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CONVERSION FACTORS, VERTICAL DATUM,

AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
Length
inch (in.) 25.4 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
square mile (mi%) 2.590 square kilometer
Flow
gallons per minute (gal/min) 0.06309 liter per second
0.00006309 cubic meter per second
Volume
gallon (gal) 3.785 liter
gallon per minute per foot [(gal/min)/ft] 0.207 liter per second per meter
3,785 milliliter
dioactivi
picocuries per liter (pCi/L) 0.037 becquerel per liter
1.46 micrograms per liter as
uranium-natural
Other Abbreviati
micrograms per liter (ug/L)

micrometer (um)
milliequivalents per liter (meq/L)
milligrams per liter (mg/L)

Tempe:ature in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) as follows:
°C = 5/9 (°F- 32)

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929
(NGVD 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 Datumr of
1929.
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RADIUM AND RADON IN GROUND WATER
IN THE CHICKIES QUARTZITE, SOUTHEASTERN PENNSYLVANIA

By Lisa A. Senior and Karen L. Vogel
ABSTRACT

The Chickies Quartzite, a Lower Cambrian-age formation comprised of quartzite and slate overlying
a basal conglomerate, forms narrow ridges and crops out discontinuously over 112 square miles in the
Piedmont physiographic province of southeastern Pennsylvania. The formation is a low-yielding, fractured-
rock, water-table aquifer recharged primarily by local precipitation. It is the sole source of water supply for
thousands of domestic users. Ground water in the Chickies Quartzite generally is soft and acidic.

During 1986-88, the U.S. Geological Survey sampled water from 160 wells that penetrate the
Chickies Quartzite to determine the magnitude and distribution of radium-226 (Ra-226), radium-228
(Ra-228), and radon-222 (Rn-222) activities in ground water in the formation and to characterize the
geochemical environment associated with elevated activities of radium (Ra). In addition, 28 wells
penetrating adjacent geologic units and 1 well in the Hardyston Quartzite were sampled to determine
relative background Ra and Rn-222 activities in ground water. Analyses included determination of
activities of dissolved Ra-226, Ra-228, and Rn-222, and concentrations of dissolved uranium (U), dissol-~ed
organic carbon (DOC), and major and minor dissolved inorganic ions. Rock samples were analyzed for U
and thorium (Th) and geophysical logs were run to determine sources of Ra and Rn-222 in the Chickies
Quartzite. Activities of up to 41 pCi/L (picocuries per liter) for Ra-226, 160 pCi/L for Ra-228, and
32,300 pCi/L for Rn-222 were measured in ground water in the Chickies Quartzite. Forty-seven percent of
the samples contained Ra-226 and Ra-228 activities greater than 5 pCi/L. Median activities measured were
1.2 pCV/L for Ra-226, 2.6 pCi/L for Ra-228, 4.2 pCi/L for combined Ra-226 and Ra-228, and 2,400 pCi/L for
Rn-222. Ra-228 activity exceeded Ra-226 activity in about 92 percent of 100 water samples; the median
Ra-228/Ra-226 activity ratio was 2.4. Ra-228/Ra-226 activity ratios commonly were greater in ground
water than calculated Th/U ratios in rock samples, suggesting preferential leaching of Ra-228 from aquifer
solids. Of ground water in the adjacent geologic units, the highest activities (up to 2.9 pCi/L for Ra-226,

12 pCi/L for Ra-228, and 25,300 pCi/L for Rn-222) were measured in ground water in the Harpers Phyllite
and Antietam Quartzite.

Nonparametric (Spearman rho test) statistical correlations show that the activity of dissolved Re is
inversely related to pH and directly related to concentrations of total dissolved solids, DOC, barium, and
sulfate. Low pH decreases adsorption of Ra onto the aquifer matrix. The other factors may favor Ra
mobility by enhancing complexation or increasing solubility. Rn-222 activity does not correlate with and is
not supported by the activity of its parent, Ra-226, in solution. Ra-226 activity correlates positively, bu*
weakly, with U concentrations. Ra-226 does not appear to be supported by its parent, U-238, in solution.

Observed distributions of Ra-228, Ra-226, and Rn-222 activities in ground water in different
lithologies of the Chickies Quartzite reflect different geochemical controls on adsorption and distribution of
parent thorium-232 (Th-232) and uranium-238 (U-238) in the formation. Radium activities were greatest
in acidic ground water in the conglomerate and quartzite (median pH of 5.0 and 5.2, respectively) and least
in the more neutral water in the slate (median pH of 6.4). For ground water in the conglomerate, quartzite,
and slate, respectively, median activities measured were: 1.3, 1.5, and 0.2 pCi/L for Ra-226; and 3.7, 2.5,
and 1.0 pCi/L for Ra-228. Natural-gamma-ray geophysical logs and results of rock analyses indicate that
the conglomerate may contain more Th and U than the quartzite and that the conglomerate may be more
enriched in Th with respect to U than the quartzite; Th and U distribution in both lithogies is variable.
Median Rn-222 activities in ground-water samples generally are greater progressively from the slate
(1,400 pCi/L) to the quartzite (2,000 pCi/L) to the conglomerate (3,400 pCi/L) and may reflect difference- in
U content of the lithologies.

Ra-226, Ra-228, and Rn-222 activities in ground water vary locally and temporally. Lithology
controls the geochemical environment, topography, and ground-water flow paths, and, therefore, the
spatial distribution of Ra and Rn-222 activities. Temporal variations are seasonal; maximum Ra and
Rn-222 activities in ground water occur with water-table lows in autumn and minimum Ra and Rn-222
activities occur with water-table highs in the spring.

ABSTRACT 1



INTRODUCTION

In 1985, during routine sampling of public supply wells, the Pennsylvania Department of
Environmental Resources (PaDER) discovered activities of radium (Ra) that exceeded the U.S.
Environmental Protection Agency (USEPA) maximum contaminant level (MCL) for drinking water
(U.S. Environmental Protection Agency, 1986) of 5 pCi/L (picocuries per liter) in water samples from
several wells drilled into the Chickies Quartzite. The MCL is for the sum of the activities of Ra
isotopes, of which radium-226 (Ra-226) and radium-228 (Ra-228) are the most abundant in nature.
Ground water in the Chickies Quartzite is the sole source of supply for thousands of private usevs and
a few public-supply systems. According to Cothern (1987), ingestion of water containing elevated
activities of Ra can cause bone cancer. The health effects of ingesting drinking water that contains
elevated concentrations of radon-222 (Rn-222), a radioactive isotope produced from the radioac*ive
decay of Ra-226, are not clearly known. Degassing of Rn-222 from well water into closed buildings
may pose a health risk (lung cancer) by inhalation (Cothern, 1987).

