it. They move into a new community,
requiring that the water system there be expanded to serve the new customers.

4. There Are Important Differences Based on System Size.

As with many other costs, small communities may find a steeper challenge ahead
on water infrastructure. Small communities have fewer people, and those people
are often more spread out, requiring more pipe “miles per customer” than larger
systems. In the most affected small communities, the study suggests that a
typical three-person household could see its drinking water bill increase by as
much as $550 per year above current levels, simply to address infrastructure
needs, depending as always on the caveats identified above.

In the largest water systems, costs can be spread over a large population
base Needed mvestments would be consistent with annual per household

' cost increases ranging from roughly $75 to more
than $100 per year by the mid-2030s, assuming
the expenses were spread across the population
in the year they were incurred. Figure 10 illustrates
the differing total costs of required investment by
system size.

5. The Costs Keep Coming. The national-
level investment we face will roughly double from
about $13 billion a year in 2010 to almost

$30 billion annually by the 2040s for replacement
alone. If growth is included, needed investment
must increase from a little over $30 billion today

to nearly $50 billion over the same period. This level
of investment must then be sustained for many years,
if current levels of water service are to be maintained.
Many utilities will have to face these investment
needs year after year, for at least several decades.
That is, by the time the last cohort of pipes analyzed
in this study (predominantly the pipes laid between
the late 1800s and 1960) has been replaced in, for
example, 2050, it may soon thereafter be time to
begin replacing the pipes laid after 1960, and so on.
In that respect, these capital outlays are unlike those
required to build a new treatment plant or storage tank, where the capital costs
are incurred up front and aren’t faced again for many years. Rather, infrastructure
renewal investments are likely to be incurred each year over several decades.

For that reason, many utilities may choose to finance infrastructure replacement
on a “pay-as-you-go” basis rather than through debt financing.

12 BURIED NO LONGER: CONFRONTING AMERICA'S WATER INFRASTRUCTURE CHALLENGE




Figure 10: Total Water Main Replacement and Growth Needs by System Size

Total Water Main Investment Needs for Asset
Replacement and Growth, by System Size
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6. Postponing Investment Only Makes the Problem Worse.
Overlooking or postponing infrastructure renewal investments in the near term will
only add to the scale of the challenge we face in the years to come. Postponing
the investment steepens the slope of the investment curve that must ultimately
be met, as shown in Figure 11 (next page). It also increases the odds of facing
the high costs associated with water main breaks and other infrastructure
failures. The good news is that not all of the $1 trillion investment through 2035
must be made right now. There is time to make suitable plans and implement
policies that will help address the longer-term challenge. The bad news is that the
required investment level is growing, as more pipes continue to age and reach the
end of their effective service lives.

As daunting as the figures in this report are, the prospect of not making the
necessary investment is even more chilling. Aging water mains are subject to
more frequent breaks and other failures that can threaten public health and
safety (such as compromising tap water quality and fire-fighting flows). Buried
infrastructure failures also may impose significant damages (for example, through
flooding and sinkholes), are costly to repair, disrupt businesses and residential
communities, and waste precious water resources. These maladies weaken our
economy and undermine our quality of life. As large as the cost of reinvestment
may be, not undertaking it will be worse in the long run by almost any standard.

This suggests that a crucial responsibility for utility managers now and in

the future is to develop the processes necessary to continually improve their
understanding of the “replacement dynamics” of their own water systems. Those
dynamics should be reflected in an Asset Management Plan (AMP) and, of
course, in a long-term capital investment plan. The 2006 AWWA Report Water
Infrastructure at a Turning Point includes a full discussion of this issue.
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Figure 11: Effect of Deferring Investment Five Years with a Ten-Year Make-Up Period
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Conclusion

Because pipe assets last a long time, water systems that were built in the latter
part of the 19th century and throughout much of the 20th century have, for the
most part, never experienced the need for pipe replacement on a large scale.
The dawn of the era in which these assets will need to be replaced puts a
growing financial stress on communities that will continually increase for
decades to come. It adds large and hitherto unknown expenses to the more
apparent above-ground spending required to meet regulatory standards and
address other pressing needs.

It is important to reemphasize that there
are significant differences in the timing
and magnitude of the challenges facing
different regions of the country and
different sizes of water systems. But the
investments we describe in this report
are real, they are large, and they are
coming.

The United States is reaching a
crossroads and faces a difficult choice.
We can incur the haphazard and
growing costs of living with aging and
failing drinking water infrastructure.

Or, we can carefully prioritize and
undertake drinking water infrastructure
renewal investments to ensure that our
water utilities can continue to reliably
and cost-effectively support the public
health, safety, and economic vitality of our communities. AWWA undertook this
report to provide the best, most accurate information available about the scale
and timing of these needed investments.
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It is clear the era AWWA predicted a decade ago—the replacement era—has
arrived. The issue of aging water infrastructure, which was buried for years, can
be buried no longer. Ultimately, the cost of the renewal we face must come from
local utility customers, through higher water rates. However, the magnitude

of the cost and the associated affordability and other adverse impacts on

communities—as well as the varying degrees of impact to be felt across regions
and across urban and rural areas—suggest that there is a key role for states and
the federal government as well. In particular, states and the federal government
can help with a careful and cost-effective program that lowers the cost of
necessary investments to our communities, such as the creation of a credit
support program—for example, AWWA'’s proposed Water Infrastructure Finance
and Innovation Authority (WIFIA).

Finally, in many cases, difficult choices may need to be made between competing
needs if water bills are to be kept affordable. Water utilities are willing to ask
their customers to invest more, but it’s important this investment be in things
that bring the greatest actual benefit to the community. Only in that spirit can

we achieve the goal to which we all aspire, the reliable provision of safe and
affordable water to all Americans.
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Additional Information and Resources.

A full and robust infrastructure analysis is an indispensable tool for decision

making by water and wastewater utilities. This report does not substitute for
such detailed local analysis for purposes of designing an infrastructure asset
management program for individual utilities.

Additional information is available from AWWA concerning asset management.
Particular attention should be given to the WITAF reports Dawn of the
Replacement Era, Avoiding Rate Shock, Thinking Outside the Bill and Water
Infrastructure at a Turning Point. In addition, Manual M1, Principles of Water
Rates, Fees, and Charges, and the AWWA Utility Management Standards may be
helpful. For more information, visit the AWWA Bookstore at www.awwa.org/store.

A number of graphs and figures from this report are also available through the
AWWA website at www.awwa.org/infrastructure. They include:

Estimated Distribution of Mains by Material Household Cost of Needed Investment
Northeast and Midwest by Region and Size of Utility
South and West
Northeast
Proportion of 2010 Systems Built by Year Large
Northeast Medium
Midwest Small
South Very Small
West
Midwest
Investment for Replacement Plus Growth, Large
by Region and Size of Utility Medium
Small
Northeast Very Small
Large
Medium South
Small Large
Very Small Medium
Small
Midwest Very Small
Large
Medium West
Small Large
Very Small Medium
Small
South Very Small
Large
Medium
Small
Very Small
West
Large
Medium
Small
Very Small

www.awwa.org/infrastructure
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Proportion of Current System Built by Decade: All Regions
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Proportion of Current System Built by Decade: Midwest
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Proportion of Current System Built by Decade: South
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Proportion of Current System Built by Decade: South
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Investment for Replacement & Growth
Northeast Large
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;
PCCP: prestressed concrete cylinder pipe
Investment for Replacement & Growth
Northeast Medium
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;
PCCP: prestressed concrete cylinder pipe

The charts show needs for replacement of particular types of pipe and for growth (see the keys below
and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Investment for Replacement & Growth
Northeast Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;
PCCP: prestressed concrete cylinder pipe
Investment for Replacement & Growth
Northeast Very Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;
PCCP: prestressed concrete cylinder pipe

The charts show needs for replacement of particular types of pipe and for growth (see the keys below
and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Investment for Replacement & Growth
Midwest Large
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chioride;
PCCP: prestressed concrete cylinder pipe
Investment for Replacement & Growth
Midwest Medium
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;

PCCP: prestressed concrete cylinder pipe
The charts show needs for replacement of particular types of pipe and for growth (see the keys below

and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Investment for Replacement & Growth
Midwest Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chioride;
PCCP: prestressed concrete cylinder pipe
Investment for Replacement & Growth
Midwest Very Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;

PCCP: prestressed concrete cylinder pipe
The charts show needs for replacement of particular types of pipe and for growth (see the keys below
and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Investment for Replacement & Growth
South Large
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;

PCCP: prestressed concrete cylinder pipe
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Investment for Replacement & Growth
South Medium
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;

PCCP: prestressed concrete cylinder pipe
The charts show needs for replacement of particular types of pipe and for growth (see the keys below
and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Investment for Replacement & Growth
South Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;
PCCP: prestressed concrete cylinder pipe
Investment for Replacement & Growth
South Very Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;
PCCP: prestressed concrete cylinder pipe

The charts show needs for replacement of particular types of pipe and for growth (see the keys below
and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Investment for Replacement & Growth
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PCCP: prestressed concrete cylinder pipe
Investment for Replacement & Growth
West Medium
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;
PCCP: prestressed concrete cylinder pipe

The charts show needs for replacement of particular types of pipe and for growth (see the keys below
and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Investment for Replacement & Growth
West Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;

PCCP: prestressed concrete cylinder pipe

Investment for Replacement & Growth
West Very Small
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Cl: cast iron; CICL: cast iron cement lined; DI: ductile iron; AC: asbestos cement; PV: polyvinyl chloride;

PCCP: prestressed concrete cylinder pipe
The charts show needs for replacement of particular types of pipe and for growth (see the keys below
and to the right of the chart). An artifact of the model and US Census data result in an apparent upward
or downward “spike” in growth-related needs between certain decades. In reality, the apparent sudden
shift in growth-related needs will be spread more evenly over the years bridging each decade to the next.
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Household Cost of Needed Investment
for Replacement Plus Growth*

Northeast Large
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e==mRepl. + Growth/Household e=smsReplacement/Household

*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

Household Cost of Needed Investment
for Replacement Plus Growth*
Northeast Medium
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e==mRepl. + Growth/Household e=s=mReplacement/Household

*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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Household Cost of Needed Investment
for Replacement Plus Growth*
Northeast Small
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e==mRepl. + Growth/Household e=mmmReplacement/Household

*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

Household Cost of Needed Investment
for Replacement Plus Growth*

Northeast Very Small
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emmsRepl. + Growth/Household e=mmmReplacement/Household

*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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Household Cost of Needed Investment
for Replacement Plus Growth*
Midwest Large
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

Household Cost of Needed Investment
for Replacement Plus Growth*
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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Household Cost of Needed Investment
for Replacement Plus Growth*
Midwest Small
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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*This assumes costs are spread evenly across households of 2.6 persons each, based on data from the US Census.

The charts show per household costs for replacement, and for replacement plus growth. The model assumes
costs are spread evenly over households averaging 2.6 persons per household in accordance with US Census
data. An artifact of the model and US Census data result in an apparent upward or downward “spike” in growth-
related needs between certain decades. In reality, the apparent sudden shift in growth-related needs will be
spread more evenly over the years bridging each decade to the next.”
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Nitrates and Nitrites
TEACH Chemical Summary

U.S. EPA, Toxicity and Exposure Assessment for Children’s Health

This TEACH Chemical Summary is a compilation of information derived primarily from U.S. EPA and ATSDR resources,
and the TEACH Database. The TEACH Database contains summaries of research studies pertaining to developmental
exposure and/or health effects for each chemical or chemical group. TEACH does not perform any evaluation of the validity
or quality of these research studies. Research studies that are specific for adults are not included in the TEACH Database,
and typically are not described in the TEACH Chemical Summary.

I. INTRODUCTION

Nitrates and nitrites are chemicals used in fertilizers, in rodenticides (to kill rodents), and as food
preservatives (1-5). Nitrates and nitrites come in various forms, but when dried are typically a white or
crystalline powder. Nitrate (NO3") and nitrite (NOy") are also naturally-occurring compounds that are a
metabolic product of microbial digestion of wastes containing nitrogen, for example, animal feces or
nitrogen-based fertilizers (2, 4). Sodium and potassium nitrates are used as fumigants in canisters, which
are placed underground in rodent dens and holes, and then ignited to explode and release gases that kill
the rodents (1, 3). Sodium nitrite is a food additive that is used as a preservative (4, 5).

Likely exposure pathways for children include ingesting contaminated drinking water, most commonly
of concern for private wells (4); and foods containing preservatives, particularly cured meats such as hot
dogs and lunch meats (4-7). Nitrates have also been detected in fruits and vegetables (6, 8-10).

Exposure to nitrates and nitrites at levels above health-based risk values (see Section VI in this Chemical
Summary) has been reported to have adverse health effects on infants and children. The health effect of
most concern to the U.S. EPA for children is the “blue baby syndrome” (methemoglobinemia) seen most
often in infants exposed to nitrate from drinking water used to make formula (11). Infants of ages 0-3
months are at highest risk for blue baby syndrome because their normal intestinal flora contribute to the
generation of methemoglobin; older children and adults can experience this syndrome, but at higher
concentrations of nitrates (2, 4). The blue baby syndrome is named for the blue coloration of the skin of
babies who have high nitrate concentrations in their blood. The nitrate binds to hemoglobin (the
compound which carries oxygen in blood to tissues in the body), and results in chemically-altered
hemoglobin (methemoglobin) that impairs oxygen delivery to tissues, resulting in the blue color of the
skin (4, 12). The blue coloration can be seen in the lips, nose, and ears in early stages of blue baby
syndrome, and extend to peripheral tissues in more severe cases. Reduced oxygenation of the tissues can
have numerous adverse implications for the child, the most severe of which are coma and death (4).

Exposure to higher levels of nitrates or nitrites has been associated with increased incidence of cancer in
adults, and possible increased incidence of brain tumors, leukemia, and nasopharyngeal (nose and
throat) tumors in children in some studies (8, 9, 11, 13-19) but not others (20-29). The U.S. EPA
concluded that there was conflicting evidence in the literature as to whether exposures to nitrate or
nitrites are associated with cancer in adults and in children (1, 2).

Supporting references and summaries are provided in the TEACH database at http:/www.epa.gov/teach/.
Last revised 5/22/07: includes research articles and other information through 2006.
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Chemical Summary Form, Nitrates (continued)

Il. EXPOSURE MEDIA AND POTENTIAL FOR CHILDREN’S EXPOSURE'

Relative
Potential for
Exposure Children’s
Media Exposurez’3 Basis®

Diet Higher Use of nitrate fertilizer on crops can result in higher
concentrations in some foods. Nitrites and, less often, nitrates
are used as preservatives in foods such as cured meats, for
example, bacon and salami. Nitrates have been found in
vegetables and some baby foods that contain vegetables.
Groundwater Medium Nitrates and nitrites in fertilizers readily migrate from
fertilized soil to groundwater.

Drinking Water | Medium For many situations, the potential for children’s exposure from
drinking water is medium to low. The potential can be higher
when private wells become contaminated with nitrates from
feed lot and agricultural runoff, and contaminated
groundwater. Some geographic areas are at higher risk of
drinking water contamination of private wells with nitrates.
Sediment Lower Nitrates and nitrites are highly water soluble and therefore less
likely to partition to sediment.

Soil Lower Nitrates and nitrites are not retained in soil and quickly
partition to any water phase.

Ambient Air Lower Nitrates and nitrites are not volatile and are not generally
released into the air. Registered users of fumigant canisters
containing nitrates for killing of rodents follow strict use
protocols that limit exposure to fumes from its use.

Indoor Air Lower Nitrates and nitrites are not usually released in indoor air. Use
of nitrite or nitrate inhalants from commercial products in the
home may be a concern for adolescents.

' For more information about child-specific exposure factors, please refer to the Child-Specific Exposure Factors
Handbook (http:/cfpub.epa.gov/ncea/cfim/recordisplay.cfim?deid=55145).

“The Relative Potential for Children’s Exposure category reflects a judgment by TEACH Workgroup, U.S. EPA, that
incorporates potential exposure pathways, frequency of exposure, level of exposure, and current state of knowledge. Site-
specific conditions may vary and influence the relative potential for exposure. For more information on how these
determinations were made, go to http://www.epa.gov/teach/teachprotocols_chemsumm.html.

? Childhood represents a lifestage rather than a subpopulation, the distinction being that a subpopulation refers to a
portion of the population, whereas a lifestage is inclusive of the entire population.

* Information described in this column was derived from several resources (e.g., 1-5) including studies listed in the
TEACH Database (http://www.epa.gov/teach).

Supporting references and summaries are provided in the TEACH database at http://www.epa.gov/teach/.
Last revised 5/22/07: includes research articles and other information through 2006.
Page 2



http://www.epa.fzov/teach/teachprotocols
http://www.epa.gov/teach

Chemical Summary Form, Nitrates (continued)

ll. TOXICITY SUMMARY?> ¢

Reduced oxygenation of hemoglobin (methemoglobinemia) has been reported after exposure to nitrate-
and nitrite-contaminated drinking water; also called the “blue baby syndrome” because of the cyanotic
(oxygen-deficient) symptoms that result from the reduced oxygenation of the blood (2, 4). Infants less
than 4 months old are the most sensitive population for methemoglobinemia following exposure to
nitrates and nitrites, but it does occur in older age groups (12, 13, 30-33). Severe methemoglobinemia
can lead to coma or death (2, 4).

Other health effects following fetal exposure to elevated levels of nitrates in drinking water included
intrauterine growth retardation (34), increased incidence of Sudden Infant Death Syndrome (SIDS) (35),
cardiac defects (36), and increased risk of nervous system defects (37-40).

The U.S. EPA concluded that there was conflicting evidence in the literature as to whether exposures to
nitrate or nitrites are associated with cancer in adults and in children (1, 2). The types of cancers studied
included non-Hodgkin’s lymphoma as well as stomach and gastric cancers in adults (11); and brain
tumors, leukemia, and nasopharyngeal cancers in children (13-18, 20-25, 28, 29). Maternal (during
pregnancy) or child consumption of nitrite-containing meats may be associated with increased incidence
of brain tumors in children (for more details, see Human Exposures and Effects section) (13, 15-17).

A few studies have reported other health effects that are possibly associated with nitrate exposure in
children, including increased incidence of childhood diabetes (41), recurrent diarrhea (42), and recurrent
respiratory tract infections (43). Other reported effects of chronic exposure reported in adults include
frequent urination and spleen hemorrhaging (bleeding) (2, 4). Acute high dose ingestion exposure to
nitrates can cause abdominal pain, muscle weakness, blood in stools and urine, fainting, and death (4).

Carcinogenicity Weight-of-Evidence Classification : There is no weight-of-evidence classification in
the U.S. EPA IRIS file available at this time for either nitrates (http://www.epa.gov/iris/subst/0076.htm)
or nitrites (http://www.epa.gov/iris/subst/0078.htm). The World Health Organization International
Agency for Research on Cancer (IARC) ranked nitrates and nitrites high on the priority list for
upcoming review of possible carcinogenicity of ingested nitrates and nitrites
(http://monographs.iarc.fr/ENG/Meetings/prioritylist.pdf).

> Please refer to research article summaries listed in the TEACH Database for details about study design considerations
(e.g., dose, sample size, exposure measurements).

® This toxicity summary is likely to include information from workplace or other studies of mature (adult) humans or
experimental animals if child-specific information is lacking for the chemical of interest. Summaries of articles focusing
solely on adults are not listed in the TEACH Database because the TEACH Database contains summaries of articles
pertaining to developing organisms.

7 For recent information pertaining to carcinogen risk assessment during development, consult “Guidelines for
Carcinogen Risk Assessment and Supplemental Guidance on Risks from Early Life Exposure” at
http.//www.epa.gov/cancerguidelines.

Supporting references and summaries are provided in the TEACH database at http://www.epa.gov/teach/.
Last revised 5/22/07: includes research articles and other information through 2006.
Page 3
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Chemical Summary Form, Nitrates (continued)

IV. EXPOSURE AND TOXICITY STUDIES FROM THE TEACH DATABASE

This section provides a brief description of human and animal studies listed in the TEACH Database. These descriptions
generally include the overall conclusion in each study without evaluation or assessment of scientific merit by TEACH. For
more details about doses and exposure levels, query the TEACH Database. Any consideration of adverse events should
include an understanding of the relative exposure on a body weight basis. In many cases, exposure levels in animal studies
are greater than exposure levels normally encountered by humans.

A. HUMAN EXPOSURE AND EFFECTS

» Nitrate contamination of drinking water is of special concern in agricultural areas (4, 12, 30, 44, 45).
Nitrate-contaminated drinking water often arises as a result of fertilizers applied to crops, which are
converted to nitrate in the soil and then seep into groundwater and into private residential wells. Of
particular concern is proximity of animal feed lots to some groundwater sources of drinking water,
which may lead to groundwater contamination with nitrates from run-off from these feed lots (3, 6,
11, 12).

» Nitrates have been measured in foods, and have been detected in vegetables and preserved meats (6-
8, 10, 13, 46, 47), and baby foods (9, 48, 49). Nitrate and nitrite intakes for children in Estonia were
estimated from measures of nitrate and nitrite concentrations in meat products (50) and in vegetables

(10).

» Nitrates have been detected in breast milk, and concentrations increased with increasing
consumption of nitrates by the mother (51). Nitrates have also been measured in blood and stools of
children (46).

» Nitrite exposure of teens from use of nitrite inhalants (e.g., “poppers” also called amy] nitrate,
gasoline, shoe polish, halothane, whippets, and spray paints) has been reported in a survey of teens
(52) (See Considerations for Decision Making).

» Measurement of methemoglobin concentrations in blood has been used as a biomarker of effect for
infants and children (43). Some studies found an association between concentrations of
methemoglobin in blood and nitrate exposure (33, 53), but other studies did not (45, 54).

» Health effects that were significantly associated with nitrate or nitrite exposure during pregnancy
include increased incidence of intrauterine growth retardation (34), cardiac defects (36), central
nervous system defects (37-40), Sudden Infant Death Syndrome (SIDS) (35), and miscarriage (55).

» The most sensitive health effect endpoint for nitrate exposure is methemoglobinemia in infants, also
called “blue baby syndrome”. When humans metabolize nitrate, an alternative form of hemoglobin,
called methemoglobin, is formed and is detectable in blood. Infants with blue baby syndrome turn
blue because their red blood cells, which contain methemoglobin, have a decreased ability to carry
oxygen. Blue baby syndrome has been reported following exposure of infants to nitrate-
contaminated drinking water (12, 30-33). Infants of ages 0-3 months are at higher risk for blue baby
syndrome because their normal intestinal flora contribute to the generation of methemoglobin; older
children and adults can experience this syndrome, but at higher concentrations of nitrates (2, 4).

Supporting references and summaries are provided in the TEACH database at http:/www.epa.gov/teach/.
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The U.S. EPA concluded that there was conflicting evidence in the literature as to whether exposures
to nitrate or nitrites are associated with cancer in adults and in children (1, 2). Exposures to nitrates
or nitrites during pregnancy, and possible associations with incidence of cancer in children, have
been studied. Two studies reported that increased risk of brain tumors in children was significantly
associated with increased maternal consumption of increasing amounts of cured meats (containing
nitrates and nitrites) during pregnancy (13, 17).

Possible associations between childhood nitrate exposure and cancer have been investigated.
Children living in areas with higher nitrate levels in drinking water had higher levels of some forms
of chromosomal damage than control children living in areas with lower nitrate levels (56). In some
studies, increased incidence of childhood brain cancer (13, 15-18) and nasopharyngeal cancer (21)
correlated with childhood nitrate exposure in the diet or drinking water, though other studies found
no such correlations for some of the same cancers (20-27). An association between nitrate exposure
and incidence of childhood leukemias was found in one study (57) but not in two others (28, 29).
Living in areas with high nitrate levels in drinking water during childhood was associated with a
higher incidence of testicular cancer (58) or urothelial cancer (a specific cancer of the urogenital
tract) (23).

Effects on other systems in humans have been associated with childhood exposure to nitrates or
nitrites (41-43, 59-62). Exposure of children to nitrates or nitrites was associated with increased
incidence of childhood diabetes in one study (41), but not others (59-61). Single studies have
reported associations between children’s exposure to nitrates or nitrites, and recurrent respiratory
tract infections (43), increased risk for thyroid disorders during adulthood (59), or recurrent diarrhea
(42).

. EXPERIMENTAL ANIMAL EXPOSURE AND EFFECTS

Several experimental animal studies of health effects following prenatal exposure to nitrates or
nitrites have been reported (all studies summarized here involved exposure via maternal ingestion).
Results of studies of teratogenic effects in offspring following maternal exposure to nitrates or
nitrites during pregnancy were equivocal. For example, adverse effects were observed in offspring
following prenatal exposure, including delays in brain development in the hippocampal region (63),
decreased fetal weight gain (64, 65), increased fetal mortality (64), and delayed acquisition of certain
behaviors (66). However in other studies, prenatal exposure resulted in no observable teratogenic
effects following prenatal exposure to nitrate (67, 68) or nitrite (67, 69).

Effects of prenatal exposure of mice to nitrites on the hematopoietic (blood cell formation) system
revealed increased liver hematopoiesis in fetuses in one study (70). The liver is a major organ for
blood cell development in fetuses. In another study, increased levels of methemoglobin were
observed in pregnant mothers but not their fetuses following prenatal exposure to nitrite (71).

Supporting references and summaries are provided in the TEACH database at http:/www.epa.gov/teach/.
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Chemical Summary Form, Nitrates (continued)

» Prenatal exposure to mixtures of sodium nitrite with other chemicals may have different effects than
each chemical alone. For example, sodium nitrite administered together with ethylurea induced
malformations in fetuses, including eye, brain, kidney, and skeletal defects; such malformations
were not induced by administration of either chemical alone in this study (72). Increased incidence
of brain tumors was observed in hamster offspring following concurrent maternal exposure to nitrite
and ethylurea during pregnancy (73, 74). Nitrite and ethylurea are thought to chemically react in the
gastrointestinal tract to form the potent carcinogen, ethylnitrosourea (73). Female offspring had a
higher incidence of tumors than male offspring (74).

V. CONSIDERATIONS FOR DECISION-MAKERS

This section contains information that may be useful to risk assessors, parents, caregivers, physicians, and other decision-
makers who are interested in reducing the exposure and adverse health effects in children for this particular chemical.
Information in this section focuses on ways to reduce exposure, assess possible exposure, and, for some chemicals,
administer treatment.

» The most likely exposure pathways for children are ingestion of contaminated drinking water and
ingestion of food containing preservatives, such as cured meats and hot dogs (2, 4, 5).

» General consumer information on preservatives in food is available from the U.S. FDA (75, 76).

» Some nitrites in household products have been used as inhalants by adolescents and adults to
enhance sexual performance, and are commonly called “poppers” (77). Compounds include amyl,
butyl, isobutyl, and cyclohexyl nitrites, and are often sold in small brown bottles and labeled as
"video head cleaner," "room odorizer," "leather cleaner,” or "liquid aroma" (77).

» The U.S. EPA Oral Reference Dose (RfD) and the Maximum Contaminant Level (MCL) for
drinking water (see Toxicity Reference Values in this document) are set to prevent
methemoglobinemia in infants, the most sensitive health endpoint in children (78).

» The MCL is 1 mg/L for nitrites and 10 mg/L for nitrates in drinking water. As a potential health
effect, the U.S. EPA states that, “Infants below the age of six months who drink water containing
nitrate in excess of the MCL could become seriously ill and, if untreated, may die” (78). The U.S.
EPA makes the same statement for nitrite in water (78).

