CORROSIVENESS OF GROUND WATER IN THE KIRKWOOD-COHANSEY AQUIFER SYSTEM

OF THE NEW JERSEY COASTAL PLAIN

By Julia L. Barringer, George R. Kish, and Anthony J. Velnich

U.S. GEOLOGICAL SURVEY

Water-Resources Investigations Report 90-4180

Prepared in cooperation with the
NEW JERSEY DEPARTMENT OF ENVIRONMENTAL PROTECTION AND ENERGY

West Trenton, New Jersey
1993



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary
U.S. GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information Copies of this report can be

write to: purchased from:

District Chief U.S. Geological Survey

U.S. Geological Survey Books and Open-File Reports Section
Mountain View Office Park Federal Center, Box 25425

810 Bear Tavern Road Denver, CO 80225

Suite 206

West Trenton, NJ 08628



CONTENTS

Abstract
Introduction
Purpose and scope
Well-numbering system
Acknowledgments
Description of the study area
Geology
Hydrology of the Kirkwood-Cohansey aquifer system
Soils and vegetation
Chemical characteristics of ground water
Methods and data sources
Corrosion

Physical erosion and chemical reactions
Corrosion indices
Approach
Types
Langelier Saturation Index
Aggressive Index
Larson Index

Applications
Corrosiveness of ground water in the Kirkwood-Cohansey aquifer system
Temporal relations
Correlations between indices
Correlation of indices with depth
Spatial relations
Factors that affect ground-water chemistry
Precipitation

Soils and vegetation
Topography and land use
Geology
Hydrogeology
Substantiation of ground-water corrosiveness
Summary and conclusions
References cited

...............................................................

...........................................................
...................................................

...............................................
....................................................
..........................................
.............................................................
...................
................................................
............................
...............................................
..............................................................
..................................................
.............................
...................................................
.........................................................
............................................................
...................................
.............................................
.................................................
......................................

.....................................................

..................................................
........................................
...................................
...................................................
..........................
....................................................
.............................................
..........................................
..........................................................
.....................................................
...........................
................................................

.......................................................

....................



Plate 1.

Figure 1.
2.

3.

4.

10.

11.

12.

Table 1.

ILLUSTRATIONS

Plates
(Plates follow text in pocket)
Page

Maps showing Aggressive Index of ground water in the Kirkwood-

Cohansey aquifer system of the New Jersey Coastal Plain in:
Atlantic County, New Jersey

Burlington County, New Jersey

Camden County, New Jersey

Cumberland County, New Jersey

Gloucester County, New Jersey

Monmouth County, New Jersey

Ocean County, New Jersey

Salem County, New Jersey

Figures

Map showing location of the study area........................ 5
Geologic map of the Miocene through Pleistocene sediments
that crop out in the study area............. ..., 6
Generalized northwest-southeast hydrogeologic cross-section
through the study area........... ... ... . i, 7
Block diagram showing presumed stratigraphic relations between
the Kirkwood-Cohansey aquifer system and the Atlantic City
800-foot sand.......... i s 9
Map showing locations of the outer Coastal Plain, inner Coastal
Plain, Mullica River basin, Pine Barrens, and Pine Plains.. 11
Diagrammatic representation of iron in contact with ground

water, showing simplified anode and cathode reactions....... 17
Diagrammatic representation of a galvanic cell between copper

Pipe and lead solder......... ...ttt 18
Map showing zones indicating corrosiveness of shallow ground

water as estimated by the Aggressive Index ................. 37
Map showing distribution of selected Larson Index

Value Tanges .. ...ttt 39

Change in Aggressive Index value with depth for (a) wells in
Gloucester County; (b) wells in Cumberland County; and (c)

wells in Salem County. .. ... ... 43
Map showing locations of areas from which tap-water samples
were collected. . ... ... it e 45

Graph showing Aggressive Index values versus concentrations
of copper leached from plumbing in 10 houses in
Franklinville, Gloucester County, February 23, 1988......... 49

TABLES

U.S. Environmental Protection Agency drinking-water
regulations for selected metals.............ciiiiniieunnnnnn. 2
Median values, ranges, and selected interquartile ranges for
chemical properties and constituents of ground water from the
unconfined Kirkwood-Cohansey aquifer system.................. 13
Ranges and interpretations of corrosion-index values........... 26

iv



Table

5-12.

14.

15.

16.