During 1986-89, the U.S. Geological Survey (USGS), in cooperation with the PaDER Bur-au of
Topographic and Geologic Survey and PaDER Bureau of Radiation Protection, conducted a study of
the occurrence of Ra-226, Ra-228, and Rn-222 in ground water in the Chickies Quartzite to determine
the distribution and magnitude of elevated Ra and Rn activities. The investigation included the
collection and analysis of ground-water and rock samples.

Purpose and Scope

This report presents and summarizes data on the occurrence of Ra-226, Ra-228, Rn-222,
uranium (U), and major and minor dissolved constituents in ground-water samples collected frcm the
Chickies Quartzite and adjacent formations during 1986-89. It presents data on U and thoriumr (Th)
in the rocks of the Chickies Quartzite as well as results of data analysis by statistical and graphical
methods and describes a conceptual model for the occurrence of Ra in ground water. The report
identifies the distribution and magnitude of the Ra and Rn anomalies in ground water of the Ckickies
Quartzite and characterizes the geochemical and hydrologic environments associated with elevated
Ra and Rn activities in ground water.

Description of Area

The Chickies Quartzite crops out discontinuously over 112 mi? in the Piedmont Physiogr~ohic
Province of southeastern Pennsylvania (fig. 1). Trending east-northeast, the formation crops out in
eight counties in Pennsylvania: Adams, York, Lancaster, Berks, Chester, Montgomery, Philadelphia,
and Bucks. The Chickies Quartzite forms a series of discontinuous narrow ridges that define three
distinct and separate (fig. 1) structural and lithologic areas: a western area in Adams, York, and
western Lancaster Counties; a central area in eastern Lancaster, Berks, and Chester Counties: and
an eastern area in Montgomery, Philadelphia, and Bucks Counties. Generally, the ridges formed by
the Chickies Quartzite are flanked by stratigraphically younger carbonate rock underlying valleys
and by stratigraphically older, crystalline rock underlying rolling uplands.

1The USEPA in 1991 proposed a MCL for radium of 20 pCi/L for Ra-226 or 20 pCi/L for Ra-228 in drinking water.
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Population and Land Use
The Chickies Quartzite crops out near areas of high- and low-density population. Several tens of
thousands of people rely on ground water from the Chickies Quartzite for their water supply.
Economic use of rock and minerals of the Chickies Quartzite includes past mining for iron ore and
clay and present quarrying for building stone and aggregate.

In the eastern part of the study area, the formation underlies the northwestern edge of the City
of Philadelphia and its associated suburbs. The eastern part of the study area is the most urbanized,
and most of the area’s water needs are met by public surface-water supplies and wells in aquifers
other than the Chickies Quartzite. Golf courses, country clubs, and a few domestic wells withdraw
ground water from the Chickies Quartzite for irrigation, swimming pools, and domestic use.

The central and western parts of the study area are changing rapidly, with farms and fore-t,
giving way to residential, commercial, and industrial development. Until recently, ridges underlain by
the Chickies Quartzite were forested and sparsely populated because of their relatively steep slopes
and thin, poor soil unsuited for agriculture. Most residents rely on wells for water supply and have
on-lot septic systems for disposal of waste water. The isolation of the ridges also has made them
attractive sites for legal and illegal waste disposal. Two active landfills are located on the formation,
one of which is in an abandoned quarry. Several inactive waste-disposal sites are on the USEPA’s
National Priorities List (Superfund-site designation).

11- i

The well-numbering system in this report consists of a local well number and a site-
identification number. The local well number consists of two parts: (1) a two-letter abbreviation that
identifies the county in which the well is located, and (2) a sequentially assigned number. Wells
located in Berks, Bucks, Chester, Lancaster, Montgomery, and York Counties are identified by tl-=
prefixes BE, BK, CH, LN, MG, and YO, respectively. No wells were sampled in Adams or Philade'phia
Counties.

The 15-digit site-identification number is based on latitude and longitude. The first six digits
are the degrees, minutes, and seconds of latitude; the next seven digits are the degrees, minutes, and
seconds of longitude; and the last two digits are the sequence number. The sequence number is
assigned to distinguish among sites located within a common 1-second grid block of latitude and
longitude.

The combined prefix of a county abbreviation and SP denotes a spring in that county. Locations
of selected wells and springs are shown on plate 1. Construction and production data for wells and
springs are listed by county and local well number in table 20.

hods of Data Collection and Analysis

Samples of ground water were collected and analyzed for activities of dissolved Ra-226, Ra-228,
and Rn-222, and concentrations of other chemical constituents in three phases between Novembar
1986 and September 1988. Ground-water samples were from 1 spring and 160 wells completed in the
Chickies Quartzite and from 1 spring and 28 wells completed in adjacent geologic units. The first
phase of data collection was a reconnaissance to determine the extent and magnitude of elevated Ra
activity and to define, in general terms, ground-water chemistry. Sites were selected to distribute
sample collection evenly over area of outcrop, with about two wells sampled on each 7.5-minute
topographic quadrangle map where the Chickies Quartzite crops out. The next two phases of data and
sample collection increased the areal sampling density, increased sampling coverage in an area vhere
the hydrogeology was relatively well known, and provided additional data on hydrologic and geologic
factors controlling Ra activity in ground water. Hydrologic data collected included well yield, specific
capacity, depth, length of casing, and depth to water. Geologic data included lithology, gamma-ray and
other geophysical logs of wells, rock-sample analyses, and mineral identifications. Several clusters of
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closely-spaced wells were sampled to study the range of Ra activity in water from wells within a small
area. Several transects of wells penetrating different intervals in the Chickies Quartzite and adjacent
formations were sampled to study the lithologic and flow-path controls on Ra activity in ground w-ater.

Most of the sampling sites were domestic wells equipped with submersible pumps. Pumping
rates ranged from 2 to 9.5 gal/min. All filters and treatment systems were bypassed. Wells were
pumped until temperature, pH, and specific conductance stabilized, usually 30 to 60 minutes. P~obes
to monitor pH, temperature, and specific conductance were placed below the surface of a continuously
overflowing sampling container supplied by the well discharge; use of the overflowing container
reduced contact of the water with the atmosphere.