» Caregivers may consider an alternate water supply, e.g. bottled water, where nitrate-contaminated
ground water may be impacting drinking water.

» The U.S. EPA regulates public water systems, and does not have the authority to regulate private
drinking water wells that serve fewer than 25 people (79). Some states may have rules to protect
users of these wells. The U.S. EPA urges owners of private wells to have their well water tested
annually and more often if someone in the household is pregnant or nursing. The U.S. EPA urges
owners to test their well water for nitrate concentrations and several other contaminants (80).

» Nitrates are not filtered out of drinking water using filtration devices that utilize only carbon or
activated carbon filtration. Nitrates can be filtered from drinking water using ion exchange, reverse
osmosis, or electrolysis methods (81).

Supporting references and summaries are provided in the TEACH database at http://www.epa.gov/teach/.
Last revised 5/22/07: includes research articles and other information through 2006.
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Chemical Summary Form, Nitrates (continued)

» A Nitrate/Nitrite Toxicity Case Study in Environmental Medicine is available from the U.S. Agency
for Toxic Substances and Diseases Registry (ATSDR), which provides clinical information for
physicians on the diagnosis and treatment of nitrate and nitrite toxicity. Details of a case study of a 2
month-old infant with blue baby syndrome is included (4).

» Consult the “Child-Specific Exposure Factors Handbook,” EPA-600-P-00-002B, for factors to
assess children’s drinking water consumption rates (82). An updated External Draft of the 2006
version of this handbook is available (83).

VI. TOXICITY REFERENCE VALUES

Oral/Ingestion
U.S. EPA Reference Dose (RfD) for Chronic Oral Exposure:
Nitrate, 1.6 mg/kg-day, based on the critical effect of early clinical signs of methemoglobinemia

in infants (excess of 10%) 0-3 months of age exposed to nitrate in infant formula
(http://www.epa.gov/iris/subst/0076.htm, I.A.1.) (11). Last agency verification date 8/22/90.

Nitrite, 1E-1 (or 0.1) mg/kg-day, based on methemoglobinemia in infants chronically exposed to
nitrite in drinking water (http://www.epa.gov/iris/subst/0078.htm, 1.A.1.) (84). Last agency
verification date 2/26/86.

U.S. EPA Drinking Water Advisories (4 kg child):
Nitrate, 1 day=10 mg/kg and 10 day=10 mg/kg;

Nitrite, 1 day=1 mg/kg and 10 day=1 mg/kg
(http://www.epa.gov/ost/drinking/standards/dwstandards.pdf, p. 9) (85). Last revised Winter,
2006.

U.S. EPA Maximum Contaminant Level (MCL) for Drinking Water:
Nitrate, 10 mg/L; nitrite, 1 mg/L.

Both are based on potential health effects of shortness of breath and blue baby syndrome in
infants (http://www.epa.gov/safewater/mcl.html#mcls) (86). Last revised 7/02.

U.S. EPA Maximum Contaminant Level Goal MCLG):
Nitrate, 10 mg/L; nitrite, 1 mg/L.

Both are based on potential health effects of shortness of breath and blue baby syndrome in
infants (http://www.epa.gov/safewater/mcl.html#mcls) (86). Last revised 7/02.

Supporting references and summaries are provided in the TEACH database at http:/www.epa.gov/teach/.
Last revised 5/22/07: includes research articles and other information through 2006.
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VII. U.S. FEDERAL REGULATORY INFORMATION

» The reference value, U.S. EPA Drinking Water Advisory for a 4 kg Child, for both nitrate and nitrite
were recently revised. The 1-day and 10-day values for nitrate are both 10 mg/kg, and for nitrite are
both 1 mg/kg (see Toxicity Reference Values).

» The U.S. EPA regulates drinking water for public water systems and drinking water wells that serve
at least 25 people (79); information is available for owners of private wells (80).

» Nitrite and nitrate are listed as number 216 and 219 respectively out of 275 chemicals on the 2005
Priority List of Hazardous Substances for the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) section 104 (i), as amended by the Superfund
Amendments and Reauthorization Act (SARA). This is a list in the order of priority of concern of
substances most commonly found at sites listed on the National Priorities list (NPL); there are
currently 275 substances on this list (87).

» The U.S. EPA requires reporting of quantities of certain chemicals that exceed a defined reportable
quantity, and that quantity varies for different chemicals. Under the Emergency Planning and
Community Right-to-Know Act (EPCRA) Section 313 “Toxic Chemicals,” quantities of nitrate
compounds (water soluble) or sodium nitrite greater than 25,000 pounds manufactured or processed,
or greater than 10,000 pounds otherwise used, is required; under the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA), reporting releases of sodium nitrite of any
quantity exceeding 100 pounds is required (88).

VIil. BACKGROUND ON CHEMICAL

A. CAS Number: Nitrate 14797-55-8; Nitrite 14797-65-0.

B. Physicochemical Properties: Nearly all nitrate and nitrite salts are soluble in water, and occur as a
whitish powder when not dissolved in water (5). Go to the National Library of Medicine ChemID Web
site (http.//chem.sis.nlm.nih.gov/chemidplus) and search for nitrate or nitrite.

C. Production: Fertilizers comprise the majority of environmental releases of inorganic sources of
nitrates (5). Total U.S. reported releases of nitrate compounds totaled over 291 million pounds in 2005
(89).

D. Uses: Primary sources of organic nitrates in the environment include human sewage and livestock
manure (5). Sources of inorganic nitrates in the environment include potassium nitrate and ammonium
nitrate, which may leach to ground water and contaminate private residential drinking water wells (3, 5).
Potassium nitrates are mainly used as fertilizers and may also be used in heat transfer salts, glass and
ceramics, rodenticides, and in matches and fireworks (2). Ammonium nitrates are mostly used as
fertilizers, but also in explosives and blasting agents (2).

Supporting references and summaries are provided in the TEACH database at http://wvww.epa.gov/teach/.
Last revised 5/22/07: includes research articles and other information through 2006.
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Chemical Summary Form, Nitrates (continued)

E. Environmental Fate: Nitrates are very mobile in soil and have a high potential to migrate to ground
water due to high solubility in water and weak retention by soil (3, 5). Nitrates and nitrites do not
volatilize and therefore are likely to remain in water until consumed by plants or other organisms (3).
Ammonium nitrate is taken up by bacteria, and nitrate degradation is fastest under anaerobic conditions
(5). Nitrite is easily oxidized to nitrate, and nitrate is the more predominant compound of the two
detected in groundwater (4).

Additional information on nitrates and nitrites is available in the TEACH Database and at the following
Web sites:

www.epa.gov/iris/subst/0076.htm

www.epa.gov/iris/subst/0078.htm

www.epa.gov/safewater/dwh/c-ioc/nitrates.html

Supporting references and summaries are provided in the TEACH database at http://www.epa.gov/teach/.
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A new logistic regression (LR} model was used to predict
the probability of nitrate contamination exceeding 4

mg/L in predominantly shallow, recently recharged
groundwaters of the United States. The new model contains
variables representing (1) N fertilizer loading (p < 0.001),
(2) percent cropland—pasture (p < 0.001), (3) natural log of
human population density (p < 0.001), (4) percent well-
drained soils (p < 0.001), (5) depth to the seasonally high
water table (p < 0.001), and (6) presence or absence of
unconsolidated sand and gravel aquifers (p=0.002). Observed
and average predicted probabilities associated with
deciles of risk are well correlated (© = 0.875), indicating
that the LR model fits the data well. The likelihood of nitrate
contamination is greater in areas with high N loading

and well-drained surficial soils over unconsolidated sand
and gravels. The LR model correctly predicted the status of
nitrate contamination in 75% of wells in a validation data
set. Considering all wells used in both calibration and
validation, observed median nitrate concentration increased
from 0.24 10 8.30 mg/L as the mapped probability of
nitrate exceeding 4 mg/L increased from <0.17 to >0.83.

Introduction

Groundwater is an important national resource that provides
drinking water for more than half of the people in the United
States (I). Unfortunately, shallow groundwater (typically less
than about 5 min this study) is susceptible to contamination
by chemicals derived from the land surface. Nitrate, from
both natural and anthropogenic sources, is possibly the most
widespread contaminant in groundwater (2). Because nitrate
is both soluble and mobile, it is prone to leaching through
soil with infiltrating water. Nitrate in watersheds is derived
primarily from inorganic fertilizer, animal manure, and
atmospheric deposition (3) and can persist in shallow
groundwater for years. Natural sources of nitrate include
organic N in plant matter and fixed ammonium in till and
loess deposits (4, 5).

Contamination of shallow groundwater is a public-health
concern in areas where it is used for drinking. Even if the
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shallow groundwater in an area is not used for drinking,
contaminants can migrate to deeper groundwater supplies.
Shallow groundwater is more susceptible to nitrate con-
tamination than deep groundwater, and privately owned
domestic wells typically are shallower than public-supply
wells and are not routinely monitored for water quality. Nine
percent of domestic wells sampled by the U.S. Geological
Survey’s National Water-Quality Assessment (NAWQA) pro-
gram during 1993—2000 had nitrate concentrations exceeding
the U.S. Environmental Protection Agency’s (USEPA’s)
maximum contaminant level (MCL) of 10 mg/L as N (6),
compared with 2% of public-supply wells. These exceedances
are based on 1710 domestic wells and 264 public-supply
wells, irrespective of depth to groundwater.

Elevated concentrations of nitrate (greater than 2 mg/L)
in drinking water have been associated with adverse health
effects. Ingestion of nitrate by infants can cause low oxygen
levels in the blood, a potentially fatal condition known as
methemoglobinemia or “blue baby” disorder (7). For this
reason, the USEPA established the MCL of 10 mg/L nitrate
asN. Nitrate concentrations of 19—29 mg/L in rural, domestic
wells in Indiana might have caused eight spontaneous
abortions among four women during 1991—-1994 (8). Nitrate
in drinking water also might increase cancer risk through
production of N-nitroso compounds in the body, which are
highly carcinogenic (9). A study of cancer incidence in Iowa
women 55—69 years old found that the risk of bladder cancer
was 2.83 times higher and the risk of ovarian cancer was 1.84
times higher when nitrate concentration in municipal water
supplies exceeded 2.46 mg/L. In another study, nitrate
concentrations of 4 mg/L or more in water from community
wells in Nebraska increased the risk of non-Hodgkin's
lymphoma (10). Shallow groundwater unaffected by human
activities commonly contains less than 2 mg/L of nitrate
(11).

Determining where shallow groundwater is at risk of
nitrate contamination can help managers decide where to
allocate scarce resources for cleanup, monitoring, or imple-
mentation of alternative management practices. Logistic
regression (LR) has been used extensively in epidemiological
studies to predict risk and is becoming more commonplace
inenvironmental applications. Logistic regression differs from
classical, linear regression in that the modeled response is
the probability of being in a category, rather than the observed
quantity of a response variable (12)

oot bR

p=—" ()

- 1 + elbotbm

where b, = constant and bx = vector of slope coefficients
and explanatory variables.

Logistic regression is well-suited to analysis of nondetects
because a threshold value is specified to define the response
categories and has been successfully applied in prior studies
on the risk of groundwater contamination (13—22). Readers
may consult Hosmer and Lemeshow (23) and Kleinbaum
(24 for a detailed discussion of logistic regression.

Logistic regression is an improvement over earlier aquifer
vulnerability studies involving geographic information sys-
tems (GIS). Prior researchers (25) used GIS overlays to
estimate the likelihood of nitrate contamination of shallow
groundwater in the United States, with statistical verification
of resulting risk groups. In ranking and overlay methods, the
independent variables are weighted equally. In contrast,
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Distribution of wells for calibration and validation
e Sampled well from 1991 NAWQA study unit used for calibration
* Sampled well from 1994 NAWQA study unit used for validation

FIGURE 1. Locations of shallow wells comprising calibration and validation data sets used in logistic regression.

logistic regression assigns weights to independent variables
by way of slope coefficients estimated using the observed
data.

The current study is a follow-up to previous LR work that
related variables representing N sources and aquifer sus-
ceptibility to elevated nitrate concentration in shallow
groundwaters of the United States (20). The previous model
was developed using data collected from 1230 wells by the
first 20 NAWQA study units that began in 1991 and contained
the following variables: (1) N fertilizer loading to the land
surface, (2) percent cropland—pasture, (3) natural log of
human population density, (4) percent well-drained soils,
(5) depth to the seasonally high water table, and (6) presence
or absence of a fracture zone within a surficial aquifer. All
variables were highly significant at the 0.05 level, and the
model fits the data well. A linear regression fit of observed
and predicted probabilities of nitrate exceeding 4 mg/L
yielded a coefficient of determination (r%) value of 0.971.

The previous model was refined and used in the current
study to predict the probability of nitrate contamination of
predominantly shallow, recently recharged (within 10—20
years) groundwaters in unsampled areas of the nation. The
previous model had been calibrated to groundwater nitrate
data but was not validated with an independent data set. It
was used to identify variables that significantly influence
nitrate contamination of shallow groundwater but was not
used in prediction. The new model was recalibrated with
three updated variables that represent improved sources of
data and validated using data collected by a different set of
NAWOQA study units that began in 1994. For example, land-
use data in the new model represent the 1990s and are more
current than the 1970s data used in the previous model.

A threshold of 4 mg/L nitrate was used to indicate
anthropogenic effects relative to the 2 mg/L background level
reported by Mueller and Helsel (11). Additionally, nitrate
concentrations greater than 2 mg/L but less than the MCL
of 10 mg/L have been associated with adverse health effects

(9, 10). A modeling threshold based on the MCL of 10 mg/L
was not used because it is considered too high to adequately
protect drinking-water source areas. It is likely that ground-
water in highly susceptible areas already has been contami-
nated, and groundwater with nitrate concentration greater
than 10 mg/L is nearly impossible to remediate. In this paper,
a groundwater nitrate concentration greater than 4 mg/L is
designated an “event” and concentrations of 4 mg/L or less
are designated “nonevents.”

Methods

The calibration data set used in this study comprises 1280
wells that were sampled during 1992—1995 as part of land-
use studies conducted by the first 20 NAWQA study units
that began in 1991 (Figure 1). Springs and agricultural drains
were excluded from analysis because of uncertainties in the
source of water or contributing land-use area, and only one
sample per well was used to preclude undue influence by
wells that were sampled several times. Clustered wells were
excluded to preclude over-representation of small areas.
NAWQA land-use studies commonly have 20—30 wells and
are designed to evaluate the quality of predominantly shallow,
recently recharged groundwater beneath selected land uses
in an aquifer of interest. The median depth to water for the
calibration data set is 4.5 m. A few wells in the data set have
depths to water approaching 200 m, but these are in fractured
basalt in the Upper Snake River Basin. The fractured basalt
aquifer is hydraulically connected to irrigation recharge and,
therefore, is affected by overlying land use. The validation
data set comprises 736 wells sampled during 1996—1999 as
part of land-use studies conducted by 16 additional NAWQA
study units that began in 1994 (Figure 1).

Allwells were sampled according to procedures described
by Koterba et al. (26). Nitrite-plus-nitrate was analyzed by
the USGS National Water-Quality Laboratory based on
procedures described in Fishman (27), and concentrations
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are reported as elemental N. Nitrite-plus-nitrate concentra-
tion is referred to as “nitrate” in the current study because
nitrite concentration in groundwaters sampled by NAWQA
generally is negligible (28).

In the current study, we updated three variables in the
previous LR model (20): N loading from inorganic fertilizer,
percent cropland—pasture, and the presence or absence of
rock fractures. Whereas the previous model had assumed an
equal allocation of N fertilizer to agricultural and urban areas,
the new model uses separate estimates of farm and nonfarm
N loading from inorganic fertilizer. Farm and nonfarm N
loadings were estimated by David L. Lorenz (USGS. Un-
published data, 2001) using data from the Association of
American Plant Food Control (29). Estimated N loadings in
counties subsequently were allocated by Landsat-derived
National Land Cover Data (NLCD) (30) for 500-m radius
circular areas around sampled wells. Farm fertilizer N was
allocated equally to NLCD categories comprising orchards/
vineyards, row crops, and small grains, and nonfarm fertilizer
N was allocated equally to low-intensity residential and
urban/recreational grasses. Assumption of equal N applica-
tion rate to different crop types is reasonable because crops
in a given area commonly are rotated. Although the fertilizer
application rate varies from year to year, groundwater
movement is slow and chemicals accumulate over several
growing seasons. Effects of changing N loadings are integrated
and averaged over time. Using a single farm application rate
of N for a county is reasonable also because the range of crop
types in a given county is fairly limited.

The following individual NLCD categories were aggregated
for consistency with the combined cropland—pasture variable
in the previous model (20): pasture/hay, row crops, small
grains, and fallow land. The NLCD represent early to mid-
1990s land use, which is consistent with the 1992—1995 nitrate
data used to calibrate the LR model. Cropland—pasture data
used in the previous model were compiled by Anderson et
al. (31), but these data (1970s) are not current. The previous
model used Anderson data updated with 1990 Census
population data to reflect recent conversion of agricultural
land to new residential land (32).

Nitrogen loads from animal manure and septic systems
are not explicitly represented in the new LR model. A variable
representing animal manure, based on animal population
in counties, was tested with these data but found statistically
insignificant in regression. Although manure contributes
lesser amounts of N than inorganic fertilizer nationally, it is
an important regional source. Confined feeding operations
are not explicitly represented in the model because a current,
national coverage of such operations is unavailable. The
cropland—pasture variable in the new LR model, however,
contains information on N sources such as animal manure
and septic systems. Population density is a surrogate for
nonagricultural sources of nitrogen in urban areas, such as
septic tanks, sewer exfiltration, and domestic animals.

The previous model (20) included a variable for the
presence or absence of rock fractures, which had been
compiled locally by NAWQA study-unit personnel. Because
these data are not present outside of the NAWQA land-use
study areas, a geology variable of national scope was needed
to facilitate prediction in unsampled areas of the nation. To
determine the uppermost susceptible aquifer, a binary
indicator variable representing the presence or absence of
unconsolidated sand and gravel aquifers was substituted for
the former variable in the new model. The data sources are
(1) a 1/2 500 000-scale principal aquifers map in the National
Atlas of the United States (33), and (2) a 1/1 000 000-scale
map of glaciated sediments east of the Rocky Mountains
(34). The principal aquifer map shows the surface outcrop
or near-surface (shallow subcrop) locations of aquifers but
excludes glaciated sediments and alluvial aquifers along
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major rivers. The glaciated geology map comprises coarse-
grained and fine-grained stratified sediments, till, and other
materials in quaternary sediments (including river alluvium)
of glaciated regions. The glaciated geology map complements
the principal aquifer map because glaciogenic and alluvial
aquifers (not shown on the principal aquifers map) are
important sources of water in the northern and midwestern
United States. Wells in areas shown as unconsolidated sand
and gravel aquifers on the principal aquifer map or as coarse-
grained stratified sediment on the glaciated geology map
were coded “1”, and wells in all other areas were coded as
“0” to create the binary indicator variable.

State Soil Geographic (STATSGO) data describing the
infiltration characteristics of the upper 1.8 m of soil were
used in conjunction with the principal aquifer and glaciated
geology maps to describe the overall susceptibility of near-
surface aquifers to surface-derived contaminants. This ac-
counts for the possibility that overlying materials (e.g., loess)
might have infiltration characteristics different from un-
consolidated sand and gravel comprising a near-surface
aquifer.

The remaining variables in the new LR model are the
same as used previously (20): natural log of 1990 human
population density (35), percent well-drained soils or hy-
drologic groups A and B from the STATSGO database (36),
and STATSGO depth to the seasonally high water table.
STATSGO data represent spatial patterns of soil properties
on thelandscape and cover the nation at the 1/250 000 scale.
The STATSGO variables were compiled as weighted averages
within land-use study areas because STATSGO attributes vary
little within 500 m of sampled wells. Nitrogen fertilizer
loading, percent cropland—pasture, and population density
are more variable and were compiled as weighted averages
within 500 m of wells.

Variables in the new LR model were checked for statistical
significance using the Wald statistic, which is the ratio of the
maximum likelihood estimate of the slope coefficient to its
standard error (23). The Wald statistic p value indicates
whether slope coefficients are significantly different from
zero. Linear regression was used to evaluate goodness-of-fit
by comparing observed and predicted probabilities associ-
ated with deciles of risk. Deciles of risk are obtained by ranking
predicted probabilities from low to high and creating 10
groups or bins, each with n/10 observations. The r? value
was computed for the observed and average predicted
probabilities, with higher values indicating better fit. The
Hosmer—Lemeshow (HL) goodness-of-fit test statistic was
used to evaluate observed and expected probabilities in bins.
Forty bins were used to increase the ability of the test to
detect potential departures from model fit caused by a few
individual observations in a bin. Higher HL pvalues indicate
a better fit because the null hypothesis is that the model fits
the data. Logistic regression modeling and related diagnostics
used SAS and SYSTAT software (brand names in this paper
do not constitute endorsement by the U.S. Geological Survey).

All of the variables in the new model were recompiled
within 1-km grid cells to predict nitrate contamination risk
at the national scale. Equation 1 was used with model inputs
corresponding to over 7 million 1-km grid cells to calculate
the probability for each that nitrate concentration in shallow
groundwater exceeds 4 mg/L.

Results and Discussion

Recalibration of Multivariate Logistic Regression Model.
Variables in the new LR model were checked for statistical
significance using Wald statistic p values. The new model
contains variables representing (1) N fertilizer loading (p <
0.001), (2) NLCD percent cropland—pasture (p < 0.001), (3)
natural log of human population density (p < 0.001), (4)
percent well-drained soils (p < 0.001), (5) depth to the




}IIA%LEI 1. Explanatory Variables in the New Logistic-Regression
odel

estimated  Wald

variable coefficient p value

constant —5.541 <0.001

1992 fertilizer N (kg/ha) 0.004 <0.001

NLCD cropland—pasture (%) 0.016  <0.001

In (1990 population density), 0.229  <0.001
In (people/km?)

well-drained soils (%)? 0.025 <0.001

depth to seasonally high 1.088 <0.001
water table (m)

presence or absence of unconsolidated 0.424 0.002

sand and gravel aquifers

2 Sum of percentages of STATSGO soil hydrologic groups A and B
in area.
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FIGURE 2. Relation between observed and average predicted
probabilities of nitrate exceeding 4 mg/L in shallow groundwater,
for deciles of risk associated with the new logistic regression
model.

seasonally high water table (p < 0.001), and (6) presence or
absence of unconsolidated sand and gravel aquifers (p =
0.002). The Wald p values indicate that all six variables are
highly significant at the 0.05 level, and all slope coefficients
are positive (Table 1).

Average predicted probabilities were compared with
observed probabilities for deciles of risk to assess the fit of
the new model. Each decile or bin yields an average predicted
probability and an observed probability based on the number
of observed values in the group that are greater than the
threshold value. The observed and average predicted prob-
abilities are well-correlated (2 = 0.875), indicating that the
new LR model fits the data well (Figure 2). The HL p value
is 0.224, indicating that the fit of the new model is acceptable
(higher HL pvalues indicate better fit). These results generally
agree with those obtained with the previous model (20).

The slope coefficients indicate that the probability of
nitrate contamination of shallow groundwater increases with
increasing N fertilizer loading, percent cropland-pasture,
population density, percent well-drained soils, depth to the
seasonally high water table, and with the presence of
unconsolidated sand and gravel aquifers (Table 1). Relations
between groundwater nitrate concentration and N fertilizer
or agricultural land use are well-documented (2, 13, 21, 37,
38). Relations among percent population density, percent
well-drained soils, and depth to the seasonally high water
table are consistent with the previous model (20). The positive
sign of the slope coefficient for seasonally high water-table

depth is consistent with the findings of Burkart et al. (17),
who observed a positive correlation between this STATSGO
variable and nitrate concentration in shallow aquifers.
Whereas very shallow depth to water indicates waterlogged
conditions conducive to denitrification, increasing depth to
water lessens denitrification potential and increases the
likelihood that nitrate exceeds 4 mg/L. Deep wells, which
might have yielded anoxic samples with low nitrate con-
centration, generally were not considered in this analysis of
predominantly shallow groundwaters.

The likelihood of nitrate contamination increases with
the presence of unconsolidated sand and gravel aquifers,
which comprise coarse-grained deposits that facilitate leach-
ing of water and chemicals to the water table. Other aquifer
types from the principal aquifer map that were tested but
found ineffective in LR include semiconsolidated sand
aquifers, sandstone aquifers, sandstone and carbonate-rock
aquifers, carbonate-rock aquifers, and basaltic and volcanic-
rock aquifers. Unconsolidated sands and gravels commonly
have high effective porosity compared with other types of
sediments and rock. Consolidated rocks have less inter-
connected pore space available for fluid flow, so the degree
of fracturing affects water and chemical movement. Some of
the above rocks (e.g., carbonate rocks and fractured basalt)
inherently are susceptible to contamination because of
solution channels and fractures. The reason for the inef-
fectiveness of these aquifer variables in LR is unclear.
However, the principal aquifer map represents rock subcrops
as well as outcrops, which might be deeper than some
sampled wells in the shallow groundwater data set and,
therefore, unrelated to the water-quality measurement.
Median well depth in the calibration data set is 11.5 m.
Although the NAWQA program characterizes geologic for-
mations in which sampled wells are completed, these data
are unavailable outside of NAWQA study areas. The principal
aquifer and glaciated geology maps were used to characterize
geology outside of NAWQA study areas to enable LR
predictions in unsampled areas of the nation.

Some of the variables in the LR model (e.g., N fertilizer
and percent cropland—pasture; percent well-drained soils
and the presence or absence of unconsolidated sand and
gravel aquifers) are related and therefore raise multicol-
linearity concerns. These variables, however, are not strongly
related. Nitrogen fertilizer represents applications in urban
areas as well as agricultural areas. Percent cropland —pasture
contains information on additional N sources besides
inorganic fertilizer, such as manure, septic systems, and
atmospheric deposition; and although cropland—pasture
indicates where inorganic fertilizer likely is applied, it does
notindicate the rate of actual application. The rate and timing
of N fertilizer application depend onregional and local factors
such as crop type, tillage practice, soil type, and climate. If
multicollinearity were present, the p values corresponding
to both N fertilizer and cropland—pasture would be very
large (e.g., 0.7 or greater) because the model would be unable
to select from among the competing variables. Rather, both
p values are highly significant (<0.001) (Table 1). Similarly,
the binary indicator variable for unconsolidated sand and
gravel aquifers complements the 1/250 000 STATSGO data
representing well-drained soils. Whereas STATSGO data
represent the upper 1.8 m of surficial soils, the binary
indicator variable represents the underlying sediments and
rocks composing the principal aquifer. Both p values as-
sociated with these variables are highly significant at the
0.05 level (Table 1).

Groundwater Nitrate in Specific Areas Follows Predicted
Probabilities. Equation 1 was used with model coefficients
in Table 1 to predict the probability of nitrate exceeding 4
mg/L for 1-km grid cells, resulting in a national map of the
likelihood of nitrate contamination of shallow groundwater
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FIGURE 3. Probability that nitrate exceeds 4 mg/L in shallow groundwaters of the United States, based on the new logistic regression

model.

(Figure 3). Mapped probabilities reflect regional patterns of
N sources and aquifer-susceptibility characteristics. High
probabilities are most extensive in the High Plains, which
can have high N fertilizer loading and well-drained soils
overlying unconsolidated, coarse-grained deposits.