TABLES - -Continued

Page

Changes in Aggressive Index values over time................... 27
Selected well records, chemical analyses, land use, and

corrosion indices of water from wells in:
Atlantic County, New Jersey.........uiuiiiininnnenmnnneennnnn, 58
Burlington County, New Jersey..........couiuiiiiiinninnunneennnns 62
Camden County, New Jersey. ... ...uu ittt eeineennennnennnnn 64
Cumberland County, New JersSey. ... ..ottt rnneennnnn 65
Gloucester County, New JersSey. ... ... iiiiin e, 66
Monmouth County, New Jersey.........ciuuiiiineunernernninnennn. 69
Ocean County, New Jersey ... ... ..ttt nuneenennanean 70
Salem County, New JersSey. ... .. vttt nnnnnnnnennas 76
Comparison of values of the Riddick Corrosion Index with

Langelier Saturation Index, Aggressive Index, and

Larson Index values for ground water from the Kirkwood-

Cohansey aquifer system............c.viiiiiiinnininnneennnn. 29
Aggressive Index values for pairs of wells in the

Kirkwood-Cohansey aquifer system...............c.vveunvuun.n 31

Spearman correlation coefficients for relations between depth
of bottom of well screen and selected corrosion indices,
pH, and selected chemical constituents, by county............ 34
Summary of lead and copper concentrations in standing tap water
and in tap water after 15 minutes of flushing the system, from
10 houses in Franklinville, New Jersey, February 1987........ 47



CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To Obtain
Length
inch (in.) 2.54 centimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
square mile (mi?) 2.590 square kilometer
Weight
microgram (pg) 3.527 x 10.8 ounces, avoirdupois
milligram (mg) 0.00003527 ounces, avoirdupois
gram (g) 0.03527 ounces, avoirdupois
kilogram (kg) 2.205 pounds, avoirdupois
Volume
liter (L) 33.81 ounces, fluid

Temperature-conversion formula

degree Celsius (°C) 1.8 x °C + 32 = °F degree Fahrenheit (°F)

Sea level: 1In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929--a geodetic datum derived from a general adjustment of
the first-order level nets of both the United States and Canada, formerly
called Sea Level Datup of 1929.
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CORROSIVENESS OF GROUND WATER IN THE KIRKWOOD-COHANSEY AQUIFER SYSTEM
OF THE NEW JERSEY COASTAL PLAIN

by Julia L. Barringer, George R. Kish, and Anthony J. Velnich
ABSTRACT

Ground water from the unconfined part of the Kirkwood-Cohansey aquifer
system in the New Jersey Coastal Plain typically is corrosive--that is, it is
acidic, soft, and has low concentrations of alkalinity. Corrosive ground
water has the potential to leach trace elements and asbestos fibers from
plumbing materials used in potable-water systems, thereby causing potentially
harmful concentrations of these substances in drinking water.

Corrosion indices were calculated from water-quality data for 370 wells
in the unconfined Kirkwood-Cohansey aquifer system. The indices indicate that
most of the water from the unconfined part of the Kirkwood-Cohansey aquifer
system is highly corrosive. Values of the Langelier Saturation Index are
predominantly negative, indicating that the water is undersaturated with
respect to calcium carbonate and, therefore, is potentially corrosive. Values
of the Aggressive Index, a similar estimator of the aggressiveness (or
corrosiveness) of water, range from 3.9 (highly aggressive or corrosive) to
11.9 (moderately aggressive or corrosive). The median Aggressive Index value
calculated for the 370 wells is 6.0, a value indicative of highly corrosive
water. Moderately corrosive ground water is found in some coastal areas of
Ocean County. 1Isolated instances of moderately corrosive water are found in
northern Ocean County, and in Burlington, Camden, and Salem Counties. 1In the
vicinity of Ocean County, corrosion-index values appear to change little with
depth, but in Atlantic and Salem Counties, the corrosiveness of ground water
appears to decrease with depth.

Analyses of standing tap water from newly constructed homes in the
Coastal Plain show that concentrations of lead and other trace elements are
significantly higher than those in ambient ground water. The elevated trace-
element concentrations are attributed to the corrosion of plumbing materials
by ground water. Results of the tap-water analyses substantiate the
corrosiveness of Kirkwood-Cohansey ground water, as estimated by corrosion
index values.

INTRODUCTION

Elevated concentrations of lead in drinking water have been documented in
the United Kingdom and in some areas of the United States (Beattie and others,
1972; Karalekas and others, 1976; O’'Brien, 1976; Matthew, 1981; Lassovszky,
1984). In virtually all instances, the cause of the elevated lead levels has
been shown to be the leaching action of corrosive water on pipes and pipe
solder (Karalekas and others, 1976; Lovell and others, 1978; de Mora and
Harrison, 1984; Murrell, 1985). Leaching generally is most severe in
plumbing that is less than 5 years old; deposits that build up in older pipes
tend to prevent the attack of corrosive water. Kish and others (1987) traced
elevated lead concentrations in tap water from three New Jersey communities to
the corrosive nature of ground water in the Kirkwood-Cohansey aquifer system.
Corrosive waters also are responsible for the leaching of metals other than



lead (Maessen and others, 1985), and for the disintegration of asbestos-cement
pipe (Stuart, M., U.S. Water News, 1986).

The deleterious effects of lead in drinking water on human health have
been known for many years. In a number of recent studies, summarized by
Patterson and O'Brien (1979), elevated concentrations of lead (in excess of
0.05 mg/L (milligrams per liter)) in drinking water have been implicated in
hyperactivity in children, as well as in reduced levels of intelligence and
mental retardation. Hypertension, cardiovascular disease, and renal
insufficiency also are associated with excessive concentrations of lead.