Field measurements of pH, temperature, alkalinity, dissolved oxygen (DO) concentration, and
specific conductance of ground-water samples were made by established methods (Wood, 1976).
Alkalinity titrations were conducted to an endpoint of 4.5 pH units and are reported as milligrams
per liter of calcium carbonate (CaCOj3). Bicarbonate (HCOj3) is assumed to be the dominant
component of alkalinity in dilute ground waters with neutral to acidic pH and (or) organic content.
For water with an initial pH of 4.5 or less, alkalinity is reported as zero mg/L CaCOg. DO
concentration was determined by use of the azide modification of the Winkler titration method
(American Public Health Association and others, 1975).

Samples of ground water for inorganic chemical and radiochemical analysis were filtered
through a 0.45-pm filter. Samples for dissolved organic carbon (DOC) analysis were filtered through a
0.1-pum silver filter by use of a peristaltic pump. Sample preservation included acidification for
radiochemical and metals analysis, chilling for DOC analysis, and addition of mercuric chloride and
chilling to 4 °C for nutrient analysis. Concentrated hydrochloric acid was used to preserve samples for
radionuclide analysis during phase one of sampling; otherwise, concentrated nitric acid was use- for
all acidified samples. At each site, two samples for radon analysis by liquid scintillation were collected
with a syringe (U.S. Environmental Protection Agency, 1978).

Analysis of ground-water samples for inorganic constituents, including nutrients, and DOC was
done by the USGS National Water-Quality Laboratory by use of standard methods (Fishman and
Friedman, 1989). Inorganic constituents analyzed were: calcium (Ca), magnesium (Mg), sodium (Na),
potassium (K), iron (Fe), manganese (Mn), barium (Ba), chloride (Cl), fluoride (F), sulfate (SO,), koron
(B), nitrate (NOg), nitrite (NOy), ammonium (NH,), and phosphate (PO,4). Minimum reporting levels
for metals depends on the analytical method; reporting levels for Ba, Fe, and Mn are higher for
analysis by atomic absorption spectrometry than for analysis by atomic emission spectrometry bv use
of inductively-coupled plasma.

Radiochemical analysis of ground water included the determination of Ra-226, Ra-228, and
gross alpha- and beta-particle activities and U concentrations by use of methods outlined by Thatcher
and others (1977). Rn-222 was measured by liquid scintillation by use of methods outlined by
Pritchard and Gesell (1977) at the University of Maine,2 Orono, Maine. Ra-226, Ra-228, and gro-s
alpha- and beta-particle activity and dissolved U concentrations were determined by Teledyne
Isotopes,? Westfield, N.J., for phases one and two of the study and by U.S. Testing',2 Richland, Wash.,
for phase three. Several duplicate samples from phases two and three and 12 samples from well
CH-3335 were analyzed by the PaDER Bureau of Laboratories; samples compared acceptably, with no
laboratory showing bias. Ra-226 activity was determined by Rn-222 emanation. Ra-228 activity was
determined by coprecipitation with barium sulfate and subsequent beta counting. Dissolved U
concentration was determined by laser fluorometry (Teledyne) or laser-induced phosphorimetry (U.S.
Testing). Gross alpha- and beta-particle activity was determined by precipitation of solids on plar<het
and counting. Alpha standards were americium-241 for analyses by Teledyne Isotopes and result- are
reported as pCi/L. Alpha standards were natural-uranium (U-nat) for analyses by U.S. Testing, and
results are reported as ng/L as U-nat. Eighteen samples also were analyzed for isotopic U (U-238.

2The use of names of private laboratories is for identification purposes only and does not constitute endorsement by
the U.S. Geological Survey.
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U-235, and U-234) by U.S. Testing by use of alpha spectrometry. Lowest level of reporting (lower limit
of detection) and margin of error for each radionuclide varied depending on laboratory and back-
ground radioactivity during counting. Generally, the magnitude of counting error increases witl> the
magnitude of the determined activity for radionuclides. Reported activity values should be
interpreted with caution because of the uncertainty associated with measurement.

Borehole geophysical logging of domestic and monitoring wells penetrating the Chickies
Quartzite was completed by the USGS. Geophysical logs included some or all of the following on each
well: caliper, fluid-temperature, fluid-resistivity, electrical (single-point-resistance and spontaneous-
potential), natural-gamma-ray, and fluid-velocity (brine-trace) logs. Logging probes and tools for
gamma-ray and electrical logs were not calibrated, and logs are interpreted relative to each other. The
gamma-ray-logging tool measures total gamma-ray radiation in a selected energy range and does not
differentiate among gamma-ray emitters. Usually, about 90 percent of the gamma radiation detected
originates within 12 in. of the borehole, and higher energy radiation travels farther than lower energy
radiation (Keys, 1989). Among natural gamma-ray emitters, gamma activities of the Th-232 and
U-238 decay series are much greater than that of K-40 (Keys, 1989).

The Ra-226 and Ra-228 activities in six rock samples were determined by use of standard
methods for dissolved Ra-226 and Ra-228 following total dissolution of the rock by PaDER Bureau of
Laboratories. Rock samples and well cuttings were analyzed using neutron activation to determrine
total U concentration by delayed neutron counting and Th content by instrumental activation
analysis (INAA) by Nuclear Activation Services, Ann Arbor, Mich. Gamma-ray spectrometry of well
cuttings and suspended solids collected by filtering ground-water samples were performed by
Teledyne Isotopes. Gamma-ray spectrometry measures the gamma-ray activity of several high-energy
gamma rays, including those of K-40 and some radionuclides in the U-238 and Th-232 decay series.

Heavy minerals were identified in collaboration with C. Gil Wizwall and David Sinson at West
Chester University, West Chester, Pa., and by Linda C. Gunderson, USGS, in Reston, Va. Rock
samples and well cuttings were crushed, sieved, and panned. Dense liquids (bromoform) were used to
further separate the heavy minerals, and a Frantz magnetic separator at Bryn Mawr College was
used to remove magnetite.

Nonparametric statistics were used in data analysis. Parametric statistics traditionally are
used in the analysis of normally distributed data sets; however, hydrologic data, and water-quality
data in particular, commonly are not normally distributed (Helsel, 1987, p. 180). Ra-226, Ra-228, and
Rn-222 activity data are positively skewed. In addition, the data are bounded at the detection limit of
the analytical method, and some concentrations are reported as less than the detection limit.
Nonparametric statistics are powerful and robust when used to analyze nonnormally distributed
data, such as badly skewed environmental data.

