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NATURE OF DISCHARGE REPORT

1.0 INTRODUCTION

The National Defense Authorization Act of 1996 amended Section 312 of the Federal
Water Pollution Control Act (also known as the Clean Water Act (CWA)) to require that the
Secretary of Defense and the Administrator of the Environmental Protection Agency (EPA)
develop uniform national discharge standards (UNDS) for vessels of the Armed Forces for
“...discharges, other than sewage, incidental to normal operation of a vessel of the Armed Forces,
...” [Section 312(n)(1)].  UNDS is being developed in three phases.  The first phase (which this
report supports), will determine which discharges will be required to be controlled by marine
pollution control devices (MPCDs)—either equipment or management practices.  The second
phase will develop MPCD performance standards.  The final phase will determine the design,
construction, installation, and use of MPCDs.

A nature of discharge (NOD) report has been prepared for each of the discharges that has
been identified as a candidate for regulation under UNDS.  The NOD reports were developed
based on information obtained from the technical community within the Navy and other branches
of the Armed Forces with vessels potentially subject to UNDS, from information available in
existing technical reports and documentation, and, when required, from data obtained from
discharge samples that were collected under the UNDS program.

The purpose of the NOD report is to describe the discharge in detail, including the system
that produces the discharge, the equipment involved, the constituents released to the environment,
and the current practice, if any, to prevent or minimize environmental effects.  Where existing
process information is insufficient to characterize the discharge, the NOD report provides the
results of additional sampling or other data gathered on the discharge.  Based on the above
information, the NOD report describes how the estimated constituent concentrations and mass
loading to the environment were determined.  Finally, the NOD report assesses the potential for
environmental effect.  The NOD report contains sections on:  Discharge Description, Discharge
Characteristics, Nature of Discharge Analysis, Conclusions, and Data Sources and References.
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2.0 DISCHARGE DESCRIPTION

This section describes the discharge associated with cathodic protection and includes
information on:  the equipment that is used and its operation (Section 2.1), general description of
the constituents of the discharge (Section 2.2), and the vessels that produce this discharge
(Section 2.3).

2.1 Equipment Description and Operation

Nearly all vessels use some form of cathodic protection to prevent metal hulls and
underwater structures from corroding.  The Armed Forces (Navy, Air Force, Army, Military
Sealift Command (MSC)) and the U.S. Coast Guard (USCG) use cathodic protection, in
conjunction with corrosion-resistant coatings, to protect their vessels.  This combination provides
an optimal corrosion control system which utilizes the advantages of each individual system.
While coatings are the primary means of controlling corrosion, nearly all coatings have some
defects (whether from wear or damage) and some components are uncoated by design (e.g.,
propellers).  Cathodic protection could, in theory, be used alone to protect a hull and other
external underwater structures, but the number of anodes for sacrificial-anode-based systems or
power requirements for Impressed Current Cathodic Protection (ICCP)-based systems would
increase greatly.  When used in conjunction with coatings, cathodic protection reduces the effects
of wear and failure of the paint systems and reduces the associated required repairs and
maintenance.  Without cathodic protection systems, vessels would be subject to severe corrosion
(i.e., dissolution and discharge of hull material) of the underwater hull and appendages resulting in
either increased underwater repairs and maintenance or more frequent dry-docking of the vessels
for renewal of underwater hull paint systems.

The two types of cathodic protection used by the Armed Forces -- sacrificial anodes and
ICCP systems -- are illustrated schematically in Figure 1.  Small boats and craft which have wood,
aluminum, fiberglass or rubber (inflatable) hulls do not require cathodic protection to protect
these materials from corrosion (but may have small anodes located near the propellers for their
protection).  Also, many of the small boats and craft with steel hulls that utilize sacrificial anodes
are stored out of the water on trailers or blocks.

2.1.1 Sacrificial Anodes

When sacrificial anodes are used, the anodes are physically connected (e.g., by bolts or
welding) to ship components and structures.  As shown in Figure 2, an electrochemical cell is
formed between the anode and the cathode (the structure to which the anode is connected)
through the surrounding electrolyte (usually seawater).  The anode is preferentially corroded or
“sacrificed”, producing a flow of electrons to the cathode which results in a reduction or
elimination of corrosion at the cathode.  Large ships with mandatory dry-dock inspection and
overhaul intervals of less than three years, as well as the most boats and small craft, use sacrificial
anodes to protect the underwater hull.  The numbers and sizes of the anodes are determined by
the wetted surface area of the hull, the planned replacement cycle of the anodes, and the corrosion
history of the vessel.
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Sacrificial anodes continually corrode when immersed and require routine replacement to
maintain sufficient mass and surface area for adequate cathodic protection.  On average, zinc
anodes are estimated to be completely consumed every six years.1,2,3,4  The consumption rate
depends on the service environment, the condition of the hull coating, and the location of the
anode on the hull.

Zinc anodes are used almost exclusively by DoD and USCG vessels for sacrificial cathodic
protection of hulls,5  with aluminum anode usage limited to a few (less than 5) Navy submarines.
Naval Sea Systems Command (NAVSEA) continues to evaluate aluminum anodes for use on
other Navy ships and their use requires prior NAVSEA authorization and design review.5   

Aluminum anodes have 3.4 times the current capacityi of zinc anodes due primarily to
differences in valence (3 for aluminum vice 2 for zinc) and density.5  The lower density of
aluminum anodes also results in aluminum anodes occupying more volume than zinc anodes of the
same weight.  Development of the military specification6 for aluminum anodes has only recently
been completed although commercial aluminum anodes have been available for many years.
Aluminum anodes are not as readily available as zinc anodes and are more prone to passivate
(become inactive) than zinc anodes, but may be considered for use where the benefits of increased
current capacity and reduced weight offset the disadvantages of increased volume.

Sacrificial anodes used to prevent corrosion of heat exchangers, condensers, evaporators,
sewage collection, holding and transfer tanks, ballast tanks, bilges, sea chests, sonar domes, or
other non-hull areas or components are not addressed in this NOD report, but in NOD reports
describing these discharges (e.g. Seawater Cooling Discharge and Clean Ballast).

2.1.2 ICCP Systems

The Armed Forces also use ICCP systems (see Figure 3) to protect hulls in lieu of
sacrificial anodes.  ICCP systems are employed when the wetted surface of the hull and other
underwater components requiring cathodic protection is large or a controllable system is
required.5  ICCP systems protect against corrosion using direct current (DC) from a source within
the ship in lieu of current provided by a sacrificial anode.  Except for the source of current, the
mechanism of protection is identical for sacrificial anode cathodic protection and ICCP (see
Figure 1).  The current is passed through platinum-plated tantalum anodes designed for a 20-year
service life.  A silver/silver chloride (Ag/AgCl) reference electrode (control reference cell)
measures the electrical potential of the hull and is used to determine how much current is required
from the ICCP system to provide adequate cathodic protection.

                                                       
i Current capacity, a sacrificial anode material property, is the total current available per unit mass over the life of
the anode, commonly expressed as (amp-hr/kg) or (amp-yr/lb).  The current capacity for zinc and aluminum
anodes is 812 amp-hr/kg and 2759 amp-hr/kg, respectively. Current capacity should not be confused with the
maximum output current of an anode, which is a function of the anode material, anode surface area, system
resistance, and driving potential.  For most common types of zinc anodes used on underwater hulls, the maximum
output current is approximately 0.4 amps per anode.5
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2.2 Releases to the Environment

2.2.1 Sacrificial Anodes

As the zinc or aluminum anode is consumed (oxidized), ionized zinc or aluminum is
released into the receiving waters.  Water at the cathode (such as the steel hull) is reduced
forming hydroxyl (OH-) ions which combine with the zinc or aluminum ions to form zinc or
aluminum hydroxide if excess oxygen is present.  Another possible reaction produces hydrogen at
the cathode, especially in deaerated seawater.

In addition, oxidants (primarily chlorine and bromine) could also be produced in secondary
reactions because of the electrical potential of the anode.  Precise reactions and probabilities will
vary with conditions in the seawater environment.  However, the relatively low electrical potential
of the sacrificial anode (-1.05 volts average) compared with ICCP systems    (-15 volts Ag/AgCl
reference electrode) will result in less oxidant being formed.  Those oxidants which are formed
will rapidly react with the surface of the sacrificial anode to form zinc or aluminum chloride, or
react with oxidant-demanding substances in the water.  Due to the relatively low electrical
potential of sacrificial anodes and the rapid reactive nature of the anode surface, the possible
generation of oxidants by sacrificial anodes will not be considered further.

2.2.2 ICCP Systems

ICCP systems operate at higher electrical potentials than sacrificial anodes and
consequently can generate more oxidants.  Precise primary and secondary reactions of oxidants
will vary with seawater conditions such as salinity, temperature, ammonia content, pH, etc., but
will primarily consist of various chlorinated and brominated substances.  These substances
include:  hypochlorous and hypobromous acids, hypochlorite and hypobromite, chloro- and
bromo-organics, chloride, bromide, chloramines, and bromamines.  These substances are
commonly called Chlorine-Produced Oxidants (CPO) when associated with brackish or seawater.7

The general reactions related to CPO are initiated when chlorine (Cl2) is generated by the
reduction of chloride ions (Cl-) in seawater.  The chlorine reacts to form hypochlorous acid
(HOCl) and the hypochlorite ion (OCl-) in the water.  These two compounds, along with the
chlorine, are referred to as free chlorine.  Free chlorine undergoes four important types of
reactions in natural waters: (1) oxidation of reduced substances and subsequent conversion to
chloride; (2) reaction with ammonia and organic amines to form chloramines, collectively called
combined chlorine; (3) reaction with bromide to form hypobromous acid (HOBr) and
hypobromite (OBr-), called free bromine; and (4) reaction with organics to form chloro-organics.
Free bromine reacts in a manner similar to free chlorine, oxidizing reduced substances or forming
bromamines (combined bromine) or bromo-organics.  Most common analytical methods for
quantifying CPO measure the sum of all free and combined chlorine and bromine in solution, but
do not measure the chloro- and bromo-organics.
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2.3 Vessels Producing the Discharge

Table 1 shows the vessels that produce this discharge.1,8,9,10  The table identifies whether
vessels use sacrificial anodes or ICCP systems.  Boats and craft of the Navy, Naval Auxiliary,
USCG, MSC, Army, and Air Force use sacrificial anodes for cathodic protection.  Of the
approximately 5000 miscellaneous small boats and craft listed in Table 1, approximately 30% are
expected to have steel hulls and therefore cathodic protection.  The remaining 70% are assumed
to have hulls constructed of fiberglass, wood, aluminum, or other non-ferrous materials which do
not require cathodic protection.

3.0 DISCHARGE CHARACTERISTICS

This section contains qualitative and quantitative information that characterizes the
discharge.  Section 3.1 describes where the discharge occurs with respect to harbors and near-
shore areas, Section 3.2 describes the rate of the discharge, Section 3.3 lists the constituents in the
discharge, and Section 3.4 gives the concentrations of the constituents in the discharge.

3.1 Locality

Discharge from cathodic protection systems associated with a vessel’s hull occurs
continuously whenever the vessel is waterborne.  This discharge occurs both within and beyond
12 nautical miles (n.m.).