Metals other than lead may be leached from water-distribution systems,
and some may adversely affect human health. Cadmium, an impurity in zinc, has
been found to cause renal injury in rats at levels in excess of 30 mg/L.
Although copper and zinc are essential trace elements for animals and humans,
both can be toxic to humans at levels of about 40 to 50 mg/L (National Academy
of Science, 1982).

Asbestos fibers may be released into drinking water as aggressive
(corrosive) waters dissolve the matrix of asbestos-cement pipe. Health
hazards associated with the ingesting of asbestos fibers have not been
confirmed. However, the presence of fibers in drinking-water supplies has
been a source of concern to public officials.

The U.S. Environmental Protection Agency (USEPA) has issued regulations
for several of these substances in public drinking-water supplies; the
regulations include both enforceable maximum contaminant levels (MCLs) and
nonenforceable secondary maximum contaminant levels (SMCLs) (U.S.
Environmental Protection Agency, 1977). Selected regulations in effect at the
time of the study are listed in table 1. The New Jersey Primary and Secondary
Drinking-Water Criteria are the same as those of the USEPA MCLs and SMCLs (New
Jersey Department of Environmental Protection, 1985).

Table 1.--U.S. Environmental Protection Agency Drinking-Water Regulations for
selected metals

[From U.S. Environmental Protection Agency (1977); MCL, maximum
contaminant level; SMCL, secondary maximum contaminant level; pug/L,
micrograms per liter]

Maximum contaminant Type of
Contaminant concentration (ug/L) regulation
Lead 50 MCL
Cadmium 10 MCL
Copper 1,000 SMCL
Zinc 5,000 SMCL
Iron 300 SMCL




Concern about corrosive ground water has mounted in the past decade, as
trace-element concentrations in drinking water have been shown to exceed
Federal drinking-water regulations in a number of municipalities across the
nation. The USEPA has estimated that approximately 42 million people in the
United States risk consuming drinking water containing concentrations of lead
greater than the then proposed standard of 20 ug/L (micrograms per liter)
(Levin, 1986). (More recently, the USEPA has changed the MCL of 50 ug/L for
lead to an action level of 15 ug/L (U.S. Environmental Protection Agency,
1991)). Recently enacted amendments to the Safe Drinking Water Act of 1986
have (1) banned the use of lead in the construction of public water-supply
systems and (2) mandated the identification of corrosive water supplies. The
use of solder containing more than 0.2 percent lead in potable water systems
has been banned in New Jersey as of February 2, 1987 (New Jersey Register,
1987). Further, the USEPA proposed a ban on the use of asbestos-cement pipe
and fittings (U.S. Water News, 1986).

This study was conducted in cooperation with the New Jersey Department of
Environmental Protection and Energy to assist the State of New Jersey in
identifying corrosive waters under the provisions of the Safe Drinking Water
Act Amendments of 1986.

Purpose and Scope

This report presents the results of an investigation of the extent of
corrosive ground water in the unconfined Kirkwood-Cohansey aquifer system in
the New Jersey Coastal Plain. Water-quality data collected during 1951-87 at
370 wells screened in the Kirkwood-Cohansey aquifer system were retrieved from
the U.S. Geological Survey's WATSTORE data base. The majority of these data
were collected after 1980. Two corrosion indices, the Aggressive Index and
the Larson Index, were calculated for water from the 370 wells. The Langelier
Saturation Index and the Riddick Corrosion Index also were calculated, but for
a smaller number of wells, because the necessary chemical data were lacking in
a number of cases.

Prior to this study, analyses of trace elements in tap water were
performed on samples from 32 homes with wells tapping the Kirkwood-Cohansey
aquifer system in Ocean and Atlantic Counties (Kish and others, 1987).
Similar measurements were made of samples collected during this study from 10
homes in Franklinville, Gloucester County. The results of the tap-water
studies are discussed in this report.

This report also discusses the relations of corrosive ground water, as
estimated by the corrosion-index values, to ground-water chemistry and to the
natural and anthropogenic factors that affect ground-water chemistry.
Precipitation chemistry, topography, soils, geology, aquifer properties, and
land use are considered.

Well -Numbering System

The well-numbering system used on the maps (pl. 1) and tables in this
report is based on the numbering system used by the U.S. Geological Survey in
New Jersey since 1978. The well number consists of a county code number and a



sequence number assigned to the well within the county. Code numbers for the
New Jersey Coastal Plain counties included in this report are listed below:

01 Atlantic 15 Gloucester
05 Burlington 25 Monmouth
07 Camden 29 Ocean

11 Cumberland 33 Salem

For example, well number 050609 represents the 609th well inventoried in
Burlington County.
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DESCRIPTION OF THE STUDY AREA

The study area for this report encompasses most of southern New Jersey,
exclusive of Cape May County, and includes all of Atlantic, Cumberland, and
Ocean Counties, southern Monmouth County, and much of Burlington, Camden,
Gloucester, and Salem Counties. The study area is located entirely within the
Atlantic Coastal Plain physiographic province (fig. 1), which is an area of
predominantly sandy soils, low relief, and gently sloping hills. The Fall
Line separates the €oastal Plain from the Piedmont physiographic province.

