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Copper pitting corrosion can lead to premature plumbing failures, and can be caused by aggressive potable waters characterized
by high pH, free chlorine residual and low alkalinity. In such waters and under continuous flow, certain inhibitors including
phosphate, silica or natural organic matter may greatly reduce pitting occurrence. In the current work, 1 mg/L phosphate (as P)
completely prevented initiation of pits, and 5 mg/L silica (as Si) significantly decelerated pitting. However, much lower doses of
these inhibitors had little benefit and actually accelerated the rate of attack in some cases. Effects of organic matter were dependent
on both the type (e.g., natural versus ozonated humic substances) and dosage. Dose-response effects of free chlorine and alkalinity
were also investigated. Based on electrochemical data, pits initiated more rapidly with increased free chlorine, but even moderate
levels of chlorine (∼0.4 mg/L) eventually caused severe pitting. High alkalinity decreased pit propagation rates but did not prevent
pit formation.

1. Introduction

Copper pitting corrosion in potable water plumbing systems
is problematic because it can lead to fully-penetrating
pinhole leaks, which burden consumers with the expense
and frustration of repairing or replacing plumbing materials,
water damage, and associated mold growth [1]. While there
is ample reason to believe that there are at least a few “causes”
of pitting, only that of aggressive water characterized by high
pH, free chlorine, and low alkalinity has been reproduced
in the laboratory using synthesized waters [2–5]. Potential
mitigation strategies that can counter the corrosivity of such
waters have not been examined in detail.

Generally speaking, mitigation strategies involving water
chemistry modifications are very attractive because the risk
of pinhole leaks could be reduced for homes throughout
an entire distribution system. This is much more appealing
than expecting consumers to treat their water to reduce
corrosivity, or to gradually replace or repair their plumbing
system assets. Depending on the extent of pitting in a system,
water chemistry modifications can also represent relatively

low-cost solutions. In addition to the obvious possibilities
of reducing free chlorine residual or pH [2], recent research
by Lytle and Schock has suggested that increasing alkalinity
can reduce pitting rates in high pH waters with chlorine
[3]. Several other constituents including phosphate [3, 5–
7], silica (silicate at high pH) [5, 8], and natural organic
matter (NOM) [9–11] may also act as inhibitors to pitting
at ambient concentrations or those achieved by inhibitor
dosing. Table 1 shows typical ranges of these constituents
in source waters and treated potable waters as well as
concentrations below or above which copper pitting has been
observed to occur.

Forensic evidence is necessary in practical investigations
of copper pitting corrosion in plumbing applications [5].
While pipe-loop studies offer a proven means gathering
meaningful forensic data [3], they have seldom provided
mechanistic insights to pitting reactions. However, insights
from older theory [12, 13], as refined and confirmed in
recent electrochemical studies [4, 14], may be utilized as a
conceptual framework for interpreting and analyzing pipe-
loop data relative to pit initiation and propagation phases.
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2. Theory

2.1. Copper Pit Initiation and Propagation. Copper pitting is
generally regarded as a two-step process in which pits are
first formed (i.e., initiation) and then gradually penetrated
through a metal surface (i.e., propagation). While initia-
tion mechanisms are not well understood, and likely vary
depending on physical and chemical exposure conditions,
propagation proceeds via coupling of anodic reactions (i.e.,
copper oxidation) occurring at small anode sites (i.e., the
pits) with cathodic reactions (i.e., oxygen or free chlorine
reduction) occurring on relatively large surface areas [15].
This differs from uniform copper corrosion, for which
anodic and cathodic reactions effectively occur equally over
the pipe surface. Pits can initiate at specific locations,
including imperfections or breakdowns in the passive film
layer that naturally occurs on copper surfaces in potable
water or under particulate deposits that have settled onto the
pipe surface.

After initiation, pit propagation can be enhanced by
differential concentration cells, due to dramatic chemical
changes that occur in the very small volume of water
localized inside the growing pit. Specifically, the pit water
becomes very acidic due to Lewis acidity of released Cu+1

and Cu+2 ions, and ionic strength increases due to anion
(e.g., Cl− and SO4

2−) transport to the pit to maintain electro-
neutrality [13, 15, 16]. In certain cases, the acidic and salty
environment can promote sustained corrosion in the pit, and
precipitation of copper salts (e.g., CuOH) forms a distinct
mound of corrosion by-products (i.e., a tubercle).

It is fairly well established that a characteristic rise in
corrosion potential (i.e., Ecorr) that proceeds beyond a critical
threshold value (i.e., Epit) is necessary to initiate pitting in
some circumstances [13, 17, 18]. Although this phenomenon
might not be associated with all types of pitting in potable
water systems [19], several studies have convincingly linked
Ecorr rise to pitting caused by the aggressive combination of
high pH, low alkalinity, and free chlorine [2–5]. Moreover,
Cong et al. has recently conducted elegant studies using
cyclic voltammetry (CV) and coupled multielectrode arrays
(CMEA), which elucidated Epit (or effective Epit) values for
copper in this water type [4, 14]. Thus, trends in Ecorr can
be evaluated to help delineate the distinct phases of pitting
during pipe-loop testing.

2.2. Anodic and Cathodic Inhibitors. Inhibitors naturally
present in water supplies, or which are added to mitigate
corrosion, may prevent pitting by interfering with any aspect
of the electrochemical cell, including (1) preventing the
transport of anions that could accelerate corrosion into the
pit or (2) blocking the oxidation and/or reduction reaction
sites. A basic example of the former mechanism would be
transport of bicarbonate into the pit instead of chloride or
sulfate, potentially reducing the extent of the pH drop. With
respect to the latter, in some simple conceptualizations, it is
hypothesized that “anodic pitting inhibitors” are negatively
charged species (e.g., PO4

3−, SiO3
2−) that would be drawn

to the net positive charge at an anode site (i.e., where Cu+

and/or Cu2+ cations are being released) where they stifle the
anodic reaction. Conversely, “cathodic pitting inhibitors” are
positively charged species (e.g., Zn2+) that are drawn to the
net negative charge at cathode sites (Figure 1) where they
somehow stifle the cathodic reaction.