3.2 Rate

3.2.1 Sacrificial Anodes

The discharge from sacrificial anodes is characterized by a mass flux instead of a
volumetric flow rate because the “constituents” enter the receiving water directly (via corrosion
and dissolution).  The following factors were used to calculate the average mass flux (also called
corrosion/dissolution) of sacrificial anodes while pierside and underway:

1. Based on underwater hull inspections and maintenance records one-half of an
anode is consumed after three years.4

2. The corrosion/dissolution rate while underway is approximately three- to five-
times the pierside rate based on field studies.3,11  A factor of four is used for
calculations.  Probable explanations for this phenomenon are: (1) the fully aerated
seawater produced by a moving hull increases reaction rates; and (2) more
corrosion products and other deposits and surface films are removed due to the
erosion forces of the seawater.

3. Based on the actual vessel movement data available, the average Navy vessel
spends approximately 176 days in port (pierside) and transits to or from port
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(underway) approximately 11 times each year.12  The average MSC vessel spends
approximately 94 days in port and performs approximately six transits.  Vessel
movement estimates for the Air Force, Army, and USCG vessels were made based
on operational knowledge (see Table 2).  The vessel movement data for the Navy
was used in dissolution calculations since it results in the highest period of time
that vessels are in port.

Using the above factors, the corrosion/dissolution rates were calculated for zinc anodes as
shown in Calculation Sheet 1.  At pierside, the rate was calculated to be 7.4 x 10-6 (lb zinc/lb
anode)/hr, and underway, it was 3.0 x 10-5 (lb zinc/lb anode)/hr.  These rates can also be
expressed as a function of wetted hull area using a conversion factor based on information
presented in Table 2 which lists the vessels incorporating sacrificial anode cathodic protection.
This relationship is stated as follows:

Average density of zinc anodes = (total amount of anodes) / (total wetted surface area)

  = (1,860,000 lb) / (10,826,000 ft2) = 0.17 lb/ft2

This results in average pierside and underway zinc generation rates of 1.3 x 10-6 and 5.1 x
10-6 (lb zinc/square foot of underwater surface area)/hr.

Shipboard experience with aluminum anodes is limited, but as with zinc anodes the
corrosion/dissolution rate of the anode is primarily determined by factors such as the area of bare
metal requiring protection.  Rates for aluminum anodes can therefore be calculated based on
process knowledge and the previously calculated generation rates for zinc anodes.  Using the ratio
of current capacity of aluminum to zinc anodes,

Current capacity ratio = (aluminum anode current capacity) / (zinc anode current capacity)

= (2759 amp-hr/kg) / (812 amp-hr/kg)  =  3.4

generation rates for aluminum anodes are 2.2 x 10-6 (lb aluminum/lb anode)/hr pierside, and 8.8 x
10-6 (lb aluminum/lb anode)/hr underway.

3.2.2 ICCP Systems

Oxidant discharges from operating ICCP systems are also characterized by mass flux
instead of flow rate because the constituents are created from the surrounding water due to
electrolysis.  Precise reactions and probabilities depend on a variety of conditions as described in
Section 2.2.2.

In order to estimate the rate that CPOs are formed from ICCP systems, a sample of ICCP
system logs was reviewed and the average current output for Navy vessels in port was found to
be approximately 35 amperes (amps).13  Using the assumption that 100% of ICCP system current
goes into producing chlorine, an hourly pierside chlorine generation rate of 46.3 grams (g) per
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vessel was calculated using Faraday’s Law:

(35 amps) (1 coulomb/amp-sec) (3,600 sec/hr) (35.45 g chlorine/mole) (mole/96,484 coulomb)

= 46.3 g chlorine/hr

Since ICCP systems are designed (i.e., anode design and system operating voltage) to
maximize cathodic protection provided to the hull, and generation of chlorine or CPO is a
secondary reaction, actual CPO generation rates are expected to be significantly lower.

ICCP anode deterioration rates have been measured at 4.4 to 6.1 milligrams/ampere per
year by the manufacturer.14  For a vessel operating an ICCP system at 35 amps in port for 176
days per year, the resulting dissolution rate of platinum using 6.1 milligrams/ampere per year is:

(6.1 mg/amp-year) (35 amps)   =   214 mg/year

3.3 Constituents

3.3.1 Sacrificial Anodes

Zinc anodes contain small amounts of cadmium and aluminum (for activation).15  Because
the anodes are approximately 99.3% zinc, the contribution of other constituents to the discharge
is negligible.  Table 3a lists the chemical composition of zinc anodes according to military
specifications.15  Zinc and cadmium  are priority pollutants.  None of the materials in zinc anodes
are bioaccumulators.

Aluminum anodes contain small amounts of zinc, silicon, and indium (for activation).6

Because the anodes are approximately 99.5% aluminum and zinc, the contribution of other
constituents to the discharge is negligible.  Table 3b lists the chemical composition of aluminum
anodes according to military specifications.6  Zinc is a  priority pollutant in aluminum anodes.
Aluminum anodes could possibly contain up to 0.001% mercury as an impurity; mercury is a
known bioaccumulator.

3.3.2 ICCP Systems

The deterioration of ICCP anodes (see Section 3.2.2) produces 214 mg/yr per ship of
platinum.  ICCP systems also produce by-products (oxidants) when they operate.  In addition to
the reduction reactions at the hull, ICCP systems can also produce chlorine, bromine and other
oxidants (CPO) through secondary reactions at the anode because of the electrical potential
(voltage) of the anode (see Section 2.2).  These constituents are the primary concern for the ICCP
portion of this discharge.  Chlorine or CPOs are neither priority pollutants nor bioaccumulators,
though EPA has developed water quality criteria for chlorine/CPO.
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3.4 Concentrations

The discharge due to cathodic protection is a mass flux rather than a flow.  The resultant
concentration of constituents in the environment are discussed in Section 4.2.

 4.0 NATURE OF DISCHARGE ANALYSIS
 
 Based on the discharge characteristics presented in Section 3.0, the nature of the discharge
and its potential impact on the environment can be evaluated.  The estimated mass loadings are
presented in Section 4.1.  In Section 4.2, the concentrations of discharge constituents after release
to the environment are estimated and compared with the water quality criteria. In Section 4.3, the
potential for the transfer of non-indigenous species is discussed.
 
 4.1 Mass Loadings
 
 4.1.1 Sacrificial Anodes
 

The number of sacrificial anodes installed on a vessel is related to the area of wetted
surface needing protection and the area that is available for placing the anodes.  The discharge
from sacrificial anodes is therefore proportional to vessel size (except for submarines because the
anodes only protect the propeller and stern appendages and not the hull).  The amount of anodes
installed is based on:

1. One 23-pound zinc anode per 115 ft2 of total wetted area for large vessels (with
more than 3,000 ft2 of wetted area).3,5

2. One 23-pound anode per 400 ft2 of total wetted area for smaller vessels, boats, and
craft.3

3. 2,024 pounds (88 anodes) of zinc anodes per submarine.3

Using the large vessel criteria for all vessels with over 3,000 ft2 of wetted surface is a
conservative assumption because this criteria was written for large, high value vessels that have
long periods between drydockings (and thus, less opportunity for anode replacement).  Vessels
with wetted surface areas between 3,000 ft2 and 10,000 ft2 are drydocked more frequently,
increasing the opportunity for repainting and anode replacement, and therefore could use fewer
zinc anodes than the large vessel criteria.  If the actual wetted surface area of a vessel was
unavailable, it was approximated using a formula in the Naval Ships’ Technical Manual (NSTM),
Chapter 633:5
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S = 1.7 (l) (d) + (V) / (d)

where  S = wetted surface area of the hull and appendages, in square feet
  l = length between perpendiculars, in feet
 d = molded mean draft at full displacement, in feet
V = molded volume of displacement in cubic feet

Where available, data on actual vessel movements were used to determine the number of
days in port and number of transits for Navy, MSC, USCG, and Army vessels.  Where actual
vessel movement data were not available, movement data for vessels with similar missions were
used.  The time assumed in port for each class of vessel is shown in Table 2 and Table 4.  Using
these data, the numbers of anodes installed on vessels, and anode corrosion/dissolution rates, the
mass flow rate of this discharge was calculated.

 
 For the 89 submarines in the Navy fleet that use sacrificial anodes, the total estimated
annual loading of zinc within 12 n.m. is 6,360 pounds.  This estimate assumed that zinc anodes on
submarines are only required to protect propellers and stern appendages.  A Los Angeles Class
submarine has eighty eight 23-pound zinc anodes (2,024 pounds total) to protect these
structures.3  All other submarine classes were also assumed to have 88 anodes.
 
 For surface vessels, an estimated 113,201 pounds of zinc is discharged annually within 12
n.m.  The wetted surface areas and total amount of anodes used to calculate the zinc discharged
by vessels within 12 n.m. are presented in Table 2.  The estimated mass loading was based on
1,805 surface vessels with a total underwater hull area of approximately 11 million square feet.
 
 Mass loading for the approximately 5,000 small boats and craft of the Armed Forces was
estimated by making the following assumptions:
 

1. 30% have steel hulls, and therefore sacrificial anodes (the remaining have wood,
fiberglass, or aluminum hulls which do not require cathodic protection);

2. The average wetted surface area is 1,000 ft2 (the approximate wetted surface area
of a 65 ft tug boat), which is protected by approximately 58 pounds of zinc anodes
(23 pounds per 400 square feet);

3. Each vessel spends 100% of the time in the water (a conservative estimate since
many spend considerable time out of the water on trailers or blocks);

 
 The resulting zinc discharged was then calculated using the static dissolution rate.
 

 (5,000 vessels) (30%) (58 lb anodes/vessel) (100%) (7.4 x 10-6 lb zinc/lb anode/hr) (365 days/yr)
(24 hr/day)  =   5,640 lb zinc/yr
 
 Based on conservative assumptions, this calculation presents the maximum magnitude of
the discharge from small boats and craft, which represents approximately only 5% of the
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previously estimated total annual discharge of 119,561 pounds of zinc (surface ships and
submarines combined) for a maximum combined total of 125,201 pounds of zinc per year.
 
 Aluminum anodes are currently used on no more than 5 submarines.16  Using the
information in Table 4, each submarine with zinc anodes discharges approximately 71.5 pounds
zinc/year within 12 n.m.  This zinc loading was scaled for aluminum anodes using the current
capacity ratio derived in Section 3.2.1 and the maximum number of vessels with aluminum
anodes, resulting in a total fleetwide annual consumption (discharge) of 105 pounds of aluminum
anodes as shown below.
 

(71.5 lb zinc anode/submarine) / (3.4) = 21.0 lb aluminum anode/submarine
(21.0 lb aluminum anode/submarine) (5 submarines) = 105 lb aluminum,  fleetwide

Based on the composition of aluminum anodes, this discharge is comprised of 100 pounds
aluminum, and 5 pounds zinc.  The maximum potential loading of mercury from aluminum anodes
was estimated to be 0.001 pound fleetwide, assuming that all aluminum anodes contain the
highest allowable amount of mercury.
 
 4.1.2 ICCP Systems
 

The mass loading due to deterioration of ICCP anodes was calculated using the previously
discussed anode deterioration rate and the number of vessels with ICCP systems.  For the 267
vessels with ICCP systems, this results in a total fleet-wide platinum loading of:

(214 mg/yr) (273 vessels) = 57,138 mg/yr = 57 g/yr ≅ 2 ounces/yr
 
 Annual CPO loadings were calculated using the estimated CPO generation rate of 46.3
g/hr per vessel (see Section 3.2).  This rate was applied to the 273 vessels with ICCP systems (see
Table 1) and time spent in port for each class to calculate the mass loadings presented in Table 5.
The estimated annual loading of CPO based on the 273 vessels with ICCP systems is 98,000
pounds.
 