In most NAWQA study units, the exceedance probability
predicted with the LR model reasonably approximates the
observed proportion of wells with nitrate exceeding 4 mg/L,
indicating that the model adequately simulates regional N
loading and aquifer susceptibility in these areas. The observed
probability of nitrate exceedances is 0.031 for wells in land-
use studies of the Albemarle—Pamlico Drainage Basin (ALBE)
in northeastern North Carolina and southeastern Virginia.
The median predicted probability in the area (based on
probabilities predicted with eq 1 for each well in ALBE land-
use studies) is 0.085. Denitrification resulting from large
amounts of organic carbon in poorly drained sediments
contributes to low nitrate concentration in shallow ground-
water of the outer Coastal Plain in the region (39).

The observed probability of nitrate exceeding 4 mg/L is
0.333 in shallow groundwaters of the Las Vegas Valley area
and Carson and Truckee River Basins in western Nevada,
and the median predicted probability is 0.309. Nitrogen
loading is comparatively low in the Carson Desert, where
alfalfa is the major crop. Alfalfa, a legume that fixes
atmospheric N, does not need additional fertilizer after the
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plants are established. However, excess application of
residential fertilizers, septic systems, and leakage from sewer
pipes can lead to nitrate contamination of groundwater in
the Las Vegas area (40).

In contrast to this, the probability of nitrate contamination
in shallow groundwaters of the Central Columbia Plateau
(CCPT) in eastern Washington is high. The observed prob-
ability that nitrate exceeds 4 mg/L is 0.703 for wells in land-
use studies of the area, and the median predicted probability
is 0.641. Irrigation and high rates of fertilizer application are
major contributors to the high nitrate concentration in
groundwaters of the area (41). Almost all of the water in the
Plateau supports irrigation in arid agricultural areas, greatly
increasing the recharge of water and nitrate to shallow
groundwater. Although irrigation was not explicitly consid-
ered in model calibration, fertilizer might be a useful surrogate
forirrigation in the region because arid areas that are fertilized
commonly are irrigated.

The model inaccurately predicts the probability of con-
tamination in some locales, such as the Rio Grande Valley
of southern Colorado and western New Mexico. The observed
probability that nitrate exceeds 4 mg/L only is 0.270 for wells
in land-use studies of the area, but the median predicted
probability 0.539. Diagnostic tests were used to evaluate
changes in the Pearson y? statistic and estimated model
coefficients resulting from poorly fitted, individual observa-




TABLE 2. Logistic Regression Classification Criteria for Calibration and Validation Data Sets

classification criteria (%)

data set

1991 study units calibration data set (1280 observations)

total correct model model observed "events” (nitrate >
responses sensitivity  specificity 4 mg/L) (%)
67.6 50.9 785 39.6
75.0 12.4 96.0 25.1

1994 study units validation data set (736 observations)
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FIGURE 4. Relation between observed and average predicted
probabilities of nitrate exceeding 4 mg/L in shallow groundwater,
for deciles of risk associated with the validation data set.

tions in the calibration data set. Three of four observations
that fit the LR model poorly and that have large effect (high
leverage) on the values of the estimated parameters are in
the San Luis Valley, which is in the northern (Colorado)
portion of the Rio Grande Valley. The three wells are in areas
with high estimated fertilizer loading (396—434 kg/ha) and

high percent cropland—pasture (94.6—96.7%), yet observed
nitrate concentration is <4 mg/L in all three cases (0.1-3.7
mg/L). Leaching of fertilizer is variable in the Rio Grande
Valley and depends on additional factors such as the timing
of fertilizer and irrigation and recharge rate to the aquifer
(42).

In the Albuquerque area of the Rio Grande Valley, no
samples had nitrate concentration greater than 4 mg/L.
Relatively large dissolved organic carbon concentrations in
shallow groundwaters of the area increase the potential for
denitrification. High evapotranspiration in the southern part
of the study area also might limit nitrate leaching. Annual
potential evaporation may exceed 1000% of annual precipi-
tation in the Rincon Valley area. A variable representing mean
annual precipitation minus potential evapotranspiration was
tested with the new logistic regression model to evaluate
climate effects but did not significantly improve the model
(p = 0.19). Mean annual precipitation was evaluated previ-
ously during LR model calibration (20) but was statistically
insignificant.

Logistic Regression Model Validation. The new LR model
was validated with an independent data set comprising 736
wells that were sampled during 1996—1999 (Figure 1). The
probability of nitrate exceeding 4 mg/L was calculated for
each well using model parameters in Table 1, and average
predicted probabilities and observed probabilities were
determined for deciles of risk to assess the fit of the model.
The observed and average predicted probabilities are rea-
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FIGURE 5. Relation between observed nitrate concentration in groundwater and mapped probability of nitrate concentration greater than
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sonably well correlated (2 = 0.793), indicating that model
fit is acceptable (Figure 4). The degree of correlation is
somewhat less than for the calibration data set (> = 0.875),
and observed and predicted probabilities of exceeding 4 mg/L
nitrate concentration all are less than 0.6. Compared with
the calibration data set, the validation data set has fewer
agricultural sites relative to urban sites and fewer incidences
of nitrate exceeding 4 mg/L (Table 2).

Considering both events (nitrate > 4 mg/L) and nonevents
(nitrate = 4 mg/L), the new LR model correctly predicted
nitrate status in three out of four wells in the validation data
set (Table 2). Although model capability to correctly predict
nonevents (“specificity”) increased to 96% with the validation
data set, the capability to correctly predict events (“sensitiv-
ity”) decreased to 12%. Only about 25% of wells in the
validation data set have nitrate > 4 mg/L, compared with
about 40% of wells in the calibration data set. This likely is
because the 1994 NAWQA study units sampled fewer wells
in agricultural areas. The 16 NAWQA study units that began
in 1994 conducted 11 shallow groundwater land-use studies
in agricultural areas and 12 in urban areas. In contrast, the
20 NAWQA study units that began in 1991 conducted 36
shallow groundwater land-use studies in agricultural areas
and 13 inurban areas. Nitrate concentration typically is lower
in shallow groundwater beneath urban land, compared with
that beneath agricultural land (28).

General Verification of Logistic Regression Model. As
an additional verification step, wells from both the calibration
and validation data sets were intersected with the national
probability map and assigned probabilities predicted with
the new model. Box plots associated with wells grouped by
mapped probability ranges are shown in Figure 5. Tukey’s
multiple comparison test on the ranks was performed to
determine which groups are different, and test results were
evaluated at the 0.05 level of significance. Box plots labeled
with different letters (e.g., A and B in Figure 5) have medians
that are significantly different at the 0.05 level. As the mapped
probability of nitrate exceeding 4 mg/L increases, the
observed median nitrate concentration increases from 0.24
to 8.30 mg/L. The strong relation between observed median
nitrate concentration and mapped probability indicates that
the overall fit of the LR model is good.

Uses and Limitations. The national probability map can
help assess the vulnerability of source-water areas as
mandated by amendments to the Safe Drinking Water Act
(SDWA) (43), for scenarios where predominantly shallow
groundwater is used as public supply. Aquifer vulnerability
assessment is an integral component of the amended SDWA.
The map also can help managers prioritize areas for
monitoring, cleanup, or implementation of alternative
management practices.

The national probability map is intended for regional
(multicounty) use and has several limitations. Areas of high
probability on the map have high potential for nitrate
contamination but are not necessarily contaminated. Vari-
ables not significant in national-scale regression (such as
percent artificially drained soils) or not considered or available
during model calibration (such as irrigation) can affect nitrate
leaching locally, so the map should not be used for local
management decisions. Also, variations in local hydrogeo-
logic conditions can cause variations in water quality that
are inconsistent with mapped probabilities. For example,
sinkholes in karst areas can facilitate nitrate leaching to
groundwater, but karst features could not be mapped at the
national scale.
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Introduction

Nitrate is the most common pollutant in Arizona’s
groundwater and is undetectable without testing because
it is colorless, odorless, and tasteless.

The EPA Maximum Contaminant Level (MCL) for nitrate-
nitrogen' ina public water supply is 10 milligrams per liter
(mg/L) and is based on acute health effects, specifically the
risk of methemoglobinemia (sometimes referred to as “blue
baby syndrome”), in which blood lacks the ability to carry
sufficient oxygen to the individual body cells. Acute health
effects are those that result from ingestion of a contaminant
over a short period of time.

Domestic, private well owners are not required to
monitor their drinking water quality and information

about local groundwater contamination may be difficult, if
not impossible, to obtain. In areas with historic or current
agricultural activities and/or served by individual septic
systems and domestic wells, nitrate contamination may be
prevalent if not expected.

The Nitrogen Cycle

Nitrogen (N) exists in many forms in the environment and
has a very dynamic cycle. For example, the atmosphere is
78% nitrogen gas and it also contains trace amounts of other
nitrogen gases produced naturally and from pollution such
as from burning fossil fuel (see Figure 1).

Figure 1:The Nitrogen Cycle. Revised from Pollution Science (Pepper et al., 1996)

" Nitrate concentrations in water are reported as ‘nitrate-nitrogen (NO,-N)' or total nitrate (NO,). Use the following to compare the two reporting systems: 10 mg/L nitrate-nitrogen (NO,-N) =

44.3 mg/L nitrate (NO,).




The soil environment contains many forms of N, including
organic (carbon-based) forms produced from decaying plant
and animal residues. During the decay process inorganic
forms of N are also produced, including ammonia gas,
which reacts with water to form ammonium, and nitrate.
Nitrate is very mobile in soil and groundwater because,
unlike ammonium, nitrate does not adsorb onto soil or
aquifer geologic materials, and only precipitates as a mineral
under dry conditions. However, in the soil environment
nitrate can be taken up by plants and microorganisms and
recycled back into plant and animal tissue or transformed
into nitrous oxide or transformed back into harmless
nitrogen gas, as shown in Figure 1. Nitrous oxide, produced
in water-logged soils and by animals, is a ‘green-house’ gas,
partly responsible for global warming. (see AZ Cooperative
Extension Bulletin AZ1458).

Fertilizers and Wastes

Nitrogen gas from the atmosphere is used to produce
ammonia gas, which can be applied directly as an N
fertilizer to irrigation water, but requires special equipment
and precautions due to its toxicity and volatility. Ammonia
is most often used to produce easy-to-handle fertilizers,
which include granular forms such as urea, and ammonium
and nitrate salts. These N fertilizers can be applied to soils
directly or in liquid forms (pre-dissolved in water, called
‘N solutions’), and in combination with other nutrients like
phosphorus.

Although plants prefer nitrate to ammonium, plants
can take up both forms. There are economical and
environmental benefits to the application of ammonium-
based fertilizer. Ammonium is cheaper than nitrate
and is much less mobile than the nitrate ion in the soil
environment. However, ammonium is quickly transformed
to nitrate when applied to moist (irrigated) and warm soils
of Arizona. The transformation occurs within days or
weeks. Therefore, most of the inorganic nitrogen in well-
drained soils is in the nitrate form. Nitrate groundwater
contamination is common in agricultural areas and can
occur due to 1) over-application of N fertilizer; 2) excessive
irrigation; and/or; 3) poor N fertilizer application timing.

Municipal and animal wastes are very rich in nitrogen
and contain many forms of this element. Therefore, nitrate
contamination of surface and groundwater is also commonly
associated with domestic septic systems, wastewater
treatment plants, and concentrated animal feedlots.

Nitrate Groundwater Contamination in
Arizona

High concentrations of nitrate in groundwater are usually
due to human activities, however, some nitrate (low mg/l)
is naturally occurring in arid soils (Graham, et. al., 2008).
Large portions of aquifers within the Salt River Valley,
areas in Glendale, Mesa, Chandler and Phoenix, contain
groundwater with nitrate concentrations high enough to
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render the water unfit for potable use. In addition, high
nitrate levels occur in Marana, St. David, Bullhead City,
and other areas in Arizona. Quartzsite and Lake Havasu
City have made significant efforts to address wastewater
disposal problems that have contributed to groundwater
contamination.

Septic system discharges are common nitrate sources in
rural areas and this has contributed to the contamination
of surface and groundwater in Arizona (ADEQ, 2006). Even
properly designed and efficiently operating traditional
septic tank/drain field systems discharge nitrate to the
environment. Quartzsite, Bullhead City and Lake Havasu
City are just a few locations with documented nitrate
problems from septic systems.

Predicting Locations of Possible Nitrate

Groundwater Contamination

The quality of drinking water supplied by public water
systems is regulated by the Environmental Protection
Agency and enforced by the Arizona Department of
Environmental Quality (ADEQ). Information on nitrate
in groundwater is available through annual water quality
reports which suppliers must report to ADEQ. This data
was used to develop a methodology to predict locations
across the state vulnerable to nitrate contamination
(Rahman, et al. 2009).

Groundwater quality data for 6,802 Arizona drinking
water well locations were used to map and tabulate well,
environmental, and land use characteristics (attributes) for
each location, as shown in Figure 2.

Legend
o Well

Figure 2: ‘Multivariate logistic regression’ was used to relate the probability of
nitrate concentrations based on known physical attributes at each of the 6,802
well locations.



Environmental characteristics were tabulated for each
location and included: geology; soils; population density; well
depth; precipitation; and other factors, such as the presence
of septic systems. A statistical analysis (Multivariate logistic

regression) of the well data and associated water quality data .

predicted the chances (vulnerability) of groundwater to nitrate
contamination in the areas of state where nitrate information
is not available.

This study showed that groundwater contamination
potential is highest in areas also associated with agricultural
land use. Not surprisingly, most productive soils in Arizona
are located in the Basin and Range province of the state
where most of the state’s groundwater resources sufficient
to support agricultural irrigation are located (Artiola
and Uhlman, 2009). Unfortunately, the porous soils and
unconsolidated sedimentary geology of this region allow
for the leaching of nitrate below the plant root zone to
contaminate the groundwater. Lower concentrations across
the Basin and Range in areas not known to have agricultural
activities may be attributed to the deposition of naturally
occurring nitrates in arid soils (Graham, et. al., 2008).

Fractured consolidated rock (common in the Colorado
Plateau and the mountain highlands) such as granite also
favors nitrate groundwater contamination. Fractured
rock aquifers do not filter septic sources as efficiently
as porous aquifers, and septic systems installed in rock
with insufficient filtering capacity can result in well water
contamination. This study also showed that well depth is
also a significant factor with shallower wells more likely to
be contaminated by nitrates.

Figures 3 and 4 show the areas of the state where the
model as predicted varying chances of groundwater
contamination. These figures show that, in general, the
chances of having nitrate-nitrogen in groundwater are
highest in the desert southwest region of the state — this
could be due to both low-concentration naturally occurring
nitrates as well as nitrates derived from historic agricultural
practices. For example, in Figure 3, the areas mapped inred
have a 90% to 100% chance (probability) that the nitrate-
nitrogen contamination there is greater than 5 milligrams
per liter (mg/L), half of the MCL of 10 milligrams per liter
(mg/L). InFigure 4, the areas mapped in red have a 90% to
100% chance (probability) of nitrate-nitrogen contamination
being greater than the drinking water MCL of 10 milligrams
per liter (mg/L). Therefore, the red colored areas of Figure 4
indicate that wells installed within the agricultural regions
of central Arizona, including portions of Phoenix and Casa
Grande, are likely to be contaminated.

Testing for Nitrate in Well Water

Domestic well water used for drinking water supply
should be tested annually to monitor changes in nitrate
concentration. In addition, a water test is recommended
for households with infants, pregnant women, nursing
mothers, or elderly people. These groups are believed to
be the most susceptible to nitrate health effects.

Tests to determine the presence of nitrate in drinking water
should be done by a State-certified laboratory approved
for nitrate testing, listed with the Arizona Department of
Health Services, Bureau of State Laboratory Services — http://
www.azdhs.gov/lab/license/. The selected laboratory will
send you a special water sample container and sampling
collection instructions. Follow these instructions carefully
to obtain a representative sample. While a variety of test
kits and dip strips are available for nitrate testing outside
of a laboratory environment, laboratory analysis is needed
for an accurate and reliable nitrate measurement.

Options for Managing Nitrate
Contamination in Your Well Water

If nitrate exceeds a desirable concentration (recall footnote
about the units on page one) in a domestic well, the well
owner should consider an alternative drinking water source
or water treatment. It may be possible to obtain an alternate
water supply by drilling a new well in a different location
or a deeper well in a different aquifer. Bottled water might
be considered if the primary concern is water for infant
food and drinking.

Nitrate levels in drinking water can be lowered with any
of three treatment methods: distillation, reverse osmosis,
and ion exchange. Home treatment equipment using these
processes is available from several manufacturers. For
more information about home water treatment systems
see Arizona Know Your Water booklet (Artiola et al., 2006),
available from the College of Agriculture and Life Sciences
(CALS) publications website.

Note that carbon filters and standard water softeners

do not remove nitrate. Merely boiling water may increase
rather than decrease the nitrate concentration.
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Figure 3: This figure shows predicted concentrations of nitrate-N in ground- Figure 4: This figure shows predicted concentrations of nitrate-N in ground-
water. Over 9% of the state, or 12,200 square miles, has an 80% chance water. Less than 1% of the state, or 226 square miles, has an 80% chance
(probability) of nitrate groundwater contamination exceeding 5 mg/L, half the (probability) of nitrate groundwater contamination exceeding the EPA MCL of
drinking water MCL. 10 mg/L.
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MAJOR FINDINGS

Natural Stream Water
Quality

In the CAZB Study Unit, peren-
nial streams draining areas with lit-
tle or no agricultural or urban land
use represent baseline or “natural”
conditions in the basins. These nat-
ural streams are referred to as “for-
est/rangeland streams” in this
report because they drain basins
that are 93 to 100 percent forest
and (or) rangeland. Examples of
forest/rangeland streams include
the upper Verde, upper Salt, and
upper Gila Rivers and West Clear
Creek in the Central Highlands
province and the upper San Pedro
River in the Basin and Range Low-
lands province. Because some of
the forest/rangeland streams pro-
vide drinking water for Phoenix or
recharge aquifers used for drinking
water, the quality of these streams
is compared to drinking-water stan-
dards and guidelines as well as to
other water-quality criteria.

The water quality of
forest/rangeland streams is
primarily determined by natural
factors. Processes such as chemi-
cal weathering of bedrock and
soils, biological activity in soils
(Likens and others, 1977), ground-

NATURAL STREAM NITRATE TOTAL DISSOLVED
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Figure 5. Concentrations of nutrients increase and concentrations of dissolved solids

decrease during rainfall or snowmelt runoff.

water discharge to streams, and
runoff determine the water quality
of these streams. Locally, stream-
water quality may be affected by
agriculture, mining, or urban land
use.

Nutrient and dissolved-solids
concentrations fluctuate season-
ally in forest/rangeland streams.
The patterns of rainfall and snow-
melt runoff account for the sea-
sonal fluctuations in concentrations
of nutrients (fig. 5). Nutrient con-
centrations increase in streams dur-
ing times of rainfall and snowmelt
runoff because runoff carries nutri-
ents washed off the land surface to
streams, thereby increasing con-
centrations. Nitrogen in rainfall

06 080 0.4 0.8 1.2 16 0

and snowmelt also adds to nutrient
concentrations in streams. Con-
versely, during low streamflows,
nutrient concentrations are lower
because very little runoff reaches
streams, and aquatic life in the
streams take up the available nutri-
ents.

Seasonal patterns of dissolved-
solids concentrations are opposite
to those of nutrients. During peri-
ods of low flow, the sources of
streamflow are springs, which in
some areas, such as the upper Salt
River Basin, are quite saline (Feth
and Hem, 1963). During periods of
runoff, flow in streams is diluted,
which lowers the dissolved-solids
concentrations (fig. 5).

EXPLANATION

s NATIONAL BACKGROUND
CONCENTRATION—
0.6 milligram per liter

— U.S. ENVIRONMENTAL
PROTECTION AGENCY
GOAL FOR PREVENTION
OF NUISANCE PLANT
GROWTH— 0.1 milligram
per liter

m——— J.S. ENVIRONMENTAL
PROTECTION AGENCY
SECONDARY MAXIMUM
CONTAMINANT LEVEL—
500 milligrams per liter

800 1,600 2,400 3,200

Figure 6. Nitrate concentrations in forest/rangeland streams are significantly lower than the maximum contaminant level of 10
mg/L. Most water samples from the upper Salt River exceeded the secondary maximum contaminant level for dissolved solids
(500 mg/L) because saline springs sustain streamflow during periods of low flow.
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Nitrate concentrations in for-
est/rangeland streams were sig-
nificantly lower than the U.S.
Environmental Protection
Agency’s (USEPA) Maximum
Contaminant Level (MCL) of
10 mg/L. Nitrate was detected in
43 percent of the samples from for
est/rangeland streams. None of the
nitrate concentrations exceeded the
MCL, which was established for
the protection of human health
(fig. 6), and less than 2 percent of
the samples had concentrations of
nitrate that were greater than the
estimated national background
concentration in streams of 0.6
mg/L (U.S. Geological Survey,
1999). Concentrations greater than
background levels are generally
considered to be the result of
human activities. Samples that
exceeded the background concen-
tration were collected during high
flows associated with rainfall or
snowmelt runoff.

Twenty-four percent of the
samples from forest/rangeland
streams exceeded the USEPA
desired goal for total phospho-
rus of 0.1 mg/L for the preven-
tion of nuisance plant growth
(fig. 6). The USEPA desired goal
of 0.1 mg/L is the same as the esti-
mated national background con-
centration for phosphorus (U.S.
Geological Survey, 1999). Phos-
phorus enrichment in streams can
lead to eutrophication; however, in
the forest/rangeland streams, phos-
phorus concentrations exceeding
the USEPA goal are generally lim-
ited to periods of rainfall and snow-
melt runoff.

Dissolved-solids concentra-
tions exceeded the USEPA Sec-
ondary Maximum Contaminant
Level (SMCL) in 76 percent of
samples from the upper Salt
River. None of the samples from
the upper San Pedro River or West
Clear Creek exceeded the SMCL of
500 mg/L that is based on taste of

drinking water (fig. 6). Samples that
exceeded this drinking-water guide-
line were collected at times when
streamflow was sustained by flow
from springs. Saline springs drain
into the upper Salt River (Feth and
Hem, 1963), which accounts for the
particularly large number of samples
that exceeded the SMCL.

Total DDT concentrations in
fish tissue samples from forest/
rangeland streams were signifi-
cantly less than the New York
State guideline (Newell and others,
1987) for the protection of fish-
eating wildlife. None of the other
organochlorine pesticides and PCBs
analyzed for were detected in fish
tissue from forest/rangeland streams
(Gebler, 2000). In addition, orga-
nochlorine compounds and PCBs
were not detected in streambed sedi-
ment from these streams.

Stream water quality generally
is improving on the basis of nutri-
ent and dissolved-solids concen-
trations in forest/rangeland
streams. Statistical analysis of nitro-
gen data for forest/rangeland streams
indicates that concentrations have

generally declined since the early
1980s (fig. 7). Phosphorus concen-
tration data showed the same trend
as nitrogen. In the upper, undevel-
oped parts of the Salt and Verde
River Basins (upstream from reser-
voirs) the decrease in nutrients
could be from a decrease in contri-
butions from natural sources (see p.
10), a decrease as a result of better
land-use management practices
upstream, and (or) an increase in
nitrogen use by aquatic life.

Dissolved-solids concentrations
decreased substantially in outflow
from reservoirs on the Verde River
from 1950-90 (fig. 7). This down-
ward trend, also seen on the Salt
River, probably is caused by both
increased rainfall and snowmelt
runoff diluting the dissolved-solids
concentrations and physical and
chemical processes in the reservoirs
that remove some dissolved solids
from solution.
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Effects of Human
Activities on Stream
Water Quality

Streams affected by human
activities may have elevated con-
centrations of dissolved solids
and nutrients from a variety of
activities including urban and ag-
ricultural runoff. Manmade com-
pounds such as pesticides and
volatile organic compounds
(VOCs) in streams are a direct
result of human activities. To de-
termine the factors affecting wa-
ter quality in the CAZB,
annual stream loads of dissolved
solids (the mass of material
transported in the water) entering
the basins were compared to
annual stream loads leaving the
basins (see story at right). In ad-
dition, the quantifiable sources
of nitrogen and phosphorus
(nutrients) coming into major ba-
sins and leaving in streamflow
were used to identify basins
where water quality is affected
by human activities (see p. 10).
Water-quality characteristics of
affected streams are indicative of
the local effects of human
activities.

Streams sampled in the
CAZB that are affected by hu-
man activities can be divided
into two main categories—ef-
fluent-dependent and agricul-
tural/urban. Streamflow in
effluent-dependent streams is
almost entirely treated sewage
effluent discharged from waste-
water-treatment plants
(WWTPs). These streams are
referred to in this report as “ef-
fluent-dependent™ or “effluent-
dependent urban” streams (see p.
12) because the effluent reflects
urban land uses. Some sampling
sites in the CAZB receive irriga-
tion return flows and rainfall run-
off from agricultural fields as
well as treated effluent, and these
streams are referred to as
“agricultural/urban” streams.

Dissolved solids are accumulating in basins with
agricultural and urban irrigation.

Data collected as part of the CAZB NAWQA study indicate that in 1997, about 1.6 bil-
lion kilograms (kg) (1.76 million tons) of dissolved solids were carried into the Basin and
Range Lowlands by streams draining the Central Highlands (Verde, Salt. and Gila Rivers)
and by the Central Arizona Project (fig. 8). Only 440 million kg (0.48 million tons) were
transported out of the study area in streams. The remaining 1.16 billion kg (1.28 million
tons) are accumulating in soils, the unsaturated zone, and ground water in irrigated agri-
cultural and urban areas.

Much of the streamflow from the Central Highlands and the Central Arizona Project
Canal is used for irrigating agricultural fields and urban landscape. When plants are irri-
gated in the Basin and Range Lowlands, 50 to 80 percent of the water evaporates or is
transpired by plants as pure water. The dissolved solids that were in the evapotranspired
water remain in the soil or are concentrated in the water that remains. Over time these
salts build up in soils and ground water. To prevent crop damage from salt accumulation,
excess irrigation water is commonly applied to leach the salts out of the root zone.

Excess water that percolates below the root zone carries a higher concentration of salts
than the original irrigation water (Cordy and Bouwer, 1999). If this deep-percolation
water reaches the ground water, the upper part of the aquifer can be contaminated by dis-
solved solids, nutrients, and pesticide residues. Because deep-percolation water moves
slowly through the unsaturated zone and ground water is several hundred feet deep in
basins with substantial agricultural and urban development, the effects of the contamina-
tion may not be seen in ground water for years or decades after irrigation has declined or
ceased.
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Figure 8. Streams and the CAP canal brought 1.6 billion kilograms of dissolved
solids into the Basin and Range Lowlands in 1997, but only 440 million
kilograms left the area in streams. The remaining dissolved solids
accumulated in soils, the unsaturated zone, and ground water.
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What are the sources of nitrogen and phosphorus in basins?

Major sources of nitrogen and phosphorus that can be quantified include fertilizers, livestock-feeding operations (commercial
feedlot and dairy operations), inputs to sewer and septic systems, atmospheric deposition. industrial wastes, and streamflow into
basins. For the CAZB Study Unit, the quantities of nitrogen and phosphorus contributed by each source annually were determined
for selected drainage basins. Sources were quantified using records of fertilizer sales by county, livestock population counts, popu-
lation and housing census information, National Atmospheric Deposition data for Arizona, USEPA Toxic Release Inventory data,
and stream water-quality data collected in the CAZB for the NAWQA Program (Anning, 1998). The quantifiable sources of nitro-
gen and phosphorus in three basins are shown in figure 9.