If pitting corrosion is limited by the rate of cathodic
reactions, as is often assumed to be the case, any dose of
cathodic inhibitor(s) is expected to reduce initiation and
propagation of pitting. However, at low enough dosages of
anodic inhibitors, inactivating some of the pit sites could
increase the cathodic driving force for corrosion at a few
surviving sites, thereby accelerating the rate of pit growth
relative to a condition without any inhibitor at all [26].
For this reason, very low doses of anodic inhibitors might
actually decrease the time-to-failure; so only at dosages high
enough to inactivate all anodic sites are anodic inhibitors
considered “safe.” Beyond the idealized conceptualization of
inhibitors presented above, it should be noted that some
anions may function as cathodic inhibitors and some cations
may function as anodic inhibitors if, for example, either is
taken up into a protective film or passive scale layer that
effectively passivates the entire metal surface. In this case, the
effective constituents may be called “passivating” inhibitors
[27].

Phosphate and silica are currently used by utilities
to control various types of corrosion in potable water
distribution systems (e.g., corrosion of iron mains) [28]
(Table 1). The efficacy of these constituents in copper pitting
mitigation has been suggested by several authors [3, 5, 6]
and some favorable data from full-scale testing [29]. Some
research has also demonstrated that anionic NOM may also
function as a very effective pitting inhibitor, even at relatively
small concentrations [9, 11, 12, 30]. However, to date, the
dependency between dose and effectiveness for each of these
constituents has not been established nor has substantive
information been gathered as to their specific functions (i.e.,
as anodic or cathodic pitting inhibitors, or both). It is also of
considerable interest to determine whether very low levels of
these constituents might actually increase pitting propensity.

This research uses electrochemical measures and pipe-
loop testing to practically investigate aspects of pit ini-
tiation and growth. Specific goals were to (1) determine
whether high levels of free chlorine residual were essential
to initiating and/or propagating pitting in high pH, low
alkalinity water (2) examine the efficacy and dose-response
effects of phosphate, silica, NOM, and increased alkalinity
in inhibiting pitting in aggressive waters, and (3) draw
preliminary conclusions regarding possible mechanisms of
inhibition, and whether certain inhibitor dose ranges may
actually increase pit growth rates.

3. Materials and Methods

Both large- and small-scale pipe-loop tests were conducted
to examine the dose-response effects of free chlorine and
potential natural and engineered inhibitors on copper pitting
caused by the aggressive combination of high pH, low
alkalinity, and chlorine in potable water (Table 2). The
large-scale loops exemplify more realistic conditions with
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Table 1: Typical ranges of constituents in source and treated waters, and ranges in which copper may be susceptible to pitting in chlorinated,
high pH, and low alkalinity water. Bolded values correspond to observations in the current work.

Constituent Presence in potable water
Typical source water

range (mg/L)
Typical treated water

range (mg/L)
Pitting susceptibility

(mg/L)

Free chlorine (as Cl2) Added as disinfectant 0 1–4, [20]
≥0.4

≥1A, [21]
≥2, [22]

Alkalinity (as CaCO3)
Natural constituent; sometimes
added or removed via various
treatment processes

0–400C, [23]
Generally similar to

source water
≤105B, [3]
≤150

Phosphate (as P)

Natural constituent or
introduced by pollution; often
added as general corrosion
inhibitor for various distribution
materials

0–0.5C, [23] ≤ 1, [24]
≤0.1

Silica (as Si)

Natural constituent; sometimes
added as corrosion inhibitor;
sometimes removed due to
treatment interferences

5–55C, [23]
Generally similar to

source water
≤5

Organic matter (as TOC)

Natural constituent or
introduced by pollution;
removed due to taste/odor;
disinfectant by-product and/or
microbial issues

0–10C, [23] 1–10D, [25]
Undetermined;

dependent on type of
organic present

A
Determined in short-term, stagnant CMEA tests at pH 9, 34 mg/L alkalinity (as CaCO3) [21].

BDetermined in long-term, continuous flow pipe-loop tests at ∼pH 9, ∼0.5 mg/L Cl2, 25 mg/L DIC [3].
CIdentified as range between 5th and 95th percentiles from USGS National Water Quality data (groundwater, spring, stream) collected between 1991 and
2011 [23]; alkalinity and Si are not regulated and thus typically occur at similar concentrations in source and treated potable waters.
DIdentified as range between 5th and 95th percentiles from 1987 AWWARF utility survey [25].

respect to a copper plumbing system (e.g., practical flow
velocity, copper tube size and wall thickness, etc.), whereas
the small-scale loops were designed to track formation of
fully penetrating leaks under very aggressive conditions (e.g.,
higher flow velocity, thinner copper tube wall). A total of
10 large-scale tests with durations between 189 and 490
days, and 21 small-scale tests with durations between 86 and
220 days were conducted (Table 3). Since the goal was to
determine time to pit breakthrough as a function of inhibitor
dose, and each of these relatively large-scale tests were long-
term (i.e., months to years) and are labor intensive, tests
were not run in replicate (duplicate or triplicate), but critical
conclusions developed at small-scale were subject to large
scale confirmation experiments (see Table 3). For example,
the control water was tested in both pipe-loop apparatuses,
as were some critical conditions with added orthophosphate,
silica, or organic matter. Prior work has demonstrated that
both the small and large pipe loops provide reproducible
results and that the small-scale loops are particularly useful
for gaining insights regarding trends in relatively short-time
periods (i.e., months instead of years) [5].

3.1. Water Qualities and Inhibitor Dosages. The control water
quality (Table 2) was identical to the high pH, high free
chlorine water first shown by Marshall to cause pitting and
pinhole leaks in copper [2], except that it did not contain
aluminum solids. Only high and low concentrations of the
test variables were investigated in the large-scale loops, but

ranges of concentrations (except for in the case of alkalinity)
were tested in the small loops. Additionally, three different
types of organic matter were tested in the small loops: natural
organic matter (NOM), ozonated NOM, and a combination
of acetate and glucose.

Automatic feed systems and manual chemical adjust-
ments were used to maintain targeted pH and free chlorine
residuals. pH was measured using a double-junction Ag-
AgCl electrode and was generally maintained within 0.2
(standard deviation) units of the target (i.e., 9.2 ± 0.2).
Free chlorine residual was measured using a DPD (diethyl
phenylene diamine) colorimetric test per standard method
4500-Cl G [31] with a Hach Chlorine Pocket Colorimeter II,
and was maintained within 0.3 mg/L (standard deviation) of
the targets (e.g., 4.0± 0.3 mg/L).