 4.2 Environmental Concentrations

Two approaches were used to estimate the concentration of zinc and CPO in receiving
waters from cathodic protection systems.  The first uses a simplified dilution model, based on tidal
flow in three major Armed Forces ports and is hereafter referred to as the “tidal prism” approach.
The second approach was based on a mixing zone proximate to the hull of a typical Navy vessel.
Each approach used the hourly zinc corrosion/dissolution rates and CPO production rate
developed in Section 3.2 (i.e., for zinc: a pierside rate of 1.3 x 10-6 (lb zinc/ft2)/hr and an
underway rate of 5.1 x 10-6 (lb zinc/ft2)/hr, and for CPO: 46.3 (g/vessel)/hr).

Tidal Prism.  The tidal prism approach uses the mass of the constituent generated by
vessels and mixes this mass with a volume of water.  The mass is calculated by determining the
number of vessels in a particular homeport, the type of cathodic protection system utilized, and
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the number of hours each vessel spends in port (both pierside and in transit) along with the
aforementioned zinc and CPO generation rates.  Together, these factors are used to calculate an
annual loading to the harbor.  The water volume used is the sum of all outgoing tides over a year
times the surface area of the harbor.  The sum of outgoing tides is called the “annual tidal
excursion” which is defined as the difference between mean high water and mean low water over
the course of a year.  Annual tidal excursion data is readily available from the National
Oceanographic and Atmospheric Agency (NOAA) and the 1996 data17 was used for these
calculations.

The tidal prism model assumes steady-state conditions, where zinc and CPO are
completely mixed with the harbor water and are removed solely by discharge from the port during
ebb tides.  The outgoing tidal volumes are assumed to be carried away by long-shore currents
(i.e., those moving parallel to shore) and do not re-enter the harbor.  The tidal prism model also
does not assume removal or concentration by other factors such as river flow, precipitation,
evaporation, sediment exchange, or natural decay.  By not accounting for removal or dilution due
to river flow, precipitation, sediment exchange, and natural decay, the calculations result in a
higher constituent concentration.  The effect of evaporation could be to increase concentration
due to water loss, or the effect could be neutral since water loss by evaporation is replaced by
(additional) water inflow from the sea.  While the model assumes complete mixing, there will be
areas in the harbors with higher concentrations, primarily near the source vessels, along with areas
of lower concentration.

The three ports that are used for the tidal prism model shown in Tables 6a, 6b, and 6c
include Mayport, FL, San Diego, CA, and Pearl Harbor, HI.  These ports were selected because
they have minimal river inflow, small but well-defined harbor areas, and a high number of vessels
of the armed forces.  Each of these factors will tend to overestimate concentrations of zinc and
CPO, either due to less volume of water or high numbers of potential sources.  Other major ports,
such as Norfolk (VA) and Bremerton (WA), were considered, but not included because of large
river effects and very large harbor areas.  The 1996 annual tidal volumes (annual tidal excursion
times the harbor surface area) for the three ports (calculations provided in Calculation Sheet 2)
are shown below:

• San Diego, CA: 3.77 x 1013 liters;
• Mayport, FL: 6.67 x 1011 liters; and
• Pearl Harbor HI: 3.41 x 1012 liters.

 
 Mixing Zone:  For the mixing zone approach, the previously calculated zinc and CPO
generation rates were used for each discharge, but the resultant environmental concentrations
were calculated based on various volumes of water around a typical Armed Forces vessel (i.e., a
“mixing zone”) instead of the entire port, as above.  A vessel with 19,850 ft2 of wetted surface
area (i.e., a FFG 7 Class frigate size vessel) was selected for modeling the environmental
concentration from sacrificial anodes since precise information was available for the number of
zinc anodes installed on that ship class.  A vessel with 37,840 ft2 of wetted surface area (i.e., a CG
47 Class cruiser size vessel) was selected for modeling ICCP system discharges because of the
large number of vessels in this ship class and it’s hull size is typical of most vessels with ICCP
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systems.
 
 The model assumes the hull to be a half immersed cylinder (see Calculation Sheets 3 and
4).  The zinc and CPO generation rates were then applied to various sizes of mixing zones
(volumes of water surrounding the vessel), ranging from 0.1 to 100 feet from the hull, and mixing
rates (the time required for the mixing zone contents to be exchanged with a new volume of clean
seawater), ranging from 0.1 to 1 hour, to calculate resultant zinc and CPO concentrations shown
in Table 7.  The maximum time of exchange of 1 hour corresponds to a realistic duration of slack
tide, and is also the time required for a volume of water flowing at 0.1 knots to flow past a 600
foot long vessel longitudinally.  Actual exchange times will usually be much less.  For example,
water flowing at 2 knots (typical for tidal flow) past the same 600 foot long vessel results in a
time of exchange of 3 minutes.
 
 4.2.1 Sacrificial Anodes
 
 The in-port (static) and transient (dynamic) zinc corrosion/dissolution rates of 7.4 x 10-6

and 3.0 x 10-5 pounds of zinc per pound of anode per hour, respectively, (see Calculation Sheet 1)
were used for the tidal prism model.  Only the static rate was used for the mixing zone model
since the highest potential concentrations would occur while the vessel is pierside.
 
 Tidal prism. Based on the number and types of ships located in each of the three
harbors18 and the type of cathodic protection, the numbers of sacrificial anodes installed on each
of the vessels in each ship class were estimated, based on the information in Section 3.2.1.  The
number and types of vessels using zinc sacrificial anodes at each port are listed in Table 6a. Using
the annual zinc loadings and annual tidal excursion volumes, the average zinc concentrations
caused by these vessels were calculated for each port (also shown in Table 6a).  The average zinc
concentration estimated by the tidal prism model and the ambient zinc concentrations19 are
summarized below.
 
             Port                 Ambient           Zinc from Anodes

• San Diego, CA: 11.3 µg/L 0.09 µg/L
• Mayport, FL:    5.0 µg/L 1.35 µg/L
• Pearl Harbor, HI:  12.8 µg/L 0.31 µg/L

 
 As shown above, the contribution of zinc from sacrificial anodes makes up only a small
portion of the ambient concentration, except for Mayport, where almost 30 percent of the ambient
concentration can be attributed to the dissolution of zinc anodes.  In each case, the ambient
concentrations are well below the Federal and most stringent state water quality criteria (between
76 and 85 µg/L) as shown in Table 8.
 
 A similar tidal prism analysis can be performed for aluminum anode usage on submarines.
Assuming that Pearl Harbor and San Diego each have the maximum five submarines with
aluminum anodes, Table 6b shows the concentrations resulting from aluminum sacrificial anodes
to be 47.9 ηg/L of aluminum and 0.000497 ηg/L of mercury for Pearl Harbor, and much less for
San Diego.  These concentrations are significantly less than the most stringent state WQC of
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1,500 µg/L of aluminum (FL) and 0.025 µg/ of mercury (CT, FL, WA, and VA).
 
 Mixing zone.  The mixing zone model calculated zinc concentrations within “envelopes”
or mixing zones of uniform size and shape around a vessel’s hull, assuming various exchange
rates.  For calculation purposes, the mixing zones ranged from 0.1 foot to 100 feet from the hull,
and the exchange rates ranged from 0.1 hour to 1 hour.  Actual exchange rates are rarely more
than one hour as discussed previously.  Tabulated mixing zone calculations are presented in Table
7 and do not include ambient concentrations of zinc in the water.  Ambient zinc concentrations for
each port were then added to the mixing zone concentrations and compared to ambient WQC.
 

 Federal and state WQC exist for zinc (see Table 8).  The Federal WQC is 81 µg/L for
chronic exposure.  Washington state’s WQC of 76.6 µg/L for chronic exposure is the most
stringent state criteria.19  For exchange rates of one hour or less, any mixing zone of six inches or
more results in zinc concentrations (including the contribution of zinc from ambient water in each
port) less than the most stringent state WQC of 76.6 µg/L for chronic exposure.  Zinc
concentrations for San Diego, CA, Mayport, FL, and Pearl Harbor, HI, were obtained from
EPA’s STORET system and samples collected in San Diego Bay.9,19  These concentrations are
assumed to include any contributions of zinc from sacrificial anodes.
 

The results of the mixing zone analysis developed for sacrificial zinc anodes (Table 7) can
be scaled to provide similar results for aluminum anodes using the current capacity ratio (3.4)
developed in Section 3.2.1 and the maximum allowable concentration of mercury (0.001%).  The
sample calculation below was performed for the scenario from Table 7 that would produce the
highest estimated concentrations of aluminum and mercury (a time of exchange of one hour, and a
mixing zone of 0.1 foot):

Zinc concentration at radius of 0.1 ft  =  236 µg/L

Aluminum concentration at same radius:   =   (236 µg/L)/(3.4)   =   69.4 µg/L

Maximum potential mercury concentration at same radius   =   (69.4 µg/L)/(100,000)
=   0.0007 µg/L  =  0.7 ηg/L

The estimated concentration for aluminum (69.4 µg/L) is twenty times less than the most stringent
state chronic WQC of 1,500 µg/L (Fl), and there are no federal WQC for aluminum.  The
estimated concentration for mercury (0.7 ηg/L) is 35 times less than Federal and most stringent
state chronic WQC (25 ηg/L).
 
 4.2.2 ICCP Systems
 

This discharge consists of various chlorinated and brominated substances (CPOs).  As
discussed in Section 3.2.2, these generation rates assume that 100% of the current passed by the
ICCP system creates CPOs, while in actuality, the current also produces metal complexes,
oxygen, hydrogen, and other compounds in addition to CPOs with each collateral reaction
consuming a portion of the total current.  Seawater conditions have a strong influence on the type
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and magnitude of secondary reactions at the hull and sacrificial anodes.  Because seawater
conditions vary with geographic location, the extent of secondary chemical reactions cannot be
accurately predicted.  Therefore, a conservative assumption that 100% of the current produces
CPOs is used.
 
 In order to estimate the amount of CPOs generated by ICCP systems, ships’ logs for a
variety of vessels were reviewed to determine the average current produced by ICCP systems in
port (35 amps).13  From this information and Faraday’s Law, an hourly, pierside CPO generation
rate of 46.3 g/hr was calculated (see Section 3.2.2).  This rate was used for both the tidal prism
and the mixing zone models.
 