Multiple detection limits for radionuclides arise because of (1) variances in the background
radioactivity during counting at time of the analysis, and (2) the use of two laboratories having
different reporting levels. All data less than the maximum detection limit is set equal to that
detection limit; nonparametric statistical tests assign the same rank to all concentrations that ar< the
same (Helsel, 1987, p. 189). The maximum detection limits for Ra-226 and Ra-228 activities are
0.1 pCi/L and 1.0 pCV/L, respectively.

Differences in Ra-226, Ra-228, and Rn-222 activities in ground water in different lithologies
were tested by use of the Kruskal-Wallis test, a nonparametric one-way analysis of variance
(ANOVA). The Kruskal-Wallis null hypothesis is that a number of independent groups come from the
same population or from populations with equal mean rank. The significance of the equality of the
means of the ranks is tested against the chi-square distribution. For this study, the null hypothesis
was rejected at a 95-percent confidence level. If the null hypothesis is rejected, the alternative
hypothesis is that at least one group is from a different population. However, the test does not
indicate which group is different. Further testing by use of a nonparametric multiple comparison test
(MCT) must be performed to identify the group or groups that come from a separate population.
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A multiple comparison test (MCT) is a procedure to determine the relative ordering of
population mean rank. This test was used only after the null hypothesis of the ANOVA was rejected.
The MCT using the Kruskal-Wallis statistic recommended by Campbell and Skillings (1985) was
used. The purpose of the MCT is to find differences in smaller subsets as long as test results are
statistically significant; for this study, the null hypotheses of no differences was rejected at the overall
95-percent confidence level.

Spearman’s rho correlation coefficient (ry) test was used to determine the specific chemical
constituents and properties that correlated with Ra-226, Ra-228, and Rn-222 in ground water.
Spearman’s rho is a nonparametric test to measure monotonic correlation between two variables.
Monotonic correlations are not necessarily linear but arise when two parameters either change
magnitude at any rate in the same or opposite directions. It is calculated by use of rank-transformed
data. Positive correlation results when large values of the first variable are associated with large
values of the second variable. A negative correlation results when large values of the first variable are
associated with small values of the second variable. All correlations discussed in this report have at
least a 95-percent significance level (p-values less than 0.05).

Values of rg should not be interpreted in the same manner as values for the equivalent
parametric test, Pearson’s product-moment correlation coefficient (r). If the relation between the two
variables is curvilinear rather than linear, the value of ry will tend to be higher (closer to -1 or +1)
than the value for r Iman and Conover, 1983, p. 127 and 340). Spearman’s rho, unlike Pearson’s
product-moment correlation coefficient, is not sensitive to outliers in the data since ranks of the
values are used instead of the actual values. It is an inappropriate procedure to square rg to
determine the percent variability of y explained by x (D.R. Helsel, U.S. Geological Survey, oral
commun., 1989).

A positive or negative correlation between a chemical constituent and radionuclide activity may
be used in two ways. A statistically significant correlation can be used to characterize the
environment associated with elevated radionuclide activities. A significant, but low, rg indicates that
a relation exists between the two parameters. This relation does not necessarily imply cause and
effect; therefore, the correlations are evaluated in terms of possible geochemical reactions or phyrical
processes that may control the concentration and distribution of radionuclides and other chemical
constituents that behave in a manner similar to the radionuclides. A statistically significant
correlation between a chemical constituent can also be used to indicate the presence (positive
correlation) or absence (negative correlation) of elevated radionuclide activity if the rg is high and the
plot of the two variables does not show much scatter. An rg = 0.60 is considered a strong correlat®on
for the nonparametric Spearman’s rho correlation (D.R. Helsel, U.S. Geological Survey, oral commun.,
1989).
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HYDROGEOLOGIC SETTING

The Chickies Quartzite crops out in the Piedmont Physiographic Province of southeastern
Pennsylvania. In the Piedmont, ground-water basins are relatively small and generally have
boundaries or divides coincident with ridge tops. Ground water discharges to nearby perennial
streams. Geologic formations are not flatlying, and water is present in fractures in bedrock and in the
overlying weathered material. Flowpaths are short and are controlled, in part, by topography.

Geology

The Chickies Quartzite is the basal member of the Lebanon Valley sequence (Berg and others,
1986) and Chester and Conestoga Valley sequences (Lyttle and Epstein, 1987) of Paleozoic
metasediments that crop out in the Piedmont Physiographic Province. The Chickies Quartzite—a
basal metaconglomerate, quartzite, and slate—is Lower Cambrian in age and rests unconformabl on
deformed and metamorphosed Precambrian crystalline rocks. The Chickies Quartzite is one of several
Cambrian quartzose formations that rest unconformably on older crystalline rocks in the Piedmont.
In Pennsylvania, the conglomerates are basal members of these quartzose formations and crop out in
discontinuous east-northeast- or northeast-trending belts. To the north of the Chickies Quartzite in
east-central Pennsylvania is the Hardyston Quartzite, a Cambrian-age basal conglomerate and
quartzite formation that is associated with the Reading Prong of the New England Physiographic
Province.

The Antietam Quartzite and Harpers Phyllite are Cambrian-age quartzite, quartz schist, and
phyllite units that lie conformably above the Chickies Quartzite. In the eastern part of the study area,
the Antietam Quartzite and Harpers Phyllite are missing or not recognized. In this region, the
Cambrian-age Ledger Dolomite and Cambrian- and Ordovician-age Conestoga Limestone are mapned
in depositional contact with the Chickies Quartzite. The Antietam Quartzite and Harpers Phyllite are
mapped as one undifferentiated unit in most areas. A generalized section (fig. 2) for the central par* of
the study area shows the stratigraphic relations.

The rocks of the Piedmont and Great Valley Physiographic Provinces have undergone sever~l
episodes of deformation and metamorphism, resulting in structurally complex assemblage of
greenschist and greenschist-retrograde metamorphic rocks (Lyttle and Epstein, 1987). The Chickies
Quartzite in association with Precambrian crystalline rocks and overlying Paleozoic sediments has
been mapped as part of large anticlinal and synclinal structures (Bascom and others, 1909; Stose and
Stose, 1944). These structures have been further deformed and commonly are overturned and cut by
faults. The Chickies Quartzite in some places is in fault contact with Precambrian basement and
younger Paleozoic metasediments. Regional fauits bound larger structures and generally trend
northeast-southwest, with faults and folds commonly dipping to the southeast.

Composition of the underlying Precambrian crystalline basement rocks varies. Felsic gneiss is
present in the eastern part of the study area; felsic and intermediate gneiss and mafic gneiss are
present in the central part of the study area; and metavolcanic rocks, such as metarhyolite, are
present in the western part of the study area. The variable composition of the basement could, in part,
reflect the structural juxtaposition of different crystalline rock units prior to deposition of the
Chickies Quartzite.