Bulk water was changed weekly in the small-scale loops,
and either weekly, every two weeks, or every three weeks in
the large-scale loops to limit the extent of chloride buildup
due to free chlorine decay. Just before each water change, test
waters were made up using deionized water and dry reagent-
grade sodium or calcium salts. Free chlorine was added
as sodium hypochlorite from a concentrated bleach stock
(i.e., 6% NaOCl solution). pH was adjusted using sodium
hydroxide and nitric acid. Water samples were analyzed via
inductively coupled plasma mass spectrometry (ICP-MS) for
quality assurance.

Orthophosphate and silica were dosed as sodium phos-
phate and sodium silicate, respectively. A natural organic
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Table 2: Experimental conditions for large- and small-scale tests.

Test variable
Water quality

Large-scale tests Small-scale tests

Control (values as mg/L) pH 9.2, free chlorine (as Cl2) = 4, Ca2+ = 17, Na2+ = 16, Cl− = 20, SO4
2− = 13, alkalinity = 34 (as CaCO3)

Free chlorine adjusted
mg/L (as Cl2)

0.4 0.5, 1, 2, 3, 8

Orthophosphate added
mg/L (as P)

0.1, 1 0.015, 0.025, 0.1, 0.25, 0.5, 1

Silica added mg/L (as Si) 0.5, 5 0.1, 0.5, 2.5, 10

Organic matter added
mg/L (as TOC)

0.01A, 0.1A 0.005A, 0.1A, 0.05A, 0.05B, 0.05C

Alkalinity adjusted mg/L
(as CaCO3)

10, 150 None

A
NOM, Bozonated NOM, Csodium acetate/d-glucose.

Copper tube

PO3−
4PO3−

4

(e.g., PO3−
4 ) (e.g., Zn2+)

Cathodic pitting inhibitor

Cu+Cu+
Cu+

HOCl
Cl−HOCl Cl−

HOCl
Cl−

Anodic pitting inhibitor

Zn2+ Zn2+

Anodes Cathodese−e−

Figure 1: Simplified depiction of conventional wisdom regarding pit inhibition by anodic and cathodic inhibitors.

matter stock solution was made by chlorinating and filtering
a concentrated humic stock (to 0.45 µm), such that the
solution was relatively stable and homogeneous. In some
water treatment operations, processes such as ozonation are
used for primary disinfection and this process can break
down the long chains of humic compounds in NOM, which
in turn could alter its effectiveness as a natural pitting
inhibitor. To investigate this, part of the above NOM stock
was ozonated for several hours, until the resulting solution
(referred to herein as ozonated NOM) had only 33% of the
UV254 absorbance of the unozonated NOM stock. To test the
effects of model low molecular weight organic compounds
on copper pitting, a solution of sodium acetate and d-glucose
(58% acetate, 42% glucose, by weight) was used.

3.2. Pipe Loops. Each large-scale pipe loop (Figure 2(a))
consisted of a 94 L polypropylene plastic reservoir, from
which water was continuously recirculated through three
(1′ or 30.5 cm) lengths of (3/4)′′ (1.9 cm) diameter Type
M copper tubing at a velocity of about 4.5 ft/s (1.3 m/s).
Another short (2′′ or 5.1 cm) length of the same copper
tubing was located out-of-flow (i.e., at the dead-end T in
Figure 2). All copper sections were physically separated using
short lengths of clear vinyl tubing, but were electrically
connected via external copper wires. Vinyl tubing also was
used to connect copper to recirculation pumps (magnet-
drive, centrifugal with polypropylene construction) and

to complete flow loops. Reservoirs were closed to limit
atmospheric influences on water quality (e.g., changes in
alkalinity, temperature).

Small-scale pipe loops (Figure 2(b)) were similar in con-
struction to the large loops but consisted of 30 L reservoirs
and had only one short (3′′ or 7.6 cm) length of (1/4)′′

(0.63 cm) diameter copper tubing. Water was continuously
recirculated by submersible pumps (magnet-drive, centrifu-
gal; polypropylene and stainless steel construction) at a
velocity of approximately 5.0 ft/s (1.5 m/s). While the small-
diameter tubing used in these loops was about significantly
thinner than the Type M in the large loops (i.e., wall thickness
of about 0.013′′ or 0.033 cm versus 0.032′′ or 0.082 cm),
both were C12200 (phosphorous deoxidized) copper. And
all copper tubing was deburred, rinsed with deionized
water, allowed to dry, and weighed prior to assembling the
pipeloops.

3.3. Data and Analyses. Changes in electrochemistry and
chemistry were monitored in situ throughout testing, and
copper tubes were subject to forensic analyses at the conclu-
sion of the tests.

3.3.1. Corrosion Potential. Corrosion potential (Ecorr) was
measured once per water change cycle for the large-scale
tests, and two or three times per week for the small-scale tests.
Ecorr was measured against Ag-AgCl reference electrode using
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Table 4: Estimated pit initiation times and computed pit propagation rates based on Epit = 325 mV and Ee
pit = 260 mV (versus Ag-AgCl).

If Epit or Ee
pit was not observed during test, pit initiation time could not be estimated. Tests are grouped by respective adjustments to control

water quality and large-scale results are bolded.

Test number

Propagation rate (µm/day)

Initiation time (days) Maximum Average

Epit Ee
pit Epit Ee

pit Epit Ee
pit

Control

S1 10 10 11.7 11.7 3.9 3.9

L1 42 35 4.8 4.6 2.7 2.6

Chlorine

S2 — — — — — —

S3 — — — — — —

S4 141 97 8.0 3.8 3.3 1.7

S5 49 45 9.9 8.8 4.2 3.8

S6 14 14 16.4 16.4 3.1 3.1

L2 407 4.7 3.2 3.2 1.9 1.9

Phosphate

S7 28 25 16.4 14.2 3.7 3.5

S8 32 32 14.9 14.9 3.9 3.9

S9 — — — — — —

S10 — — — — — —

S11 — — — — — —

S12 — — — — — —

L3 77 77 2.8 2.8 1.7 1.7

L4 — — — — — —

Silica

S13 14 14 11.3 11.3 3.8 3.8

S14 16 16 18.2 18.2 2.6 2.6

S15 — — — — — —

S16 — — — — — —

L5 77 35 2.8 2.5 1.1 1.0

L6 — — — — — —

Organic matter

S17 21 21 16.7 16.7 3.0 3.0

S18 14 14 10.8 10.8 3.1 3.1

S19 48 44 3.1 2.8 1.9 1.7

S20 28 26 3.2 3.1 1.9 1.8

S21 20 20 8.7 8.7 4.5 4.5

L7 70 29 6.5 4.9 2.8 2.2

L8 217 71 3.3 2.1 1.9 1.2

Alkalinity

L9 35 15 5.8 5.1 3.1 2.8

L10 35 15 0.7 0.7 0.5 0.5

a Fluke 189 True RMS multimeter. In the convention utilized
for this work, positive (i.e., noble) Ecorr values indicate an
overall cathodic activity on the exposed copper.