 Tidal prism.  Using the same approach as described in Section 4.2.1 and CPO generation
rates, annual CPO loading due to the Armed Forces vessels in each of the three ports were
calculated as shown in Table 6c.  The chronic criteria and concentrations estimated from the tidal
prism model are summarized below:

 
             Port                  Criteria       CPO from ICCP
 

•   San Diego, CA:      N/A* 0.17  µg/L
•   Mayport, FL:  10.0 µg/L 3.43  µg/L
•   Pearl Harbor, HI:    7.5 µg/L 0.75  µg/L

 
 * San Diego discharge limits are set on a case-by-case basis
 
 This model assumes complete mixing and does not consider any decay or secondary
reactions.  However, CPO is known to rapidly decay in seawater.  In the first stage of CPO decay,
a portion of the CPO disappears within one minute, consumed by the instantaneous oxidant
demand.  The rate of this first-stage reaction is related to temperature.  One study, for example,
found that the percentage of CPO that disappeared within one minute varied from 4% at 0 °C to
40% at 32-33 °C.20  Other factors that influence the initial rate of decay include ammonia
concentration and the nature of the oxidant demand.  In the second stage of CPO decay, the CPO
remaining after the first stage is reduced more slowly.  Second stage decay half-lives of between 1
and 100 minutes have been observed.20  In most cases, however, the majority of CPO will
disappear within an hour of being added to seawater.20,21

 
 If these decay rates were incorporated into the tidal prism model, the average CPO
concentrations shown above for the three ports would be lower.  For example, the average CPO
concentration of 3.43 µg/L in Mayport, FL was calculated assuming zero CPO decay for the
duration of a tidal excursion.  Using average decay estimates (i.e., 25% first stage decay after one
minute, 50% second stage decay per hour) provides a 98.8% reduction in CPO for the 12 hour
duration of a tidal excursion, resulting in CPO concentrations orders of magnitude below WQC.
 

Mixing zone.  Using the mixing zone approach described for sacrificial anodes , CPO
concentrations within “envelopes” or mixing zones around a vessel’s hull were calculated.  For
calculation purposes the mixing zones ranged from 0.1 foot to 100 feet from the hull, and the
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mixing rates ranged from 0.1 hour to 1 hour.  As stated previously, actual exchange rates are
rarely more than 1 hour, and may be as low as a few minutes.

Tabulated calculations of CPO mixing zone calculations are included in Table 7.  For
exchange rates of 1 hour or less, any mixing zone of 5.5 feet or more results in CPO
concentrations below the most stringent state chronic WQC of 7.5 µg/L.  EPA’s STORET system
does not contain monitoring data for chlorine; therefore, ambient conditions can not be
determined.

 As for the tidal prism model calculations, these figures assume no decay of CPO.  Using
the CPO decay rates discussed above, a 47.0% reduction in the CPO concentrations listed in
Table 6b for a 1 hour mixing zone exchange rate would be expected.  Applying this decay rate to
the mixing zone model and assuming a time of exchange of one hour, any mixing zone with a
radius of 3 feet or more results in CPO concentrations caused by ICCP systems less than the most
stringent state chronic WQC of 7.5 µg/L.
 

4.3 Potential for Introducing Non-Indigenous Species

There is insignificant potential for transport of non-indigenous species by this discharge
because no water is retained nor transported.

5.0 CONCLUSIONS

5.1 Sacrificial Anodes

Cathodic protection discharges from sacrificial anodes have a low potential for causing
adverse environmental effects for the following reasons:

• the loadings from sacrificial zinc and aluminum anodes do not result in zinc or aluminum
concentrations above ambient water quality criteria in any of the harbors based on the
results of the tidal prism model;

• zinc, aluminum, and mercury concentrations are below WQC within a distance of 0.5, 0.1,
and 0.1 feet, respectively, during periods of slack water (little water movement in the
harbor); and

 

• loadings of mercury are small (less than 0.001 pound per year fleetwide).

This conclusion is based on corrosion/dissolution rates estimated from the average anode
replacement intervals for Navy vessels.  The number of anodes per vessel class was based on
actual numbers or, in lieu of such data, estimated using the vessel’s wetted surface area. This
approach was also applied to other Armed Forces vessels.
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5.2 ICCP Systems

Cathodic protection discharges from Impressed Current Cathodic Protection (ICCP)
systems have a low potential for causing adverse environmental effects for the following reasons:

• the loadings from ICCP systems do not result in CPO concentrations above ambient water
quality criteria in any of the harbors based on the results of the tidal prism model; and

• CPO concentrations drop below WQC within a distance of 5.5 feet during periods of slack
water without considering CPO decay (which would reduce concentrations even lower).

This conclusion is based on a review of ICCP system logs and the assumption that 100%
of the current passed from the ICCP system anodes generates CPO.
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Table 1.  Listing of Vessels, 
 Navy, MSC, Army, and USCG using Cathodic Protection

Class Description Quantity of Vessels
Cathodic Protection 

System

 Navy Combatants
ATC River Raider Class Mini Armored Troop Carriers 20 Sacrificial Anodes
AT Armored Troop Carriers 21 Sacrificial Anodes
CM Landing Craft, Mechanized 151 Sacrificial Anodes
CU Landing Craft, Utility 40 Sacrificial Anodes

CV 59 Forrestal Class Aircraft Carrier 1 ICCP
CVN 65 Enterprise Class Aircraft Carrier 1 ICCP
CV 63 Kitty Hawk Class Aircraft Carrier 3 ICCP

CVN 68 Nimitz Class Aircraft Carrier 7 ICCP
CG 47 Ticonderoga Class Guided Missile Cruisers 27 ICCP

CGN 38 Virginia Class Guided Missile Cruiser 1 ICCP
CGN 36 California Class Guided Missile Cruiser 2 ICCP

DDG 993 Kidd Class Guided Missile Destroyers 4 ICCP
DDG 51 Arleigh Burke Class Guided Missile Destroyers 18 ICCP
DD 963 Spruance Class Destroyers 31 ICCP
FFG 7 Oliver Hazard Perry Guided Missile Frigates 1 ICCP
FFG 7 Oliver Hazard Perry Guided Missile Frigates 42 Sacrificial Anodes

LCC 19 Blue Ridge Class Amphibious Command Ships 2 ICCP
LCM 3 Mechanized Landing Craft 2 Sacrificial Anodes
LCM 6 Mechanized Landing Craft 60 Sacrificial Anodes
LCM 8 Mechanized Landing Craft 100 Sacrificial Anodes

LCU 1610 Utility Landing Craft (LCU 1600) 40 Sacrificial Anodes
LHD 1 Wasp Class Amphibious Transport Docks 4 ICCP
LHA 1 Tarawa Class Amphibious Assault Ships 5 ICCP
LPD 4 Austin Class Amphibious Transport Docks 3 ICCP
LPD 7 Amphibious Transport Docks 3 ICCP

LPD 14 Amphibious Transport Docks 2 ICCP
LPH 2 Iwo Jima Class Assault Ships 2 Sacrificial Anodes

LSD 36 Anchorage Class Dock Landing Ships 5 Sacrificial Anodes
LSD 41 Whidbey Island Class Dock Landing Ships 8 ICCP
LSD 49 Harpers Ferry Dock Landing Ships 3 ICCP
MCM 1 Avenger Class Mine Countermeasure Vessels 14 Sacrificial Anodes
MHC 51 Osprey Class Coastal Minehunter Vessels 12 Sacrificial Anodes

PB Mk III and Mk IV Patrol Boats 31 Sacrificial Anodes
PBR Mk II River Patrol Boats 25 Sacrificial Anodes
PC 1 Cyclone Class Coastal Defense Ships 13 ICCP

SSBN 726 Ohio Class Ballistic Missle Submarine 17 Sacrificial Anodes
SSN 637 Sturgeon Class Attack Submarine 13 Sacrificial Anodes
SSN 688 Los Angeles Class Attack Submarine 56 Sacrificial Anodes
SSN 671 Narwhal Class Submarines 1 Sacrificial Anodes
SSN 640 Benjamin Franklin Class Submarines 2 Sacrificial Anodes

Navy Auxiliary
AFDB 4 Large Auxiliary Floating Dry Dock 1 ICCP
AFDB 8 Large Auxiliary Floating Dry Dock 1 ICCP
AFDL 1 Small Auxiliary Floating Dry Docks 2 ICCP

AFDM 14 Medium Auxiliary Floating Dry Dock 1 ICCP
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 Navy, MSC, Army, and USCG using Cathodic Protection

Class Description Quantity of Vessels
Cathodic Protection 

System

AFDM 3 Medium Auxiliary Floating Dry Docks 4 ICCP
AGF 3 Raleigh Class Miscellaneous Flagship 1 Sacrificial Anodes
AGF 11 Austin Class Miscellaneous Flagship 1 Sacrificial Anodes

AGOR 21 Gyre Class Oceanographic Research Ships 1 Sacrificial Anodes
AGOR 23 T.G. Thompson Class Oceanographic Research Ships 2 Sacrificial Anodes
AO 177 Jumboised Cimarron Class Oilers 5 ICCP
AOE 6 Supply Class Fast Combat Support Ships 3 ICCP
AOE 1 Sacramento Class Fast Combat Support Ship 4 ICCP
ARD 2 Auxiliary Repair Dry Docks 1 Sacrificial Anodes
ARDM Medium Auxiliary Repair Dry Docks 3 ICCP
ARS 50 Safeguard Class Savage Ships 4 ICCP
AS 39 Emory S Land Class Submarine Tenders 3 Sacrificial Anodes
AS 33 Simon Lake Class Submarine Tenders 1 Sacrificial Anodes

TR Torpedo Retrievers 22 Sacrificial Anodes
YC Open Lighters (nsp) 254 Sacrificial Anodes
YD Floating Cranes (nsp) 63 Sacrificial Anodes

YDT Diving Tenders 3 Sacrificial Anodes
YFN Covered Lighters (nsp) 157 Sacrificial Anodes

YFNB Large Covered Lighters (nsp) 11 Sacrificial Anodes
YFNX Lighter - Special Purpose (nsp) 8 Sacrificial Anodes
YFP Floating Power Barges (nsp) 2 Sacrificial Anodes

YFRT Covered Lighters - Range Tender (self propelled) 2 Sacrificial Anodes
YFU Harbor Utility Craft ( YFU 83 & 91 ) 2 Sacrificial Anodes

YO 65 Fuel Oil Barges 3 Sacrificial Anodes
YOG 5 Gasoline Barges 2 Sacrificial Anodes
YOGN Gasoline Barges (nsp) 12 Sacrificial Anodes
YON Fuel Oil Barges (nsp) 48 Sacrificial Anodes
YOS Oil Storage Barges (nsp) 14 Sacrificial Anodes
YP Patrol Craft ( YP 654 & 676 ) 28 Sacrificial Anodes
YR Floating Workshops (nsp) 25 Sacrificial Anodes

YRB Repair and Berthing Barges (nsp) 4 Sacrificial Anodes
YRBM Repair, Berthing and Messing Barges (nsp) 39 Sacrificial Anodes
YRR Radiological Repair Barges (nsp) 9 Sacrificial Anodes

YRST Salvage Craft Tenders (nsp) 3 Sacrificial Anodes
YSD    11 Seaplane Wrecking Derrick (self propelled) 1 Sacrificial Anodes
YTB   752 Large Harbor Tug (self propelled) 1 Sacrificial Anodes
YTB   756 Large Harbor Tugs (self propelled) 3 Sacrificial Anodes
YTB   760 Large Harbor Tugs (self propelled) 68 Sacrificial Anodes
YTL   422 Small Harbor Tug (self propelled) 1 Sacrificial Anodes

YTT Torpedo Trials Craft 3 Sacrificial Anodes
Miscellaneous Boats and Craft ~5,000 Sacrificial Anodes