After deposition, the Chickies Quartzite was deformed and metamorphosed (up to greenschist
facies). Some telescoping of basement units and associated cover rocks may have occurred, such that
different slices of the Chickies Quartzite presently located near one another may have originally bren
deposited far apart with different source areas for clasts. Sources for clasts were sedimentary,
igneous, and metamorphic rocks and probably were located to the northwest of the Chickies Quartzite
(Hyde, 1971).

Along the northern edge of the outcrop area, contacts between the Chickies Quartzite and
overlying sedimentary units (Antietam Quartzite, Harpers Phyllite, Ledger Dolomite, or Conestoga
Limestone) are covered in places by the Triassic Stockton Formation of the Newark Basin and the
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Figure 2. Generalized stratigraphy of lower Ordovician and older rocks in northcentral Chester County,
Pennsylvania.

New Oxford Formation of the Gettysburg Basin. Lower Mesozoic diabase dikes intrude the Chickies
Quartzite, cutting across contacts with underlying and overlying rocks.

The Chickies Quartzite is comprised of three lithologies—conglomerate, quartzite, and slate—
that previously have been mapped as three members of the formation, the lower Hellam Member and
the upper Chickies Quartzite and Chickies Slate Members (Bascom and Stose, 1938; Stose and Stose,
1944). The PAGS uses the names of these members and the term Chickies Formation to refer to the
separate lithologies and the entire formation, respectively (Berg and others, 1986; Wilshusen, 1979).
This report uses the nomenclature of the USGS, Chickies Quartzite, to describe the entire formr ation.
The type locality of the Chickies Quartzite is an exposure of quartzite and slate named Chickies Rock
on the east bank of the Susquehanna River in Lancaster County. The Chickies slate lithology has
been mapped separately only in York County (Stose and Stose, 1944), and both other lithologies have
been mapped in all counties where the formation occurs. Hyde (1971) recognized six facies within the
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formation: conglomerates, cross-stratified quartz arenites, burrowed quartz arenites, feldspathic
wackes and arenites, quartz wackes, and mudstone. Thickness of the Chickies Quartzite is reported
to range from 430 to 1,300 ft (Lyttle and Epstein, 1987). The environments of deposition have been
interpreted as braided streams and intertidal and subtidal zones along a coastal margin (Hyde, 1071;
Adams and Goodwin, 1975; Goodwin and Anderson, 1974).

The basal part of the Chickies Quartzite (“Hellam Member”) is a coarse feldspar- and quart--
pebble conglomerate grading into conglomeratic quartzite, with a quartz and sericitic matrix and
accessory zircon, magnetite, and hematite (Bascom and Stose, 1938; Knopf and Jonas, 1929), rutile
(G.C. Wizwall, West Chester University, oral commun., 1989), monazite, titanite and apatite (L.C.
Gunderson, U.S. Geological Survey, oral commun., 1989). The conglomerate commonly consists of
blue quartz pebbles in a pale green matrix. Interbeds of slate are reported by Stose and Stose (1944).
Tourmaline crystals formed in-situ are found in the central and eastern areas of exposure of the
conglomerate. Thickness of the conglomerate ranges from 200 to 500 ft (Bascom and Stose, 1938;
Stose and Jonas, 1939). The conglomerate is most prominent in York County, where it forms the
Hellam Hills east of York; here are the coarsest conglomerate beds of the entire exposed formation.
Sources of clasts in the conglomerate may have included the Precambrian crystalline rocks that
currently are exposed and differ in composition from east (mafic gneiss and felsic gneiss) to west
(metabasalt and metarhyolite).

Above the conglomerate, the Chickies Quartzite is a light-gray to white, vitreous to granular,
massive to thin-bedded quartzite and sericitic quartz schist (Bascom and Stose, 1938). Thickness of
the quartzite lithology ranges from 200 to 800 ft. In general, the quartzite is very “clean” but may
contain small amounts of feldspar and accessory zircon, rutile, apatite, monazite, limonite after
pyrite, hematite, magnetite, and unidentified opaque minerals. The sericitic quartz schist is pale gray
to pale green. Murphy (1973) identified the pale-green mica as the phengite variety of muscovite. The
quartzite and quartz schist has undergone recrystallization and commonly contains tourmaline (often
stretched) and mica, especially in the central and eastern areas. Thin discontinuous beds of kaolinite
in the quartzite have been interpreted as weathered mica- or feldpar-rich layers (Bascom and Stose,
1938). Quartz veins are present between and within beds. Hyde (1971) divided the quartzite lithology
into four facies: (1) argillaceous quartzite and (2) quartz wacke dominant in the eastern area; (3)
cross-bedded and burrowed quartz arenites in the east-central, north-central, and western areas; and
(4) feldspathic wackes in the south-central area.

Some of the compositional differences between the facies of the quartzite are shown by rock-
sample analyses. In the eastern part of the study area, sericitic quartzite from Bucks and
Montgomery Counties is reported to contain up to 22 percent Al,O3 and 12.6 percent K50 (table 1). In
the east-central and north-central areas in Chester and Lancaster Counties, the quartzite is a
relatively clean quartzite, and some samples are 99 percent or more SiO, (Berkheiser, 1985). Bulk
chemistry of the quartzite in western Lancaster County was determined by Engelder (1976) from
26 samples (table 1). The Fe content of the guartzite increases to the west from Lancaster County
(Berkheiser, 1985). Large pyrite crystals are common in the quartzite in York County.

Engelder (1976) determined that the quartzite contains more K and titanium (Ti) and less %,
Ca, and Na than an average quartzite or an average arkose; more Al and Mn than an average
orthoquartzite; but leds Al, Fe, Mg, and Mn than an average arkose. The samples of quartzite from
Bucks and Montgomery Counties (table 1) also contain less Ca and more Ti and K than the avera~e
arkose or orthoquartzite (Pettijohn, 1963). In an analysis of texture, mineralogy, and composition.
quartz correlated negatively with feldspar, mica, and matrix associated with K, Fe, Mg, and Ti
(Engelder, 1976).
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Table 1. Average bulk composition of 26 rock samples of the Chickies Quartzite, Lancaster County, 1 rock sample
from the type locality, and 3 rock samples from Bucks and Montgomery Counties

[In percent; --, no data]

Constivent | oK County 2 Coomy?  omy® looay?
SiO, 93.17 87.87 58.97 56.35 97.10
AlyOg 2.88 6.61 22.61 22.28 1.39
Fey0; 4 .62 2.39 5.67 3.21 125
MgO .14 Trace 25 1.40 13
MnO .06 .13 -- Trace --
Ca0 .02 .24 .08 19 .18
TiO 42 38 o 82 -
Nay0 .02 .19 32 .38 -
K0 1.24 1.73 7.34 12.63 -
NagO/K,0 .01 11 .04 .03 -

! From Engelder (1976).