Many sources of nitrogen and (or) phosphorus, such as the weathering of geologic formations and soils or the decomposition of
vegetation, contribute nutrients to the basins but are difficult, if not impossible, to quantify. As a result, these and other unquantifi-
able sources of nitrogen and phosphorus are shown in figure 9 with question marks (?) to indicate that the quantities are unknown
and may actually exceed the quantifiable sources.

The quantifiable and unquantifiable sources of nitrogen and phosphorus in basins represent potential contributors of nutrients to
streams; however, the quantity of nutrients contributed annually from each source does not necessarily reach the streams. Some
nutrients may be taken up in terrestrial ecosystems, transported to the ground water, or volatilized to the atmosphere. Conversely,
nutrients can enter streams directly when treated sewage effluent from WWTPs is discharged to stream channels or excess irriga-
tion water from agricultural areas discharges to streams. Best management practices and regulation of point-source pollution are
methods used to reduce or control the quantity of nutrients entering streams.

In the drainage basins of the upper San Pedro River, upper Salt River, and other perennial streams with minimal agricultural
and urban land use, the largest quantifiable source of nitrogen coming into these basins is from precipitation (fig. 9). Sewer and
septic systems, livestock-feeding operations, and fertilizers are the largest quantifiable sources of phosphorus in these basins.

In basins with substantial agricultural and (or) urban land use such as the middle Gila River, the quantities of nitrogen and phos-
phorus from quantifiable sources are much greater per unit area than those for basins with little or no agricultural or urban land use.
Additionally, fertilizers, livestock-feeding operations, and sewer (WWTPs) and septic systems account for a larger part of the total
nutrients in basins with agricultural and (or) urban land use than in basins without these land uses.
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Figure 9. Precipitation and human wastes are the largest quantifiable sources of nitrogen and phosphorus entering
basins with minimal agricultural and urban development. Human and animal wastes and fertilizers are the largest
quantifiable sources entering basins with substantial agricultural and urban development.
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Effluent-dependent streams comparison, the nutrient concentra- ~ solved oxygen (DO) over a long
tions at the effluent-dependent sites  period of time to survive (Swenson
in the CAZB are elevated because and Baldwin, 1965). At the Santa
the effluent discharged directly into ~ Cruz River at Cortaro, DO concen-

Nutrient concentrations in
effluent-dependent streams
exceeded the background con-

centrations found. in. forest/ the stream §hannels is a major trations were commonly lower than
rangeland streams (see fig. 11). source of nitrogen and phosphorus 3 m_g/L (fig. 11), whereas concen-
The 91st Avenue WWTP outfall (U.S. Geological Survey, 1999). trations at thp other tWO efﬂugnt_-
AR T e Effluent-dependent streams dependent sites were in the mini-
Rivir ot Tribatdndat Cortare R aii can sustain riparian communities  mal range. All the samples from
(Tucson; see p. 26 for location of and aquatic life, but the water the effluent-dependent streams
sites) ar é effluent-dependent quality is poor. Sqme effluent- exceeded the USEPA’s desired goal
streams that were sampled in the dependent streams in the CAZB for phosphorus of 0.1 mg/L for pre-
can support valuable riparian com-  vention of nuisance plant growth

CAZB. Data from the San Pedro
River at Charleston and the Salt
River near Roosevelt represent

munities with high biodiversity of (eutrophication) (U.S. Environ-
terrestrial plants and animals; how-  mental Protection Agency, 1986).

background values for nutrients in ever, dissolved oxygen and phos- Excessive algae and aquatic plant

the CAZE bocansa thess sHeaine phorus concentrations in these groyvth can lead to Iow DO concen-

drain areas with relatively little strea_ms_mdlcate that the water- trations (U.S. Geological Survey,
quality is poor. At a minimum, 1999).

urban or agricultural land use. By thiost Fish et Yo/s tapll O dis-

How much nitrogen and phosphorus
ebden actually leaves the CAZB Study Unit in streams?

A small fraction of nutrients applied to the land surface in the
. |upP D ; i CAZB is transported to streams. The lack of rainfall in the Study
G Unit limits the transport of nutrients into streams and out of the
; k - basins. For the middle Gila River Basin, which includes most of the
; CAZB Study Unit, about 1,100 tons of nitrogen and 500 tons of
0 5 10 15 20 25 phosphorus left the basin in 1998; these nutrient loads represent 1
ooy percent of the quantifiable nitrogen and 2 percent of the quantifiable
; phosphorus for the basin. During 1996 and 1998, only 1 to 21
— percent of the nitrogen and 3 to 48 percent of the phosphorus from
1998 ¢ quantifiable sources were transported out of basins in the CAZB in
. , , i streamflow (D.W. Anning, U.S. Geological Survey, written com-
; mun., 1999).
L] Nutrient loads leaving the upper Salt and upper Verde River Basins
_ " L in streamflow were greater during wet years (when streamflow was

y O

e B e greater than the long-term average annual streamflow) than during

dry years (when streamflow was less than the long-term average)
b (fig. 10). More nutrients were carried out of the Hassayampa River
B STREAVFLOW FOR YEAR WAS LESS THAN Basin in streamflow in 1996 than in 1998 because of more summer
LONG-TERM AVERAGE \ ¢ . " .
B STHEANF GG YE AR Wa GREATER TN rainfall in 1996. Because runoff has higher concentrations of nutri-
= e ents than does base flow (see fig. 5), wet years not only have addi-
. . tional streamflow but additional stream loads. Nutrients remaining
Figure 10. During years when average ; : : e :
annual streamflow is greater than the in the basins are taken up by the plants and animals within the basin,
long-term average, more nutrients are adsorbed by streambed sediment (phosphorus only), volatilized to
carried out of the basins in streams. the atmosphere (nitrogen only), or transported to the ground water.

Major Findings 11




Effluent-dependent streams are valuable water resources in the CAZB

In many of the urban areas in Arizona, treated sewage effluent from wastewater-treatment plants is dis-
charged into otherwise dry streambeds. Less than a century ago, some of these “effluent-dependent”
streams, such as the Santa Cruz River in Tucson (see below) and the Salt River in Phoenix, had natural
perennial streamflow, but ground-water pumping, damming of rivers, or other human activities have
resulted in a loss of natural streamflow and associated riparian and aquatic communities (Tellman and
others, 1997).

In the dry climate of Arizona, effluent-dependent streams provide perennial water resources with a vari-
ety of benefits. Effluent-dependent streams can support riparian communities with high biodiversity of ter-
restrial plants and animals. These streams support limited aquatic invertebrate and fish communities, which
are food for organisms higher in the food chain. Riparian plant communities along these streams can help
stabilize streambanks, reducing erosion and sedimentation. Trees and bushes provide plant material, creat-
ing habitat and food for aquatic organisms and shade that reduces evaporation. Effluent in streams is partic-
ularly important to cities and towns in Arizona because it recharges ground water in aquifers and can be
used by cities to accrue ‘“‘recharge credits” that allow for pumping elsewhere in the ground-water basin
(Gelt and others, 1999).

Currently (2000), the water quality of effluent-dependent streams limits restoration of instream commu-
nities. If the water quality of these streams is improved by upgrading wastewater-treatment methods, it is
likely that the streams would be able to support a greater number of aquatic species, and aquatic communi-
ties could even begin to resemble those of streams such as the upper San Pedro or upper Salt Rivers.
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Figure 11. Nutrient enrichment in effluent-dependent streams contributes to abundant algal growth, which results in
decreased dissolved oxygen and limited aquatic communities.

The level of sewage treatment some nitrate and phosphorus are taken up by plants and aquatic life, and
and the distance effluent travels phosphorus may be adsorbed by streambed sediments. Each of these pro-
downstream from the discharge cesses reduces concentrations of nitrogen and (or) phosphorus, resulting in
point influence the water quality lower concentrations with distance downstream from the WWTP.
of effluent-dependent streams. Abundant algal growth from nutrient enrichment in effluent-depen-
Ammonia concentrations in efflu- dent streams may adversely affect aquatic organisms. Phosphorus,
ent at the Santa Cruz River at Cor- nitrate, and ammonia in effluent-dependent streams encourage algal growth.
taro are extremely variable and Chlorophyll a concentrations (fig. 12), which are indicators of the quantity
typically higher than those in the of algae in a stream, were much higher in effluent-dependent streams than
Santa Cruz River at Tubac or the in forest/rangeland streams (Gebler, 1998).
91st Avenue WWTP (fig. 11). Ef- Abundant algal growth and the resulting increase in decaying organic
fluent at the Cortaro site has had material in effluent-dependent streams can cause decreased DO concentra-

secondary treatment, which results tions, particularly at night when plants cease photosynthesis and decrease
innitrogen remaining inthe effluent their oxygen production. The decreased DO can adversely affect aquatic
as ammonia (David Garrett, Pima invertebrates and fish.

County Wastewater, oral commun.,

at the discharge point from the 91st N - ; — e

Avenue WWTP has had tertiary

treatment in which the ammonia is : g.-g .

. . o e
converted to nitrate. Converting oo . E;‘g
ammonia to nitrate during treatment . 388

limits the direct threat of toxicity to .

fish that ammonia presents, but it
does not change the potential for
eutrophication of the stream (Muel-
ler and others, 1996).

The lowest nutrient concentra-
tions in effluent-dependent streams
were at the Santa Cruz River at Tu-

400 -
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Figure 12. Nutrients in effluent-dependent streams encourage algal
growth, as indicated by chlorophyll a concentrations.
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Effluent-dependent streams support limited
instream communities of aquatic invertebrates.
The diversity of pollution-sensitive aquatic inverte-
brates such as mayflies, stoneflies, and caddisflies in
effluent-dependent streams is very low, especially
when compared to the high diversity in forest/range-
land streams (fig. 13). Pollution-tolerant species of
aquatic worms and midges account for more than 90
percent of the numbers of aquatic invertebrates in
effluent-dependent stream reaches sampled in the

DIVERSITY OF MAYFLIES, STONEFLIES,
AND CADDISFLIES

NUMBER OF MAYFLY, STONEFLY, AND CADDISFLY TAXA

FOREST/ EFFLUENT- EFFLUENT-
RANGELAND DEPENDENT DEPENDENT
SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE
ey e* 02"
* NUMBER IN PARENTHESES IS DISTANCE OF SAMPLING SITES, IN KILOMETERS,
DOWNSTREAM FROM TREATMENT PLANT

FOREST/  EFFLUENT-
RANGELAND DEPENDENT

Figure 13. Aquatic invertebrate communities
in effluent-dependent streams lack diversity.

Aquatic invertebrates are indica

Aquatic invertebrates are animals such as
worms and insects that live in water. Fly
fishermen know that game fish such as trout
and bass eat insects such as mayflies, stone-
flies, and caddisflies. Biologists who study
water quality have found that some aquatic
invertebrates, such as certain aquatic worms
and midges, can tolerate poor water quality
Many types of mayflies, stoneflies, and cad-
disflies are sensitive to water-quality degra-
dation and are most abundant in streams with
good water quality. Biologists can sample for
aquatic invertebrates and determine the rela-
tive quality of the water by the numbers and
types of invertebrates found.
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CAZB (fig. 14). In forest/rangeland streams, may-
flies, stoneflies, and caddisflies were the most abun-
dant of all aquatic invertebrate groups, which is
consistent with good water quality and instream hab-
itat (Gebler, 1998).
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Figure 14. Pollution-tolerant aquatic invertebrates are most
abundant in effluent-dependent streams.




Organochlorine pesticides and
PCB:s in streambed sediment and
fish tissue from effluent-
dependent streams exceeded
guidelines for protection of
aquatic life and fish-eating wild-
life. Probable effect levels (PELSs)
for sediment (Canadian Council of
Ministers of the Environment,
1999) were exceeded for DDE and
total chlordane in samples from the
91st Avenue WWTP and at a site
near the discharge point from the
Nogales WWTP into the Santa
Cruz River. The PEL is a concen-
tration above which adverse effects
to aquatic organisms are predicted
to occur frequently. Exceedance of
the PEL concentrations indicates
that bottom-dwelling aquatic
organisms may be adversely
affected by toxicity. Total DDT
(91st Avenue WWTP) and PCBs
(Santa Cruz River at Tubac) in
fish-tissue samples exceeded New
York State guidelines (Newell and
others, 1987) for the protection of
fish-eating wildlife. These guide-
lines are being applied to findings
from NAWQA Study Units nation-
wide. DDT, which breaks down to
form DDE and DDD, is associated
with past use of DDT in agricul-
tural areas. Use of DDT was dis-
continued in Arizona in 1969.
PCBs were primarily used in indus-
trial and urban settings, but their
use was discontinued in 1979.
Exceedances of tissue guidelines
can result in reduced reproductive
ability and other possible adverse
effects in wildlife that eat contami-
nated fish (Faber and Hickey,
1973).

Agricultural/urban streams

As in effluent-dependent
streams, nutrient concentrations
in agricultural/urban streams
were elevated compared with

concentrations in forest/range-
land streams (fig. 11). This is no
surprise given that the two agricul-
tural/urban streams—Buckeye
Canal near Avondale and Has-
sayampa River near Arling-
ton—receive eftfluent from the 91st
Avenue WWTP in Phoenix. The
effluent is mixed with ground
water in Buckeye Canal and used
to irrigate cotton and other crops.
Downstream, effluent and irriga-
tion return flows in Buckeye Canal
are discharged into the Has-
sayampa River near Arlington. At
this point, the water has been used
and reused for agricultural irriga-
tion, and nitrate concentrations are
typically higher than those in the
original effluent (fig. 11) because
of the use of fertilizers in the agri-
cultural area near Buckeye.
Herbicides were detected in
streams soon after application to
agricultural lands, but concen-
trations did not exceed guidelines
for protection of aquatic life. In
the West Salt River Valley west of
Phoenix, the pre-emergent herbi-
cides dacthal, EPTC, simazine, and
trifluralin are applied to tilled fields
prior to cotton planting in the early
spring to control weeds. They may
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be reapplied in the fall to fields
where winter crops are grown.
These herbicides were detected in
surface-water samples from the
agricultural/urban streams in the
early spring and fall, soon after
application. Changes in concentra-
tions of dacthal at the Hassayampa
River near Arlington (fig. 15) are
representative of the patterns seen
for herbicide concentrations at both
sites. Agricultural and rainfall run-
off carry these pesticides to
streams. Because streamflow at
these sites is not used for drinking
water but does sustain aquatic life,
guidelines for the protection of
aquatic life were used to evaluate
water quality. Aquatic-life guide-
lines for simazine and trifluralin
were not exceeded in any samples
from these sites. There are no
aquatic-life guidelines for dacthal
and EPTC.

Organochlorine pesticides that
persist in streambed sediment
and in fish tissue from an agri-
cultural/urban stream are a con-
cern for aquatic ecosystem
health. PEL concentrations for
sediment were exceeded for DDE
and DDT at the agricultural/urban
stream site on the Buckeye Canal
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Figure 15. Herbicides were detected in streams soon after being applied to crops.
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near the Hassayampa River (adja-
cent to the Hassayampa River at
Arlington site, see p. 26). Concen-
trations of DDE in fish-tissue sam-
ples from this site exceeded
guidelines established by New
York State (Newell and others,
1987) for the protection of fish-
eating wildlife. Concentrations of
toxaphene in two out of three fish-
tissue samples from the same site

exceeded the National Academy of
Science/National Academy of
Engineering (1973) guideline for
the protection of fish-eating wild-
life. Past use of pesticides includ-
ing DDT, toxaphene, and others on
agricultural areas in the West Salt
River Valley is the source of these
pesticides. Though use of these
pesticides was discontinued
decades ago, the pesticides persist

over time and their breakdown
products continue to enter streams
by erosion of contaminated soils,
surface-water runoff, and atmo-
spheric deposition. Exceedances of
tissue guidelines indicate possible
adverse effects, such as reduced
reproductive ability and eggshell
thinning, to birds and other wildlife
that eat contaminated fish (Faber
and Hickey, 1973).

In the CAZB Study Unit, insecticide concentrations in agri-

cultural/urban streams are among the highest in the Nation

Pesticides in water were measured at 117 sampling sites on 114 rivers and streams across the United States as part of the
NAWQA Program from 1992—1998. At each site, concentrations of all insecticides detected during a 1-year period were

summed and categorized as low (lowest 25 percent), middle (middle 50 percent), and high (highest 25 percent) compared to
concentrations at all of the sites monitored (see figure below). This information was compared, by county, to insecticide use
during the early to mid-1990’s on agricultural lands.

In the CAZB Study Unit, insecticide concentrations in streams with mixed agricultural/urban land use were among the
highest in the Nation. These sites—the Buckeye Canal near Avondale and the Hassayampa River near Arlington in the West
Salt River Valley—are dominated by treated effluent and irrigation return flows that contain insecticides from urban and
agricultural land uses. Nearly one-half the samples (46 percent) collected from the Buckeye Canal during 1 year exceeded
aquatic-life guidelines for one or more of the following insecticides: diazinon, malathion, lindane, and chlorpyrifos. At the
Hassayampa River site, 30 percent of samples collected in a 1-year period exceeded aquatic-life guidelines for one or more
of the following pesticides: chlorpyrifos, azinphos-methyl, DDE, dinoseb, malathion, diazinon, and parathion. Although
these streams are not used for drinking water, the water quality does present a potential hazard to aquatic life. In addition,
little is known about the effects of mixtures of pesticides, even at low concentrations, on aquatic life (Gilliom, 1999).

NAWQA Stream-Sampling Sites

AVONDALE

EXPLANATION
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INSECTICIDE USE—
In pounds per acre of
agricultural land

[ Highest—Greater than 0.086
Medium—0.033 to 0.086
[ ] Lowest—Less than 0.033
1 Noreported use
SUM OF INSECTICIDE
CONCENTRATIONS —

in micrograms per liter,
75th percentile

] Highest 25 percent— Greater
than 0.086

@ Middle 50 percent—0.0013
10 0.073

HASSAYAMPA (@] Lowest 25 percent—Less
RIVER NEAR 5 than 0.001
ARLINGTON
CANAL NEAR Q AQUATIC-LIFE GUIDELINE—

Bold outline indicates exceedence
by one or more insecticides.
Number is percentage of samples
that exceeded a guideline within

a 1-year period

Insecticide concentrations in streams in the West Salt River Valley near Phoenix are among the highest in the Nation.
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Natural Ground-Water
Quality

It is important to understand
how natural processes affect
ground-water quality in order to
identify the effects of urban and
agricultural development under
similar hydrogeologic conditions.
In the CAZB, the majority of
ground-water basins do not have
significant urban or agricultural
development. The ground-water
quality in these basins is primarily
a product of natural processes such
as the interaction of ground water
with rocks and sediment in the
basins (Robertson, 1991).

Natural sources of dissolved-
solids and nitrate can control
ground-water quality in basins
with minimal urban develop-
ment. Specific-conductance val-
ues (an indirect measure of the
dissolved-solids concentration) and
nitrate concentrations for ground
water in basins with minimal urban
development increase northwest-
ward from southeastern Arizona
toward the central part of the State
(figs. 16 and 17). The increasing
specific-conductance values can be
attributed to a corresponding
increase in evaporite deposits in
basin sediments from southeast to
northwest (Gellenbeck and Coes,
1999). Evaporite deposits in the
basins contain minerals such as
halite (salt) and gypsum that can be
easily dissolved in ground water.
(Robertson, 1991). The increasing
nitrate concentrations can be
largely attributed to natural
sources; however, human activities
such as agriculture can be a source
in some basins. In some locations
in the CAZB, high nitrate concen-
trations in ground water reported
prior to any agricultural or urban
development indicate that natural

MEDIAN SPECIFIC CONDUCTANCE, IN MICROSIEMENS PER CENTIMETER
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Figure 16. Nitrate concentrations and specific conductance values in
ground water from basins with minimal urban development increase from
the southeast to the northwest. (Basins shown below in figure 17.)

ALLEY |
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INCREASING SPECIFIC
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CONCENTRATIONS IN GR(

ATER — Blue i

Figure 17. Increasing specific conductance values in ground water from
southeast to northwest can be attributed to an increase in soluble
evaporite deposits in basin sediments. Increasing nitrate concentrations in
the same direction may be the result of naturally occurring nitrate and of
human activities that include agriculture.

sources of nitrate are present in some basins (Hem, 1985; Robertson,
1991; Gellenbeck, 1994; Gellenbeck and Coes, 1999). Dissolution of

evaporite deposits, decay of buried organic matter, precipitation, weather-

ing of rocks and soils, and fixation by microorganisms are just a few of
the possible sources of naturally occurring nitrate in ground water.
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Quality of deep, older ground water unaffected
by human activities

- ENTRAL ARIZONA BASlNS

In general, ground water in Arizona is replenished (recharged) at very slow rates
because of little precipitation, high evaporation losses, and the long distance water
must travel to recharge deep aquifers. In the CAZB, 63 percent of the wells sampled
that draw water from aquifers used for drinking water were at least 250 feet deep
) compared to 26 percent of NAWQA wells sampled nationwide (fig. 18). Recharge
| 29% takes longer to reach deep aquifers than shallow aquifers; therefore, deep ground
‘ water typically was recharged earlier and is older than shallow ground water. Tritium
age dating of ground water (see below) confirms that 55 percent of the wells sampled
in the CAZB yielded ground water that was recharged prior to 1953 and possibly
thousands of years earlier. For example, some ground water in the Upper Santa Cruz
Basin was determined to be about 6,500 years old (Kalin, 1994). Across the Nation,
only 27 percent of the NAWQA wells sampled for tritium yielded ground water that
was recharged prior to 1953.

The age and depth of ground water in the CAZB have important implications for

i water quality and quantity. Because much of the deep ground water sampled in the
39% S ' . 35% . CAZB was recharged prior to 1953 and has not mixed with younger recharge, drink-
: ing-water quality generally has not been substantially affected by human activities
that took place after 1953. The movement of contaminants from the land surface to
the deep ground water is hindered by the thickness of basin-fill sediments through
which contaminants must travel. Ground-water quantity is affected because ground
water pumped from deep aquifers is not being replaced by recharge (see p. 5), result-
ing in a net decrease in the quantity of ground water available for consumption.

WELL DEPTH—
Infeet
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[ 25010500
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Figure 18. Ground water sampled in
the CAZB Study Unit generally is
from greater depths than ground
water sampled in NAWQA Study
Units across the Nation.

Method for dating ground water
‘ Trmum is a radioactive 1sotope that can be used to esumate whether ground
water has been recharged before or after 1953. Large quantmes of tritium were
released to the atmosphere during testmg of thermonuclear weapons from 1952
until the late 1960s. Atmosphcnc tritium is incorporated into water molecules
in the atmosphere prior to precipitation and recharge to ground water. The con-
centration of tritium in ground water at a given time is controlled by t both the
quantlty of tritium in the atmosphere when precrpltatlon and recharge occur
and the radloactlve decay rate of tritium, Ground water that does not contain ,
detectable trmum (less than 2.5 picocuries of tritium per liter) can be,assumed .
to have been recharged prior to 1953, and ground water that does contain detect-
able tritium (more than 2.5 picocurics of tritium per liter) is assumed to contain
'some component of ground water that was recharged after 1953. .

Tnmum,coucsmmmou m PnEcmrA'noM, ~
DECAYED TO 1998, IN PICOCURIES PER LITER

Trltlum concentratrons in precipitation are a guide for
determmmg when ground water was recharged
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Concentrations of arsenic, fluoride, and molybde-
num exceeded drinking-water standards in samples
from major aquifers. The median arsenic concentration
in ground water for the three CAZB basins sampled was
4 ug/L. One sample from the Upper Santa Cruz Basin and
one sample from the West Salt River Valley exceeded the
current MCL for arsenic of 50 ug/L; however, a new,
lower standard of 5 pug/L has been proposed by the
USEPA because of the cancer risk posed by arsenic in
drinking water (U.S. Environmental Protection Agency,
rev. August 25, 2000). When arsenic concentrations in
ground water sampled in the CAZB are compared to the
proposed standard, more than 50 percent of samples from
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aquifers in West Salt River Valley that are used for
drinking water exceed 5 pg/L. Seventeen percent of
samples in the Upper Santa Cruz Basin and 10.5 per-
cent of samples in the Sierra Vista subbasin exceed

5 pug/L. The USEPA may not settle on 5 ug/L, but the
new standard is likely to be significantly lower than the
current MCL.

The median concentration of fluoride was 0.5 ug/L;
about 2 percent of the samples exceeded the current
MCL for fluoride of 4 ug/L. The median concentration
of molybdenum was 3 pg/L; about 1 percent of the sam-
ples exceeded the current lifetime health advisory for
molybdenum of 40 pg/L established by the USEPA.




Radon and uranium are
detected in most ground-water
samples. Radon is a colorless and
odorless radioactive gas that is car-
ried in the water pumped from
wells (fig.19) and released to
indoor air by activities such as
cooking and showering. Breathing
radon increases the risk of lung
cancer (U.S. Environmental Pro-
tection Agency, rev. October 18,
1999). Radon is naturally formed
in rocks and soils from the radioac-
tive decay of radium, an intermedi-
ate product in the uranium decay
process. In the CAZB Study Unit,
radon was present in 100 percent of
the samples, and uranium was
detected in 90 percent of the sam-
ples. The median concentrations
for radon and uranium were 584
picocuries per liter and 3 micro-
grams per liter, respectively. Cur-
rently (2000), there are no USEPA
MCLs for radon and uranium;
however, proposed MCLs could
result in increased costs for water
suppliers to treat drinking water for
these constituents or find alternate
supplies. Additional costs would
probably be passed on to the water
user (see information on proposed
standards for arsenic, radon, and
uranium on p. 20).

Figure 19. Samples are collected at the
well head for radon analysis to prevent
possible sample contamination from
exposure to the atmosphere.

Effects of Human Activities
on Ground-Water Quality

The contamination of major aqui-
fers is largely controlled by hydrol-
ogy and land use (U.S. Geological
Survey, 1999). In the CAZB Study
Unit, deep ground water that was
recharged prior to 1953 typically has
not been affected by human activities
(see p. 18). In areas with recent
recharge (after 1953), ground water is
more likely to be contaminated by
nutrients and man-made chemicals
associated with urban and agricultural
land uses.

Ground-water quality deterio-
rates in irrigated areas. [rrigation
water that seeps downward is a prin-
cipal source of ground-water recharge
in irrigated areas of the CAZB. Dis-
solved-solids concentrations in seep-
age can be as much as five times
those in the original irrigation water
(Bouwer, 1990) because of concentra-
tion by evaporation and plant use (see
p. 9). The greater the dissolved-solids
concentration in the applied irrigation
water, the greater the concentration in
the seepage moving downward to the
ground water.

To determine the effects of irri-
gated agriculture on shallow ground-
water quality, nine monitoring wells

were drilled and sampled in the
southwestern part of the West Salt
River Valley (see “Study Unit
Design,” p. 26). Because the aver-
age depth to ground water in the
nine wells is 32 feet (table 1) com-
pared to 230 feet for wells sam-
pled basinwide, irrigation seepage
does not have to travel far to reach
the shallow ground water in the
agricultural area. Sources of irriga-
tion water in this area include
treated sewage effluent, water
from the Salt River and CAP
canal, irrigation return flows, and
ground water. Dissolved-solids
concentrations of these sources
range from about 900 mg/L for
treated sewage effluent (Tadayon
and others, 1998) to 650 mg/L for
CAP water and 470 mg/L for Salt
River water (Salt River Project,
1997).