3.3.2. Chlorine Demand. Since changes in chlorine concen-
tration should be directly linked to the cathodic reaction

rate (barring auto-decomposition or other minor reactions),
the rate of chlorine consumption in the pipe loops can be
correlated to the overall pitting rate [18]. A simple mass
balance can be used to determine the rate of chlorine decay
or, in tests where chlorine residual is maintained, the mass
addition rate of chlorine needed to maintain a target residual.
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Figure 2: Large and small pipe-loop apparatuses; flow direction is indicated by arrows.

The latter has been termed “chlorine demand” and shown
to be useful in monitoring copper pitting in high pH, low
alkalinity water [5].

In this work, chlorine demand (mg/week/cm2) was
determined for each test once per water change cycle, using
(1)

chlorine demand =
VB

(
CBi − CB f

)
+ VFCF + VSCS

t(A)
,

(1)

where t is elapsed time (weeks), A is copper surface area
exposed to water (cm2), VB is bulk water volume (L), CBi and
CB f are initial and final bulk chlorine concentrations (mg/L),
VF andCF are volume (L) and chlorine concentration (mg/L)
of feed solution automatically added, and VS and CS are
volume (L) and chlorine concentration (mg/L) of stock
solution manually added.

3.3.3. Forensic Analyses. Forensic examination of copper
tubes included quantitative characterization of pit depths
and growth rates, and qualitative characterization of corro-
sion scales. At the conclusion of tests, tubes were removed
from pipe loops and allowed to dry prior to being cut
lengthwise and cleaned. Corrosion scales were removed
chemically using household copper cleaner from tubes in
small-scale tests; scales were removed mechanically using a
Dremel tool with a fine-bristle steel brush in large-scale tests.
Neither method significantly removed metallic copper from
the tubes, which was confirmed by testing both cleaning
protocols on new, uncorroded copper samples. A digital,
fine-tipped Mitutoyo micrometer (0.001 mm resolution) was
used to measure tube-wall thicknesses as guided by ASTM
G46 [32].

Maximum and average overall pit growth rates (µm/day)
were computed to determine the rapidity at which pits
penetrated through copper in each test using (2) and (3),
respectively

Maximum pit growth rate = MPD
X

or
MPD
Y

, (2)

average overall pit growth rate = APD
Y

, (3)

where MPD and APD are the maximum and average pit
depths (µm) measured in a given test, X is the failure time
(days) (i.e., the time-to-first pinhole leak failure, if one
occurred), and Y is the total test duration (days). In tests
where at least one pinhole leak occurred, the fastest growing
pit could only grow through the copper from the start of the
test until the failure time, so the maximum pit growth rate
was calculated using X; in tests where a leak did not occur,
this pit was allowed to grow throughout the test, so the rate
was calculated using Y .

4. Results

Very large differences in time-to-failure (i.e., leak), trends
in Ecorr, chlorine demand, and other factors were observed
during the large- and small-scale loops under the various test
conditions (Table 3). Many tests (e.g., control) ended with
either fully penetrating pinhole leaks or very severe pitting,
but others (e.g., with high phosphate dosages) produced no
detectable pitting whatsoever (Figure 3). The sections that
follow describe trends in failure times, overall pit growth
rates, and Ecorr data, followed by presentation of pit initiation
and propagation results based on interpretation of Ecorr rise
data.

4.1. Failure Times and Overall Pit Growth Rates. The control
condition (no inhibitor) was amongst the fastest to produce
pinhole leaks; failure times for the large- and small-scale
control tests occurred at 207 and 38 days, respectively
(Table 3). Tests with reduced alkalinity, or dosing of low
levels of phosphate, silica, or NOM also produced pinholes,
generally within the same time frame as the control tests. In
contrast, tests with higher concentrations of inhibitors did
not produce leaks.

The time-to-failure was found to be inversely related
to free chlorine concentration in the small-scale tests with
residuals of 2 mg/L or higher, but neither pinhole failures nor
pitting occurred at lower residuals (i.e., 1 or 0.5 mg/L) within
the 140-day tests. This does not mean that chlorine levels of
1 mg/L or less should be considered “safe” under continuous
flow conditions; in fact, just 0.4 mg/L chlorine caused some
deep pits to form during a 490 day (1.3 year) large-scale test.
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34 (control)

0.05 1010.015
Silica (mg/L as Si)Phosphate (mg/L as P)

4 (control) 0.5 8 10 150
Free chlorine (mg/L as Cl2) Alkalinity (mg/L as CaCO3)

0.005A 0.05A 0.05B 0.05C

Organic matter
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Figure 3: Representative photographs of copper from selected tests following scale removal. Photos are grouped by respective adjustments
to control water quality (ANOM, Bozonated NOM, Csodium acetate/d-glucose), and arrows indicate some of the pinhole leaks that formed
during testing. All photos show copper from small-scale tests, except for those in the variable alkalinity group.

These results strongly suggest that, given long enough, even
low levels of chlorine can cause pitting.

On the basis of failure times, test durations, and final
pit depths, overall maximum and average pit growth rates
(Table 3) were found to increase with increasing chlorine,
and decrease with increasing phosphate, silica, NOM, or
alkalinity (e.g., Figure 4, top). At small-scale, the fastest
average growth rates occurred in the control and 0.05 mg/L
acetate and glucose tests, while the fastest maximum growth
rates (i.e., fastest failure time) occurred in the 8 mg/L
chlorine and 0.5 mg/L silica (as Si) tests. At large scale, the
fastest maximum and average rates occurred in the 10 mg/L
alkalinity (as CaCO3) test—and the next fastest were in
the control and 0.01 mg/L NOM (as TOC). At 150 mg/L
alkalinity, significant pitting did occur, although overall pit
growth rates were markedly reduced (e.g., the average growth
rate was only 20% of that in the control test). This is
consistent with hypotheses of Lytle and Schock [3] and
Cong et al. [4] regarding benefits of higher alkalinity.