The middle to late Tertiary sediments and hydraulically connected Pleistocene

sediments that comprise the Kirkwood-Cohansey aquifer system crop out within
the study area.

Geology

The unconsolidated sediments of the New Jersey Coastal Plain form a
seaward-thickening wedge which is composed of alternating sequences of gravel,
sand, silt, and clay (figs. 2 and 3). Ranging in age from Cretaceous to
Quaternary, the oldest (Cretaceous) Coastal Plain deposits are interpreted as
mainly marine and deltaic in origin, with the youngest (Quaternary) having
been deposited by fluvial and aeolian processes (Rhodehamel, 1979a). The
sedimentary wedge unconformably overlies metamorphic rocks of Precambrian age,
as well as Triassic and Jurassic sedimentary rocks.

This report is concerned only with the uppermost of the Coastal Plain
sediments which comprise the unconfined Kirkwood-Cohansey aquifer system.
These include the Kirkwood Formation, the Cohansey Sand, the Beacon Hill

Gravel, the Bridgeton Formation, and parts of the Cape May Formation
(Rhodehamel, 1973).
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The oldest unit included in the Kirkwood-Cohansey aquifer system is the
Kirkwood Formation of Miocene age. The Kirkwood is composed largely of thick
beds of micaceous, very fine quartz sand which interfinger with layers of
carbonaceous clayey silt (Owens and Sohl, 1969). Thick interbedded clay units
are found near the coastline (Zapecza, 1989). The sediments of the Kirkwood
Formation overlie a sequence of sands and clays, including glauconitic sands,
that range in age from Cretaceous through early Tertiary.

The Cohansey Sand, which overlies the Kirkwood Formation, also is of
Miocene age, and is the most extensive surficial deposit in the New Jersey
Coastal Plain. The lithology of the Cohansey Sand, although variable, is
predominantly yellow, limonitic, poorly sorted quartz sand. Clay lenses, and
minor beds of silty and clayey sand also are present. The Cohansey Sand also
contains ironstone pebbles and minor amounts of feldspar, vein quartz, and
chert. Structures within the Cohansey Sand include parallel bedding and
cross-stratification (Rhodehamel, 1979a). Within the study area, the Cohansey
Sand and the Kirkwood Formation together range in thickness from a featheredge
at the western boundary of the outcrop of the Kirkwood Formation to more than
500 ft (feet) downdip in Cumberland County (Zapecza, 1989, pl. 24).

The Tertiary Beacon Hill Gravel and Bridgeton Formation are fluvial
deposits of Miocene age (Owens and Minard, 1979) that form a discontinuous
veneer over the Cohansey Sand (Rhodehamel, 1973). Although not areally
extensive, the coarse-grained sands and gravels of both formations are
relatively thick. The Beacon Hill Gravel can be up to 40 ft thick, and the
Bridgeton Formation up to 50 ft thick (Zapecza, 1989, p. 19).

The Quaternary Cape May Formation, which crops out discontinously in the
southern part of the New Jersey Coastal Plain, is of Pleistocene age, and is
composed of sands, gravels, and some clays. In the Cape May peninsula, the
Cape May Formation has been divided into four environmental facies: deltaic
sand, marine sand, estuarine clay, and estuarine sand (Gill, 1962); elsewhere,
the sediments of the Cape May Formation are undifferentiated.

Hydrology of the Kirkwood-Cohansey Aquifer System

The Kirkwood-Cohansey aquifer system underlies approximately 3,000 square
miles of the New Jersey Coastal Plain. Although confined by overlying
Pleistocene deposits in the Cape May peninsula, the Kirkwood-Cohansey aquifer
system is primarily a water-table aquifer because, throughout most of its
extent, Pleistocene deposits are hydraulically connected to the older
sediments. Near Atlantic City, however, a thick, diatomaceous clay unit
confines the Atlantic City 800-foot sand which is part of the Kirkwood
Formation!. Updip from the confining unit above the Atlantic City 800-foot
sand, the base of the unconfined aquifer system is more than 350 ft below sea
level, whereas, near the coast, the base of the unconfined part of the aquifer
system is only about 160 ft below sea level (Zapecza, 1989, p. 33). Figure &

! Data for water from the Atlantic City 800-foot sand are not included in
this report because the chemistry of the water in the confined part of the
system differs substantially from that of the water in the unconfined part
of the system. Data for water from the confined Cohansey Sand in the Cape
May peninsula also are excluded, for the same reason.



Figure 4.--Presumed stratigraphic relations between the Kirkwood-Cohansey
aquifer system and the Atlantic City 800-foot sand. (Modified from
Zapecza, 1989, fig. 5.)



shows diagrammatically the relations of the unconfined and confined parts of
the aquifer system. A confining layer separates the Kirkwood-Cohansey aquifer
system from the underlying Piney Point aquifer. This latter aquifer does not
crop out in New Jersey because the sediments pinch out updip. Therefore, the
Piney Point aquifer is present only in the subsurface in New Jersey.