The median dissolved-solids
concentration in water from the
nine shallow wells exceeded
3,000 mg/L (table 1). In addition,
the effects of nitrate from fertilizer
applications and reuse of irrigation
return flows were evident from the
median nitrate concentration that
was nearly twice the MCL of
10 mg/L (table 1).

Table 1. Median concentrations of nitrate and dissolved solids were highest in
shallow ground water from an agricultural area in the West Salt River Valley

Median concentration, in
milligrams per liter

Dissolved
Nitrate solids

Study area

West Salt River Valley
Agricultural area
Basinwide

Upper Santa Cruz Basin
Sierra Vista subbasin

U.S. Environmental
Protection Agency
drinking-water standard

I Maximum Contaminant Level.
8 Secondary Maximum Contaminant Level.

Average depth to
ground water, in feet
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Proposed drinking-water standards for arsenic, radon, and
uranium have major implications for ground-water supplies

During 1991-98, arsenic, radon, and uranium were measured in ground-water samples from 36 NAWQA Study Units
across the United States. If the ground-water samples from these Study Units are representative of ground water across the
Nation, MCLs (see Glossary) proposed by the USEPA for these constituents will affect many water suppliers and municipal-
ities in the United States. Because ground-water supplies in many parts of the Nation will likely exceed the proposed MCLs,
public-water systems would be required to either specifically treat their water to decrease concentrations of the constituents

or find alternative sources of supply. Costs of these options would probably be passed on to water users.

Arsenic

The current USEPA MCL for arsenic
in drinking water, 50 pg/L, is under
review after recognition of the risks of
developing cancers (National Research
Council, 1999). In 2000. the USEPA
proposed a new, lower arsenic MCL of
5 ug/L (U.S. Environmental Protection
Agency, rev. June 2, 2000). In samples
collected in three CAZB basins, only 2
percent exceeded the current USEPA
MCL; however, 32 percent exceeded
the lower, proposed MCL. In samples
collected across the Nation, only 0.6
percent exceeded the current USEPA
MCL; however, 14 percent exceeded
the lower proposed MCL. Arizona,
including the CAZB, is among the areas
in the Nation where 10 percent or more
of ground-water samples are likely to
exceed the lower MCL (figure at right;
Welch and others, 2000).

EXPLANATION
B Generally highest arsenic concentrations

=
QSD

Hawaii D

[:! Generally lowest arsenic concentrations
[ insufficient data

High concentrations of arsenic in ground water are more widespread in the West.

Radon and uranium
Currently, USEPA MCLs for
radon and uranium do not exist.
Because of public health concerns,
including increased risks for develop-
ing lung cancer, the USEPA proposed
an MCL of 20 pg/L for uranium in
1991. In 1999. the USEPA proposed
an MCL of 300 picocuries per liter
(pCi/L) for radon; however, if States
or water suppliers implement meth-
ods to lower radon levels in indoor
air, they would only be required to
meet an Alternate MCL (AMCL) of
4,000 pCi/L (U.S. Environmental
Protection Agency, rev. April 21,
2000; U.S. Environmental Protection
Agency, rev. October 18, 1999). Of
the ground-water samples collected
in the three CAZB basins, 9 percent
exceeded the proposed uranium

RADON, IN PICOCURIES PER LITER
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MCL, 91 percent exceeded the proposed
radon MCL, and 1 percent exceeded the
proposed radon AMCL. In the NAWQA
samples collected nationwide, 4 percent
exceeded the proposed uranium MCL,
61 percent exceeded the proposed radon
MCL, and 4 percent exceeded the pro-
posed radon AMCL (Dennis Wentz and
others, U.S. Geological Survey, written
commun., 1999). The Study Units with
the highest radon concentrations were in
the Colorado Rockies and the Eastern
United States. Median concentrations of
radon and uranium in the CAZB Study
Unit were higher than median concentra-
tions for the United States (figure at
right).

URANIUM
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URANIUM, IN MICROGRAMS PER LITER

Median concentrations of radon and uranium in ground water in the CAZB
exceeded those for the Nation.
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Nitrate concentrations in ground water in the West Salt

River Valley are among the highest in the Nation

The study of water quality in deep aqui-
fers that provide drinking water in the West
Salt River Valley is one of eight NAWQA
ground-water studies nationwide that had
more than 10 percent of samples that
exceeded the USEPA MCL for nitrate of
10 mg/L (figure at right). Of 35 samples
collected basinwide in the West Salt River
Valley, 34 percent had concentrations
greater than the USEPA MCL. Seventy-
eight percent of shallow ground-water sam-
ples from the agricultural land-use study in
the West Salt River Valley had concentra-
tions greater than the USEPA MCL for
nitrate. Only 10 percent of samples from
the Upper Santa Cruz Basin and none of
the samples from the Sierra Vista subbasin
had concentrations that exceeded the
USEPA MCL for nitrate.

Excessive nitrate in drinking water is a
health concern for children and adults. In
children, high nitrate concentrations can
result in “blue-baby syndrome,” in which
oxygen levels in the blood of infants are
low, sometimes fatally so (National Gover-
nor’s Association, 1991).

Birth defects also have been attributed
to high nitrate concentrations (National
Governor’s Association, 1991). In adults,
high nitrate concentrations have been asso-
ciated with cancer (National Academy of
Sciences, 1977).

. /CENTRAL
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EXPLANATION
PERCENTAGE OF SAMPLES EXCEEDING DRINKING-WATER

STANDARD FOR NITRATE OF 10 MILLIGRAMS PER LITER—
Each dot represents a major aquifer

QO BACKGROUND CONCENTRATION—
Bold outline indicates median values
greater than background concentration

@  Greater than 10 percent B2 miligrams perlie:
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@  Zero samples exceed standard

The CAZB is one of eight Study Units in the Nation with nitrate concentra-
tions in ground water that exceed the drinking-water standard in more than
10 percent of samples.

Sources of nitrate in the Central Ari-
zona Basins Study Unit include evaporite
deposits in basin sediments, precipitation,
agricultural fertilizers, animal-feeding
operations, WWTP outflow, and others

(see p. 10). In areas with agricultural and (or)
urban development, sources of nitrate related to
human activities are prevalent, whereas precipi-
tation and geologic sources of nitrate predomi-
nate in undeveloped areas.

The highest concentrations of nitrate and dis-
solved solids were in shallow ground water
beneath an irrigated agricultural area. Shallow
ground water from the agricultural land-use study
area in the West Salt River Valley had median con-
centrations of nitrate (19 mg/L) and dissolved solids
(3,050 mg/L) that exceeded the USEPA MCL and
SMCL, respectively (table 1). Nitrate and dissolved
solids from irrigation and agricultural practices are
accumulating in shallow ground water (see p. 9 and
11). The shallow ground water in this area is not

likelihood of contamination of the aquifers below that are
used for drinking water (see p. 22).

Deeper ground water from urban, rangeland, and agri-
cultural areas in other parts of the West Salt River Valley
had a median nitrate concentration that was less than the
MCL of 10 mg/L; however, the median concentration of
dissolved solids exceeded the SMCL of 500 mg/L (table
1). Median concentrations of nitrate from the Upper Santa
Cruz Basin and the Sierra Vista subbasin also were less
than the MCL, and median concentrations of dissolved
solids were less than the SMCL (table 1).

used for drinking water, and clay beds reduce the
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Clay beds that currently protect deep
ground water from contamination may not
do so in the future.

In the agricultural land-use study area of the West Salt
River Valley (fig. 20), the tops of low-permeability clay beds
are about 150 to 400 ft below the land surface. These clay beds
impede the downward movement of irrigation seepage and
reduce the likelihood of contaminants reaching deeper drink-
ing-water supplies. Domestic wells in the area yield water from
beneath the protective clay beds. Ground water above the clay
beds has higher nitrate and dissolved-solids concentrations
than ground water from beneath the clay beds (fig. 21). In this
area, ground-water samples from above the clay beds had a
median dissolved-solids concentration of 3,050 mg/L and a
median nitrate concentration of 19.0 mg/L (table 1). Ground-
water samples from below the clay beds had a median dis-
solved-solids concentration of 702 mg/L and a median nitrate
concentration of 1.9 mg/L. Care must be taken in drilling and
completing drinking-water wells below the clay beds to ensure
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Figure 20. Low-permeability clay beds in an
agricultural area in the West Salt River Valley
reduce the likelihood of contamination reaching

that shallow ground water above the clay beds does not con- deeper drinking-water supplies.

taminate the well and aquifer below.

Analyses of the tritium from ground water in this
area indicated that water above the clay beds gener-
ally had been recharged after 1953, and water below
the clay beds generally had been recharged before
1953 (see information about age dating ground water
on p. 18). Although the clay beds currently reduce
the likelihood that irrigation seepage will contami-
nate the ground water below, future large-scale with-
drawals of ground water from below the clay beds
could possibly result in the movement of shallow,
poor quality water through the clay beds and into the
domestic ground-water supply.
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Nitrate = 19 milligrams per liter

Dissolved solids = 3,050 milligrams per liter

Clay beds

Nitrate = 1.9 milligrams per liter
Dissolved solids = 702 milligrams per liter

Figure 21. Ground water above the clay beds was recharged
after 1953 and has been affected by agricultural activities.

Occurrence and distribution of pesticides in ground water in the
CAZB reflect both agricultural and urban land uses. Ten pesticides
were detected in shallow ground water from the agricultural land-use
study area in the West Salt River Valley, west of Phoenix (fig. 22). In
other parts of the West Salt River Valley, consisting of agricultural,
urban, and rangeland areas, eight pesticides were detected in ground
water. Five pesticides were detected in ground water from the Upper
Santa Cruz Basin, where there is a mixture of land-use types, but 60 per-
cent of the basin is undeveloped rangeland (Coes and others, 2000). In
the Sierra Vista subbasin, where urban and agricultural land uses are
minimal (3.3 percent of basin; Coes and others, 1999) and have been
minimal in the past, no pesticides were detected in ground-water sam-
ples. During 199698, the largest quantities of pesticides used among
the three basins were for agriculture in the West Salt River Valley (Ken
Agnew, University of Arizona, Pesticide Information and Training
Office, written commun., 1999).

UPPER |
A CRUZ BASIN |

Figure 22. The largest number of
pesticides was detected in an
agricultural area in the West Salt
River Valley.
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Most of the pesticides detected
in ground water in the CAZB
were herbicides used to control
unwanted plants in urban and
agricultural areas (fig. 23). Herbi-
cide use in urban areas is indicated
by detections of simazine and
prometon in the West Salt River
Valley and prometon and 2,4-D in
the Upper Santa Cruz Basin. These
herbicides are used primarily in
nonagricultural areas (U.S. Geo-
logical Survey, 1999). Detections
of atrazine and deethylatrazine (a
breakdown product of atrazine) in
the West Salt River Valley and the
Upper Santa Cruz Basin are an
indication that herbicides used in
areas of present and historical agri-
culture are affecting ground-water
quality. Atrazine is one of the most
heavily used herbicides in agricul-
tural areas in the United States
(U.S. Geological Survey, 1999).

Concentrations of pesticides in
ground water did not exceed
drinking-water standards or
guidelines. Although deethylatra-
zine, simazine, prometon, DDE,
atrazine, and diuron were detected
in more than 30 percent of the
ground-water samples from the
agricultural land-use study area of
the West Salt River Valley, none of
the concentrations exceeded drink-
ing-water standards or guidelines.
Similarly, pesticides detected in
ground water from the basinwide
sampling in the West Salt River
Valley during 1996-98 did not
exceed drinking-water standards or
guidelines.

DDE was detected in 10 (56
percent) of the shallow ground-
water samples from the agricul-
tural land-use study area in the
West Salt River Valley. Detections
of DDE in this area are the result of
the persistence of this insecticide
breakdown product in the environ-
ment and the physical characteris-
tics of the ground-water system in
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Figure 23. Most of the pesticides detected in ground water in the CAZB
were herbicides used in agricultural and urban environments.

the area. In particular, the shallow
depth to ground water in the agri-
cultural land-use study area means
that irrigation seepage and recharge,
containing pesticides and their
breakdown products, do not have to
travel far to contaminate the ground
water. Clay layers impede the
movement of pesticides into the
deeper aquifers in the area. The
soils in the agricultural area have
been identified as a source of DDE
for the ground water (Brown, 1993).
The only detection of DDE in the
West Salt River Valley outside of
the agricultural area was in a sample
from the northern part of the Phoe-
nix metropolitan area. DDE was not
detected in samples from the Upper
Santa Cruz Basin or the Sierra Vista
subbasin.The large depths to ground
water and small amounts of DDT
used in most of the West Salt River
Valley, the Upper Santa Cruz Basin,
and the Sierra Vista subbasin limit
the potential for introduction of
DDE to the ground water.

Pesticides and Human Health
Laboratory studies, mostly on ane-
mals, have shown that pesticides can
cause hycalth problems such as birth
defects, nerve damage, cancer, and dis-
‘ruption of the endocrine system
(USEPA, rev. June 12, 2000). The
health effects on humans are not ade-
quately understood, particularly when
estimating the risks of exposure to mix-
tures of pesticides in water (U.S. Geo-
10g1ca1 Survey, 1999). The USEPA
determines risk on the basis of toxicity
and exposure to a smgle pes‘amde (s,
Environmental Protection Agency, rev.
November 17, 1999), whereas ,
NAWQA studies in the CAZB (see D
24) and nationwide have shown that
most contammatlon in water occurs as
pest1c1de mixtures (U.S. Geological
Survey, 1999). The effects of exposure
to low concentrauons of pestmde mix-
tures in druﬂ(mg water is notknown and
will require further study to detenmne if
standards or gu1de11nes can be devel—.
oped. , ~ '
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Detections of multiple pesti-
cides indicate the complexity of
contamination from land-sur-
face activities. No standards or
guidelines currently exist for mix-
tures of pesticides in drinking
water because their effect on
human health is not known (U.S.
Geological Survey, 1999). All 9
wells in the agricultural land-use
study area had 3 or more pesticides
detected, whereas only 3 of the 35
wells sampled basinwide in the
West Salt River Valley had 3 or
more pesticides detected, and none
of the wells in the Upper Santa
Cruz Basin had 3 or more pesti-
cides detected (fig. 24). No pesti-
cides were detected in the Sierra
Vista subbasin.

VOLATILE ORGANIC COMPOUNDS DETECTED IN GROUND WATER

TRICHLOROMETHANE
1,2,4-TRIMETHYLBENZENE

BROMODICHLOROMETHANE
TRICHLOROETHENE
CARBON DISULFIDE
DICHLOROFLUOROMETHANE
1,2-DIBROMOETHANE
1,1-DICHLOROETHANE
IODOMETHANE

METHYL TERT-BUTYL ETHER

CHLOROMETHANE
TRICHLOROFLUOROMETHANE
1,2-DICHLOROBENZENE

DIBROMOCHLOROPROPANE

BENZENE
ETHYLBENZENE
1,1,1-TRICHLOROETHANE
1,1,2-TRICHLORO-1,2,2-
TRIFLUOROMETHANE
METHYL BENZENE
TRIBROMOMETHANE
CHLOROBENZENE
TETRAHYDROFURAN

Figure 25. The VOCs trichloromethane, 1,2,4-trimethylbenzene,
and tetrachloroethene were detected most frequently in ground

water.
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Figure 24. Multiple pesticides were detected in all nine monitoring wells in
the agricultural land-use study area of the West Salt River Valley.

Volatile organic compounds (VOCs),
including gasoline compounds, solvents,
and refrigerants, have been identified as a
major concern for ground-water contami-
nation in Arizona (Marsh, 1994). Leaking
underground storage tanks and disposal of
solvents have been linked to most of the doc-
umented cases of ground-water contamina-
tion by VOC:s. Electronic- and aerospace-
manufacturing facilities use solvents for
degreasing and are known to be sources of
some of the largest VOC contamination
problems in Arizona. Disposal of solvents
from these types of facilities has occurred
since the 1950s (Marsh, 1994). Dry-cleaning
facilities also have been identified as sources
of recent ground-water contamination by
VOCs. Some municipal supply wells in the
urban areas of Phoenix and Tucson are no
longer used because of contamination by
VOCs (Marsh, 1994).

VOC:s were detected in ground water
from all three basins sampled during
1996-98 (fig. 25). Of the 96 samples col-
lected, 33 (34 percent) contained trichlo-
romethane, 24 (24 percent) contained 1,2,4-
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trimethylbenzene, and 20 (21 per-
cent) contained tetrachloroethene
(otherwise known as perchloroeth-
ylene, PCE, a solvent commonly
used in dry cleaning). Only two
VOC detections exceeded drink-
ing-water regulations—PCE (5.48
ug/L) in the Upper Santa Cruz
Basin and 1,2-dibromoethane
(0.080 ng/L) in shallow ground
water in the agricultural area of the
West Salt River Valley.

Shallow ground water from
the nine wells in the agricultural
land-use study area had the larg-
est number of VOC detections
(35). Ground water from the other
35 wells in the West Salt River Val-
ley had 32 detections. The Upper
Santa Cruz Basin (18) and the

Sierra Vista subbasin (13) had fewer
detections. The larger area of urban
land use in the West Salt River Val-
ley appears to be the reason for the
greater number of detections there
than in the other basins sampled.
Three wells that had five or
more VOCs detected in ground
water were located in the metro-
politan area of Phoenix in the
West Salt River Valley. The VOCs
detected in these wells were either
refrigerants, solvents and chemicals
used to make solvents, or gasoline
additives. These detections are typi-
cal of detections found in small-
capacity wells in the metropolitan
Phoenix area (Marsh, 1994). Combi-
nations of solvents and gasoline
additives are often detected in

ground water because their use is
widespread, not necessarily because
they are from the same source
(Squillace and others, 1999).
Detections of VOCs in ground
water in the relatively undevel-
oped Sierra Vista subbasin indi-
cate that ground water in localized
areas of the subbasin may be
affected by human activities.
These detections are not widespread;
therefore, the effects of human activ-
ity on present-day ground-water
quality are not considered significant
for the entire subbasin. These detec-
tions are an “early warning” of what
could occur in the future in a basin
that is presently considered mini-
mally affected by urban activities.

Trichloromethane was the most commonly detected

VOC in the Nation and in the CAZB Study Unit

USEPA MCLs.

the NAWQA sampling program.

1,2,4-Trimethylbenzene

Bromodichloromethane

(Data include all land-use types; assessment level of 0.1 microgram per liter)

Trichloromethane (chloroform), tetrachloroethene (PCE), and 1,2,4-trimethylbenzene were three of the five most commonly
detected VOCs in the Nation and in the CAZB when concentrations above an assessment level of 0.1 pug/L were considered. The
national data collected by the NAWQA Program during 1996-99 represent ambient ground water for all land-use types.Trichlo-
romethane and PCE have been shown to cause cancer in laboratory animals from long-term exposure at concentrations greater than

Trichloromethane is a by-product created during the use of chlorine to disinfect water, a solvent, and a degradation product of car-
bon tetrachloride. It can enter ground water from lawn irrigation, leaking sewers and water mains, and spills or improper disposal at
industrial sites. The use of treated effluent from sewage-treatment plants for irrigation also provides a way for trichloromethane to
reach the ground water in the CAZB, specifically in the agricultural land-use study area in the West Salt River Valley.

PCE is a solvent used primarily for degreasing and at dry-cleaning facilities. 1,2,4-trimethylbenzene is used to make trimellitic
anhydride, dyes, and pharmaceuticals. Because there are many individual sources of these compounds in urban areas of the CAZB, it
is diffcult to identify the exact sources of ground-water contamination without site-specific studies, which were beyond the scope of

Five most frequently detected volatile organic compounds in the CAZB and the Nation

Central Arizona Basins Study Unit

I I .
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GROUNDWATER ASSESSMENT

Authors: Wayne Hood, R.G. (retired), Douglas Towne and GIS
Analysis by Steve Callaway

Introduction

Arizona’s communities, agriculture, industries, energy production, and ecosystems,
such as wetlands and aquatic habitats, depend on adequate water supplies of
suitable quality. About 3.1 million acre-feet (maf), or 43 percent of Arizona’s water
use annually, comes from groundwater sources; remaining water supplies come
from the Colorado River and in-state streams (3.8 maf) and reclaimed water (0.2
maf) (ADWR, 2009). Groundwater is the major source for crop irrigation and public
water supply in both cities and rural areas across the state. This report summarizes
groundwater quality conditions on a regional-scale partially based on water
monitoring results by ADEQ and collaborators from 1995 to 2009 for basin-fill
aquifers in Arizona. This extensive hydrologic system within the Basin and Range
Lowlands and Central Highlands Provinces represent the vast majority of the state’s
groundwater withdrawals. Basin-fill aquifers provide a useful framework for regional
synthesis of water quality data within basins of comparable geologic or depositional
setting, land and water uses, and climate. However, water quality can vary
significantly within these aquifers, reflecting the heterogeneity of natural systems.

The data analyzed for regional groundwater quality conditions represent
investigations with different monitoring objectives (e.g., ambient and targeted
groundwater studies) and do not collectively denote statistically-based sampling
designs. This high quality dataset is adequate for assessments on occurrence and
general concentrations of contaminants evaluated for potential human health
impacts. Statistical summaries are derived and provided for several water quality
constituents in selected alluvial basins. In basin-fill aquifers with sufficient
monitoring results for nitrate, due to special concerns as a widespread contaminant,
a geostatistical general kriging approach was used to depict nitrate (as N) variations
spatially by extrapolating available groundwater quality data to unmonitored areas.
Finally, this report also includes summaries of comprehensive basin/sub-basin
ambient water quality and geochemical studies based on data collected by ADEQ’s
Ambient Groundwater Monitoring program over the past 15 years using statistical
sampling designs (Hood, Meyers and Totman, 1988; Hood, 1991).

Arizona’s Groundwater Management Act of 1986 protects all aquifers for drinking
water use. Many ecosystems are also dependent on direct access to groundwater or
from groundwater discharge to streams, lakes, and wetlands. Major pollutant
sources in Arizona are well documented including agricultural activities, wastes from
industry, leaking underground storage tanks, on-site wastewater treatment systems
(e.g., septic tanks), landfills, mining, wastewater treatment plants, and natural
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sources. Over the past 24 years, state groundwater protection programs have been
effective in protecting aquifers and preventing contamination. Generally,
groundwater quality throughout the state meets primary drinking water standards,
however there are numerous exceptions due to human-caused contamination and
pollutants present at naturally elevated levels.

Pollutants detected in groundwater include nitrate, volatile organic compounds
(typically industrial solvents), dissolved-solids (TDS) and sulfate, metals (e.g., arsenic,
chromium), pesticides, petroleum hydrocarbons (usually gasoline or diesel),
radiochemicals (e.g., radon-222) and bacteria. Although groundwater contamination
is a serious problem, the quality of water delivered in public supplies is strictly
regulated and monitored to meet state and federal standards set to protect public
health. However, there are more than 100,000 private domestic well owners
representing about 5% of Arizona’s population that are not subject to State drinking
water regulations, and are not required to periodically conduct water quality tests.
Every year more than 3,000 new domestic wells are constructed adding to the
number of private well owners who are often unfamiliar with the water quality
condition of their wells and may not be aware of local water contaminants that could
adversely affect health. Comprehensive and reliable information on the occurrence
and levels of contaminants in groundwater is essential for the protection of public
health and the environment.

Principal Aquifers

Aquifers in Arizona are composed of unconsolidated sediments (alluvial aquifers),
consolidated sedimentary strata (sandstone and limestone aquifers), and crystalline
rocks of igneous and metamorphic origin (fractured and decomposed bedrock
aquifers). These aquifers are located within the three physiographic provinces of the
state based on hydrogeology, altitude and other factors: the Basin and Range
Province, the Central Highlands Province, and the Plateau Uplands Province. ADEQ
has adopted groundwater basin and sub-basin boundaries delineated by the Arizona
Department of Water Resources; basin designations are based on physiography,
surface drainage patterns, subsurface geology and aquifer characteristics (Figure 1).

The desert Basin and Range Lowlands Province constitutes 45 percent of the State’s
land surface area and majority of population in the Phoenix and Tucson metropolitan
areas. Other major communities include Yuma, Parker, Bullhead City, Lake Havasu
City, Safford, Sierra Vista, and Willcox. This province is characterized by broad alluvial
basins bounded by long mountain ranges rising sharply from the desert floor. The
basins are filled by great thicknesses of fine-grained and coarse-grained sediments
eroded from the mountains. The sediments deposited in the basins show much
variation laterally and vertically in groundwater storage and transmission properties.
Groundwater occurs in confined, unconfined and perched conditions. This basin-fill
alluvium forms the most productive aquifers in Arizona, from which a majority of all
groundwater is pumped. Depth to groundwater ranges from just below land surface
to more than 1,000 feet.
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The Central Highlands Province, covering 15 percent of the state, provides a geologic
and physiographic transition from the Plateau Uplands to the Basin and Range
Lowlands. Major population centers include the city of Prescott and towns of Payson,
Chino Valley, and Prescott Valley. The Mogollon Rim marks the northern boundary of
this province. Aquifers in this province are varied, including alluvial aquifers
occupying relatively small basins, aquifers in consolidated sedimentary rocks, and
fractured and decomposed basalt (volcanic rocks) aquifers. For instance, in the
upper and middle Verde river watershed, the Big Chino sub-basin aquifer consisting
of limestone and dolomite units and subsurface basalt flows are likely directly linked
to Tertiary sediments (gravels and playa deposit facies) forming part of the
substantial regional basin-fill aquifer in that area. Much of the surface water flow
within Arizona originates in the Central Highlands Province. The streams and rivers
within this province are often fed by groundwater along parts of their length.

The Plateau Uplands Province in the northeastern 40 percent of the state is
underlain by extensive consolidated sedimentary rock formations. Most of the
groundwater is withdrawn from these strata, although localized alluvial aquifers also
provide supplies. A relatively small percentage of the state’s population occupies
this province, but includes the city of Flagstaff. While groundwater may be found
near land surface, it generally occurs at a depth of more than 1,000 feet in the
consolidated sedimentary rocks. The multi-aquifer systems of the province contain
three major systems: 1) C-aquifer consists of Coconino Sandstone as the primary
water-bearing unit that underlies all of Apache, Navajo, and Coconino Counties
occurring near the surface along the Mogollon Rim extending northward to depths up
to 5,000 feet in the Black Mesa and Monument Valley areas; 2) N-aquifer overlies
the C-aquifer consisting of Navajo Sandstone, Kayenta Formation, Moenave
Formation, and Wingate Sandstone outcropping in the Kanab area of northwestern
Coconino county extending eastward at depths near the surface to 1300 feet below
land surface in the Tuba City area; and 3) the D-aquifer system overlies the N-aquifer
comprised of Dakota Sandstone, Morrison Formation, Cow Springs Sandstone, and
Entrada Sandstone, but the main water-bearing unit is the Dakota Sandstone
extending over the Black Mesa area in Navajo County and northeastward to the
Chinle areas in eastern Apache County with usually small well yields. The Bidahochi
Formation and basalt consisting of volcanic rocks form relatively minor aquifers in
the province.
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Figure 1. Arizona Groundwater Basins and Watersheds
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Groundwater Basin Designations (Figure 1).
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Regional Groundwater Quality Conditions

Contaminants found in drinking water supplies are of concern when they approach or
exceed levels that may be harmful to human health. State and federal legally
enforceable standards for drinking water are Primary Maximum Contaminant Levels
(MCLs). These enforceable standards define the maximum concentrations of
constituents allowed in water supplied for drinking water purposes by a public water
system and are based on a lifetime daily consumption of two liters per person (WQA,
2006). Non-health-based standards, or Secondary MCLs (SMCLs), have mostly
cosmetic effects (such as color and taste or odor) but are also important standards
to gage general water potability. These are unenforceable aesthetic guidelines that
define the maximum concentration of a constituent that can be present in drinking
water without an unpleasant taste, color, odor, or other effect (WQA, 2006). Also,
USGS Health Based Screening Levels (HBSLs) are used for those contaminants
without MCLs or SMCLs, such as radon. USGS HBSLs are non-regulatory
benchmarks and guidelines developed using EPA toxicity data and methods
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(Toccalino and Norman, 2006). Table 1 lists the water quality parameters selected
and analyzed for the regional assessment of conditions in principal basin-fill aquifers.
These parameters are of special interest locally and nationally.