At higher dosages (i.e., >0.025 mg/L at small-scale and
>0.1 mg/L at large scale), pitting was completely inhibited by
phosphate such that overall pit growth rates were negligible.
A similar case was observed for silica, which inhibited all
pitting in the small-scale tests with >0.5 mg/L (as Si) and
only allowed minor pitting in the large-scale test with 5 mg/L.
Although increasing NOM decreased pit growth rates, no

level of NOM was tested that completely inhibited pitting.
Furthermore, results clearly demonstrated that the type of
organic matter is critical to the efficacy of pitting inhibition.
As compared to the control (i.e., no organic matter added),
0.05 mg/L unozonated NOM in the small-scale test resulted
in more than 75% deceleration of the average pit growth rate,
whereas an equal dose of ozonated NOM only resulted in
about 60% deceleration; while an equal dose of the acetate
and glucose mixture did not decelerate the pitting rate at all.
Thus, the form of the organic matter (i.e., type of NOM)
present is a critical factor in natural inhibition of copper
pitting.

4.2. Ecorr Data. Generally speaking, the overall pit growth
rates correlated well with average system Ecorr (i.e., rest
potential of all copper surfaces exposed to test water
versus Ag-AgCl reference) (Figure 5) and chlorine demand
(Table 3), except for a few isolated cases. For example, the
high alkalinity condition consistently had high Ecorr but
produced relatively shallow pits within the test duration,
albeit at a very high density (see Figure 3). This might
indicate that although many pits were being initiated (as
suggested by the high Ecorr and confirmed by later visual
observation), pits did not propagate rapidly. It is speculated
that this might be due to formation of protective malachite
scales on the surface, higher pH in the pit due to buffering
capacity of bicarbonate, or other factors.
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Figure 4: Overall maximum pit growth rate (top) and estimated pit initiation time (bottom) versus tested constituent concentrations for
small- (a) and large-scale tests (b). Initiation times based on Epit = 325 mV (versus Ag-AgCl); values not determined in tests where Epit not
observed.

4.3. Pit Initiation and Propagation. In the preceding sections,
no attempt was made to distinguish between pit initiation
and propagation phases. However, it is likely that the rates
of pit initiation and propagation are a function of water

chemistry. Assuming the conventional electrochemical inter-
pretation is correct—that a critical potential must be reached
prior to the onset of copper pitting in aggressive waters
like those tested in this work—the time-to-pit initiation and
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Figure 6: Ecorr versus time for small-scale test with free chlorine
residual adjusted to 8 mg/L. Using Epit = 325 mV (versus Ag-AgCl),
the pit initiation time (14 days) and the relative times available for
maximum (20 days) and average (74 days) pit propagation were
estimated. In this test, using Ee

pit instead of Epit did not change
estimated initiation time and propagation rates since Ecorr rose
above both values between the measurements on days 11 and 14.

the duration of pit propagation during each experiment
can be estimated from simple plots of Ecorr versus time for
each test (e.g., Figure 6) It is recognized that there may
well be some incubation period between the time that Ecorr

rises above Epit and the time that pits are actually initiated.
However, because methods are not available to quantify
this time period, and because electrochemical measurements
were collected at regular intervals but not continuously, pit
initiation times determined in this work are estimations and
are only intended for use in comparing tested conditions to
one another.

To illustrate, the critical potentials for analyses in this
work were selected by interpolating results from recent works
by Cong et al. [4, 14]. In one study, CV was used to define Epit

at several pHs (i.e., from 7.4 to 11) in a similar water quality
to that used here (i.e., control water in this study without free
chlorine) [4]. By interpolating results from that study, Epit at
pH 9.2 is approximately 325 mV (versus Ag-AgCl). However,
in a later study, CMEAs were used to investigate pitting across
a similar pH range (i.e., from 7 to 10) in the same water
with free chlorine and aluminum solids, and results indicated
that pitting can actually occur at somewhat lower potentials
than the previously defined Epit values [14]. Consequently,
an effective Epit (termed Ee

pit herein) at pH 9.2 was found to
be about 260 mV (versus Ag-AgCl).

For each test in the current work that produced signifi-
cant pitting, Ecorr was indeed observed to rise to and, at least
temporarily, remain above these approximated Epit and Ee

pit
values. If the time of the first measurement at or above one
of these values is considered to be the pit initiation time,
maximum and average pit propagation rates (i.e., rate of pit
penetration through the copper tube wall) can be calculated
based on the time elapsed from initiation to either the time
of failure or end of a test, respectively. Both Epit and Ee

pit
were used to estimate pit initiation times and propagation
rates in this work, but since most tests that produced pitting
exhibited very rapid Ecorr rise (e.g., see Figure 6), results
based on Epit were generally similar to those based on Ee

pit
(Table 4). For simplicity, only the analyses based on Epit will
be discussed in detail from here.

4.3.1. Pit Initiation Times. Many conditions (e.g., 8 mg/L
chlorine at small scale) that appear to have initiated pits
quickly also tended to have rapid overall pit growth rates
(Figure 4) and failure times. In contrast, conditions that had
initially appeared to have relatively slow pit growth rates
(e.g., 0.4 mg/L chlorine) had long delays to pit initiation.

At the lowest chlorine levels in the small-scale tests (i.e.,
0.5 and 1 mg/L), and the highest dosages of phosphate (i.e.,
>0.25 mg/L) and silica (i.e., >2.5 mg/L) in both large and
small tests, Ecorr was never observed to reach or exceed the
critical 325 mV value, and pits were not observed on copper
from these conditions. The exception was some shallow pits
in the 5 mg/L silica test at large scale (i.e., <20% penetration
through the pipe wall after 490 days). The highest Ecorr

measured in that test was approximately 240 mV, which
is very close to the defined Ee

pit condition. The maximum
Ecorr measured in the 2.5 mg/L silica small-scale test (2-3
measurements per week) was about 245 mV, but no pits
formed in that condition.

Even small amounts of (unozonated) NOM appear to
have delayed pit initiation substantially. As compared to
the control condition, 0.1 mg/L NOM in the large-scale
test delayed the estimated time to pit initiation by a factor
of about four, and just 0.05 mg/L NOM in the small test
delayed the initiation time by a factor of five. However, an
equal dosage of ozonated NOM or the acetate and glucose
mixture delayed the initiation time by only a factor of 2-3,
respectively.