The late Miocene Beacon Hill Gravel and Bridgeton Formation and a portion
of the Pleistocene Cape May Formation also are locally connected hydraulically
to the aquifer system (Zapecza, 1989, p. 19). However, in the Cape May
peninsula, the upper part of the Cape May Formation is considered to be a
separate aquifer. The estuarine clay acts as a confining layer between the
overlying deltaic and marine sands and the estuarine sand, which is
hydraulically connected to the confined Cohansey Sand (Zapecza, 1989, p. 33).

Recharge to the unconfined Kirkwood-Cohansey aquifer system is primarily
through precipitation. Although most recharge enters local flow systems that
discharge to nearby streams, some recharge in upland areas enters deeper flow
systems in the basal Cohansey Sand and Kirkwood Formation sediments. Recharge
in upland areas occurs in the west-central and northern parts of the study
area, whereas discharge from the deeper flow systems is along the coast, and
intermittently along the outcrop area of the Kirkwood Formation (Mary Martin,
U.S. Geological Survey, oral commun., 1988). Simulated potentiometric
surfaces for the Kirkwood-Cohansey aquifer system and the underlying Piney
Point aquifer indicate that, beneath the Mullica River basin (fig. 5), water
moves upward through the confining unit above the Piney Point aquifer into the
Kirkwood-Cohansey aquifer system (Martin, 1990, figs. 48 and 50).

Soils and Vegetation

Soil scientists have divided the Coastal Plain of New Jersey into two
regions: the inner Coastal Plain and the outer Coastal Plain (Markley, 1971,
fig. 4). Soils of the inner Coastal Plain coincide geologically with the
outcrop of unconsolidated sediments that are older than the Kirkwood Formation
and Cohansey Sand. The soils of the outer Coastal Plain generally coincide
with outcrop areas of the Kirkwood Formation and the Cohansey Sand.

The soils of the outer Coastal Plain typically are sands or sandy loams.
These soils range from strongly to extremely acidic, and they have low
fertility (Markley, 1979). Only small amounts of clay are present, and the
cation-exchange capacity of the soils is low (Douglas and Trela, 1979). Soils
in upland areas tend to be well- to excessively drained. Lowland soils,
although sandy, generally are poorly drained, and commonly contain a larger
percentage of organic material than do upland soils (Markley, 1979, p. 84-85).

The vegetation supported by these soils includes southern white cedar,
red maple, and black gum in the lowlands, and pines and oaks in the uplands
(McCormick, 1979). Much of the study area is forested; this extensive area is

known as the Pine Barrens of New Jersey. An upland area of dwarf pitch pines
is known as the Pine Plains (fig. 5).
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Chemical Characteristics of Ground Water

Water-quality data collected from 1951 through 1987 indicates that ground
water in the unconfined Kirkwood-Cohansey aquifer system generally is acidic,
with a median pH of 5.1. Higher pH values are found in some coastal? areas
where ground water is more saline (Harriman and Sargent, 1985), whereas the
lowest values (less than 5 pH units) generally are found inland. Isolated
instances of pH values greater than 7.0 are found in water from wells in some
northern and western parts of the study area, where the Kirkwood Formation
crops out or is near the surface, and in a few deep wells that tap the
Kirkwood Formation part of the aquifer system in the central part of the
Coastal Plain.

Alkalinity concentrations tend to be small, with a median value of

3.0 mg/L as calcium carbonate. In some areas, negative alkalinities are
found. (Negative alkalinities are measured when the acidity of a given water
sample exceeds the acid-neutralizing capacity of the water.) Alkalinity
concentrations tend to be larger (in some cases greater than 80 mg/L) in water
from wells in coastal areas, and also are found to be larger than 3.0 mg/L in
water from some wells that tap the Kirkwood Formation part of the aquifer
system.

Concentrations of dissolved solids tend to be smaller than 100 mg/L in
water from the Kirkwood-Cohansey aquifer system. The smallest dissolved
solids concentration for the sample set of 370 wells is 8 mg/L. Dissolved
solids concentrations are larger than 100 mg/L in some coastal areas; a
maximum concentration of 668 mg/L is reported for water from a well in Ocean
County. Water from the aquifer system generally is soft. A median value for
calcium-hardness concentration (calcium concentration expressed as calcium
carbonate) is 3 mg/L. Calcium-hardness concentrations in water from wells far
from the coast commonly are smaller than 1 mg/L but tend to be larger in water
from wells near the coast and from wells located in agricultural areas in
Cumberland, Gloucester, and Salem Counties.