2 From Bascom and others (1909).

3 Chickies Rock, Lancaster County, from Jonas and Stose (1930).
4 Given as total Fe.

Engelder (1976) interpreted the quartzite in western Lancaster County to be arkosic and a
near-source deposit of sediment based on chemical analyses and mineral distributions. Goodwin and
Anderson (1974) described the environment of deposition of the quartzite as a mosaic of subtidal
channels, intertidal flats, and tidal flat ponds based on identifiable physical and biogenic structures,
such as stratification, bed form, grain size, and fossil burrow forms. The variable composition of the
quartzite is a result of the environment of deposition (Berkheiser, 1985) as well as possible differences
in source material.

The Chickies slate lithology lies above the conglomerate and is probably stratigraphically
equivalent to the quartzite. It is mapped as a separate unit (Stose and Jonas, 1939) south of the
Hanover-York carbonate valley in York County. The slate lithology consists of interbedded slate,
phyllite, and quartzite and contains quartz, albite, chlorite, muscovite, magnetite, zircon, and
tourmaline (Stose and Stose, 1944). Slate and quartzite have been mapped separately within the
Chickies slate unit (Stose and Stose, 1944). The Chickies slate unit corresponds to the mudstor=
facies of Hyde (1971) that was deposited in a subtidal shelf.
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Ground-Water System
The Chickies Quartzite is a water-table aquifer recharged directly by precipitation. Generzlly,
goil cover is thin (1 to 5 ft), and depth to competent bedrock commonly is 10 ft or less. Openings to the
surface and within the aquifer have developed along a complex interconnected network of beddire,
joints, and structurally controlled planes, such as cleavage, faults, and fractures.

Generally, the water table is a subdued replica of the topography, and ground-water divide~
coincide with ridge tops. Median depth to water was 69 ft in wells on hilltops (31 measurements
ranged from 29 to 105 ft) and 50 ft in wells on slopes (67 measurements ranged from 1.3 to 130 f).
Springs on slopes are indicative of a shallow water table and (or) a local flow system. Because th=
Chickies Quartzite is resistant to erosion, it forms ridges and is topographically higher than adjscent
geologic units; therefore, ground water from the Chickies discharges to the surface or to adjacent
geologic units. Ground water flows from the quartzite, which commonly underlies ridge crests,
through the conglomerate that underlies slopes, and toward the contact with underlying Precamtvian
crystalline rocks to one side of the ridge. On the other side of the ridge, ground water flows from the
quartzite through the Antietam Quartzite and Harpers Phyllite, which underlie slopes, and toward
the contact with overlying carbonates. The strike of the Chickies Quartzite is roughly parallel to the
ridge line. Ground-water divides commonly coincide with ridge crests, and, thus, geologic,
topographic, and hydrologic conditions coincide to create a situation where the maximum horizontal
hydraulic gradient is approximately perpendicular to strike.

Ground-water flow in the Chickies Quartzite is driven by the hydraulic gradient through a
network of fractures. Each fracture opening penetrated by a well may have a different hydraulic
head, and ground water flows from higher to lower head. The existence of a vertical hydraulic
gradient between openings is shown by the downward movement of a tracer observed in the
geophysical log of a ridge-top well (CH-3315). Water-level data and geophysical logs from four pairs of
deep and shallow monitoring wells drilled for the investigation of William Dick Lagoons Nationgl
Priorities List (Superfund) site suggest that vertical gradients (down) are greatest near the ridge
crest and decline to almost zero near mid-slope areas of discharge.

Analysis of frequency of water-bearing zones in the Chickies Quartzite shows most zones e
within 150 ft of land surface (table 2). Frequency of water-bearing zones decreases with depth, ard no
zones are reported at depths greater than 400 ft below land surface, although data are limited b:low
400 ft. This analysis supports the model of a shallow, local flow system in the Chickies Quartzite
similar to other geologic units in the Piedmont (Trainer, 1988). The data do not preclude ground-
water flow at depths greater than 400 ft.

Tabie 2. Number of water-bearing zones per 100 feet of uncased borehole for
151 wells driiled in the Chickies Quartzite

Interval of depth Number of water- Footage of open Water-bearing
below land surface bearing zones | hole sampled zones per
(in feet) "o P foot x 100
0-50 32 808 3.96
51-100 103 4,134 2.49
101-150 82 4,887 1.68
151-200 43 3,189 1.35
201-250 22 2,046 1.08
251-300 17 1,117 1.52
301-350 3 374 .80
351-400 2 150 1.33
Below 400 0 57 0
Total 304 16,762 1.81
1 Most data are from driller reports. Some data are from geophysical log
interpretations.
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Well-Construction Characteristics

Wells in the Chickies Quartzite are drilled by air hammer, air-rotary, or cable-tool methods.
Wells are commonly 6 in. in diameter, although nondomestic wells may be larger. Steel or plastic
casing is set into competent rock, and the interval below the casing is left as an open hole. Water
enters the well from one or more water-bearing zones intercepted by the uncased section of the well.
Submersible pumps commonly are set about 20 ft above the bottom of the hole.

The range and median of well depth and casing length for wells completed in the Chickies
Quartzite and sampled for this study are given in table 3. Median depth and casing length for wells in
the Chickies Quartzite are similar to those for other minor aquifers in Chester County (Poth, 19€8)
and York County (Wilshusen, 1979). Wells on hilltops tend to be deeper and require less casing tl'an
wells on slopes or at the base of slopes. In the Chickies Quartzite, the median well depth is slightly
greater for wells drilled on hilltops than slopes; the median casing length is slightly less for wellr
drilled on hilltops than slopes (table 3).