It was observed that Ecorr rise was generally more rapid,
and thus pits apparently initiated more quickly, in the small-
scale tests than in large scale for identical or similar water
quality conditions (e.g., 10 versus 42 days for control).
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This discrepancy is most likely related to differences in the
pipe loop apparatuses (e.g., exposed copper surface area to
bulk water volume ratio), operating conditions (e.g., flow
velocity), and/or water change schedules. It is noteworthy
that some test conditions that eventually caused pitting at
large-scale had small-scale analogues that were not observed
to produce pits. For instance, the large pipe loop with
0.4 mg/L free chlorine formed pits that penetrated nearly
20% of the tube wall and had an estimated pit initiation
time of over 400 days; whereas pitting did not occur in the
0.5 and 1 mg/L tests in the small loops, and Ecorr also did
not exceed Epit. It is possible that if these small-scale tests
been continued, pits might have eventually been initiated
and propagated, as Ecorr was indeed rising towards the end
of the 1 mg/L test duration and reached a maximum value of
248 mV just 20 days before the test concluded.

4.3.2. Pit Propagation Rates and Chlorine Demand. Pit prop-
agation rates and chlorine demand were also a strong func-
tion of tested water conditions (Figure 7). For tests with vari-
able alkalinity Figure 7(a) or with added silica Figure 7(b),
phosphate Figure 7(c) or organic matter Figure 7(d), average
chlorine demand was well correlated with computed average
pit propagation rates (i.e., the penetration rate of the average
pit from the estimated pit initiation time until the conclusion
of a test). However, this was not the case for tests with
variable free chlorine residuals Figure 7(a), probably due to
auto-decomposition kinetics of chlorine (i.e., the reaction is
nonzero order, so the rate of chlorine decay is dependent on
chlorine concentration).

Interestingly, although the concentration of chlorine
seems to have significantly influenced pit initiation time, it
does not appear to have greatly influenced pit propagation
rates. Of the small-scale tests with variable chlorine that
produced pitting (i.e., 2–8 mg/L chlorine tests), average pit
propagation rates only varied by about 25% (based on Epit

= 325 mV); at large-scale, the rate of the 0.4 mg/L chlorine
test was only about 30% lower than the control (4 mg/L chlo-
rine). Furthermore, the maximum pit propagation rates (i.e.,
the penetration rate of the fastest growing pit) also appear
to have been very similar, which is fascinating considering
the dramatically different pit initiation and failure times
between tests with varying chlorine levels. For instance, while
the time-to-failure for the 2 and 8 mg/L chlorine test was
separated by a factor of roughly 6 (i.e., 212 versus 34 days),
the calculated maximum pit propagation rate only differed
by a factor of 2 (i.e., 16.4 versus 8.0 µm/day). This finding
suggests that in premise plumbing systems where water flow
is not continuous and chlorine can decay rapidly during
stagnation, the critical factor in the time to pinhole leak failure
may be more dependent on the rate of pit initiation than on
the rate of propagation. Under less extreme conditions known
to reduce the rate of Ecorr rise (e.g., typical intermittent flow
experienced in premise plumbing systems) (e.g., [18]), the
relative importance of pit initiation is expected to become
even more critical. This might explain why, in some real
systems that have experienced outbreaks of pitting, much
higher incidence of pinholes have been reported near the

water treatment facility where levels of chlorine are much
higher [33].

At very low dosages of phosphate (i.e., 0.015 and
0.025 mg/L), silica (i.e., 0.5 mg/L), and NOM (i.e.,
0.005 mg/L), maximum pit propagation rates in the
small-scale tests were computed to be 27–56% higher than
in the control condition. This supports the hypothesis that
these constituents may function, at least in part, as anodic
pitting inhibitors, reducing the overall number of pits and
thus focusing the cathodic reaction on more rapid attack at
fewer anode sites. There were indeed proportionally fewer
deep pits (and more shallow pits) in these very low-dose
inhibitor tests than in the control, which exhibited more
uniform pit depths. To illustrate, only about 25–35% of
measured pits penetrated more than 80% of the pipe wall in
the very low-dose inhibitor tests, while 75% of the pits did
in the control test. At large scale, a similar observation was
also made between the 0.1 mg/L NOM and control tests.

At higher dosages of phosphate, silica, and NOM,
computed maximum and average pit propagation rates
were reduced significantly—if pits were formed at all.
Chlorine demand data indicates that at higher dosages,
these constituents provided cathodic inhibition of pitting
in addition to any anodic inhibition that occurred. Not
only was the average chlorine demand lower in the tests
with higher inhibitor dosages (Figure 7) but so was the
initial chlorine demand measured after just 72 hours (not
shown). This suggests that the inhibitors were directly
preventing the chlorine reduction (i.e., cathodic) reaction
over the duration of the tests. Mechanistically, phosphate,
silica and/or NOM inhibitors may form a protective film
or scale that hinders chlorine interaction with the copper
surface. Because each of these species is anionic at high
pH—as is hypochlorite (OCl−)—it is also possible that they
are sorbing to surfaces to create net anionic charge, which
effectively repels hypochlorite and reduces chlorine-copper
surface reactions.

Although ozonated NOM did not appear to delay pit
initiation to the same degree as un-ozonated NOM, its
effects on pit propagation rates were nearly identical to
those of unozonated NOM. Both reduced the average
propagation rate by about 50% (versus control). In contrast,
the acetate and glucose mixture did not reduce the average
pit propagation rate whatsoever. This suggests that certain
fractions of organic matter present in potable water may have
different dose-response behavior.

Increased alkalinity also appears to have reduced pit
propagation rates, which is consistent with the idea that pits
grew very slowly (or stopped growing soon after initiation)
in this test, despite probably being initiated at similar times
as in the control. The relatively low average chlorine demand
in this test (Figure 7) corresponds to a reduced rate of the
cathodic reaction, which in turn reduced the rate of pit
growth.