Military Sealift Command (MSC)
T-AE 26 Kilauea Class Ammunition Ships 5 ICCP
T-AE 26 Kilauea Class Ammunition Ships 3 Sacrificial Anodes
T-AFS 1 Mars Class Combat Stores Ships 6 ICCP
T-AFS 1 Mars Class Combat Stores Ships 2 Sacrificial Anodes
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T-AG 194 Mission Class Navigation Research Ship 1 ICCP
T-AG 194 Mission Class Navigation Research Ship 1 Sacrificial Anodes
T-AGM 22 Compass Island Class Missle Instrumentation Ship 1 ICCP
T-AGOS 1 Stalwart Class Ocean Surviellance Ship 5 Sacrificial Anodes
T-AGOS 19 Victorius Class Ocean Surviellance Ship 4 Sacrificial Anodes
T-AGS 26 Silas Bent and Wilkes Classes Surveying Ships 2 Sacrificial Anodes
T-AGS 45 Waters Class Surveying Ships 1 ICCP
T-AGS 51 John McDonnel Class Surveying Ships 2 ICCP
T-AGS 60 Pathfinder Class Surveying Ships 4 ICCP
T-AH 19 Mercy Class Hospital Ships 2 ICCP

T-AKR 295 Maesrk Class Fast Sealift Ships 2 ICCP
T-AKR 295 Maesrk Class Fast Sealift Ships 1 Sacrificial Anodes
T-AKR 287 Algol Class Vehicle Cargo Ships 6 ICCP
T-AKR 287 Algol Class Vehicle Cargo Ships 2 Sacrificial Anodes
T-AO 187 Henry J Kaiser Class Oilers 13 ICCP
T-ARC 7 Zeus Class Cable Repairing Ship 1 ICCP

T-ATF 166 Powhatan Class Fleet Ocean Tugs 5 ICCP
T-ATF 166 Powhatan Class Fleet Ocean Tugs 2 Sacrificial Anodes

U.S. Coast Guard 
WHEC 378 Hamilton and Hero Class High Endurance Cutters 12 Sacrificial Anodes
WMEC 230 Storis Class Medium Endurance Cutters 1 Sacrificial Anodes
WMEC 213 Diver Class Medium Endurance Cutters 1 Sacrificial Anodes

WMEC 270 A Famous Class Medium Endurance Cutters 4 Sacrificial Anodes
WMEC 270 B Famous Class Medium Endurance Cutters 9 Sacrificial Anodes
WMEC 210 A Reliance Class Medium Endurance Cutters 5 Sacrificial Anodes
WMEC 210 B Reliance Class Medium Endurance Cutters 11 Sacrificial Anodes

WAGB 290 Mackinaw Class Icebreakers 1 Sacrificial Anodes
WAGB 399 Polar Class Icebreakers 2 ICCP
WTGB 140 Bay Class Icebreaking Tugs 9 Sacrificial Anodes
WPB 110 A Island Class Patrol Craft 16 ICCP
WPB 110 B Island Class Patrol Craft 21 ICCP
WPB 110 C Island Class Patrol Craft 12 ICCP
WPB 82 C Point Class Patrol Craft 28 Sacrificial Anodes
WPB 82 D Point Class Patrol Craft 8 Sacrificial Anodes
WLB 225 Juniper Class Seagoing Buoy Tenders 2 Sacrificial Anodes

WLB 180 A Balsam Class Seagoing Buoy Tenders 8 Sacrificial Anodes
WLB 180 B Balsam Class Seagoing Buoy Tenders 2 Sacrificial Anodes
WLB 180 C Balsam Class Seagoing Buoy Tenders 13 Sacrificial Anodes
WLM 551 Keeper Class Coastal Buoy Tenders 2 Sacrificial Anodes
WLM 157 White Sumac Class Coastal Buoy Tenders 9 Sacrificial Anodes
WLR 115 River Buoy Tenders 1 Sacrificial Anodes
WLR 65 River Buoy Tenders 6 Sacrificial Anodes
WLR75 River Buoy Tenders 13 Sacrificial Anodes

WIX Eagle Class Sail Training Cutter 1 Sacrificial Anodes
WLIC 160 Pamlico Class Inland Construction Tenders 4 Sacrificial Anodes
WLIC 100 Cosmos Class Inland Construction Tenders 3 Sacrificial Anodes
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WLIC 115  Inland Construction Tender 1 Sacrificial Anodes
WLIC 75 A Anvil Class Inland Construction Tenders 2 Sacrificial Anodes
WLIC 75 B Inland Construction Tenders 3 Sacrificial Anodes
WLIC 75 D Clamp Class Inland Construction Tenders 2 Sacrificial Anodes
WLI 100 A Inland Buoy Tender  1 Sacrificial Anodes
WLI 100 C Inland Buoy Tender  1 Sacrificial Anodes
WLI 65303 Inland Buoy Tender  2 Sacrificial Anodes
WLI 65400 Inland Buoy Tender  2 Sacrificial Anodes
WYTL 65 A 65 ft. Class Harbor Tugs 3 Sacrificial Anodes
WYTL 65 B 65 ft. Class Harbor Tugs 3 Sacrificial Anodes
WYTL 65C 65 ft. Class Harbor Tugs 3 Sacrificial Anodes
WYTL 65 D 65 ft. Class Harbor Tugs 2 Sacrificial Anodes

 Army
BCDK Coversion Kit, Barge, Deck Cargo, Deck Enclosure 3 Sacrificial Anodes

BD Barges, Derrick 12 Sacrificial Anodes
BK Barges, Deck Cargo (nsp) 2 Sacrificial Anodes
BPL Pier, Barge Type, Self-Evaluating (nsp) 1 Sacrificial Anodes
FMS Floating Machine Shops 3 Sacrificial Anodes

J-Boat Picket Boats 6 Sacrificial Anodes
LARC-LX Lighter Amphibious Resupply Cargo (formerly BARC) 23 Sacrificial Anodes

LCM-8 Landing Craft Mechanized 104 Sacrificial Anodes
LCU Landing Craft Utility 48 Sacrificial Anodes
LSV Frank S. Besson Class Logistic Support Vessels 6 Sacrificial Anodes
LT Inland and Coastal Tugs 19 Sacrificial Anodes
LT Inland and Coastal Tugs 6 ICCP

Q-Boat Picket Boat 1 Sacrificial Anodes
ST Small Tugs 13 Sacrificial Anodes

T-Boat Boat, Passenger and Cargo 1 Sacrificial Anodes

Total 2167



Table 2.  Vessels Estimated Annual Sacrificial Anode Cathodic Protection Discharges

Class Description
Quantity of 
Vessels w/ 

Zincs

Wetted 
Surface Area 

per Vessel  (sq 
ft)

Wetted 
Surface Area 
of Class    (sq 

ft)

Total 
Amount of 
Anodes by 
Class (lbs)

Days in 
Port per 
Vessel

Number of 
Transits per 

Vessel (e)

Days 
Operating 
within 12 

n.m.

Zinc Discharged 
within 12 n.m. 

(lbs)

Navy Combatants
ATC River Raider Class Mini Armored Troop Carriers 20 362 7,244 417 a 305 b 0 60 32
AT Armored Troop Carriers 21 362 7,606 437 a 305 b 0 60 33
CM Landing Craft, Mechanized 151 4,275 645,525 129,105 a 305 b 0 60 9,798
CU Landing Craft, Utility 40 3,860 154,400 30,880 a 305 b 0 60 2,344

FFG 7 Oliver Hazard Perry Guided Missile Frigates 42 19,850 833,700 166,152 c 167 13 0 5,477
LCM 3 Mechanized Landing Craft 2 990 1,980 114 a 305 0 60 9
LCM 6 Mechanized Landing Craft 60 990 59,400 3,416 a 305 0 60 259
LCM 8 Mechanized Landing Craft 100 1,603 160,300 9,217 a 305 0 60 700

LCU 1610 Utility Landing Craft (LCU 1600) 40 3,915 156,600 31,320 d 200 6 0 1,165
LPH 2 Iwo Jima Class Assault Ships 2 49,945 99,890 19,964 c 186 11 0 716

LSD 36 Anchorage Class Dock Landing Ships 5 45,405 227,025 51,060 c 215 13 0 2,121
MCM 1 Avenger Class Mine Countermeasure Vessels 14 8,410 117,740 9,982 c 232 28 0 481
MHC 51 Osprey Class Coastal Minehunter Vessels 12 6,418 77,016 9,936 c 232 28 0 479

PB Mk III and Mk IV Patrol Boats 31 897 27,796 1,598 a 305 b 0 60 121
PBR Mk II River Patrol Boats 25 261 6,531 376 a 305 b 0 60 29

Navy Auxiliary
AGF 3 Raleigh Class Miscellaneous Flagship 1 41,595 41,595 8,326 c 183 12 0 296

AGF 11 Austin Class Miscellaneous Flagship 1 51,830 51,830 8,326 c 183 12 0 296
AGOR 21 Gyre Class Research Ships 1 8,834 8,834 1,767 a 113 11 0 40
AGOR 23 Thom. G. Thompson Class Research Ships 2 13,960 27,920 5,584 a 113 11 0 127

ARD 2 Auxiliary Repair Dry Docks 1 46,994 46,994 5,405 c 305 b 60 0 372
AS 39 Emory S Land Class Submarine Tenders 3 59,630 178,890 41,400 c 293 6 0 2,228
AS 33 Simon Lake Class Submarine Tenders 1 59,630 59,630 13,800 c 229 6 0 585

TR Torpedo Retrievers 22 1,125 24,750 1,423 a 305 b 0 60 108
YC Open Lighters (nsp) 254 6,475 1,644,650 94,567 d 305 b 0 60 7,177
YD Floating Cranes (nsp) 63 12,875 811,125 162,225 d 305 b 0 60 12,312

YDT Diving Tenders 3 8,885 26,655 5,331 d 305 b 0 60 405
YFN Covered Lighters (nsp) 157 6,680 1,048,760 209,752 d 305 b 0 60 15,919

YFNB Large Covered Lighters (nsp) 11 15,955 175,505 35,101 d 305 b 0 60 2,664
YFNX Lighter - Special Purpose (nsp) 8 4,760 38,080 7,616 d 305 b 0 60 578
YFP Floating Power Barges (nsp) 2 15,590 31,180 6,236 d 305 b 0 60 473

YFRT Covered Lighters - Range Tender (self propelled) 2 5,490 10,980 2,196 d 305 b 0 60 167
YFU Harbor Utility Craft ( YFU 83 & 91) 2 3,915 7,830 1,566 d 305 b 0 60 119

YO 65 Fuel Oil Barges 3 10,205 30,615 6,123 d 305 b 0 60 465



Table 2.  Vessels Estimated Annual Sacrificial Anode Cathodic Protection Discharges

Class Description
Quantity of 
Vessels w/ 

Zincs

Wetted 
Surface Area 

per Vessel  (sq 
ft)

Wetted 
Surface Area 
of Class    (sq 

ft)

Total 
Amount of 
Anodes by 
Class (lbs)

Days in 
Port per 
Vessel

Number of 
Transits per 

Vessel (e)

Days 
Operating 
within 12 

n.m.

Zinc Discharged 
within 12 n.m. 