Table 3. Range and median of depth and casing length of wells drilled in the Chickies Quartzite

[Min, minimum; Max, maximum]

L Range _
Well characteristics Number of wells - Median
Min Max
Well depth (feet)
Al] wells 137 40 500 162
Hilltop 50 70 500 169
Slope 87 40 407 160
Conglomerate 51 63 500 150
Quartzite 79 40 407 175
Slate 7 100 300 160
Casing length (feet)
All wells 120 13 168 47
Hilltop 40 20 168 43
Slope 80 13 145 47
Conglomerate 45 13 125 43
Quartzite 70 20 168 52
Slate 5 30 42 40

The median well depth and casing length is greater for wells drilled in the quartzite than the
conglomerate or the slate (table 3). The quartzite commonly underlies hilltops, although at depth, the
quartzite may weather to a loose quartz sand. In Chester County, well owners in some areas repc+t
continual pumping of fine sand.
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Well Yield and Specific Capacity

Reported yield and specific capacity are indicators of aquifer productivity and hydraulic
conductivity (permeability). Nondomestic wells commonly are drilled and constructed for the largest
yield obtainable. Specific capacity is the measure of well yield per foot of drawdown of water leve' in a
well. The range and median yield and specific capacity for 116 domestic and 4 nondomestic wells
completed in the Chickies Quartzite and sampled for this study are given in table 4. Specific
capacities are less than 1.0 (gal/min)/ft for more than 80 percent of the wells. Median specific capacity
and yield of wells completed in the Chickies Quartzite are less than those reported for most major and
some minor aquifers in Chester County (Poth, 1968) and York County (Wilshusen, 1979). Few public
supply wells are completed in the Chickies Quartzite.

Tabie 4. Range and median of reported yield and specific capacity of wells drilled in the
Chickies Quartzite

[Min, minimum; Max, maximum; <, less than; --, no data]

Range

Well characteristic Number of wells . Median
Min Max

Reported yield (gallons per minute)
All wells 120 0.5 100 10
Hilltop 41 1 40 8
Slope 79 5 100 10
Conglomerate 43 .5 100 11
Quartzite 72 5 96 7.8
Slate 5 4 20 10

Specific capacity (gallons per minute per foot of drawdown)
All wells 48 <.01 15 14
Hilltop 15 .02 15 .14
Slope 33 <.01 2.5 .15
Conglomerate 13 .02 1.7 34
Quartzite 35 <01 15 13

Slate - - - -

Differences in well yield and specific capacity related to topography and lithology appear to be
small for the Chickies Quartzite. The range and median yield and specific capacity for wells drilled on
hilltops and slopes in different lithologies of the Chickies Quartzite are given in table 4. The melian
yield and specific capacity are slightly greater for wells drilled on slopes than on hilltops. Rocks
underlying slopes erode more easily and may be more permeable than rocks underlying hilltops. The
median yield and specific capacity is greater for wells completed in conglomerate, which commonly
underlies slopes, thah in quartzite, which commonly underlies hilltops. Median yield for wells
completed in the slate (underlying slope and hilltop) is slightly less than that for the conglomerste.
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Ground-Water Quality

The chemical composition of ground water in a water-table aquifer is determined by the
chemical composition of recharge and the subsequent chemical reactions along the flow path thrcagh
the soil zone and aquifer. Many chemical reactions and processes are associated with mineral
weathering, including dissolution and precipitation of minerals, oxidation-reduction, ion-exchang=,
and adsorption. Some reactions may be biologically mediated. Recharge water can acquire additional
NOj and salts from anthropogenic sources such as fertilizer, road salt, and septic-system dischare.

The Chickies Quartzite is recharged primarily by acidic precipitation. In 1979-80, 22 samples
of precipitation were collected in central Chester County for chemical analysis. Median total
concentrations measured were 0.2 mg/L Na, 0.1 mg/L K, 0.6 mg/L Ca, 0.15 mg/L. Mg, 0.4 mg/L Cl,
0.6 mg/LL NO3 as N, 4.3 mg/L SOy, and 1.5 mg/L DOC; the median pH was 4.1. Maximum
concentrations were 1.2 mg/L for Na, 5.8 mg/L for Ca, 19 mg/L for Mg, 2.9 mg/L for Cl, and 10 mg/L
for SO,4; pH was as low as 3.6.

The Chickies Quartzite is composed mostly of quartz, which is a source of dissolved SiOg;
however, quartz has a low solubility in the pH range of most natural waters. Some silicate miner-=ls,
such as mica and feldspar, are soluble in the pH range of the ground water. Silicate-mineral
weathering results in an increase in pH, alkalinity, and concentrations of SiOy, Ca, Mg, K, and Na in
ground water. Silicate-mineral sources include microcline for K; plagioclase for Ca; micas (biotite,
sericite, phengite) for K, Mg, and Fe; and tourmaline for B. Ba and other trace elements may be
present as replacement ions in or be adsorbed by silicates, by Mn-oxides or Fe-oxides, or by other
minerals in the Chickies Quartzite. The weathering of pyrite involves the oxidation of sulfur and
results in a decrease in pH and an increase in SO, concentration in ground water; Fe released may be
precipitated as an iron oxide.

The ground water of the Chickies Quartzite is generally acidic, soft (less than 60 mg/L Ca glus
Mg), and low in total dissolved solids (TDS) and alkalinity. Table 5 lists the range and median of
analyzed chemical constituents and measured chemical properties for well-water samples. Acidic
recharge water, low solubility of quartz, sparsity of easily dissolved Ca- and Mg-bearing minerals in
the aquifer, and the small amount of mineral weathering because of a short residence time of ground
water can account for the soft, acidic, and dilute character of the ground water.

The median concentrations of major ions in ground water of the Chickies Quartzite are up to
20 times greater than the median concentrations of those ions measured in precipitation in centr~l
Chester County. The ground water acquires these ions from sources other than precipitation. Because
median concentrations of Na, Cl, and Mg in ground water are up to 20 times as great as those in
precipitation and Na, Cl, and Mg are not known to be abundant in the aquifer materials (table 1),
enrichment of salts in ground water from septic systems or road salt is likely. The maximum
concentrations of Na (69 mg/L), Cl (100 mg/L), and NOg (16 mg/L in ground water) (table 5) probably
are from wells affected by septic systems, road salt, and (or) fertilizers.

The median DOC concentration of 0.8 mg/L (table 5) is similar to the median DOC concen-
tration of 0.7 mg/L in ground water for aquifers in the United States (Leenheer and others, 1974), but
less than the median DOC concentration of 1.5 mg/L measured in precipitation in Chester Count;”.
The specific organic compounds contributing to naturally occurring DOC is not known, although
fulvic and humic acids are the most abundant naturally occurring compounds in ground water
(Thurman, 1985). Naturally elevated DOC concentrations may indicate short residence time or rsvid
infiltration of organic-rich recharge waters. Concentrations above 5 mg/L are uncommon and may
indicate unnatural sources of DOC (Leenheer and others, 1974). The sample that contains 10 mg/L
DOC is from a well (CH-3113) contaminated by benzene and other manufactured organic compounds.