Chloride concentrations generally are small in water from the unconfined
part of the Kirkwood-Cohansey aquifer system, with a median value of 5.4 mg/L.
In water from wells in relatively undeveloped areas (population less than 5
persons per acre), chloride concentrations typically are smaller than 5 mg/L.
However, slightly elevated chloride concentrations (8 to 42 mg/L) are found in
water from wells adjacent to major roadways and in some wells in urban and
agricultural areas. Chloride concentrations also are elevated in water from a
number of coastal wells, where concentrations have been found to exceed the
USEPA SMCL and the New Jersey Secondary Drinking Water Criterion of 250 mg/L
in some water samples.

The median sulfate concentration in water from the Kirkwood-Cohansey
aquifer system is 5.5 mg/L, and concentrations are smaller than 5 mg/L in
water from wells in relatively undeveloped areas. Sulfate concentrations tend
to be elevated in water from wells in some coastal areas in Ocean County.

2 In this report, the term "coastal" means a strip of land approximately 5
miles wide that extends along the Atlantic Coast of southern New Jersey and
continues along the Delaware Bay.
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Slightly elevated sulfate concentrations (8 to 18 mg/L) have been found to be
present in shallow ground water (less than 30 ft below land surface)
underlying and discharging to forested wetlands in the Lebanon and Wharton
State Forests. Sulfate concentrations (20 to 50 mg/L) are moderately elevated
in water from wells in urban areas such as Lakewood and Vineland, and range
between 20 and 110 mg/L in agricultural areas in Gloucester, Salem, and
Cumberland Counties. Sulfate concentrations are found to decrease with depth
of well screen in ground water from Burlington, Camden, and Cumberland
Counties. Table 2 summarizes descriptive statistics for pH, calcium hardness,
alkalinity, chloride, and sulfate, that were derived from the historical
water-quality data for 370 wells. Only the most recent analysis for each well
was considered in deriving these statistics; the water samples were collected
between 1951 and 1988,

Table 2.--Median values, ranges, and selected interquartile ranges for
chemical properties and constituents of ground water from the
unconfined Kirkwood-Cohansey aquifer system

[Number of wells sampled was 370; mg/L, milligrams per liter; <,
less than; Ql, first quartile; Q3, third quartile]

Calcium
Statis- hardness Alkalinity
tical pH (mg/L as (mg/L as Chloride Sulfate
measure (units) CaCO3) CaCO3) (mg/L) (mg/L)
median 5.1 3.0 3.0 5.4 5.5
minimum 3.8 <.l <.5 1 <.1
maximum 8.2 195 88 300 160
Q1-Q3 4.8 - 5.6 1.0 - 9.0 1.0 - 5.0 3.6 - 10 1.8 - 10

METHODS AND DATA SOURCES

In order to provide an estimate of the corrosiveness of a given water
sample, corrosion indices were calculated from water-quality data. Four
corrosion indices (the Langelier Saturation Index, the Aggressive Index, the
Larson Index, and the Riddick Corrosion Index) developed for use by the water-
treatment community were chosen for use in the current study, and are
discussed in detail in the following section of this report.

Previously collected water-quality data for 370 wells that tap the
unconfined Kirkwood-Cohansey aquifer system were used to calculate the four
corrosion indices. The wells were sampled from 1951 through 1987; however,
most (87 percent) of the data were collected from 1980 through 1987.
Information on well construction and water-quality data from sampling during
this latter period are found in Harriman and Voronin (1984), Harriman and
Sargent (1985), Knobel (1985), Lord and others (1990), Barton and others (in
press), and P.J. Lacombe and Robert Rosman (U.S. Geological Survey, written
commun., 1989). Data used to calculate the indices were retrieved from the
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WATSTORE data base maintained by the U.S. Geological Survey. Chemical data
that failed the cation/anion balance, based on the criteria of Friedman and
Erdmann (1982, p. 104), were excluded from the calculations by using a
quality-assurance screening program (D.A. Harriman, U.S. Geological Survey,
written commun., 1987).

All corrosion indices calculated for this study are a function of
alkalinity. The detection limit for all but a few analyses was given as
1 mg/L. If alkalinity values were reported as less than 1 mg/L (< 1 mg/L),
the value of 1 mg/L was used in the index calculations. Thus the index values
derived for well water with extremely small alkalinity concentrations are
higher than the actual values of the Aggressive and Langelier Indices, and
lower than the actual values of the Riddick and Larson Indices, indicating
less corrosive water than actually is the case. The Larson Index, which is a
ratio, is affected the most by this method of treating censored data. Field
measurements of pH and alkalinity were used in index-calculations; laboratory
measurements of pH and alkalinity were used only if field data were missing
from the analysis. A check of existing field and laboratory data indicated
that there was generally good agreement between values, and that, therefore,
the use of laboratory values for pH and alkalinity concentrations would not
introduce serious error into the indices calculated.