Table 1. Health-based criteria and sources for selected water quality parameters.

EPA MCL 4 mg/L Bone disease (pain Naturally occurring;
EPA SMCL 2 mg/L and tenderness of elevated levels correlated
bones); mottied teeth with TDS levels

_

.

% il 5 7 S 7 i . 5 i s o o o
Nitrate EPA MCL 10 mg/L as N Restricts oxygen Rungff from fertilizer use,
(NO3z as N) transport in leaching from septic tanks,
bloodstream, erosion of natural deposits;
particularly in infants levels >2 to 3 mg/L suggest
resulting in human-caused sources

methemoglobinemia;
other serious health
effects documented

w

te aturally occurring by
(SO4) deposit scale on gypsum dissolution,
heating, cause oxidation of sulfide-bearing

unpleasant taste and minerals, fertilizer
gastrointestinal effects  application, and mining
operations; positively

correlated with TDS

s
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A statistical summary of the selected water quality variables compiled from ADEQ’s
groundwater database is presented in Tables 2 through 8. The statistics are based
on data collected from 1995 to 2009 from basin-fill aquifers representing the Basin
and Range Lowlands and Central Highlands provinces. Percentile concentrations of
these variables provide valuable information on overall water quality conditions that
reflect the multiplicity of land uses and differing hydrologic characteristics of aquifers
within the state’s hydrologic provinces. The statistics derived are based on non-
parametric procedures accounting for censored data and do not consider water
quality changes with depth or areal spatial distribution.
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The local lithology and mineralogy of the alluvial sediments in the Basin and Range
Lowlands and Central Highlands provinces greatly affect the chemical composition of
groundwater. On examining tables 2 through 8 there are several important inferences.
Naturally occurring arsenic levels vary from trace amounts to over 100 times the drinking
water MCL of 10.0 pg/L in Tonto Creek and Verde River basins, and median levels
exceed the MCL in many basins across the state. Fluoride is found at trace amounts to
more than 15 times the MCL of 4.0 mg/L, with median concentrations exceeding the
MCL in only the Ranegras Plain basin. Water hardness can be generally classified as
hard to very hard (greater than 120 mg/L as calcium carbonate) throughout the state.
Nitrate (as nitrogen) median concentrations do not exceed the MCL of 10.0 mg/L,
however many basin-fill aquifers have concentrations greater than 2.0 to 3.0 mg/L
suggesting anthropogenic caused impacts. Median concentrations of radon exceed the
USGS HBGL of 300 picocuries per liter (pCi/L) in many basins with measurements.
Median sulfate concentrations vary from 13.0 mg/L in Virgin River basin to 611.0 mg/L
in Yuma basin, exceeding the 250.0 mg/L SMCL in only 6 basins. Median dissolved-
solids (TDS) levels in water from all alluvial aquifers measured range from less than 100
mg/L to more than 2,500 mg/L with 12 basins exceeding the 500 mg/L SMCL.

Of groundwater samples collected in basinfill aquifers statewide (1995-2009), about
20% exceed the arsenic MCL, 7% exceed the fluoride MCL, and about 63% exceed the
radon USGS HBGL. These results for naturally occurring contaminants in Arizona are
much higher than results recently released by a USGS study of water quality from
domestic wells sampled in principal aquifers across the nation (DeSimone, 2008). USGS
reports that of the 2,100 wells surveyed in 48 states, 6.8% exceed the arsenic standard,
1.2% exceed the fluoride standard, and about 65% exceed the radon guideline. These
dramatic differences are not unexpected, given climatic and hydrogeologic conditions of
the Southwest aguifers generally favor greater levels of natural contaminants such as
arsenic and fluoride. Also, notable is the frequency of nitrate (as nitrogen) MCL
exceedances at about 15% is more than three times greater than USGS national
estimates at 4.4%. Sulfate concentrations were greater than the standard in about 21%
of wells in Arizona basins as compared to national findings at 3.79%. The frequency of
wells exceeding the dissolved-solids (TDS) SMCL of 500 mg/L, an overall indicator of
water quality conditions, was reported at 15% nationally as compared to estimates at
46% in this study.

These findings on regional groundwater conditions advocate for the importance of
sustained water quality sampling and testing to determine the safety of consuming water
from principal aquifers. Monitoring programs are severely under funded in Arizona
undermining efforts to more fully characterize aquifer-specific water quality conditions
for drinking water and environmental impacts to surface waters and sensitive wetland
habitats. Additionally, greater attention to the quality of drinking water from rural
domestic wells and public education efforts are important goals to protecting public
health. Private well owners are responsible for testing the quality of their well water and
necessary treatment. Information and guidance about well maintenance, water quality
and testing options, and in-home water treatment devices is available through local and
State health and environmental protection agencies and at several online resources -
http://water.usgs.gov/nawqga/studies/domestic_wells/ and
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http://sahra.arizona.edu/wells .

Many human-caused groundwater quality problems are located in the Phoenix and
Tucson metropolitan areas, but as evidenced in the statistical summaries of several
parameters, groundwater quality problems are found statewide. A list of major groups of
pollutants found in Arizona groundwater is provided in Table 9 followed by pollutant
summaries.

Table 9: Major Types of Pollutants Contaminating Groundwater in Arizona.

Pollutant Group Pollutant

Nutrients Nitrate

Volatile Organic Compounds Trichlorethylene (TCE)
Tetrachloroethylene (PCE)
Chloroform

1,1,1-trichioroethane (TCA)
Methylene chloride
Freon-11®, Freon-12®, Freon-113®
1,1-dichloroethane (DCA)
Vinyl chloride
BTEX
MTBE
Major Cations/Anions Fluoride
Total Dissolved Solids (TDS)
Sulfate
Metals Arsenic
Lead
Chromium (Cr+3s, Cr+s)
Iron
Manganese
Selenium
Physical pH
Pesticides Ethylene Dibromide (EDB) (banned)
Dibromochloropropane (DBCP) (banned)
Diuron
Prometryn
Imidacloprid
Methoxyfenozide
Dimethomorph
Flutolanil
Atrazine
Petroleum Hydrocarbons Gasoline & Jet Fuel
Diesel
Radiological Uranium
Radium-226 and 228
, Radon
Microorganisms Total Coliform Bacteria
Fecal Coliform Bacteria
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Nutrients - Nitrate

Nitrate is one of the most common pollutants in the state’'s groundwater and is
associated with both human activities and, infrequently, natural nitrogen sources.
Nitrate reduces the ability of red blood cells to carry oxygen, particularly damaging to
infants who drink water with high levels of nitrate. Other serious health conditions may
include increased risks of spontaneous abortion or certain birth defects, ovarian and
bladder cancer, and non-Hodgkins lymphoma (CDC, 1996; Ward et al, 1996; Weyer et al,
2001; Fewtrell, 2004). Nitrate levels in groundwater have decreased in some areas
where agricultural activities have been replaced with urbanization, but have increased in
other areas. Percolation of nitrate-laden water from irrigation, septic tanks, wastewater
treatment plants, concentrated animal feedlots and natural nitrate occurrences are likely
causes of elevated nitrate levels. Nitrate is not significantly attenuated by the soil and
therefore travels with the groundwater largely unchanged. Large portions of aquifers
within the Salt River Valley, including areas in Glendale, Mesa, Chandler and Phoenix,
contain groundwater with nitrate concentrations high enough to render the water unfit
for potable use. In addition, high nitrate levels in some wells have been detected in
Marana, St. David, Quartzsite, Bullhead City, Lake Havasu City and other areas. Septic
tank discharges are common nitrate sources in rural areas of Arizona and have
contaminated drinking water wells. Quartzsite, Bullhead City and Lake Havasu City are
just a few locations with elevated nitrate in groundwater that have taken significant
steps to address wastewater disposal problems.

Basin and Sub-basin scale maps (Appendix A) of nitrate levels in selected basin-fill
aquifers have been developed to represent the general magnitude and distribution of
this serious public health concern. Ordinary kriging analysis was employed, using ESRI,
Inc. ArcMap geostatistical analyst extension, to synthesize nitrate groundwater
monitoring data for discrete locations (wells and springs) into maps of the spatial pattern
of water quality variations. Few studies in Arizona have conducted spatial mapping of
groundwater quality monitoring data through kriging approaches that can be used to
provide an optimal estimate of the spatial extent of water quality parameters. The maps
are for regional use only and have limitations at the field scale. There are many
complexities that affect the concentration of nitrate in groundwater and in a particular
well. This spatial representation of nitrate levels in basin-fill aquifers is a starting place
for future assessments on potential drinking water risks and determination of areas of
concern.

Volatile Organic Compounds (VOCs) and Superfund Sites

Aside from gasoline leaks reaching groundwater, disposal of solvents has resulted in
most of the state’s documented cases of volatile organic compound-contaminated
groundwater. High-technology manufacturing facilities (often electronics and
aerospace), which use these solvents for degreasing are generally located in urbanized
areas where most of the volatile organic compound problems have been found.
Disposal of solvents has been documented from the early 1950s and probably began
earlier. Specific industrial waste disposal practices leading to groundwater
contamination by VOCs include injection into dry wells and disposal into surface
impoundments, leach fields, dry washes and unregulated landfills (Graf, 1986). Many of

Appendix |- 24




the recently discovered volatile organic compound problems can be traced to disposal or
leaks at dry cleaning facilities. Surface spills are less common causes of volatile organic
compounds in groundwater. In the past, public drinking water wells in the Phoenix and
Tucson metropolitan areas and in Payson have been closed because of volatile organic
compound contamination. An overview of major sites in Arizona where groundwater
and/or soil contamination is present is summarized in Table 10, including the site name
and type of investigations employed, general groundwater conditions, primary water
quality parameters/contaminants of concern, and known impacts to private or public
drinking water wells. Detailed Superfund/WQARF program site information, maps and
definitions of terms in the table are at www.azdeq.gov/environ/waste/sps/index.html .

Table 10. Status of Federal and State (WQARF) Superfund Sites in Arizona.

Lead, Cadmium,

Klondyke Tailings -
4.5 miles upstream Antimony, Beryllium,

of Aravaipa Canyon Basin-fill 10 to 60 Copper, Manganese, No
Wilderness Area Arsenic, Zinc in soils &

fish tissue

/
-

Aluminum, Arsenic,

Beryllium, Cadmium,

Copper Cobalt, Iron,

WQARF Basin-fill <5 to Manganese, Nickel, Yes, several

Remediation 100+ Sulfate, Zinc, Acid, private wells

Uranium, Radium,

Fluoride, Chromium,

Lead, Mercury

'é

Pinal Creek -
Globe-Miami area

Basin-fill .
8:?: rrt]z\i/'z/: sh- WQARF Upper (perched) 40 -IE((;:E g g ‘;'lr:] lijppzrr Yes, 7 private
Remediation to 70 ’ PP wells

Lower 400 to 500

Basin-fl:

Apache Powder - Perched (local) ~
2.5 miles SW St. NPL Nitrate, perchlorate, Yes, several
David Remediation dry Arsenic, Fluoride private wells
Shallow 40to 70 !
Regional (artesian)
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Yes, several
public and
private wells

| King Mi Basin-fill 30 to 50
ron King Mine- NPL Bedrock 200 to Arsenic @ > 10

Humboldt Smelter
- Dewey-Humboldt RI 1,000 Lead @ > 15

Mountain View Basin-fill:
Mobile Home NPL - Delisted Regional - Gila Asbestos in soil No

Estates - Glob conglomerate

N
Z

[
_

Camp Navajo

IRP, RI/FS Perched 350+ L
(O.B/OD Area) - 10 Remediation, Consolidated - dioxin/furans,
miles West of . . perchlorate, VOCs,
Post Closure Coconino-Supai

Flagstaff

sandstone 1500+ Pesticides, PCBs

Annex - East shore Remediation Granite 14 to 27 Benzene @ >5 No
of Apache Lake Toluene @ > 1000

SA Arsenic, Cadmium,
ASARCO Hayden Cleanup & Basin-fill: Chromium, Lead,
Plant - Hayden and Sampling Gila R. Alluvium Copper in soils, air
Winkelman 10+ Selenium &

‘ Molybdenum in GW

/ . / /// _ 7
16t St & Basin-fill: PCE @ 89
Camelback - Upper 60 to 65 1,2-DCA@ 7

Phoenix
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> )
PCE @ 6,600
Cooper/Commerce  WQARF Basin-fill: TCE@>5
- Gilbert ERA, RI Upper 130 Metals & TPH in soils

East Central
Phoenix (ECP) 32"  WQARF Basin-fill:
St & Indian School ERA, RI Upper 45 PCE @ 3,600 No

Rd - Phoeni

ECP 40th St &

Indian School Rd - ERA RI Upper 45 TCE No

8th St &

indian School Rd -

Phoenix
-

WQARF Basin-fill:
ERA, RI Upper 25

Arsenic
Chromium
. WQARF . cis-1,2-DCE @ > 70
Ef]toe:n%f”df'” - Finalizing PRAP Sas'e”r‘fé'g TCE @ 2.8 No
& Monitoring PP Vinyl Chloride @ 510

Benzene, Barium,
Lead, Manganese

| West Centra Basinfill:

Phoenix (WCP) East \éVF?:T:’; Upper 130 to 139 TCE, PCE, 1,1-DCE Yes. 4 wells
Grand Ave - ’ Middle BTEX ’

Phoenix Lower

. ,
Basin-fill: TCE, PCE, 1, E,
Phoenix ERA, RI Upper 120 to 145 Vinyl Chloride,
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Middle Chromium
Lower BTEX, MTBE, Nitrate

WCP West Osborn WQARF Upper 128 to 138 TCE@>5 Yes
Complex - Phoenix  ERA, FS Middle PCE, MTBE, Nitrate

Lower

Western Ave PCE -
Avondale/Goodyear

South Indian Bend RI/FS
Wash - Tempe completed, SVE,

Phoenix-Goodyear NPL Basin-fil!:

Airport North - RI/FS Upper TCE

Phoenix Remediation - Middle Perchlorate @ 130
SVE & GW Lower
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NPL

RIFS Basin-fill:
Williams Air Force Slx_OperabIe Upper 140 to 180 Jet fuel, TC_E, as_,sorted No
Base - Mesa Units VOCs, Radiological
. Lower 245
Remediation -
SVE & GW
g

WQARF Basin-fill:
ERA (SVE/AS),  Upper 65 PCE, TCE, cis 1,2 DCE ~ No
Lower 173

. :
Los Reales Landfill  RI/FS Regional 190 to ‘IF:((D:E g :g
- Tucson Remediation - 210

SVE/GW
|

Basin-fill:

Park-Euclid - ERA (SVE/MPE) Upper (perched) 90 TCE@>5

Lower 200

cis1,2DCE@ > 70
Diesel free product

Tucson RI, monitoring

.

WQAF asi-fill'

Silverbell Landfill - ERA, RAP . PCE@>5 )

Tucson (SVE/GW pump Upper 145 ICE@ > 5 Yes, private wells
&‘great)

Air Force Plant EIF;I_:S TCE

44/Raytheon completed Basin-fill: Chromium Yes, city and
Project Area (part of Remediation Regional 90 to 160  1,4-Dioxane @ 600 private wells
TIAA) - Tucson 1,1-DCE

T

,,

Arizona Air Natonal ' infill: TCE @ 46 Yes, city and
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2 A/ % ///// // . Z i i i
Guard 162 RI/FS Regional 90 private wells

Project Area (part of completed
TIAA) — Tucson Remediation

Tucson Airport

Remediation NPL

Project (part of RI/FS

TIAA) - Tucson Remediation

Basin-fill: TCE @ 100 Yes, city and
Regional 80 to 240  1,4-Dioxane @ 12 private wells

_

Yes, city and
private wells

West Plume B NPL Basin-fill:

Project Area (part of RI/FS, MNA Regional 75 10 90 TCE@ 15

1 Abbreviations: ERA = early response action; FS = feasibility study; GW = groundwater; IRP = installation
restoration program; MNA = monitored natural attenuation; MMRP = military munitions response program;
NPL = national priorities list or superfund; RA = remedial actions; Rl = remedial investigation; RPs =
responsible parties; SA = superfund alternative approach; SVE = soil vapor extraction; V = voluntary
investigation by responsible party; WQARF = water quality assurance revolving fund.

2 Chemical/compound abbreviations: TCE = Trichlorethylene; PCE = Tetrachloroethylene; TCA= 1,1,1-
Trichloroethane; DCA = 1,1-Dichloroethane; 1,2-DCA = 1,2-Dichloroethane; BTEX = Benzene, Toluene,
Ethylbenzene, & Xylene; DCE = Dichloroethene; 1,1-DCE = 1,1-Dichloroethene; cis-1,2-DCE = cis-1,2-
Dichloroethylene; 1,2-DCP = 1,2-Dichloropropane; PHC = petroleum hydrocarbons; Freon11 =
Fluorotrichloromethane; Freon12 = Dichlorodifluoromethane; Freon113 = 1,1,2-Trichloro-1,2,2-
trifluoroethane; VOCs = volatile organic compounds;

Major Cations and Anions (Dissolved Mineral Content)

Ambient groundwater quality can vary widely within and between aquifers. TDS content,
which can be used to gage overall potability, generally falls within the range of suitability
for human consumption, although higher concentrations are relatively common. Some
areas in the state, particularly in some alluvial basins and along the Gila River, exhibit
much higher TDS concentrations, rendering the groundwater unsuitable for drinking and
other uses. Mining activities have been responsible for high levels of dissolved cations
and anions (the individual constituents composing the dissolved mineral content) in
groundwater in certain areas. Sulfate, TDS and hardness are commonly elevated
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downgradient from historic mining operations and tailings ponds. Excessive amounts of
sulfate and TDS in groundwater may also result from discharge of treated wastewater
effluent and deep percolation of salts leached by irrigated agriculture. Fluoride, which
occurs naturally in groundwater, is found in moderate to high levels in some basin-fill
aquifers, particularly in those which are confined aquifers.

Metals

Heavy metals occur naturally in groundwater, and elevated levels are often associated
with mineralized areas. For example, hexavalent chromium is found in groundwater at
elevated levels in Paradise Valley (Robertson, 1975). Arsenic also occurs naturally in
some areas at elevated levels. Currently, the federal and state maximum contaminant
level for arsenic in drinking water is 0.01 milligrams per liter. Arsenic occurs in
groundwater above this level at several localities in Arizona, which prevents its use in
public drinking water systems unless treated. Much groundwater in Arizona contains
naturally-occurring arsenic above this level. As a result, many public water systems in
Arizona must implement treatment, blending or alternative supply measures to meet the
new standard. Metals may also reach groundwater from anthropogenic sources.
Chromium has been found in groundwater in several locations in the Phoenix and
Tucson metropolitan areas due to industrial discharges from electronics, aviation and
plating firms. Metals such as manganese, copper, iron, chromium and others have been
found in groundwater downgradient from mining operations and tailings ponds,
particularly where acid drainage has developed. Groundwater downgradient from
landfills commonly contains elevated concentrations of iron, manganese and barium,
and lower pH.

Pesticides

Prior to 1980, only two pesticides had been detected repeatedly in groundwater -
dibromochloropropane (DBCP) and ethylene dibromide (EDB). These pesticides were
found in groundwater in the Yuma area and in the Salt River Valley. DBCP and EDB were
applied from the 1950s through the 1970s to soils in citrus and cotton fields as
fumigants for the control of nematodes (Daniel, et al., 1988). These pesticides were
banned more than a decade ago because of their potential carcinogenicity. More
recently, the agricultural pesticide chemicals 2,4-D Acid, 2,4-D, atrazine, azoxystrobin,
bromacil, carbaryl, dicamba, dimethomorph, diuron, endosulfan, flutolanil, imazamox,
imazethapyr, imidacloprid, linuron, methomyl, methoxyfenozide, metribuzin, oxamyl,
prometon, and prometryn have been detected in shallow monitoring wells located in
areas of intensive irrigated farming within Maricopa and Yuma counties (Olade, per
com). The detections are localized and transitory, not found in production wells, and do
not represent a regional contamination problem. All detections are below MCLs and
health-based guidance levels.

Petroleum Hydrocarbons

Many underground storage tanks (USTs), primarily those containing petroleum fuels,
have leaked and are a significant source of groundwater contamination in Arizona.
Leaking USTs (LUSTs) are located throughout the state, but are concentrated in urban
areas. Many reported LUST sites are associated with service stations. Other locations
included utility, transportation and shipping companies; municipal facilities; pipelines;
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and mining, food, lodging, high technology and paint companies. Benzene, toluene,
ethylbenzene and xylene (BTEX), which are aromatic hydrocarbon components of
petroleum fuels, are the most commonly detected LUST-related chemicals in
groundwater. At some LUST sites, total petroleum hydrocarbons (TPH), methyl tertiary-
butyl ether (MTBE) and 1,2-dichloroethylene (1,2-DCE) have been detected. As of June
30, 2009, there were 987 LUSTs at 451 UST facilities in the state. About 345 of those
sites have releases to both groundwater and soil, and 106 have impacted soil only.
Since UST program inception in 1990, the department has closed 7,505 releases of a
total 8,512 reported (88%) and has reimbursed $306,130,995 to UST owners,
operators, and volunteers for eligible cleanup costs.

Radionuclides

Radioactive elements such as uranium, radon (radon-222) and radium occur naturally in
the soil and water at locations throughout Arizona, sometimes in concentrations elevated
enough to be of concern. Radionuclide concentrations such as gross alpha usually occur
in areas located in or near granite rock or alluvial areas composed of eroded granite
(Lowry, 1988). Mining activity also increases gross alpha concentrations because of the
increased rock surface exposure. Gross alpha exceedances occurred where other
radionuclide exceedances occurred, making this constituent an important harbinger of
elevated radionuclides concentrations in general.

Even though radon is not monitored as uranium and radium are for public water
systems, it is considered by EPA to be a potential health threat through inhalation
primarily. Studies by ADEQ, the Arizona Geological Survey, U.S. Geological Survey, and
Arizona State University found that radon concentrations greater than 300 Pico curies
per liter (pCi/L) are normal for groundwater in several areas across the state (Barnett,
McKlveen and Hood, 1990; Duncan and Spencer, 1991; Wirt, Gray and Van Metre,
1989). Groundwater sampling by various agencies prior to 1992 have revealed
generally high levels (> 300 pCi/L) of radon in wells in Phoenix, Cave Creek/Carefree,
McMullen Valley, South Tucson, and the Puerco River Basin. Based on known uranium
rich deposits, generally corresponding to higher radon levels, in Prescott (Dells area),
Payson, Yuma, Kingman, Bagdad, Camp Verde, Kirkland, Tombstone, Sierra Vista, and
St. Johns may have potential significant radon levels although there is a lack of testing
in these and many areas statewide. Contamination of groundwater has resulted from
uranium mining activities (waste dumps and mine tailings) and mine dewatering. These
uranium mining activities mainly occurred in the Plateau Uplands Province.

Bacteria

Septic tank effluent often has been linked to groundwater contamination by bacteria.
The 2000 census estimated that approximately 377,000 septic tank systems are
operating in Arizona, serving about 17.4 percent of the population. Contamination of
groundwater by microorganisms may result when the tanks are installed in areas with
inadequate soils or shallow depth to groundwater. Bad well construction and well seals
also can lead to the entry of microorganisms into a well so as to contaminate the
drinking water. Generally, however, most microorganisms will be removed from the
septic tank effluent after passing through a few feet of soil and do not survive long in
aquifers.
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Water Quality Summaries for Selected Aquifers

The Arizona Department of Environmental Quality (ADEQ) Ambient Groundwater
Monitoring program was started in 1991 and charged with characterizing regional
groundwater conditions in the state. Since then, the program has sampled 31 of the 51
groundwater basins in Arizona. These reports are available in both a comprehensive
Open File Report (OFR) as well as a compact four-page fact sheet (FS) and are available
online at http://www.azdeq.gov/environ/water/assessment/ambient.html . A summary
of each report follows.

Agua Fria Basin - In 2004-2006, the ADEQ conducted a baseline groundwater quality
study of the Agua Fria basin (AGF) located between Phoenix and Prescott in central
Arizona. This groundwater basin encompasses the drainage of the Agua Fria River from
below the Prescott Active Management Area to Lake Pleasant and includes the
Bradshaw Mountains to the west and Bloody Basin to the east. This lightly populated
basin consists primarily of federal lands (U.S. Forest Service and Bureau of Land
Management), State Trust and private land (Littin, 1986). Minimal water developments
have occurred except around the communities of Mayer in the Bradshaw Mountains and
Cordes Junction and Black Canyon City along Interstate 17.

To characterize regional groundwater quality, samples were collected from 46 sites
located throughout the basin. Most sample sites consisted of shallow wells used for
domestic uses and wells and springs used for stock watering. All sites were sampled for
inorganic constituents and, at selected sites, for oxygen and deuterium isotopes (44
sites), radon (40 sites), and radiochemistry (33 sites). Nine isotope samples were also
collected from surface water sources.

Analytical results indicate that of the 46 sites sampled, 14 sites (30 percent) had
concentrations of at least one constituent that exceeded a health-based, primary federal
or State water-quality standard (MCLs). These enforceable standards define the
maximum concentrations of constituents allowed in water supplied for drinking water
purposes by a public water system and are based on a lifetime daily consumption of two
liters per person (EPA, 1993; WQA, 2006). Health-based MCL exceedances included
arsenic (12 sites), fluoride (5 sites), gross alpha (1 site), and nitrate (1 site). Elevated
concentrations of arsenic, fluoride and gross alpha appear to be the result of natural
sources; the nitrate exceedance appears to be impacted by septic systems (Madison and
Brunett, 1984). At 31 sites (67 percent), concentrations of at least one constituent
exceeded an aesthetics-based, secondary federal water-quality guideline (SMCLs). These
are unenforceable guidelines that define the maximum concentration of a constituent
that can be present in drinking water without an unpleasant taste, color, odor, or other
effect (EPA, 1993; WQA, 2006). Aesthetics-based SMCL exceedances included chloride
(4 sites), fluoride (7 sites), iron (2 sites), manganese (9 sites), pH-field (1 site), sulfate (3
sites), and total dissolved solids or TDS (26 sites).

Groundwater quality in the AGF is remarkably homogeneous in many aspects. The
majority of sample sites are of calcium-bicarbonate or mixed-bicarbonate chemistry,
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have concentrations of TDS that typically vary between 450 to 625 milligrams per Liter
(mg/L) range, have hard-to-very hard water, have low concentrations of nutrients
including nitrate, and have few occurrences of trace elements other than fluoride and
arsenic.