5. Discussion

5.1. Free Chlorine. In distribution systems with water char-
acterized by high pH and low alkalinity, decreasing free
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Figure 7: Chlorine demand (dark shading) and computed average pit propagation rates (light shading) based on Epit = 325 mV (versus Ag-
AgCl). No propagation rate is shown for tests in which Epit was not observed. Conditions are grouped by respective changes to the control
water quality (ANOM, Bozonated NOM, Csodium acetate/d-glucose), and the control tests are shown with hash marks in each grouping. S
and L indicate small- and large-scale tests, respectively.

chlorine residual across the system (e.g., reduced dosing at
the treatment facility perhaps with use of booster stations to
achieve adequate disinfection) would probably dramatically
reduce but not eliminate pitting attack. Based on results
of this work, a “safe” upper limit on free chlorine cannot
be defined with certainty, but if such a limit does exist, it
would clearly be less than 0.4 mg/L (Table 1). Since most
test work to date has been conducted at continuous flow
[3, 5, 16]—which markedly increases pitting [2] but is
only representative of specific sections of premise plumbing
systems (e.g., hot water recirculation lines)—more research
is needed to investigate dose-response effects of chlorine
at a less frequent flow typical of premise plumbing. It
is quite possible that somewhat higher chlorine residuals
under intermittent flow conditions would indeed not initiate

pitting for some period of time—perhaps the lifetime of
a copper plumbing system. It should be noted that, to
date, pitting has not been shown to initiate without free
chlorine in high pH, low alkalinity waters, and confirmation
experiments may not be possible given that much longer test
durations would be required than those presented here (i.e.,
decades versus 1.3 years).

The current findings are consistent with some prior
observations with respect to the effects of free chlorine
residual on copper pitting. Lytle and Schock demonstrated
that free chlorine residuals of just 0.3–0.8 mg/L could cause
some pits in high pH (i.e., ∼9) and low alkalinity (i.e.,
∼40–80 mg/L as CaCO3) waters in continuously recircu-
lating pipe loops at relatively low flow velocity (i.e., ∼
1.1 ft/s) over a 99-day experimental time [3]. These pits
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were relatively shallow compared to those produced in
the current work, with the maximum reported penetration
of 0.2 mm. Lytle and Nadagouda reported that an Ohio
community experiencing copper pitting problems in high
pH (i.e., ∼8.3) and low alkalinity (i.e., ∼40 mg/L) waters
had a free chlorine residual of only about 0.5 mg/L; the
water also had a natural silica concentration of about
∼4.7 mg/L (as Si) [16]. Interestingly, pitting was lim-
ited to cold water lines and measured free chlorine in
hot water lines was less than in cold (i.e., 0.3 versus
0.5 mg/L). Additionally, copper pinholes were reported to
occur roughly 4–6 years after plumbing installation. In
other instances, copper pinholes developed much faster
when free chlorine residuals were higher [1]. Overall, on
the basis of free chlorine residual, the above observations
are not inconsistent with the present findings that higher
chlorine can initiate pitting more quickly than lower chlo-
rine.

Using CMEAs in relatively short-term experiments, Cong
and Scully determined that chlorine levels as low as 1 mg/L
could cause copper pitting (as indicated electrochemically)
in a similar water quality as that used in the present
work (i.e., control water with aluminum solids added); at
lower pH, more chlorine was required to induce pitting
[21]. They also showed that pitting severity (based on
a computed “pitting factor” and maximum total anodic
charge) increased with chlorine concentration, which may
have been partially related to the short duration of the
experiments (6 days) or the near stagnant conditions (i.e.,
chlorine levels depleted more rapidly at copper surface for
low chlorine residual tests). The authors acknowledged that
differing flow conditions and exposure times might alter
their predictions. Thus, at higher flow and with longer
exposure time, the level of chlorine needed to induce
pitting in the CMEA experiment may be much lower.
The impacts of exposure time illustrated in the present
work are certainly consistent with this hypothesis, and
the tendency of increased flow velocity and frequency to
increase pitting propensity have been reported elsewhere
[2, 7, 18].

5.2. Alkalinity. Unlike free chlorine, the primary effect
of alkalinity appeared to be on pit propagation rates.
Large increases in alkalinity (i.e., 150 versus 34 mg/L as
CaCO3 in the control) slowed pit propagation—consistent
with qualitative observations of Lytle and Schock [3]—but
severe pitting occurred during the 490-day test duration
nonetheless; lower alkalinity (i.e., 10 mg/L versus the control)
accelerated pit propagation. Alkalinity seems to have had no
significant influence on pit initiation time, so it is likely that
pits would form in high pH, higher alkalinity waters (i.e.,
similar to the high alkalinity condition presented here) even
at relatively low chlorine residuals. However, further research
is warranted to elucidate the competing effects of chlorine
and alkalinity over a range of pH values. It is possible that
some combinations of these constituents exist that will allow
pits to develop, but not grow at any appreciable rate as to
cause pinhole leaks.

5.3. Phosphate and Silica. Overall, for pitting caused by
high pH, free chlorine, and low alkalinity, phosphate or
silica inhibitor dosing was confirmed to be a relatively
effective mitigation strategy, as has been reported elsewhere
[3, 5–7]. At sufficient dosages, these constituents might
completely inhibit pitting by hindering the cathodic reaction
(i.e., chlorine reduction) and preventing initiation of pits.
If pits do initiate (or initiated prior to inhibitor dosing),
phosphate or silica may reduce pit propagation rates or
perhaps stop propagation entirely. However, it is difficult
to precisely predict what the threshold dosages may be,
due to discrepancies between small- and large-scale tests.
For example, just 0.1 mg/L phosphate was sufficient to
completely inhibit pitting in the small pipe loop (86 day
test), but pits and ultimately pinholes eventually developed
in the large loop with the same phosphate dose (490 day
test).

In the case of silica, there does seem to be a minimum
dosage that had virtually no effect on pitting (i.e., 0.1 mg/L
as Si in the current work). Practically, this could also
be the case for phosphate, and may explain why, despite
naturally occurring levels of these constituents or very low
doses used as inhibitors at some utilities, consumers in
such systems experience copper pitting incidents. This was
clearly the case for an Ohio community investigated by
Lytle and Nadagouda, which experienced copper pitting
problems despite a natural silica level in water of about
4.7 mg/L (as Si) [16]. Another example is a Maryland
distribution system that has been plagued by copper pin-
holes, attributed to high pH, free chlorine, and aluminum
solids and which also has a natural silica level of about 3–
3.5 mg/L (as Si) [34]. Alternatively, mechanisms initiating
and propagating pitting during typical intermittent flow
events could differ somewhat from results obtained during
continuous flow testing. For example, prior work under
conditions more representative of flow in premise plumbing
suggested that aluminum solids would markedly increase
pitting [2, 18], but later work that has been conducted
under continuous flow has indicated the aluminum solids
are not necessary and may even have an inhibiting effect
[3, 8, 35].