(lbs)

YOG 5 Gasoline Barges 2 10,205 20,410 4,082 d 305 b 0 60 310
YOGN Gasoline Barges (nsp) 12 8,512 102,144 20,429 a 305 b 0 60 1,550
YON Fuel Oil Barges (nsp) 48 8,512 408,576 81,715 a 305 b 0 60 6,202
YOS Oil Storage Barges (nsp) 14 8,512 119,168 23,834 a 305 b 0 60 1,809
YP Patrol Craft (YP 654 & 676) 28 2,074 58,070 3,339 d 305 b 0 60 253
YR Floating Workshops (nsp) 25 7,350 183,750 36,750 d 305 b 0 60 2,789

YRB Repair and Berthing Barges (nsp) 4 4,320 17,280 3,456 d 305 b 0 60 262
YRBM Repair, Berthing and Messing Barges (nsp) 39 10,180 397,020 79,404 d 305 b 0 60 6,026
YRR Radiological Repair Barges (nsp) 9 6,405 57,645 11,529 d 305 b 0 60 875

YRST Salvage Craft Tenders (nsp) 3 10,965 32,895 6,579 d 305 b 0 60 499
YSD    11 Seaplane Wrecking Derrick (self propelled) 1 3,845 3,845 769 d 305 b 0 60 58
YTB   752 Large Harbor Tug (self propelled) 1 3,170 3,170 634 d 305 b 0 60 48
YTB   756 Large Harbor Tugs (self propelled) 3 3,265 9,795 1,959 d 305 b 0 60 149
YTB   760 Large Harbor Tugs (self propelled) 68 3,265 222,020 44,404 d 305 b 0 60 3,370
YTL   422 Small Harbor Tug (self propelled) 1 1,015 1,015 58 d 305 b 0 60 4

YTT 9 Torpedo Trials Craft 3 7,205 21,614 4,323 a 305 b 0 60 328
Miscellaneous Boats and Craft ~5,000 Unknown Unknown Unknown

Military Sealift Command
T-AE 26 Kilauea Class Ammunition Ships 3 54,240 162,720 32,544 d 26 4 0 182
T-AFS 1 Mars Class Combat Stores Ships 2 46,930 93,860 23,000 c 148 7 0 647

T-AG 194 Mission Class Navigation Research Ship 1 59,126 59,126 11,825 a 151 10 0 348
T-AGOS 1 Stalwart Class Ocean Surviellance Ship 5 10,987 54,935 10,987 a 70 4 0 148

T-AGOS 19 Victorius Class Ocean Surviellance Ship 4 14,679 58,716 11,743 a 107 5 0 239
T-AGS 26 Silas Bent and Wilkes Surveying Ships 2 13,913 27,826 5,565 a 44 6 0 52

T-AKR 295 Maesrk Class Fast Sealift Ships 1 107,028 107,028 21,406 a 59 9 0 272
T-AKR 287 Algol Class Vehicle Cargo Ships 2 111,650 223,300 44,660 a 109 3 0 902
T-ATF 166 Powhatan Class Fleet Ocean Tugs 2 11,398 22,796 4,559 a 127 16 0 121

U.S. Coast Guard
WHEC 378 Hamilton and Hero Class High Endurance Cutters 12 17,339 208,068 41,614 a 151 13 0 1,253
WMEC 230 Storis Class Medium Endurance Cutters 1 9,498 9,498 1,900 a 167 11 0 62
WMEC 213 Diver Class Medium Endurance Cutters 1 8,954 8,954 1,791 a 98 9 0 35

WMEC 270 A Famous Class Medium Endurance Cutters 4 10,976 43,904 8,781 a 137 6 0 228
WMEC 270 B Famous Class Medium Endurance Cutters 9 10,976 98,784 19,757 a 164 7 0 612
WMEC 210 A Reliance Class Medium Endurance Cutters 5 7,478 37,390 7,478 a 235 13 0 337



Table 2.  Vessels Estimated Annual Sacrificial Anode Cathodic Protection Discharges

Class Description
Quantity of 
Vessels w/ 

Zincs

Wetted 
Surface Area 

per Vessel  (sq 
ft)

Wetted 
Surface Area 
of Class    (sq 

ft)

Total 
Amount of 
Anodes by 
Class (lbs)

Days in 
Port per 
Vessel

Number of 
Transits per 

Vessel (e)

Days 
Operating 
within 12 

n.m.

Zinc Discharged 
within 12 n.m. 

(lbs)

WMEC 210 B Reliance Class Medium Endurance Cutters 11 7,157 78,727 15,745 a 149 9 0 453
WAGB 290 Mackinaw Class Icebreakers 1 19,167 19,167 3,833 a 215 b 4 150 356
WTGB 140 Bay Class Icebreaking Tugs 9 4,869 43,821 8,764 a 215 b 1 150 807
WPB 82 C Point Class Patrol Craft 28 1,243 34,804 2,001 a 135 b 6 200 194
WPB 82 D Point Class Patrol Craft 8 1,243 9,944 572 a 135 b 6 200 55
WLB 225 Juniper Class Seagoing Buoy Tenders 2 10,357 20,714 4,143 a 190 18 100 306

WLB 180 A Balsam Class Seagoing Buoy Tenders 8 6,751 54,008 10,802 a 190 18 100 798
WLB 180 B Balsam Class Seagoing Buoy Tenders 2 6,751 13,502 2,700 a 120 5 100 157
WLB 180 C Balsam Class Seagoing Buoy Tenders 13 6,751 87,763 17,553 a 123 16 100 1,078
WLM 551 Keeper Class Coastal Buoy Tenders 2 6,408 12,816 2,563 a 123 b 16 200 249
WLM 157 White Sumac Class Coastal Buoy Tenders 9 4,648 41,832 8,366 a 123 b 16 200 811
WLR 115 River Buoy Tenders 1 3,415 3,415 196 a 160 b 0 205 20
WLR 65 River Buoy Tenders 6 1,583 9,498 546 a 160 b 0 205 55
WLR75 River Buoy Tenders 13 1,823 23,699 1,363 a 160 b 0 205 138

WIX Eagle Class Sail Training Cutter 1 12,264 12,264 2,453 a 188 7 150 217
WLIC 160 Pamlico Class Inland Construction Tenders 4 5,113 20,452 4,090 a 160 b 0 205 415
WLIC 100 Cosmos Class Inland Construction Tenders 3 2,432 7,296 420 a 160 b 0 205 43
WLIC 115  Inland Construction Tender 1 2,796 2,796 161 a 160 b 0 205 16
WLIC 75 A Anvil Class Inland Construction Tenders 2 1,735 3,470 200 a 160 b 0 205 20
WLIC 75 B Inland Construction Tenders 3 1,735 5,205 299 a 160 b 0 205 30
WLIC 75 D Clamp Class Inland Construction Tenders 2 1,735 3,470 200 a 160 b 0 205 20
WLI 100 A Inland Buoy Tender WLI 1 2,432 2,432 140 a 160 b 0 205 14
WLI 100 C Inland Buoy Tender WLI 1 2,068 2,068 119 a 160 b 0 205 12
WLI 65303 Inland Buoy Tender WLI 2 1,037 2,074 119 a 160 b 0 205 12
WLI 65400 Inland Buoy Tender WLI 2 1,142 2,284 131 a 160 b 0 205 13
WYTL 65 A 65 ft. Class Harbor Tugs 3 1,083 3,249 187 a 50 b 6 300 22
WYTL 65 B 65 ft. Class Harbor Tugs 3 1,083 3,249 187 a 50 b 6 300 22
WYTL 65 C 65 ft. Class Harbor Tugs 3 1,083 3,249 187 a 50 b 6 300 22
WYTL 65 D 65 ft. Class Harbor Tugs 2 1,083 2,166 125 a 50 b 6 300 15

 Army
BCDK Coversion Kit, Barge, Deck Cargo, Deck Enclosure 3 1,202 3,606 721 a 305 b 0 60 55

BD Barges, Derrick 12 1,627 19,524 6,072 c 305 b 0 60 461
BK Barges, Deck Cargo (nsp) 2 1,155 2,310 736 c 305 b 0 60 56
BPL Pier, Barge Type, Self-Evaluating (nsp) 1 4,955 4,955 991 a 305 b 0 60 75
FMS Floating Machine Shops 3 7,951 23,853 4,771 a 305 b 0 60 362



Table 2.  Vessels Estimated Annual Sacrificial Anode Cathodic Protection Discharges

Class Description
Quantity of 
Vessels w/ 

Zincs

Wetted 
Surface Area 

per Vessel  (sq 
ft)

Wetted 
Surface Area 
of Class    (sq 

ft)

Total 
Amount of 
Anodes by 
Class (lbs)

Days in 
Port per 
Vessel

Number of 
Transits per 

Vessel (e)

Days 
Operating 
within 12 

n.m.

Zinc Discharged 
within 12 n.m. 

(lbs)

J-Boat Picket Boats 6 366 2,196 126 a 305 b 0 60 10
LARC-LX Lighter Amphibious Resupply Cargo(formerly BARC) 23 1,214 27,922 6,348 c 305 b 0 60 482

LCM-8 Landing Craft Mechanized 104 1,440 149,760 26,312 c 305 b 0 60 1,997
LCU Landing Craft Utility 48 2,095 100,560 45,264 c 305 b 0 60 3,435
LSV Frank S. Besson Class Logistic Support Vessels 6 17,816 106,896 17,802 c 183 b 6 60 988
LT Inland and Coastal Tugs 19 5,875 111,625 7,866 c 305 b 0 60 597

Q-Boat Picket Boat 1 806 806 161 a 305 b 0 60 12
ST Small Tugs 13 1,318 17,134 2,990 c 305 b 0 60 227

T-Boat Boat, Passenger and Cargo 1 1,335 1,335 77 a 305 b 0 60 6

TOTALS 1,805 10,825,814 1,859,992 113,201

Notes: 

(a) Denotes an estimate of amount of anodes on ship class based on a calculated wetted surface area.
(b) Denotes an estimate of days in port and number of transits.
(c) Denotes actual amount of anodes installed on ship class.
(d) Denotes an estimate of amount of anodes on ship class based on a known wetted surface area.
(e) Denotes round-trip  transits

Vessels with a wetted surface area greater than 3,000 sq ft are assumed to have 23 pound of zinc anodes for each 115 sq ft of wetted surface area.
Vessels with a wetted surface area less than 3,000 sq ft are assumed to have 23 pounds of zinc anodes for each 400 sq ft of wetted surface area.