The exception to the uniformity of the basin’s groundwater quality involves a limited
subgroup of sample sites that have sodium as their major cation and are almost devoid
of calcium and magnesium. The sodium chemistry sites tended to occur, interspersed
with calcium or mixed chemistry sites, in the southern portion of the basin along the
flanks of the Bradshaw Mountains stretching to the floodplain of the Agua Fria River.
Besides very different water chemistry, the sodium chemistry sites tend to have
significantly higher TDS, chloride, sulfate, fluoride and arsenic concentrations than the
calcium or mixed chemistry sites (Kruskal-Wallis test, p < 0.05). The arsenic and fluoride
concentrations at these sodium chemistry sites are frequently above MCLs often by
several orders of magnitude. A sample from a well near Black Canyon City had an
arsenic concentration of 2.25 mg/L (or 225 ug/l), one of the highest arsenic
concentrations ever found in groundwater in Arizona.

Water chemistry differences appear to be influenced by a 100-t0-200 feet thick confining
layer of clay and silica-rich caliche that separates the unconsolidated deposits of the
Agua Fria River in the Black Canyon City area from the underlying, water-bearing schist
that is also present in places north of Lake Pleasant (Littin, 1981). Water produced from
the schist contains elevated concentrations of TDS, fluoride and arsenic while water
produced from shallower wells that only penetrate the overlying gravel, sand and silt
have significantly lower concentrations of these constituents (Littin, 1981).

The elevated fluoride samples all occur at sites with sodium as the dominant cation. The
main control on fluoride concentrations are calcium concentrations through precipitation
or dissolution of the mineral fluorite. If a source of fluoride ions is available for
dissolution, large concentrations of dissolved fluoride may occur if the groundwater is
depleted in calcium (Robertson, 1991). The elevated arsenic samples, all located in the
Bradshaw Mountains, are less predictable in occurrence. Aithough sites with sodium as
the dominant cation had the highest concentrations, MCLs were also exceeded at sites
at which the dominant cation was calcium or mixed. The cause of the elevated arsenic
concentrations is uncertain, although in Arizona such conditions are often associated
with clay-rich sediments, volcanic rocks, geothermal environments and/or areas with
gold deposits (Spencer, 2002).

Big Sandy Basin - The Big Sandy groundwater basin (BIS) covers approximately 1,900
square miles of rugged terrain in northwestern Arizona stretching from north of Route 66
to south of the town of Wikieup along Highway 93 (Cady, 1981). Located in Mohave and
Yavapai Counties, most lands are federally managed by the Bureau of Land
Management with the remainder consisting chiefly of State trust and private lands.
Rangeland is the predominant land use with private land increasingly subdivided for
dispersed housing. Knight Creek and Trout Creek drain the northern part of the BIS and
converge 15 miles north of Wikieup to form the Big Sandy River. This waterway flows
southward exiting the basin and eventually debouching into the Santa Maria River just
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upstream of Alamo Lake. Groundwater is the source of the vast majority of water uses in
the BIS and occurs in at least five hydrologic settings: floodplain alluvium, unconfined
basin-fill, confined basin-fill, sedimentary rock in the east-northeast portion of the basin,
and the consolidated bedrock of the Hualapai, Peacock, Aquarius, and Mohon
Mountains (ADWR, 1994; Cady, 1981).

To support an ADEQ Total Maximum Daily Load study examining elevated mercury
concentrations in fish tissue, sediment and water from Alamo Lake, in 2003-2004, the
department conducted a baseline groundwater quality study of the BIS (Fitch, 2006).
Samples were collected for inorganic constituents (57 sites), isotopes of oxygen and
hydrogen (57 sites), radon (37 sites), radiochemistry (30 sites), and ultra-clean mercury
(21 sites) analyses. Samples were collected mainly from relatively shallow domestic or
stock wells and springs. ADEQ was denied permission to sample deep wells owned either
by the Phelps Dodge Corporation or Caithness Energy. Ninety-five (95) percent of
groundwater pumped in the BIS is transported by Phelps Dodge to the Bill Williams basin
for use at the company’s Bagdad copper mine (ADWR, 1994). Caithness Energy wells
were drilled for use at their proposed Big Sandy power plant which was denied a permit
in 2001 by the Arizona Corporation Commission (ACC, 2006).

Although 42 percent of the sites sampled contained one or more constituents that
exceeded a health-based MCL, most of these sites were located in the south-central
portion of the basin; other areas—particularly in the northeast—had relatively few
exceedances. Of the 57 sites sampled, 24 sites had concentrations of at least one
constituent that exceeded an MCL. Health-based MCL exceedances included arsenic
(11 sites), fluoride (11 sites), gross alpha (9 sites), lead (1 site), radium (1 site), and
uranium (2 sites). At 29 sites, concentrations of at least one constituent exceeded an
aesthetics-based SMCL. Aesthetics-based SMCL exceedances included chloride (4
sites), fluoride (20 sites), iron (3 sites), manganese (4 sites), pH-field (2 sites), sulfate (2
sites}, and total dissolved solids or TDS (22 sites).

Analytical results indicated that groundwater in the BIS is generally slightly alkaline,
fresh, and moderately hard to very hard based on pH, TDS and hardness analyses. Most
groundwater sample sites were either of mixed-bicarbonate or calcium-bicarbonate
water chemistry. Nitrate concentrations were generally low with no samples exceeding
health-based standards. Among trace elements, only arsenic, boron, copper, fluoride,
and zinc were detected at more than 20 percent of sample sites. Mercury was not
detected in any sample submitted to the Arizona State Health Department Laboratory
which has a Minimum Report Level of 0.0005 mg/L.

Patterns were found among groundwater sub-basins, aquifers, and recharge sources
(ANOVA with Tukey test using log-transformed data, p < 0.05). Temperature, TDS,
sodium, chloride, sulfate, fluoride, boron, iron and gross beta were higher in the down-
gradient Big Sandy sub-basin than in the up-gradient Trout Creek sub-basin.
Temperature, TDS, sodium, chloride, sulfate, fluoride, boron, and radon were higher in
basin-fill or artesian aquifers than in sedimentary rock. Temperature, pH-lab, sodium,
sulfate, and fluoride are higher at depleted recharge sites than at enriched recharge
sites; the opposite pattern occurs with calcium, magnesium, hardness, and nitrate.
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These patterns suggest that groundwater in the basin generally follows a flow path
evolving from calcium-bicarbonate chemistry, indicative of recently recharged
groundwater, in sedimentary rock in the Trout Creek sub-basin to a more saline, mixed-
bicarbonate chemistry with higher concentrations of constituents such as sodium,
chloride, sulfate, fluoride and boron that are indicative of groundwater with a longer
residence time (Robertson, 1991).

Detrital Valley Basin - The Detrital Valley groundwater basin (DET), located between
Kingman and Hoover Dam in northwestern Arizona, is a north-south trending, semiarid
basin traversed by U.S. Highway 93. Lightly populated with retirement and recreation-
oriented communities, the construction of a Hoover Dam bypass route for U.S. Highway
93 will likely bring many new residents who commute to Las Vegas. The DET is drained
by the ephemeral Detrital Wash which debouches into Lake Mead at Bonelli Bay. The
DET, with groundwater depth up to 800 feet below land surface near the center of the
valley, is reminiscent of basins in Nevada. Groundwater from the alluvial aquifer is the
principle water source. Where sufficiently fractured and faulted, mountain hard rock
provides limited supplies at shallower depths to groundwater. Near Lake Mead, a Lake
Mead aquifer recharged by Colorado River water is the main supply.

in 2002, a baseline groundwater quality study of the DET was conducted by the Arizona
Department of Environmental Quality. The purpose of this study was to create a
comprehensive groundwater quality baseline assessment. For this study, 28
groundwater sites were sampled for inorganic constituents as well as isotopes of
hydrogen and oxygen, samples were also collected at selected sites for radon gas (9
sites) and radiochemistry (9 sites) analyses. In addition, surface water isotope samples
were collected from Lake Mead and Detrital Wash. One weakness of the groundwater
study was the few sites available for sampling in the northern third of the basin.

Of the 28 sites sampled, 13 (46 percent) met all drinking water quality standards. Nine
sites (32 percent) had concentrations of at least one constituent that exceeded an MCL.
Constituents that exceeded MCLs included arsenic (O sites under current standards, 3
sites under standards effective in 2006), gross alpha (3 sites), and nitrate (3 sites). Ten
sites (36 percent) had concentrations of at least one constituent that exceeded an
aesthetics-based SMCL. Constituents that exceeded SMCLs included chloride (1 site),
fluoride (2 sites), iron (2 sites), manganese (3 sites), sulfate (7 sites), and total dissolved
solids or TDS (11 sites).

Groundwater in the DET generally meets drinking water standards and is suitable for
domestic, municipal, irrigation, and stock purposes. Groundwater in the DET is generally
fresh, slightly alkaline, and moderately to very hard based on TDS, pH, and hardness
concentrations (Heath, 1989). Groundwater is most commonly a mixed-mixed chemistry
though it varies widely in the basin. Boron, chromium, fluoride, and zinc were the only
trace elements detected at more than 25 percent of sites.

Groundwater quality constituent concentrations varied significantly among aquifers
within the DET. Bicarbonate, calcium, and hardness were higher in hard rock than in the

Appendix |- 36




alluvial aquifer. In contrast, temperature, nitrate, and chromium were higher in the
alluvial aquifer than in hard rock. The Lake Mead aquifer had higher levels of oxygen
and hydrogen isotopes, sodium, sulfate, and boron (ANOVA test in conjunction with
Tukey test, p £ 0.05). Many groundwater quality constituent concentrations varied
significantly with groundwater depth. Most constituents, including TDS, bicarbonate,
calcium, magnesium, hardness, chloride, and sulfate decreased with groundwater depth.
In contrast, temperature, pH-field, nitrate, and chromium increased with groundwater
depth (regression, p < 0.05).

Hydrogen and oxygen isotope data form a Local Meteoric Water Line with a slope of 5.15
that is within the range normally found in arid environments (Coplen, et al., 1999). The
most depleted, or isotopically lightest sites are near (and include) Lake Mead and
consist of recent recharge from the Colorado River. A tight cluster of 16 depleted sites,
consisting mainly of deep alluvial wells, may represent the oldest water in the basin that
was recharged during a more humid time period than the present. Stretching from this
cluster to the most enriched site (runoff in Detrital Wash) is an evaporation trajectory of
10 shallow wells that produce water that may include recharge from recent precipitation.

Douglas Basin - ADEQ completed a baseline groundwater quality study of the Douglas
Groundwater Basin (DGB) in 1995-96. A total of 51 groundwater samples were collected
for the study, whose design included 29 grid-based, stratified random samples and 21
targeted samples. All groundwater samples were analyzed for Safe Drinking Water
(SDW) inorganic constituents, 12 samples were analyzed for SDW Volatile Organic
Compounds (VOCs), 7 samples were analyzed for Groundwater Protection List (GWPL)
pesticides, and 6 samples were analyzed for radionuclides. Laboratory results revealed
no detections of any GWPL pesticides while the only SDW VOC detected was chloroform
in 1 sample. Radionuclide samples did not exceed MCLs for any parameter. With
inorganic parameters, levels of arsenic, beryllium, and nitrate each exceeded their
respective health-based Primary MCLs in 1 sample apiece. Aesthetics-based SMCLs
were exceeded in 16 samples: 8 times by fluoride and total dissolved solids (TDS), twice
by pH and sulfate, and once by chloride, iron, and manganese. These results suggest
that regional groundwater quality conditions generally support drinking water uses, but
because of aesthetic factors, some residents may prefer to use treated water for
domestic purposes.

Piper trilinear diagrams reveal that of the two major aquifers in the DGB, bedrock aquifer
samples tend to exhibit a calcium-bicarbonate chemistry; alluvial aquifer samples also
typically exhibit a calcium-bicarbonate chemistry though sodium-bicarbonate, sodium-
sulfate, and calcium-sulfate varieties are also present in this aquifer. Statistical analyses
found that many significant differences exist in inorganic groundwater quality parameter
levels between aquifers while fewer differences existed between groundwater
management areas, and between various divisions (East-West, North-South) of the DGB.
A strong positive correlation existed between the levels of most major ions and nitrate; in
contrast, fluoride and pH tend to be negatively correlated with other groundwater quality
parameters while trace elements have few significant correlations. Many parameter
levels also significantly increased or decreased with increasing groundwater depth below
land surface in the DGB.
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Comparing parameter levels from targeted samples with 95% confidence intervals
established for the DGB indicated several potential impacts. Nitrate (as N) appears to be
elevated in the Elfrida area perhaps from agricultural practices and/or septic systems.
Near the City of Douglas, high sodium and pH levels in combination with low calcium and
magnesium levels appear to indicate groundwater is being subjected to natural softening
by cation exchange. Elevated sulfate levels in the Mule Gulch area might be the result of
mine tailings in the area. Finally, a geothermal anomaly appears to exist east of the
Bisbee-Douglas Airport resulting in TDS levels reaching 14,000 mg/L and elevated levels
of temperature, arsenic, and other parameters.

A time-trend analysis was conducted using groundwater quality data collected by ADWR
from 7 wells in 1987. The results indicated while many of the 12 parameters appeared
to have higher levels in 1995-96 than 1987, only nitrate and potassium were
significantly higher.

Hualapai Valley Basin - The Hualapai Valley groundwater basin (HUA) trends north-
northwest and is roughly 60 miles long and varying from 15 to 25 miles wide in
northwestern Arizona. The basin covers 1,820 square miles in Mohave County stretching
from Hualapai Peak just south of the City of Kingman to Lake Mead to the north (Remick,
1981). The basin is composed of lands federally managed by the Bureau of Land
Management, the National Park Service (as part of the Lake Mead National Recreation
Area), private, State Trust and Hualapai Indian Nation lands. Land use is mainly
rangeland and recreation, with private lands near Kingman, increasingly developed for
residential housing.

There are no perennial streams in the HUA basin (ADWR, 1994). The southern portion of
the basin is drained by an ephemeral watercourse, Truxton Wash, which flows north and
debouches after heavy precipitation into the normally dry Red Lake Playa. The other
major ephemeral watercourse, Hualapai Wash, runs north of Red Lake Playa after heavy
precipitation and debouches into Lake Mead (ADWR, 1994). Although the Colorado
River, impounded in Lake Mead, forms the northern boundary of the basin, it is not a
significant water supply within the HUA basin (Anning, Flynn and Truini, 20086).

Groundwater is the major source of water in the HUA (Remick, 1981). It occurs in both
the extensive older alluvium deposits found in Hualapai Valley and, to a lesser degree,
the fractured rock and thin alluvium deposits of the Hualapai, Peacock, Music, and
Cerbat Mountains (Gillespie and Bentley, 1971). Historically, low-yield wells and springs
located in or near mountain areas provided the main source of water for the minimal
needs of the local economy that was based on ranching. Now, deep, high-yield alluvial
wells, often exceeding 1,000 feet in depth, are the main supply source for major water
users in the basin including the City of Kingman and outlying housing developments
(Cella Barr Associates, 1990).

In 2000, ADEQ conducted a baseline groundwater quality study of the HUA, sampling 26

sites for inorganic constituents. Also collected at selected sites were volatile organic
compounds (VOCs)(21 samples), radiochemistry (16 samples) and radon (8 samples).
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Groundwater sites consisted of 20 relatively shallow, domestic or stock wells and/or
springs in bedrock mountain areas and 6 deep wells in the valley alluvium.

Of the 26 sites sampled, 9 sites (35 percent) had concentrations of at least one
constituent that exceeded a health-based MCL. MCL exceedances included arsenic (3
sites), fluoride (2 sites), gross alpha (3 sites), nitrate (3 sites), radium 226/228 (1 site),
and uranium (2 sites). At 17 sites (65 percent), concentrations of at least one
constituent exceeded an aesthetics-based SMCL. SMCL exceedances included chloride
(2 sites), fluoride (11 sites), iron (2 sites), manganese (3 sites), pH-field (2 sites), sulfate
(2 sites), and total dissolved solids or TDS (11 sites). There was one VOC detection of
toluene (at 4.7 ug/L) in one of the 21 VOC samples collected.

Analytical results indicate that groundwater in the HUA is generally slightly alkaline,
fresh, and hard to very hard based on pH values and TDS and hardness concentrations.
The chemistry of groundwater samples varied widely with mixed-mixed and mixed-
bicarbonate the most common compositions. Among trace elements, only boron,
fluoride, selenium and zinc were detected at more than 20 percent of sample sites.
Nitrate (as N) concentrations were sometimes elevated, with 11 sites (42 percent)
having concentrations that may be from human activities (Madison and Brunett, 1984).

Statistically-significant patterns in water-quality data were found among groundwater
sources (ANOVA, p £ 0.05). Temperature (field-measured), pH (field-measured), and
fluoride were significantly higher at sites in the alluvium than at sites in hard rock. In
contrast, calcium, magnesium and hardness were significantly higher at sites in hard
rock than in alluvium. TDS (p = 0.11) and bicarbonate (p = 0.08) were also higher at
sites in hard rock than in alluvium but failed to meet the statistical confidence level
(ANOVA, p £ 0.05). The limited sampling conducted in wells tapping the older alluvium—
the aquifer that holds the majority of water reserves in the HUA—revealed generally
acceptable groundwater quality with fluoride generally the only constituent of concern.
Fluoride exceeded the MCL in one well and SMCL in four other wells; otherwise pH-field
and TDS were the only aesthetic standards exceeded in one well apiece. The elevated
fluoride concentrations are believed to occur naturally and are controlled by pH values
that also increase downgradient through silicate hydrolysis reactions (Robertson, 1991).

Lake Mohave Basin - Containing approximately 1,050 square miles, the Lake Mohave
groundwater basin (MHV) stretches along the Colorado River from Hoover Dam south to
the community of Topock in northwestern Arizona (ADWR, 1994). A granite outcrop
where Davis Dam on the Colorado River is located divides the MHV into North and South
basins. The North basin consists largely of rugged, undeveioped lands that are part of
the Lake Mead National Recreation area. The South basin consists of uplands managed
by the Bureau of Land Management and Mohave Valley which is a combination of
private, State Trust, and Fort Mohave Indian Reservation lands. The South basin is a
populated, highly developed area. Physically, the MHV is characterized by three distinct
geologic features: Colorado River floodplain deposits, piedmont alluvial deposits, and
consolidated bedrock of the Black Mountains (Darr, 1990).
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In 2003, ADEQ conducted a baseline groundwater quality study of the MHV, a basin that
was the focus of four previous department groundwater studies since the late 1980s
that sampled over 150 wells to investigate links between septic systems and nitrate
(Darr, 1990; Tuve and Giannelli, 1995; Tuve, 1999). For the 2003 study, 43
groundwater sites were sampled for inorganic constituents and isotopes of oxygen and
hydrogen. Samples were also collected at selected sites for radon (31 sites), perchlorate
(18 sites), and radiochemistry (15 sites) analyses.

Of the 43 sites sampled, 15 sites had concentrations of at least one constituent that
exceeded MCLs. Health-based MCL exceedances included arsenic (2 sites under the
current standard, 14 sites under the standard effective in 20086), fluoride (1 site) and
nitrate (3 sites). At 31 sites, concentrations of at least one constituent exceeded an
aesthetics-based SMCL. Aesthetics-based SMCL exceedances included chloride (19
sites), fluoride (8 sites), iron (7 sites), manganese {13 sites), sulfate (24 sites), and total
dissolved solids or TDS (30 sites). Perchlorate was not detected at any site.

Because of few sources, sampling in the North basin was limited to 10 sites, including
four thermal springs along the Colorado River. Hydrogen and oxygen isotope values
revealed four sites recharged by local precipitation; other sites by an indeterminate
recharge source (Guay et al., 2004). Sites other than thermal springs generally met
health based standards.

Groundwater sites in the South basin appeared to consist of 9 sites recharged by pre-
dam Colorado River water, 10 sites recharged by post-dam Colorado River water, 12
sites recharged by local precipitation, and 2 sites whose source is the marine-related
Bouse Formation (Guay et al., 2004; Robertson, 1991). Their water chemistry varies:
Colorado River recharge is higher in chloride and sulfate, local recharge contains more
bicarbonate, and the Bouse Formation is sodium-chloride.

Patterns were found among recharge sources (ANOVA with Tukey test, p < 0.05). Total
dissolved solids (TDS), sodium, chloride, and sulfate were higher at sites recharged by
pre/post dam-Colorado River water or tapping the Bouse Formation than at sites
recharged by local precipitation. Similarly, calcium, magnesium, and hardness were
higher at sites recharged by pre/post-dam Colorado River water than at sites recharged
by local precipitation. Arsenic, boron and fluoride were higher at sites tapping the Bouse
Formation than at sites recharged by pre/post dam-Colorado River water or local
precipitation. Temperature, pH, nitrate, and chromium were higher at sites recharged by
local precipitation than from pre/post dam Colorado River water. Finally, total Kjeldahl
nitrogen, ammonia, total phosphorus, iron, and manganese were higher at sites
recharged by post-dam Colorado River water than at sites recharged by local
precipitation, which may indicate that reducing conditions driven by the oxygen demand
presented by decomposing soil organic carbon occur along the Colorado River in Mohave
Valley (Robertson, 1991).

In the South basin, groundwater recharged by local precipitation is the preferred
domestic source because of its lower salinity and fewer aesthetic water quality standard
exceedances. However, sites sometimes exceeded health-based water quality standards
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for arsenic, which are probably naturaily occurring because of long groundwater
residence time (Robertson, 1991). Groundwater recharged by the Colorado River had
fewer health-based water quality standards but was higher in salinity with numerous
aesthetics standard exceedances including TDS, sulfate, and chloride. These
concentration increases from fresher river water are probably the result of the
dissolution of halite and gypsum (Robertson, 1991). Sites tapping the Bouse Formation
were saline and had both health and aesthetics-based standard exceedances.

Lower San Pedro Basin - The Lower San Pedro groundwater basin (LSP) baseline
groundwater quality study was conducted by ADEQ in 2000. Located in southeastern
Arizona, this semiarid basin is drained by the San Pedro and Gila Rivers. The LSP is a
rural landscape with scattered towns and two extensive copper mining and processing
operations. Groundwater from three aquifers (floodplain, unconfined basin-fill, and
confined basin-fill or artesian) and fractured mountain hard rock is the principle source
of water supply. For this study, 63 groundwater sites were sampled for inorganic
constituents. In addition, fewer sites were also sampled for Volatile Organic Compounds
(25), radiochemistry (19), radon (19), and pesticide (2) analyses.

Eighteen (18) percent of sample sites had concentrations of at least one constituent that
exceeded a health-based MCL. Constituents that exceeded MCLs included antimony (2
sites), arsenic (1 site under current standards, 12 sites under standards effective in
2006), fluoride (8 sites), nitrate (1 site), and gross alpha (2 sites). In addition, 49
percent of sample sites had concentrations of at least one constituent that exceeded an
aesthetics-based SMCL. Constituents that exceeded SMCLs included chloride (2 sites),
fluoride (16 sites), iron (4 sites), manganese (9 sites), pH (4 sites), sulfate (11 sites), and
total dissolved solids (24 sites). At one site, Volatile Organic Compounds that are
common by-products of chlorination were detected. No pesticides or pesticide
degradation by-products were detected.

Artesian conditions can exist when confined basin-fill aquifers, which are generally found
along the central portion of the basin’s axis, are intercepted (Jones, 1980). Artesian
water in the LSP is suitable for domestic and irrigation purposes at its southern boundary
near Redington. Farther north, however the water quality deteriorates. Gypsum deposit
dissolution and the associated cation exchange in the Mammoth-Dudleyville corridor
create groundwater with elevated sulfate and sodium concentrations. The artesian
aquifer also has a chemically closed hydrologic system that favors alkaline pH values
and depleted calcium concentrations, which also contribute to the elevated
concentrations that can exceed water quality standards. The elevated sodium and other
salt concentrations also make these confined basin-fill aquifer waters unsuitable for
irrigation north of Redington.

The floodplain aquifer is the most productive in the basin and supplies water for most
irrigation and municipal uses. This aquifer forms a long corridor following the major
waterways and receives most of its recharge from surface water flows (ADWR, 1994). As
such, this aquifer is considered to be a chemically open hydrologic system. However,
leakage from the lower confined basin-fill aquifer upwards into the floodplain aquifer is
thought to be largely responsible for the variable salinity and fluoride concentrations that
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are particularly elevated near Mammoth (Page, 1963). The elevated salinity, sodium,
chloride, and potassium concentrations found in the most downgradient portions of the
floodplain aquifer appear 1o be related to the high concentrations of these constituents
in the Gila River. Elevated sulfate concentrations found along the floodplain aquifer
between Mammoth and Winkelman may be from leakage from the confined basin-fill
aquifer and the elevated concentrations carried north by the San Pedro River. The
source of sulfates for both aquifers appears to be a combination of nearby gypsum
deposits and mine tailing dumps, though the contribution of each would require an
intensive targeted study to determine.

Groundwater collected from the unconfined basin-fill aquifer and from hard rock areas
was the most dilute and had the fewest water quality standard exceedances.
Unfortunately, these areas also have a somewhat limited groundwater production
potential. Differences in water quality between these aquifers and the floodplain aquifer
appear to be related to a more dilute recharge source (mountain precipitation and
runoff} as well as minimal leakage from the confined basin-fill aquifer. Potential water
guality problems appear largely confined to fault zones producing water from great
depths and granitic rock areas which may have elevated radiochemistry concentrations
(Heindl, 1952).

McMullen Valley Basin - In 2008-2009, the Arizona Department of Environmental Quality
(ADEQ) conducted a baseline groundwater quality study of the McMullen Valley basin
located in west-central Arizona. The basin consists of the drainage of the ephemeral
Centennial Wash within McMullen Valley and the surrounding mountains.6 Groundwater
is predominantly used for irrigation near the communities of Aguila, Wenden and
Salome.” The City of Phoenix has purchased farms near Salome to obtain the water
rights for potential transfer to Maricopa County for municipal use.”

The main source of groundwater in the basin is the Regional aquifer. 24 Heavy pumping
near Aguila and Salome has produced a groundwater divide near the La Paz-Maricopa
County line creating Eastern and Western Regional aquifers.?5 In terms of spatial extent
and groundwater storage these are the largest aquifers in the basin. 25 Low hills east of
Aguila that minimize groundwater movement divide the Eastern Regional aquifer from
the Forepaugh aquifer.®® A subsurface extension of the Harquahala Mountains that
limits groundwater movement separates the Western Regional aquifer from the
Southern Regional aquifer located in Harrisburg Valley.25 Another subsurface geologic
feature separates the Harcuvar aquifer from the Southern and Western Regional
aquifers lying to the east. 24 Groundwater movement between the Western Regional
aquifer and the overlaying Perched aquifer is restricted by the Lake-bed Unit, a layer of
fine-grained sediments. 24 These deposits, however, are absent in an area one mile
northeast of Salome where groundwater flowing from the Perched aquifer into the
Western Regional aquifer is termed the Mixed aquifer. 24

To characterize regional groundwater quality, samples were collected from 124 wells,
- The wells supply water for irrigation, domestic, municipal and stock uses throughout the
basin. Inorganic constituents and oxygen and deuterium isotopes were collected from all
wells. At selected wells, radon (79 sites), radiochemistry (50 sites) and pesticide (2 sites)
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samples were also collected. In addition to the 124 wells, 12 additional wells were
sampled for field parameters and nitrate.