5.4. Field Confirmation. The authors were involved in a
full-scale case study in the Maryland distribution system
mentioned above. This system began experiencing signif-
icantly increased volumes of pinhole leak reports in the
late 1990s (Figure 8), which prompted several studies into
the extent and cause of the leak problem (e.g., see [1,
3]). Following some successful water quality modifications
including a slight reduction in finished pH and aluminum
concentration, phosphate corrosion inhibitors were intro-
duced to the treatment process in late 2003, and dramatic
overall reductions in pinhole failures were realized (based on
customer reports) [29, 36]. The authors also implemented
phosphate dosing in two Tennessee distribution systems,
where copper pinholes were believed to be caused by high
pH and high free chlorine residual. Introduction of ortho-
or ortho/polyphosphate blends (in combination with pH
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Figure 8: Cumulative volume of reported pinhole leaks to a utility
between 2000–2011. Following introduction of phosphate at the
water treatment facility, leak reports quickly declined.

reduction) also seemed to quickly reduce pitting problems
[37]. Additionally, Lytle and Nadagouda reported that, in
comparison to the Ohio community mentioned above that
was experiencing pinhole failures and had no detectable
phosphate in the water, a neighboring community with very
similar water quality (i.e., pH, chlorine, alkalinity) except
for the presence of phosphate (i.e., about 0.4 mg/L as P
from poly-phosphate dosing) did not generally have pinhole
leaks [16]. Each of these cases provides practical evidence
that supports an important role of phosphate as a pitting
corrosion inhibitor.

On the other hand, phosphate (and likely silica) may not
yield benefits in all cases, especially when pitting is caused by
factors other than chlorinated, high pH, and low alkalinity
water. For example, a Florida utility attempted to mitigate
a pinhole leak outbreak by dosing ortho- and then poly-
phosphate inhibitors, but little if any reduction in leaks was
observed as a result [38]. In fact, during the year after the
phosphate-dosing program was initiated, some anecdotal
evidence suggests that pitting problems may have actually
intensified based on significantly increased replumbing sales
attributed to pinhole leaks [24]. The applied phosphate dose
used was also relatively low at 0.1–0.3 mg/L as P. The failure
of phosphate to alleviate pitting in this case may be due
to the fact that a different mechanism of pitting may be
occurring in this water (e.g., sulfate-reducing bacteria or
SRB) [1], underdosing of the inhibitor, or other reasons not
yet understood. The takeaway point is that phosphate is not
a cure for all copper pitting problems.

Utilities should also remain mindful of the possibility
of an “optimally adverse” dose of phosphate silica, or other
additives conventionally categorized as anodic inhibitors. As
illustrated by work presented here, it does appear that at very
low concentrations these inhibitors may indeed accelerate
the time-to-pinhole leak failure, even as they reduce the
overall number of pits on a copper surface. Further research
is certainly needed to determine what threshold values might
be applicable in real potable water systems and at other

pHs, but it is possible that the most dangerous dosages are
within the natural ranges for some constituents, particularly
phosphate.

5.5. Natural Organic Matter. It has previously been suggested
that recent trends in NOM removal from potable water
may render some waters susceptible to copper pitting [10].
The current work does confirm that NOM may well reduce
pitting, at least to some extent, in high pH waters with
free chlorine. Results of the current work showed that even
very low levels of NOM (i.e., 0.05–0.1 mg/L as TOC) could
significantly delay pit growth—presumably by delaying
the time-to-pit initiation and decelerating pit propagation.
Ultralow levels (i.e., 0.005–0.01 mg/L) appeared to actually
make pitting worse (in terms of maximum pit propagation
rate), indicating that an optimally adverse level of NOM may
exist.

It appears that ozonation of NOM, as is commonly
practiced in water treatment, reduces the capability of the
resultant organics to delay pit initiation. And short-chained,
simple organics (i.e., as represented by acetate and glucose
herein) seem to be even less effective. Practically, this may
explain why certain waters with relatively higher total organic
carbon concentrations in the form of low molecular weight
organics (i.e., and proportionally lesser humic content)
might still be very susceptible to copper pitting corrosion.
The variability in behavior between different types of organic
carbon also highlights a long-acknowledged challenge in
determining threshold levels of TOC that are needed to
inhibit pitting in specific waters [9, 10]. While the NOM
used in the present work may be representative of that
which occurs in some waters, further work is needed
to verify that even all humic-dominated NOMs behave
similarly. Moreover, a corrosion control strategy based on
maintaining higher NOM concentrations in finished waters
with free chlorine residual is not advisable at this point,
due to increased potential for disinfection by-product (DBP)
formation.

6. Conclusions

Pitting corrosion can lead to rapid failure of copper plumb-
ing tubes, and one proven cause is aggressive potable water,
characterized by high pH, low alkalinity, and free chlorine
residual. Potential mitigation strategies were investigated in
this work, and results indicated the following.

(i) Reducing free chlorine residual reduces the rate
and extent of pit initiation, but under continuous
flow conditions, pits can eventually form in the
presence of fairly low chlorine levels (e.g., 0.4 mg/L).
Furthermore, once pits have initiated, they may
propagate at relatively similar rates over a range of
chlorine levels.

(ii) Increasing alkalinity may decelerate the rate of pit
propagation; however, even very high alkalinity may
not completely inhibit pitting in chlorinated, high pH
waters.
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(iii) Addition of sufficient phosphate or silica concen-
trations may completely inhibit pitting in aggres-
sive waters by hindering pit initiation; at moderate
concentrations, pit propagation may be slowed even
if pits are initiated. But, at very low levels, these
constituents can exacerbate pitting. Critical threshold
levels have not been defined and probably depend
upon specific system conditions (e.g., flow velocity
and frequency, water quality).

(iv) Relatively low concentrations of NOM (as TOC)
can significantly slow both pit initiation and pit
propagation, but a threshold value to completely
inhibit pitting has not been elucidated. Altered NOM
and other types of organics may have varying effects
on pitting.

(v) Given the experimental results and field data pre-
sented here, phosphate inhibition is a viable strategy
for controlling copper pitting in chlorinated, high
pH, and low alkalinity waters.
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