Table 3a.  Chemical Composition, Zinc Anodes
(Galvanic Protectors)

Cadmium
(range)

Aluminum
(range)

Zinc

Percent Percent Percent

0.025-0.07 0.1-0.5 approx. 99.3

Table 3b.  Chemical Composition, Aluminum Anodes
(Galvanic Protectors)

Indium
(range)

Zinc
(range)

Silicon
(range)

Aluminum

Percent Percent Percent Percent

0.014 - 0.020 4.0 - 6.5 0.08-0.20 approx. 95.2



Table 4.  Submarines Estimated Annual Sacrificial Anode Cathodic Protection Discharge

Class Description
Quantity of 
Submarines

Total Amount of 
Anodes by Class 

(lbs) (a)

Days in Port 
per Vessel

Number of 
Transits per 

Vessel (b)

Zinc Discharged within 
12nm (lbs)

SSBN 726 Ohio Class Ballistic Missle Submarine 17 34,408 183 6 1,175
SSN 637 Sturgeon Class Attack Submarine 13 26,312 183 6 899
SSN 688 Los Angeles Class Attack Submarine 56 119,416 183 6 4,079
SSN 671 Narwhal Class Submarines 1 2,024 183 6 69
SSN 640 Benjamin Franklin Class Submarines 2 4,048 183 6 138

Totals 89 186,208 6,360
Notes:
(a) Each submarine is assumed to have 88 anodes @ 23 pounds each to protect the prop and stern appendages only.
(b) Denotes round-trip  transits



Table 5.  Vessels Estimated Annual ICCP Discharges

Class Description
Quantity of 

Vessels 
w/ICCPs

Days within 
12 n.m. per 

Vessel

CPO 
Discharged 

within 12 n.m. 
(lbs)

Navy Combatant
CV 59 Forrestal Class Aircraft Carrier 1 143 350

CVN 65 Enterprise Class Aircraft Carrier 1 76 186
CV 63 Kitty Hawk Class Aircraft Carrier 3 137 1,007

CVN 68 Nimitz Class Aircraft Carrier 7 147 2,520
CG 47 Ticonderoga Class Guided Missile Cruisers 27 166 10,978

CGN 38 Virginia Class Guided Missile Cruiser 1 161 394
CGN 36 California Class Guided Missile Cruiser 2 143 701

DDG 993 Kidd Class Guided Missile Destroyers 4 175 1,715
DDG 51 Arleigh Burke Class Guided Missile Destroyers 18 101 4,453
DD 963 Spruance Class Destroyers 31 178 13,516
FFG 7 Oliver Hazard Perry Guided Missile Frigates 1 167 409

LCC 19 Blue Ridge Class Amphibious Command Ships 2 179 877
LHD 1 Wasp Class Amphibious Transport Docks 4 185 1,813
LHA 1 Tarawa Class Amphibious Assault Ships 5 173 2,119
LPD 4 Austin Class Amphibious Transport Docks 3 178 1,308
LPD 7  Amphibious Transport Docks 3 188 1,381

LPD 14  Amphibious Transport Docks 2 192 941
LSD 41 Whidbey Island Class Dock Landing Ships 8 170 3,331
LSD 49 Harpers Ferry Dock Landing Ships 3 215 1,580

PC 1 Cyclone Class Coastal Defense Ships 13 105 3,344
Navy Auxiliary

AFDB 4 Large Auxiliary Floating Dry Dock 1 365 e 894
AFDB 8 Large Auxiliary Floating Dry Dock 1 365 e 894
AFDL 1 Small Auxiliary Floating Dry Docks 2 365 e 1,788

AFDM 14 Medium Auxiliary Floating Dry Dock 1 365 e 894
AFDM 3 Medium Auxiliary Floating Dry Docks 4 365 e 3,576
AO 177 Jumboised Cimarron Class Oilers 5 188 2,302
AOE 6 Supply Class Fast Combat Support Ships 3 114 838
AOE 1 Sacramento Class Fast Combat Support Ship 4 183 1,793
ARDM Medium Auxiliary Repair Dry Docks 3 365 e 2,682
ARS 50 Safeguard Class Savage Ships 4 208 2,038

Military Sealift Command
T-AE 26 Kilauea Class Ammunition Ships 5 26 318
T-AFS 1 Mars Class Combat Stores Ships 6 148 2,175

T-AG 194 Mission Class Navigation Research Ship 1 151 370
T-AGM 22 Compass Island Class Missle Instrumentation Ship 1 133 326
T-AGS 45 Waters Class Surveying Ships 1 7 17
T-AGS 51 John McDonnel Class Surveying Ships 2 96 470
T-AGS 60 Pathfinder Class Surveying Ships 4 96 941
T-AH 19 Mercy Class Hospital Ships 2 184 901

T-AKR 295 Maesrk Class Fast Sealift Ships 2 59 289
T-AKR 287 Algol Class Vehicle Cargo Ships 6 109 1,602
T-AO 187 Henry J Kaiser Class Oilers 13 78 2,484
T-ARC 7 Zeus Class Cable Repairing Ship 1 8 20

T-ATF 166 Powhatan Class Fleet Ocean Tugs 5 127 1,555
U.S. Coast Guard

WAGB 399 Polar Class Icebreakers 2 148 725
WPB 110 A Island Class Patrol Craft 16 72 2,822
WPB 110 B Island Class Patrol Craft 21 137 7,047
WPB 110 C Island Class Patrol Craft 12 157 4,615

U.S. ARMY
LT Inland and Coastal Tugs 6 60 882

TOTALS 267 98,182

Estimates based on 100 % ICCP anode efficiency at a cuurent of 35 Amps producing 46.3 g/hr. of Chlorine.
(e) Denotes an estimate of days in port



Table 6a.  Tidal Prism Model - Zinc From  Sacrificial Cathodic Protection Anodes

Class Description
Quantity of 
Vessels w/ 

Zincs

Total Amount 
of Anodes by 

Class (kg)

Days in 
Port per 
Vessel

Number of 
Transits per 

Vessel (a)

Zinc 
Discharged in 
Port (kg) (b)

Zinc Conc. in 
Port  (µµg/L)

San Diego
FFG Oliver Hazard Perry Guided Missile Frigates 11 16,243 167 13 989
SSN Los Angeles Class Attack Submarines 9 8,261 183 6 389
SSN Sturgeon Class Attack Submarine 1 918 183 6 43
LSD Anchorage Class Dock Landing Ships 3 13,894 215 13 965
AGF Raleigh Class Miscellaneous Flagship 1 3,776 183 12 232
AS Emory S Land Class Submarine Tender 1 6,259 293 6 417

LPH Iwo Jima Class Assault Ship 1 4,527 186 11 269

Total 3,304 0.0876

Mayport
FFG Oliver Hazard Perry Guided Missile Frigates 10 14,766 167 13 899 1.35

Pearl Harbor
FFG Oliver Hazard Perry Guided Missile Frigates 2 2,953 167 13 180
SSN Los Angeles Class Attack Submarine 15 13,769 183 6 648
SSN Sturgeon Class Attack Submarine 4 3,672 183 6 173
SSN Benjamin Franklin Class Submarines 1 918 183 6 43

Total 1,043 0.306

(a) Denotes round-tip transits
(b) Based on a hourly zinc dissolution rates of 7.4E-6 lbs. of zinc/lb.anode (static) and  3.0E-5 lbs. of zinc/lb. anode (dynamic)



Table 6b.  Tidal Prism Model - Aluminum and Mercury  From  Sacrificial Cathodic Protection Anodes

Class Description

Quantity of 
Vessels w/ 
Al Anodes 

(a)

Total Amount 
of Anodes by 

Class (kg)

Days in 
Port per 
Vessel

Number of 
Transits per 

Vessel (b)

Aluminum/ 
Mercury 

Discharged in 
Port (kg) (c)

Aluminum/ Mercury              
Conc. in Port                  

(ng/L)

San Diego

SSN Los Angeles Class Attack Submarines 5 4,590 183 6 170 4.50 Al
0.0017 0.000045 Hg

Mayport
SSN Los Angeles Class Attack Submarines 0 0 0 Al

0 0 Hg

Pearl Harbor

SSN Los Angeles Class Attack Submarine 5 4,590 183 6 170 49.7 Al
0.0017 0.000497 Hg

(a) Assuming the maximum of 5 submarines with aluminum anodes are located Pearl Harbor and/or San Diego; there are no 
submarines homeported in Mayport. 

(b) Denotes round-tip transits
(c) Aluminum anode dissolution rates equals zinc anode dissolution dates divided by 3.4 (current capacity ratio)



Table 6c. Tidal Prism Model - CPO From Impressed Current Cathodic Protection Systems

Class Description
Quantity of 
Vessels w/ 

ICCP

Days in Port 
per Vessel

 CPO Discharged 
in Port (kg/yr)

CPO Conc. in 
Port  (µµg/L)

San Diego
CG     47 Ticonderoga Class Guided Missile Cruisers 8 166 1,476
CV    63 Kitty Hawk Class Aircraft Carrier 2 137 304

DD    963 Spruance Class Destroyers 6 178 1,187
DDG   51 Arleigh Burke Class Guided Missile Destroyers 5 101 561
LHA   1 Tarawa Class Amphibious Assault Ships 2 173 384

LHD    1 Wasp Class Amphibious Transport Docks 2 185 411
LPD   4 Austin Class Amphibious Transport Docks 5 178 989

LSD   41 Whidbey Island Class Dock Landing Ships 2 170 378
LSD   49 Harpers Ferry Dock Landing Ships 1 215 239

PC Cyclone Class Coastal Defense Ships 4 105 467

Total 6,395 0.1697

Mayport
CG     47 Ticonderoga Class Guided Missile Cruisers 5 166 922
CV    63 Kitty Hawk Class Aircraft Carrier 1 137 152

DD    963 Spruance Class Destroyers 5 178 989
DDG   51 Arleigh Burke Class Guided Missile Destroyers 2 101 224

Total 2,288 3.43

Pearl Harbor
AO      177 Jumboised Cimarron Class Oilers 2 188 418
ARS     50 Safeguard Class Savage Ships 2 208 462
CG     47 Ticonderoga Class Guided Missile Cruisers 3 166 553
DD    963 Spruance Class Destroyers 4 178 791
DDG   51 Arleigh Burke Class Guided Missile Destroyers 3 101 337

Total 2,561 0.751

Based on CPO generation rate of 46.3 g/hr. @ 35 amps



Table 7 - Mixing  Zone Models

Sacrificial Anode - Zinc Concentration (ug/L) ICCP - CPO Concentration (ug/L)
Time of Exchange (hrs) Time of Exchange (hrs)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance 

From Hull(ft) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

24 47 71 94 118 142 165 189 213 236 0.1 43 86 129 172 216 259 302 345 388 431
4.7 9.3 14 19 23 28 33 37 42 47 0.5 8.5 17 26 34 43 51 60 68 77 85
2.3 4.6 6.9 9.2 11 14 16 18 21 23 1 4.2 8.5 13 17 21 25 30 34 38 42
1.1 2.2 3.3 4.4 5.6 6.7 7.8 8.9 10 11 2 2.1 4.1 6.2 8.3 10 12 14 17 19 21

0.72 1.4 2.2 2.9 3.6 4.3 5.0 5.8 6.5 7.2 3 1.4 2.7 4.1 5.4 6.8 8.1 9.5 11 12 14
0.52 1.0 1.6 2.1 2.6 3.1 3.7 4.2 4.7 5.2 4 1.0 2.0 3.0 4.0 5.0 6.0 6.9 7.9 8.9 10
0.41 0.81 1.2 1.6 2.0 2.4 2.8 3.3 3.7 4.1 5 0.78 1.6 2.3 3.1 3.9 4.7 5.4 6.2 7.0 7.8
0.33 0.66 0.99 1.3 1.6 2.0 2.3 2.6 3.0 3.3 6 0.64 1.3 1.9 2.5 3.2 3.8 4.5 5.1 5.7 6.4
0.28 0.55 0.83 1.1 1.4 1.7 1.9 2.2 2.5 2.8 7 0.53 1.1 1.6 2.1 2.7 3.2 3.7 4.3 4.8 5.3
0.23 0.47 0.70 0.94 1.2 1.4 1.6 1.9 2.1 2.3 8 0.46 0.92 1.4 1.8 2.3 2.8 3.2 3.7 4.1 4.6
0.20 0.41 0.61 0.81 1.0 1.2 1.4 1.6 1.8 2.0 9 0.40 0.80 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
0.18 0.36 0.54 0.71 0.89 1.1 1.2 1.4 1.6 1.8 10 0.35 0.71 1.1 1.4 1.8 2.1 2.5 2.8 3.2 3.5
0.11 0.21 0.32 0.42 0.53 0.63 0.74 0.85 0.95 1.1 15 0.22 0.43 0.65 0.87 1.1 1.3 1.5 1.7 1.9 2.2