Chemical data were not available in all cases to calculate all four
indices for each well. However, at least two indices were calculated for each
well. Of those two indices (the Aggressive Index and the Larson Index), the
Aggressive Index was judged to estimate more accurately the corrosiveness of
water from the Kirkwood-Cohansey aquifer system. The Aggressive Index was
chosen to represent the corrosiveness of water on maps because (1) it could be
calculated for all the samples in the data set, (2) it fluctuated only
slightly through time in most areas, (3) it was less dependent on depth than
was the Larson Index, and (4) the values of the Aggressive Index were less
severely affected than those of the Larson Index if the alkalinity detection
limit was substituted for a concentration less than the detection limit.
Furthermore, because Larson’s experiments used water with dissolved-solids
concentrations ranging from about 250 to about 1,000 mg/L, the Larson Index is
not designed for water with low dissolved-solids concentrations (Singley and
others, 1985). Water with dissolved-solids concentrations of less than 250
mg/L is found throughout much of the Kirkwood-Cohansey aquifer system,
therefore, the Larson Index probably is applicable only to water from parts of

the aquifer system where dissolved-solids concentrations are greater than 250
mg/L.

Maps showing well locations and values of the Aggressive Index were
constructed using geographic information system software (pl. 1). The most
recent data for each well (samples collected between 1951 and 1988) were used
in the calculations of the index values shown on the maps in order to
represent the most current data available. Thirteen wells from the initial
data set of 370 wells are not shown on the maps; these are the deepest of
those wells installed as nested piezometers. Where more than one well was
located at the same map coordinates, only the shallowest well was plotted on
the maps. Thus, the maps show data for 357 domestic, observation, and
municipal wells. Well types are not differentiated on plate 1.
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In order to evaluate the reliability of the corrosion indices as
estimators of ground-water corrosiveness, data from previous studies of trace-
metal leaching by tap water (Kish and others, 1987; Deborah Maher, Atlantic
County Health Department, written commun., 1987) were examined, and an
additional study of tap water was conducted during the course of this investi-
gation. The tap-water samples were collected by the homeowner following
instructions based on a protocol established by Karalekas and others (1978).

As in the previous study by Kish and others (1987), the participating
Gloucester County homeowners were instructed to use no water during the night,
and then to fill two bottles from the kitchen or bathroom cold-water tap with
the first morning water. One sample bottle was an acid-rinsed 250-mL
(milliliter) polyethylene bottle for metals analysis; the other was a
deionized-water-rinsed 250-mL polyethylene bottle for pH and specific-
conductance determinations. After 15 minutes of running the water, a set of
three bottles was filled (one acid-rinsed bottle for metals analysis, two
deionized-water-rinsed bottles, one for pH and specific conductance
measurements and one for sulfate, chloride, and alkalinity determinations).
All sample bottles were retrieved by U.S. Geological Survey personnel within
about 2 hours of sampling, and the bottles for metals analysis were acidified
with nitric acid to a pH of less than 2%. A duplicate sample was collected
from one home 1 week after the original sample was collected.

Samples from the 10 homes in Franklinville, Gloucester County, were
analyzed for metals and major cations by inductively coupled plasma
spectroscopy at the U.S. Geological Survey National Water-Quality Laboratory,
in Arvada, Colorado. Alkalinity was determined by fixed-endpoint titration;
chloride, by colorimetry; and sulfate, by the turbidimetric method.

CORROSION

Corrosion is "the deterioration of a substance or its properties due to a
reaction with its environment" (Singley and others, 1985, p. 6). The
environment with which this report is concerned is that of ground water in an
unconfined aquifer system.

Materials Affected

Ground water, if used as a water source, comes in contact with the
structural materials of water-distribution systems. These materials include
copper, brass, zinc, lead, cast iron, galvanized iron, steel, and asbestos-
cement. Various manmade structures such as bridge piers and below-ground
storage tanks also may come in contact with ground water.

Physical and chemical reactions can extract metals and asbestos fibers
from the distribution system, and increase the concentrations of these
substances in drinking-water supplies.

8 An interval of 2 to 3 hours between time of sample collection and time of
acidification was not considered to compromise the accuracy of trace-metal
analysis. Miller and others (1985) reported that acidification of water

samples can be delayed for 14 days after collection without substantially
affecting lead concentration.
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Physical Erosion and Chemical Reactions

The physical action of water with high flow velocity can promote
corrosion in pipe, particularly at elbows and joints. Corrosion can occur
because the action of the water causes erosion of a protective film of mineral
deposits on the pipe’s inner surface. The erosion may be caused by suspended
particles, but also may result from rapidly flowing water removing protective
deposits or preventing their formation (Schock and Neff, 1982).

Metallic corrosion occurs when electrons are released by oxidation at an
anode and are consumed at a cathode through a reduction. The medium for the
flow of current is the water, in which ions are present. Oxidation of metal
produces ions, which can then, in the appropriate chemical environment, remain
as dissolved species in the water. The relative tendencies for metals to
corrode are controlled by their electrode potentials. Figure 6 illustrates
the metallic corrosion process, using iron in contact with ground water as an
example. Fe, which is elemental iron, loses two electrons (e”) to form Fe?2
Fe? reacts with water to produce iron hydroxide (Fe(OH),) and H . H is
reduced by the electrons, and forms hydrogen gas (H,) at the electrode. In an
oxygenated system, Fe? 1is oxidized to Fe® and forms Fe(OH),.