Primary maximum contaminant levels (MCLs) for inorganic constituents were exceeded
at 54 of the 124 sites (44 percent). These enforceable standards define the maximum
concentrations of constituents allowed in water supplied for drinking water purposes by
a public water system and are based on a lifetime daily consumption of two liters. 38
Constituents exceeding Primary MCLs include arsenic (24 sites), fluoride (27 sites),
nitrate (25 sites), and selenium (2 sites). Primary MCLs for radionuclides were exceeded
at 9 of the 50 sites (18 percent) including gross alpha (9 sites) and uranium (4 sites).
Elevated concentrations of arsenic and fluoride likely occur naturally. Elevated nitrate
concentrations appear to be caused by nitrogen-laden recharge resulting from irrigation
applications and wastewater from septic systems. Gross alpha and uranium
exceedances are likely naturally occurring though may be impacted by anthropomorphic
activities.*2 Secondary MCLs were exceeded at 87 of 124 sites (70 percent). These are
unenforceable aesthetics guidelines that define the maximum constituent concentration
that can be present in drinking water without an unpleasant taste, color, or odor.38
Constituents above Secondary MCLs include chloride (13 sites), fluoride (69 sites),
manganese (2 sites), pH (19 sites), sulfate (8 sites), and TDS (31 sites).

The basin’'s most important groundwater quality issue is the absence of the Lake-bed
Unit northeast of Salome. 24 Nearby wells commonly exceed water quality standards and
guidelines; nitrate concentrations were elevated up to seven times the 10 mg/L health-
based water quality standard. This is the result of percolating irrigation water containing
salts and nitrate recharging the Perched aquifer. With a higher static water level than the
Regional aquifer, groundwater drains downward from the Perched aquifer into the
Western Regional aquifer. This impacted area is referred to in this report as the Mixed
aquifer. 24 TDS, sodium, chloride, sulfate, and nitrate were significantly higher in the
Perched and Mixed aquifers than in all the other aquifers (Kruskal-Wallis with Tukey test,
p £0.05).

Both the Eastern and Western Regional aquifers had water quality issues. In the Eastern
Regional aquifer, southeast of Aguila, some sample sites exceeded standards for
fluoride and, to a lesser degree, arsenic. Similarly, in the Western Regional aquifer near
Wenden, sample sites also exceeded standards for fluoride and, to a lesser degree,
arsenic. The Eastern Regional aquifer exhibited significantly lower concentrations of TDS,
sodium, and boron than in the Western Regional aquifer; the opposite pattern occurs
with well depth and groundwater depth. (Kruskal-Wallis with Tukey test, p < 0.05) These
differences may result from poor quality irrigation recharge minimally impacting the
Eastern Regional aquifer because of the great depths needed to percolate to
groundwater. Almost all the sites sampled in the Forepaugh aquifer exceeded water
guality standards for fluoride and arsenic. Fluoride concentrations commonly were up to
three times the health-based standard. Few water quality standards were exceeded in
the Southern Regional and Harcuvar aquifers; both appear to consist of more recent
recharge.
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Meadview Basin - The Meadview groundwater basin (MEA), known unofficially as “Where
Lake Mead Meets the Grand Canyon,” comprises approximately 190 square miles in
northwestern Arizona (ADWR, 1994). This small basin is sometimes considered a sub-
basin of the Hualapai groundwater basin (Remick, 1981). Lightly populated, most land
within the MEA is managed by the Bureau of Land Management or the National Park
Service as part of the Lake Mead National Recreation area. Most residents live in the
retirement and recreation-oriented community of Meadview that was founded in the
early 1960s. Meadview is supplied with water by the Joshua Valley Utility Company
(ADWR, 1994).

The basin is drained by Grapevine Wash, an ephemeral waterway that debouches into
Lake Mead. A short perennial reach in the wash is caused by discharge from Grapevine
Spring (ADWR, 1994). The Muddy Creek Formation is the main aquifer in the basin and
can be divided into three units: an upper limestone unit, a middle sandstone/siltstone
unit, and a basal conglomerate (Laney, 1979). Although each unit is capable of
producing water, most wells draw from the basal conglomerate because of its high
hydraulic conductivity (ADWR, 1994). Where sufficiently fractured and faulted, mountain
bedrock at the margins aiso provides limited supplies.

A baseline groundwater quality study of the MEA was conducted by ADEQ from 2000-
2003. For the study, 8 groundwater sites were sampled for inorganic constituents.
Samples were also collected at selected sites for isotopes of oxygen and hydrogen (6
sites), radon gas (2 sites), radiochemistry (2 sites), and volatile organic compounds
(VOCs) (1 site) analyses. .

To characterize this small basin, 8 sites were sampled. Three sites met all drinking
water quality standards. Concentrations of at least one constituent exceeded a health-
based MCL at 3 different sites. Health-based MCL exceedances included arsenic (O
sites under current standards, 1 site under standards effective in 20086), gross alpha (2
sites) and uranium (1 site). At 4 sites, concentrations of at least one constituent
exceeded an aesthetics-based SMCL. Aesthetics-based SMCL exceedances included
fluoride (3 sites) and total dissolved solids (TDS) (2 sites).

Based on sample results, groundwater chemistry is typically a calcium/mixed-
bicarbonate/mixed type. Groundwater is considered fresh (TDS less than 1,000 mg/L),
slightly alkaline (greater than 7 standard units pH), and moderately to very hard (greater
than 150 mg/L) (Heath, 1989). Nitrate (as N) concentrations frequently exceeded 3
mg/L, which is often an indication that human activities have impacted groundwater
quality. However, similar patterns in other nearby basins have shown this is more likely
the result of natural soil organic matter because of deep groundwater depths and
nitrogen isotope results (Towne, 2003). Fluoride, boron, chromium, and zinc were trace
elements detected at more than 33 percent of sample sites. Antimony, arsenic, barium,
beryllium, cadmium, copper, iron, lead, manganese, mercury, nickel, selenium, silver,
and thallium were rarely detected. Isotope results (available for six of eight sites)
matched those from sites in the nearby Detrital Valley basin that were from deep wells
and/or springs (Towne, 2003). These sites are thought to represent the oldest water in
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the basin, recharged during a colder climate. This groundwater age corresponds to the
low precipitation and recharge rates occurring in the Meadview basin (ADWR, 1994).

Groundwater movement in the basin is from south to north (Remick, 1981). Bicarbonate
and calcium concentrations were significantly higher in samples influenced by granitic
geology in the south than in the alluvium/sedimentary rock further north; the opposite
pattern occurs with chloride and nitrate concentrations (ANOVA test, p < 0.05). This
illustrates a groundwater flow path with calcium-bicarbonate (often indicative of
recharge zones) of the highland areas gradually evolving into more of a mixed chemistry
as it moves downgradient to the north. As frequently occurs, sample sites impacted by
granite often exceeded health-based water quality standards for gross alpha and
uranium (Lowry and Lowry, 1988). Aesthetics-based SMCL exceedances for fluoride
and TDS also occurred. In contrast, sample sites further north in alluvium/sedimentary
rock usually met drinking water quality standards with the exception of arsenic, fluoride,
and TDS at one site apiece. The arsenic exceedance of 0.01 mg/L (or 10 pg/L )
occurred at Grapevine Spring. This arsenic MCL concentration was effective in 2006
and also the minimum reporting limit for the state laboratory used in the study (USEPA,
1993).

Pinal AMA Basin - In 2005-06, ADEQ conducted a baseline groundwater quality study of
the Pinal Active Management Area (AMA) located between Phoenix and Tucson in south-
central Arizona. To characterize regional groundwater quality, samples were collected
from 86 sites located on non-tribal lands. Roughly two-thirds of the sampled sites were
irrigation wells using turbine pumps with the remainder mostly domestic wells using
submersible pumps. All sites were sampled for inorganic constituents and oxygen and
deuterium isotopes. At selected sites, samples were also collected for radon (41),
radiochemistry (21) and organics (semi-volatile compounds, chlorinated pesticides, and
organo-phosphorus pesticides) (14). Among Pinal AMA’s five sub-basins, the majority of
groundwater samples were collected in Eloy (50 sites) and Maricopa-Stanfield (27 sites)
with the remainder in Aguirre Valley (5 sites) and Vekol Valley (4 sites).

Analytical results indicate that of the 86 sites sampled, 60 sites (70 percent) had
concentrations of at least one constituent that exceeded a health-based MCL. MCL
exceedances included arsenic (33 sites), fluoride (7 sites), gross alpha (5 sites), nitrate
(23 sites), and uranium (2 sites). These results appear to be naturally occurring with the
exception of nitrate whose concentrations are impacted by fertilizer and both human and
animal wastewater. At 59 sites (69 percent), concentrations of at least one constituent
exceeded an aesthetics-based SMCL. SMCL exceedances included chloride (25 sites),
fluoride (19 sites), iron (2 sites), pH-field {8 sites), sulfate (26 sites), and total dissolved
solids or TDS (50 sites). There were no detections of organic compounds in the 14
organic samples. Both irrigation wells and drinking water wells had similar frequencies of
drinking water quality standard exceedances.

Groundwater in the Pinal AMA basin was found to be generally slightly alkaline, fresh,
and hard-to-very hard as indicated by pH values and TDS and hardness concentrations.
Groundwater chemistry varied but tended to be calcium-sulfate/chloride in the upper
water zone and sodium-bicarbonate in the lower water zone (Hammett, 1992).
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Statistically-significant patterns were found among groundwater sub-basins, land uses,
irrigation districts and groundwater zones (Kruskal-Wallis test with Tukey test, p < 0.05).
Of the water quality patterns found, the most numerous are those involving irrigation
districts and water zones.

Analytical results were compared among samples collected in three irrigation and
drainage districts: the Central Arizona (CAIDD), Maricopa-Stanfield (MSIDD) and San
Carlos (SCIDD). Groundwater depth, temperature, pH-field and pH-lab were higher in the
CAIDD and MSIDD than in SCIDD. TDS, SC-field, SC-lab, hardness, calcium, magnesium,
potassium, chloride, sulfate, TKN and boron were higher in the SCIDD than in CAIDD and
MSIDD. Seven constituents had unique patterns: sodium, bicarbonate, fluoride, arsenic,
radon, oxygen and deuterium.

Analytical results were compared among samples collected in three water zones within
the Eloy and Maricopa-Stanfield sub-basins: lower main water zone, upper main water
zone and local water zones. Well depth, groundwater depth, temperature, pH-field and
pH-lab were higher in the lower main water zone than in upper and local water zones.
TDS, SC-ield, SC-lab, hardness, calcium, magnesium, sodium, chloride, sulfate and
nitrate were higher in the upper and local water zones than in the lower main water
zones. Potassium, TKN and boron were higher in the upper main water zone than in the
lower main water zone.

Several factors contribute to these patterns, including evaporate deposits, such as
gypsum, salt and gypsiferous mudstone but their specific impacts are difficult to quantify
Hammett, 1992). The greatest impact however, appears to be the effect of salts and
calcite concentrated by evaporation during irrigation and then recharged to the upper
main or local water zones (Coes et al., 2000; Cordy and Bouwer, 1999). Since water
from the Gila River is the main source of irrigation for the SCIDD, its importation
maintains relatively shallow groundwater levels in this irrigation district. Thus, there is
little lag time before the highly saline recharge from irrigation applications percolates to
the aquifer and impacts groundwater quality in the SCIDD (Cordy and Bouwer, 1999). In
contrast, before 1987 the CAIDD and the MSIDD used groundwater as the sole source of
irrigation water (ADWR, 1998). This has led to declining groundwater depths in these
districts, but has probably protected the groundwater from the full impacts of saline
recharge from irrigation applications because of the increased distance necessary for
this water to percolate to the aquifer.

Prescott AMA Basin - A regional groundwater quality study of the Prescott Active
Management Area (AMA)} was conducted by ADEQ to determine the suitability of
groundwater for drinking-water purposes, appraise current (1997-1998) baseline
conditions, and examine spatial and temporal groundwater-quality patterns. Sampling
was conducted at 58 sites; 41 randomly selected and 17 from the ADEQ index well
network. Groundwater samples were collected for Safe Drinking Water (SDW) inorganic
analysis from all sites, for SDW radiochemistry analysis from 10 sites, and for
Groundwater Protection List (GWPL) pesticide analysis from 2 sites.
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The results found that 6 of 58 sites had parameters exceeding an MCL. Health-based
MCL exceedances included arsenic (four sites), fluoride (three sites), barium, gross
alpha, and nitrate (one site apiece). Aesthetics-based SMCLs were exceeded at 9 of the
58 sites. SMCL exceedances included TDS (six sites), fluoride (four sites), iron,
manganese, and sulfate (two sites apiece). There were no detections of the 152
pesticides or degradation products on the GWPL. Although MCLs or SMCLs were
exceeded at 11 of 58 sites, they were geographically scattered and do not appear to
indicate extensive areas of groundwater unsuitable for domestic use. Based on these
results, regional groundwater quality conditions generally support drinking-water uses.

Fluoride and arsenic, the most common health-based water quality exceedances, appear
to be the result of naturally occurring conditions. Elevated levels of these parameters
tend to occur at sites which are chemically very dissimilar from the prevalent calcium-
bicarbonate water chemistry (Jenkins and Myers, 1988). These sites are characterized
by moderately-alkaline groundwater largely depleted of calcium. Fluoride levels in the
AMA appear to have multiple controls. Previous research suggests that depleted calcium
levels influence higher fluoride levels (> 5 mg/L) through precipitation of the mineral
fluorite (Robertson, 1986). Relatively high levels of fluoride (> 7 mg/L) found at two
sites appear to be related to the corresponding low calcium levels (< 9 mg/L) that
constitute less than 5 percent of the total cation concentration. At lower fluoride levels,
hydroxyl ion exchange or sorption-desorption reactions may provide controls (Robertson,
1986). Levels of fluoride and arsenic are positively correlated (p=0.01) in this study as
well as in previous studies (Robertson, 1986). Arsenic levels may be related to the
alkaline, oxidizing environment which is created by elevated pH levels enhanced by
weathering of the alluvium (Hem, 1970). Basin-fill sediments in Arizona are rich in trace
elements which, under favorable conditions such as elevated pH levels along with a
change in redox potential, may be mobilized and contribute to elevated levels in
groundwater (Robertson, 1991). Other mechanisms such as exchange on clays or
oxyhydroxides have been cited as influencing arsenic levels (Robertson, 2000).
Previous studies have suggested that silicate hydrolysis is occurring which increases
levels of parameters such as sodium, pH, arsenic, and chromium (Jenkins and Myers,
1988).

Prescott AMA nitrate (as N) levels were generally below natural background levels of 3.0
mg/L, but elevated levels did occur, even exceeding heaith-based MCLs at a site near
the Dewey-Humboldt area. High nitrate levels in this area have been reported by other
sources and may be influenced by wastewater from older septic systems and/or
agricultural systems (Corkhill, 2000; Dodder, 1998). Septic and alternative wastewater
system impacts to groundwater are often best indicated by nitrate and chloride levels,
parameters which are positively correlated (p=0.01) in the study area (Bedient, Rifai and
Newell, 1994). Nitrate levels should continue to be monitored because of increasing
population growth and reliance on septic and alternative wastewater-disposal methods
in the study area. The MCL for gross alpha was exceeded at a site in the Granite Dells,
an area previously cited as having elevated radiochemistry levels (ADWR, 1988). Some
SMCL exceedances involving TDS, iron, manganese, and sulfate appear to be due to site-
specific conditions such as historic mining activity in the Black Hills and Bradshaw
Mountains.
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Groundwater quality parameters varied by sub-basin, aquifer, and groundwater depth in
the study area. The following statistically significant (p < 0.05) groundwater quality
parameter trends were observed:

» Bicarbonate, sulfate, total alkalinity, and TDS had higher levels in the Upper Agua
Fria sub-basin than in the Little Chino sub-basin; the opposite pattern occurs with
fluoride levels.

> Bicarbonate, calcium, hardness, magnesium, sodium, total alkalinity, and TDS
had higher levels in the hard rock aquifer than in the regional aquifer; the
opposite pattern occurs with temperature and pH values.

> Barium, bicarbonate, calcium, electrical conductivity, hardness, magnesium,
manganese, total alkalinity, TDS, and total Kjeldahl nitrogen levels decreased
with increasing groundwater depth. In contrast, pH, temperature, and zinc levels
increased with increasing groundwater depth.

Significant (p £ 0.05) groundwater depth differences between each sub-basin and
aquifer suggest that for parameter levels vertical variation is less important than spatial
variation. Thus, groundwater depth patterns may be influenced by spatial patterns.
Other sources indicate groundwater parameter levels tend to be a function more of flow
path evolution than of vertical mixing (Robertson, 1991).

A limited groundwater quality comparison was conducted between the two main water-
bearing units in the Little Chino sub-basin regional aquifer. The results suggest that the
levels of many parameters may be higher in the Upper Alluvial unit, which is tapped by
numerous small-capacity domestic wells, than in the Lower Volcanic unit, which is the
source for most large capacity irrigation and municipal wells. This finding is supported
by earlier studies (Schwalen, 1967). The groundwater quality difference may be due to
recharge to the Lower Volcanic unit that occurs along the basin margins, thus allowing
for less evaporation and associated concentration of salts than recharge associated with
the Upper Aljuvial unit (Corkhill, 2000).

A time-trend analysis was conducted using groundwater-quality data collected from 17
wells over a 7-year period. Of the 12 parameters examined, levels of chloride, SC-field,
fluoride, hardness, magnesium, nitrate, sodium, sulfate, total alkalinity, TDS, and zinc
did not significantly change between 1991-93 and 1997-98. Calcium levels were the
only constituent that varied significantly (p < 0.05), increasing between the time periods.
The calcium level variation may be due to major flooding and the associated
groundwater recharge that occurred in 1993 or to potentially different analytical
methods used by the Arizona Department of Health Services laboratory during the two
sampling periods (Corkhiil, 2000; Roberts, 1997).

Sacramento Valley Basin - A regional groundwater quality study of the Sacramento Valley
groundwater basin (SVGB) was conducted by ADEQ to determine the suitability of
groundwater for drinking water purposes, appraise 1999 baseline conditions, and
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examine spatial groundwater quality patterns. The SVGB is located in Mohave County in
northwestern Arizona. Groundwater is the main water source in this semiarid basin.
Sampling was conducted at 48 sites: 40 random sites and 8 targeted sites.
Groundwater samples were collected for Safe Drinking Water (SDW) inorganic
constituents, SDW Volatile Organic Compounds (VOCs), perchlorate, and isotopes of
hydrogen, oxygen, and nitrogen. At 40 sites, samples were collected for SDW
radiochemistry analysis.

Interpretation of results from laboratory analyses of collected groundwater samples
indicates that 20 of the 48 sites met all drinking water quality standards. MCLs were
exceeded at 22 of 48 sites. MCL exceedances included gross alpha (18 sites), nitrate (6
sites), fluoride (4 sites), radium-226+228 (4 sites), and antimony (2 sites). In addition,
17 sites exceeded the proposed Primary MCL for uranium. Aesthetics-based SMCLs
were exceeded at 28 of 48 sites. SMCL exceedances included total dissolved solids
(TDS) (24 sites), fluoride (16 sites), chloride (7 sites), sulfate (7 sites), manganese (3
sites), and iron (2 sites). Arizona Aquifer Water Quality standards had exceedances that
were identical to Primary MCL exceedances. No VOCs, including methyl tertiary-butyl
Ether (MTBE), were detected at any site. Perchlorate, a man-made inorganic salt used in
the manufacture of explosives and very mobile in groundwater, was detected at four
sites.

Despite these numerous water quality exceedances many of the SVGB groundwater
sites, including those in the central valley and in the Black Mountains in the western
basin periphery, meet drinking water standards. Water quality standard exceedances
were identified in three principal basin areas.

» In the vicinity of the town of Chloride, exceedances of gross alpha, radium-
226+228, TDS, nitrate, chloride, antimony, sulfate, and manganese occurred.
These exceedances appear to be due to a combination of the area’s granitic
geology, historic mining activity, and septic systems (Rosner, 1998).

> In the central and southern Hualapai Mountains, exceedances of gross alpha,
radium-226+228, fluoride, TDS, chloride, and sulfate occurred. The
radiochemistry exceedances appear to be related to the area’s granltlc geology
(Lowry and Lowry, 1988).

> In the vicinity of the town of Topock, exceedances of fluoride, TDS, and chloride
occurred. These exceedances appear to be due to dissolution reactions that
increase constituent concentrations as groundwater migrates downgradient
within the basin (Robertson, 1991).

Groundwater in the basin is generally slightly alkaline, hard to very hard, and fresh based
upon pH, hardness, and TDS levels (Hem, 1985). Half of the 48 sites had a calcium-
bicarbonate chemistry which is typical of recharge areas in Arizona (Robertson, 1991).
Sixteen sites had a calcium-sulfate chemistry, six samples had a sodium-bicarbonate
chemistry, and the two most downgradient sites had a sodium-sulfate chemistry. Nitrate
concentrations at 20 sites were greater than 3.0 mg/I (as nitrogen) which may indicate
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impacts from human activities (Madison and Brunett, 1984). Trace elements such as
aluminum, antimony, barium, beryllium, cadmium, iron, lead, manganese, mercury,
silver, and thallium were rarely detected; only arsenic, boron, chromium, copper, fluoride,
selenium, and zinc were detected at more than 10 percent of the sites.

Data from randomly-selected sample sites examined using various statistical methods
found groundwater quality constituents varied by aquifer, geology, geographic location,
and with groundwater depth. The following significant (p < 0.05) trends were observed.
Concentrations of many constituents were higher in the hard rock aquifer compared to
the alluvial aquifer, a pattern similar to that found in other Arizona groundwater basins
(Robertson, 1991). Additional patterns were revealed when the hard rock aquifer was
further subdivided into granitic, metamorphic, volcanic, and sedimentary rocks.
Groundwater associated with granitic rock frequently had higher constituent
concentrations than groundwater associated with volcanic rock and alluvial fill. These
findings support previous studies in the SVGB that found more mineralized groundwater
in or near mountain areas compared to the central valley (Gillespie and Bentley, 1971,
Rascona, 1991). Groundwater movement in the basin is from north to south. A
chemical flowpath evolution was observed along this flowpath. Concentrations of
constituents such as calcium, magnesium, bicarbonate, and hardness tend to decrease
downgradient while sodium, chloride, fluoride, and boron tend to increase. Statistical
tests support these observations. Concentrations of sodium and some trace elements
were higher in the southern, downgradient portion of the basin than in the upgradient
northern portion. These constituents probably are increasing due to dissolution
reactions (Robertson, 1991). In addition, a positive correlation existed among levels of
calcium, magnesium, bicarbonate, sulfate, and hardness. In contrast, a positive
correlation existed among levels of sodium, chioride, sulfate, boron, and fluoride.

Many constituent concentrations tend to decrease significantly (p < 0.05) with
groundwater depth below land surface (bls) though parameters such as pH and
temperature increased with increasing groundwater depth bls. A critical level, ranging
between 50 and 200 feet bls, was established for many constituent concentrations. At
groundwater depths greater than the critical level, concentrations remain generally
constant; in contrast, concentrations are highly variable at more shallow depths.

A groundwater quality time-trend analysis was conducted utilizing data collected by the
U.S. Geological Survey in 1979, the Arizona Department of Water Resources in 1990,
and ADEQ in 1999. Constituent concentrations were largely found to be stable over a
period stretching up to 20 years. This suggests that constituents are largely controlled
by natural factors and are not prone to vary significantly over time.

This study is the first application of stable isotopes in characterizing regional
groundwater by ADEQ and was partially intended to test the usefulness of this
technology. Based upon deuterium and oxygen isotope data, groundwater in the basin
appears to have undergone a consequential amount of evaporation prior to recharge
which is characteristic of arid regions. Future sampling for these two isotopes appears
to be of greatest value for regional studies in basins having a major perennial river and
where there is a need to distinguish water recently recharged from river infiltration and
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paleo-water representing a non-renewable resource. In contrast, there appears to be
fewer potential uses for regional nitrogen isotope sampling. Data interpretation for this
study suggests that it is not possible to determine the source of nitrate groundwater
contamination simply by measuring nitrogen isotopes without sampling sites which
specifically measure the nitrogen isotope signature of each potential source of nitrogen.

Safford Basin: Gila Valley Sub-Basin - In 2004, ADEQ conducted a baseline groundwater
guality study of the Gila Valiey sub-basin of the Safford groundwater basin located in
eastern Arizona. The sub-basin includes the drainage of the Gila River from the Peloncillo
Mountains down gradient to near the San Carlos Tribal Lands and the drainage of the
San Simon River downstream from a ridge near the railroad siding of Tanque (Towne,
2004). The sub-basin inciudes the communities of Safford, Thatcher, Pima and Fort
Thomas and consists primarily of federal lands (U.S. Forest Service and Bureau of Land
Management), State Trust and private land.

To characterize regional groundwater quality, samples were collected from 67 wells and
springs using a randomly stratified design. All sites were sampled for oxygen and
deuterium isotopes. At selected sites, sampies were collected for inorganic constituents
(65 sites), radon (30 sites), radiochemistry (20 sites) and pesticides (4 sites). Nine
isotope samples were collected from surface water sources to help determine
groundwater recharge sources. Analytical results indicate that of the 65 sites sampled,
only 11 sites (17 percent) met all health and aesthetics-based drinking water quality
standards. Health-based MCLs were exceeded at 30 of 65 sites (46 percent).
Constituents exceeding MCLs included arsenic (21 sites), fluoride (20 sites), gross alpha
(3 site), nitrate (4 sites), and uranium (2 sites). The EPA proposed 300 picocuries per
liter (pCi/L) drinking water quality standard for radon was also exceeded at 19 sites
(USEPA, 2009). These water quality exceedances, with the exception of nitrate, appear
to be the result of natural sources. Fluoride exceedances often occur at sites that are
depleted in calcium allowing for large concentrations if a source for fluoride ions is
available for dissolution (Robertson, 1991). Eievated arsenic concentrations may be
related to an oxidizing environment, aquifer residence time, lithology and clay mineralogy
(Robertson, 1991, Spencer, 2002). Aesthetics-based SMCLs were exceeded at 54 of 65
sites (83 percent). Constituents above SMCLs included chloride (29 sites), fluoride (35
sites), manganese (4 sites), pH (11 sites), sulfate (29 sites), and TDS (43 sites).

Groundwater is characterized as predominantly of either sodium-bicarbonate or sodium-
mixed chemistry, varied from fresh to moderately saline, had soft to very hard water, and
had few occurrences of trace elements other than arsenic, boron and fluoride. Analyses
of oxygen and deuterium isotope samples revealed two general recharge groups: Gila
River (18 sites) and local precipitation (47 sites). Local precipitation recharge was
further subdivided into four categories: recent (2 sites), newer (12 sites), older (29 sites),
and Mt. Graham springs (4 sites). These recharge sources roughly correlate to the
following alluvial units: Gila River recharge (younger alluvium), local precipitation (older
alluvium), recent local precipitation (summer monsoon recharge long tributaries to the
Gila River), newer local precipitation (clay-silt sub-unit), older local precipitation
(evaporate and/or basal conglomerate sub-unit), and Mt. Graham springs (winter
precipitation recharge in the high altitude Pinaleno Mountains).
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Statistically-significant patterns were found among the two main recharge sources
(Kruskal-Wallis test, p < 0.05). TDS, major ions, nitrate and boron were higher in Gila
River recharge than local recharge; the opposite pattern occurred with pH. Older local
precipitation sites had significantly higher temperature, TDS, sodium, potassium,
chloride, sulfate, arsenic, boron, and fluoride concentrations than newer local
precipitation sites (Kruskal-Wallis test with Tukey test, p < 0.05). These patterns indicate
the best strategy for developing public water supplies in the Gila Valley sub-basin from a
water quality perspective appears to be drilling shallow wells in the older alluvium along
the mountain front up from the Gila River.