0.071 0.14 0.21 0.29 0.36 0.43 0.50 0.57 0.64 0.71 20 0.15 0.30 0.45 0.60 0.75 0.90 1.0 1.2 1.3 1.5
0.052 0.10 0.16 0.21 0.26 0.31 0.36 0.42 0.47 0.52 25 0.11 0.22 0.33 0.45 0.56 0.67 0.78 0.89 1.0 1.1
0.040 0.080 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 30 0.087 0.17 0.26 0.35 0.43 0.52 0.61 0.69 0.78 0.87
0.031 0.063 0.094 0.13 0.16 0.19 0.22 0.25 0.28 0.31 35 0.070 0.14 0.21 0.28 0.35 0.42 0.49 0.56 0.63 0.70
0.026 0.051 0.077 0.10 0.13 0.15 0.18 0.20 0.23 0.26 40 0.057 0.11 0.17 0.23 0.29 0.34 0.40 0.46 0.52 0.57
0.021 0.042 0.064 0.085 0.11 0.13 0.15 0.17 0.19 0.21 45 0.048 0.10 0.14 0.19 0.24 0.29 0.34 0.39 0.43 0.48
0.018 0.036 0.054 0.072 0.090 0.11 0.13 0.14 0.16 0.18 50 0.041 0.082 0.12 0.16 0.21 0.25 0.29 0.33 0.37 0.41
0.009 0.018 0.027 0.036 0.046 0.055 0.064 0.073 0.082 0.091 75 0.022 0.043 0.065 0.087 0.11 0.13 0.15 0.17 0.20 0.22
0.006 0.011 0.017 0.022 0.028 0.033 0.039 0.044 0.050 0.055 100 0.013 0.027 0.040 0.054 0.067 0.081 0.094 0.11 0.12 0.13

Input For Calculations Input For Calculations
Ship Class FFG 7 Ship Class CG 47
Wetted Hull Area (sqft) 19,850           Wetted Hull Area (sqft) 37,840           
Zinc Generation Rate (lb/lb-hr) 7.4E-06 CPO Generation Rate (g/hr) 46.3

CPO Generation Efficiency 100%



Table 8.  Comparison of Constituent Environmental Concentrations and Water Quality Criteria (µµg/L)

Constituent
Tidal Prism Concentrations: San 
Diego; Mayport; Pearl Harbor 

Federal  Chronic 
WQC

Most Stringent State Chronic 
WQC

CPO 0.17;  3.43; 0.75 - 7.5 (CT, HI, MS, NJ, VA, WA)
Zinc 0.09;  1.35; 0.31 81 76.6 (WA)

Aluminum 0.000005; 0; 0.049 None 1,500 (FL)
Mercury* 0.00000004; 0; 0005 0.025 0.025 (CT, FL, GA, MS, VA, WA)

CT = Connecticut
FL = Florida
GA = Georgia
HI = Hawaii
NJ = New Jersey
MS = Mississippi
VA = Virginia
WA = Washington

Notes:
Refer to federal criteria promulgated by EPA in its National Toxics Rule, 40 CFR 131.36 (57 FR 60848; Dec.  22, 
1992 and 60 FR 22230; May 4, 1995)
Where historical data were not reported as dissolved or total, the metals concentrations were compared to the 
most stringent (dissolved or total) state water quality criteria.
* Bioaccumulator



Table 9.  Data Sources

Data Source
NOD Section Reported Sampling Estimated Equipment Expert

2.1 Equipment Description and
Operation

X X

2.2 Releases to the Environment X X X
2.3 Vessels Producing the Discharge UNDS Database X
3.1 Locality X X X
3.2 Rate X X
3.3 Constituents X X
3.4 Concentrations X X
4.1 Mass Loadings X X
4.2 Environmental Concentrations X X X
4.3 Potential for Introducing Non-
Indigenous Species

X



Figure 1.  Sacrificial Anode and Impressed Current Cathodic Protection



Figure 2.  Electrochemical Cell



Figure 3.  Impressed Current Cathodic Protection System



1. Observed Zinc Consumption Rate:  Per 23-lb Anode  Per Pound of Anode
    (aggregate of in-port and underway)

50% of 23 lb/3 years 3.83 (lb zinc/yr)/ 23 lb anode

= 3.83 lb zinc/yr = 0.167 lb zinc/yr/lb of anode

2. Fraction of  Year Vessel is: In Port Underway

176 days/yr 189 days/yr
365 days/yr 365 days/yr

= 0.48 = 0.52

3. Annual Zinc Corrosion/Dissolution Rate:
   let x = in port corrosion/dissolution rate,     
  and 4x = underway corrosion/dissolution rate         0.48 (x) + 0.52 (4) (x) = 0.167 (lb zinc/yr)/lb of anode
                x  = 0.065 (lb zinc/yr)/lb of anode

4x = 0.261 (lb zinc/yr)/lb of anode

note:  the underway corrosion/dissolution rate is 4 times the in port rate as discussed in section 3.2.1
and reference 3 and 10.

4. Hourly zinc corrosion/dissolution rate: In-Port Underway
    (per lb anode)

0.065 (lb zinc/lb anode)/yr 0.261 (lb zinc/lb anode)/yr
    8760 hr/yr     8760 hr/yr

= 7.4 x 10-6 (lb zinc/lb anode)/hr = 3.0 x 10-5 (lb zinc/lb anode)/hr

5.  Unit conversion:
Average density of zinc anodes (Table 2)  =   (1,862,000 lb) / (10,861,000 ft2) = 0.17 lb/ft2

In-Port: (7.4 x 10-6 (lb zinc/lb anode)/hr) ( 0.17 lb/ft2) = 1.3 x 10-6 (lb zinc/ft2)/hr
Underway (3.0 x 10-5 (lb zinc/lb anode)/hr) ( 0.17 lb/ft2) = 5.1 x 10-6 (lb zinc/ft2)/hr

Calculation Sheet 1.  Calculation of Corrosion/Dissolution Rates from Sacrificial Anodes



Vertical tidal excursions for 1996 is based on the summation of the daily outgoing tides ( i.e., high-high
water to low-low water and high water to low water).

San Diego

• Surface Area = (10,532 acres) (4046.2 m2/acre) = 4.26 x 107 m2

 
• Total annual vertical tidal excursion for 1996 = 884.5 m
        Average tidal excursion = (884.5 m/yr)/((365 days/yr)(2 tides/day) = 1.2 m

• Tidal prism volume for 1996 = (4.26 x 107 m2 ) (884.5 m)  = 3.77 x 1010 m3

                                                                                                      = 3.77 x 1013 L
 
 Mayport
 
• Surface Area = (169.8 acres) (4046.2 m2 /acre) = 6.87 x 105 m2

 
• Total annual vertical tidal excursion for 1996 = 970.3 m
        Average tidal excursion = (970.3 m/yr)/((365 days/yr)(2 tides/day) = 1.3 m

• Tidal prism volume for 1996 = (6.87 x 105 m2 ) (970.3 m)  = 6.67 x 108 m3

                                                                                                      = 6.67 x 1011 L
 
 Pearl Harbor
 
• Surface Area = (3,031 acres) (4046.2 m2 /acre) =1.23 x 107 m2

 
• Total annual vertical tidal excursion for 1996 = 278.2 m
        Average tidal excursion = (278.2 m/yr)/((365 days/yr)(2 tides/day) = 0.38 m

• Tidal prism volume for 1996 = (1.23 x 107 m2 ) (278.2 m)  = 3.41 x 109 m3

                                                                                                     = 3.41  x 1012 L

Calculation Sheet 2.  Calculation of  Tidal Prism Volumes for San Diego, CA; Mayport,
FL; and Pearl Harbor, HI



1. Concentration = (Mass of Zinc) / (Volume)

2.  Volume modeled as a half-immersed cylinder:

                                                   

R1

R1 + d
Length

          Ship Class:  FFG 7
          Length = 415 ft
          Underwater Wetted Area = 19,850 ft2 = ½(2)(π)(R1)(length)
                                                   ==> R1 = 15.225 ft(1)

          Volume(model) = V2  - V1

          V1 = ½π(R1)
2(length) = 151,110 ft3    

          V2 = ½π(R1 + d)2(length)
                 d = variable (1 ft for this sample calculation)

          Volume = V2  - V1 = [½π(15.225 ft + 1 ft)2(415 ft)] - (151,110 ft3)
                        = 20,500 ft3

3.  Mass of zinc:
          Mass = (generation rate)(mass of anode installed)(time between water exchanges)
                 Generation rate = 7.4 x 10-6 (lb zinc/lb anode-hr)
                 Mass of installed anodes = (172 anodes)(23 lb/anode) = 3,956 lb
                 Time between water exchanges  = variable (1 hr for this sample calculation)

          Mass of zinc generated = (7.4 x 10-6 (lb zinc/lb anode-hr))(3,956 lb)(1 hr)
                                                  = 0.029 lb zinc

4.  Concentration:
           Concentration = (Mass of Zinc)/(Volume)(required conversion factors)
                         = (0.029 lb zinc)(454 g/lb)(106µg/g)/[(20,500 ft3)(28.32 L/ft3)]
                         = 22.7 µg/L ≅ 23 µg/L

notes:
(1)  Additional significant figures recommended in this step due to subsequent squaring operation.

Calculation Sheet 3.  Zinc Concentration (Mixing Zone Model) Sample Calculations



1. Concentration = (Mass of CPO) / (Volume)

2.  Volume modeled as a half-immersed cylinder:

                                                   

R1

R1 + d
Length

          Ship Class:  CG 47
          Length = 533 ft
          Underwater Wetted Area = 37,840 ft2 = ½(2)(π)(R1)(length)
                                                   ==> R1 = 22.598 ft(1)

          Volume(model) = V2  - V1

          V1 = ½π(R1)
2(length) = 427,558 ft3    

          V2 = ½π(R1 + d)2(length)
                 d = variable (1 ft for this sample calculation)

          Volume = V2  - V1 = [½π(22.598 ft + 1 ft)2(533 ft)] - (427,558 ft3)
                        = 38,677 ft3

3.  Mass of CPO:
          Mass = (generation rate)(efficiency)(time between water exchanges)
                 Generation rate = 46.g/hr
                 Efficiency = 100%
                 Time between water exchanges  = variable (1 hr for this sample calculation)

          Mass of CPO generated = (46.3 g/hr)(100%)(1 hr)
                                                  = 46.3 g

4.  Concentration:
           Concentration = (Mass of CPO)/(Volume)(required conversion factors)
                       = (46.3 g CPO)(106µg/g)/[(38,677 ft3)(28.32 L/ft3)]
                       = 42.3 µg/L ≅ 42 µg/L

notes:
(1)  Additional significant figures recommended in this step due to subsequent squaring operation.

Calculation Sheet 4.  CPO Concentration (Mixing Zone Model) Sample Calculations