Although the example shown in figure 6 illustrates the oxidation of iron
as an inorganic process, bacteria typically are present to catalyze reactions;
bacteria, therefore, can be participants in the corrosion process. Dissolved
oxygen is a common and important oxidant; other oxidizing agents such as
disinfectants, free chlorine, chloramines, and ozone can promote the corrosion
process (Schock and Neff, 1982).

In cases where two different metals are in contact with one another, a
galvanic cell is created, where one metal acts as an anode and the other acts
as a cathode. The metal that is the more easily oxidized of the two is the
anode, and dissolution of that metal occurs. In general, copper-bearing
metals tend to act as cathodes, thereby enhancing the dissolution of other
metals that act as anodes (Schock and Neff, 1982). The diagram shown in
figure 7 illustrates a galvanic cel% between copper pipe and lead solder.,
Lead is oxidized, and lead ions (Pb” ) go into solution. Cupric ions (Cu ')
are reduced and plate out as metallic copper at the anode.

Temperature affects a variety of chemical reactions that cause or are
associated with corrosion. These reactions include the dissolution of
materials such as asbestos-cement matrix, the dissolution or precipitation of
calcium carbonate, and electrochemical reactions involving metals. The rates
of corrosion reactions increase with water temperature, and metals typically
are more soluble in hot water than in cold. However, calcium carbonate is
less soluble in hot water than in cold and can readily form a protective
coating on pipes transporting hot water.

Electrode potentials may change as a function of temperature. At
temperatures in excess of 60 °C (140 °F), which could be found in hot tap-
water pipes, the electrode potential of the zinc/iron couple changes, and zinc
may become the cathode, thus accelerating the corrosion of iron (Singley and
others, 1985).
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Figure 6.--Diagrammatic representation of iron (Fe) in contact with ground
water, showing simplified anode and cathode reactions.
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Figure 7.--Diagrammatic representation of a galvanic cell between copper pipe
and lead solder.
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Dissolved oxygen acts as an electron acceptor in metallic corrosion
reactions. Further, oxygen reacts with hydrogen released at the cathode,
permitting the corrosion reaction to continue by removing the hydrogen shield.
Ultimately, however, protective metal-oxide films can form as oxygen reacts
with metal surfaces (Singley and others, 1985). Nitrate ion has been
implicated in the corrosion of ferrous materials, where it reacts with

hydrogen at the cathode in a manner similar to oxygen (Singley and others,
1985).

A large concentration of dissolved solids implies a large ion
concentration in water, which causes the water to be highly conductive. 1In
general, the higher the conductivity, the more easily the water conducts a
current which promotes metallic corrosion (Singley and others, 1985, p. 16).
However, large concentrations of some ions can promote the precipitation of
protective films. Hard waters tend to inhibit corrosion (Singley and others,
1985, p. 16), and experimental work indicates that the solubility of lead, for
example, decreases as calcium concentrations increase (Moore, 1973).

The pH and alkalinity of water determine whether various protective films
are precipitated or dissolved, and also whether the metals present are in the
form of free ions or hydroxyl complexes (Singley and others, 1985; Schock and
Neff, 1982). Acidic waters tend to dissolve carbonate films, and metals will
be present as free ions. Alkalinity, a measure of a water'’s capacity to
neutralize acids, affects corrosion reactions in several ways. Bicarbonate
alkalinity can neutralize both acids and bases, buffering the water against
changes in pH. Bicarbonate and carbonate alkalinity can control calcium
concentrations, and thus reduce the dissolution of cement materials in contact
with the water. Waters with moderate carbonate alkalinity tend to precipitate
various carbonate minerals that can shield pipe surfaces from corrosive attack
(Singley and others, 1985). However, the solubility of lead increases in
waters with high carbonate alkalinity concentrations (greater than 100 mg/L as
calcium carbonate) at pH values of about 8 to 8.5 (Schock and Gardels, 1983).

The presence of chloride and sulfate in water promotes corrosion and
pitting of iron and copper. Because both ions form strong acids, they tend to
increase the acidity of water. Also, chloride and sulfate probably increase
corrosion rates by increasing the conductivity of the water. Sulfate may
inhibit the formation of protective films by ion-pairing with calcium and
magnesium (Schock and Neff, 1982). Free chlorine in chlorinated water

supplies promotes corrosion of copper, particularly at low pH values (Atlas
and others, 1982).

Other chemical compounds, which are not routinely analyzed in most water
samples, can be involved in the corrosion process. Dissolved carbon dioxide,
forming carbonic acid at low pH, may dissolve protective calcium carbonate or
hydrated iron oxide films (Singley and others, 1985, p. 140). Schock and Neff
(1982) indicate that the effects of free carbon dioxide on dissolution of
metals or corrosion rate is not well understood. Hydrogen sulfide (only
present under reducing conditions) can form insoluble sulfides by reacting

with metal ions, and therefore, accelerating corrosion (Singley and others,
1985, p. 17).
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