Ground water in the Chickies Quartzite generally is well oxygenated; the median DO concen-
tration is 7.6 mg/L. DO at detectable concentrations (greater than 0.1 mg/L) is associated with
recharge areas having sandy or gravelly soils and shallow ground water or areas having little or no
soil overlying permeable fractured rock (Freeze and Cherry, 1979). Dissolved oxygen concentrations
similar to those in surface water may persist far into the flow system if ground water does not ree-t
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Table 5. Range and median concentrations of selected chemical constituents and properties for 160 well-
water samples from the Chickies Quartzite

[mg/L, milligrams per liter; ug/L, micrograms per liter; uS/cm, microsiemens per centimeter at 25 d~arees
Celsius; °C, degrees Celsius; <, less than]

Constituent Number of

o property samples Range Median
Dissolved chemical .
Ca (mg/L) 159 <0.1- 33 3.4
Mg (mg/L) 159 2 - 14 2.9
Na (mg/L) 159 a7 - 59 4.0
K (mg/L) 159 3 - 11 1.8
Ba (ug/L) 159 <2 - 380 63
B (ng/L) 58 <10 - 290 <10
Fe (ug/L) 159 <3 - 27,000 20
Mn (pg/L) 159 <l - 870 36
Cl (mg/L) 160 3 - 100 7.3
SO, (mg/L) 160 <2 - 62 5.7
F (mg/L) 160 <1l - 5 <1
SiOg (mg/L) 160 34 - 28 8.3
NO3 (mg/L as N) 57 <1l - 16 11
NH, (mg/L as N) 57 <.01 - 14 <.01
PO, (mg/L as P) 58 <.001- .052 <.001
DOC (mg/L) 147 .30 - 10 .80
Total chemical .
Fe (pg/L) 159 <10 - 44,000 180
Total dissolved solids (mg/L) 159 7 - 299 51
Chemical { physical . 1 in the field
pH units 160 43 - 6.9 5.1
Alkalinity (mg/L as CaCOjg) 156 <1 - 130 6.0
Specific conductance (uS/cm) 160 10 - 633 85
Dissolved oxygen (mg/L) 154 <l - 12.1 7.6
Temperature (°C) 159 9.0 - 16.0 12.0

with oxidizable species, the most important being organic materials and reduced inorganic minerals,
such as pyrite and siderite (Hem, 1986). The oxidation of pyrite, a mineral in the Chickies Quartzite,
would be favored in the acidic and oxygen-rich ground water.

Dissolved and total iron concentrations greater than 1 mg/L were measured in water from wells
in all areas. Concentrations of dissolved Mn and Fe exceed USEPA secondary maximum contaminant
level (SMCL) standards for these constituents (50 pg/L and 300 pg/L, respectively) in 35 percent of the
samples analyzed for Mn and 15 percent of the samples analyzed for Fe. Over the observed pH range,
bivalent (reduced) Fe and Mn cations probably are stable in solution. Field determination of ferrous
and total Fe at a few sites by use of a spectro-photometric method (American Public Health
Association and others, 1975) showed that the ferrous form predominates, consistent with low-pH
conditions.

HYDROGEOLOGIC SETTING 17



The range of compositions shown on piper diagrams (figs. 3 and 4) indicates that the ground
water in Chickies Quartzite does not have narrowly defined chemical character in terms of relative
ion concentrations, although some differences in chemical character in different geographic areas and
lithologies are indicated. Samples that have a cation-anion balance (difference less than 10 percent)
are plotted on piper diagrams (figs. 3 and 4). In dilute waters, small differences or errors in ion
concentrations have a large relative effect on composition. The sum of major cations for all samples
ranges from 0.1 to 7.0 meq/L, with a median of 0.9 meq/L.

Na and K are the dominant cations in some ground-water samples, especially those from the
central area and from the quartzite and conglomerate lithologies. In other water samples, especially
those from the eastern and western areas and from the slate lithology, Ca and Mg are the dominant
cations and HCOg, and Cl (plus NO3, when available) are the dominant anions. In a few water
samples, mostly from the quartzite and conglomerate lithologies in the central area, SO, is the
dominant anion. Ground water in the slate is less acidic (median pH is 6.4) than ground water in the
conglomerate, quartzite, or slate quartzite (median pH of 5.0, 5.2, and 5.7, respectively).

Associations between major ions vary. The nonparametric Spearman rho correlation test
performed on chemical constituents identified some statistically significant correlations at the
95-percent confidence interval (table 6). Na most strongly correlates with Cl and is associated to a
successively lesser degree with NO3 and other major ions. K most strongly correlates with NO3 and
less strongly with Cl and other major ions. Ca and Mg most strongly correlate with each other and
with NOgs, Cl, Na, and SOy, but less strongly with K, SiO,, and alkalinity (HCO3). Increases in all
major cations are accompanied by increases in specific conductance. Relatively high pH correlates
with high alkalinity and high SiO and Ca concentrations and low K, Cl, and SO, concentrations.
Relatively high DO concentrations correlate with low pH and alkalinity and low concentrations of all
ions. Relatively high DOC concentrations correlate with low pH, high concentrations of most maj-r
ions, but low alkalinity and low SiO, concentrations.

Ba is similar to Ca in correlation with other ions except that relatively high concentrations of
Ba, unlike Ca, correlate with low pH and alkalinity and low concentrations of SiOg. Relatively high
concentrations of Mn correlate with low pH and alkalinity, low concentrations of DO and SiOg, and
high concentrations of DOC, Ba, and most major ions. Although Fe (total and dissolved) also
negatively correlates with DO, Fe, unlike Mn, only positively correlates with pH and alkalinity. The
correlations for Mn and Fe suggest that these metals are present in reiatively greater concentrat'ons
in reducing water (relatively low DO concentrations) but differ in their relation to other chemical
constituents and pH. The correlations for NH4, PO,4, and B are based on small numbers of samples
having concentrations greater than the reporting level and may not indicate important ion
associations; concentrations greater than reporting level were measured in 29 of 57 water samples for
NHy, in 21 of 58 samples for POy, and in 10 of 58 samples for B. NH, only correlates with K, and the
positive correlation could reflect similar chemical properties as monovalent cations. Relatively high
concentrations of POy correlate with high pH and concentrations of SiOy, and low concentrations of
S04, Ba, Fe (total and dissolved), Mn, and DOC. B, probably present in ground water as undissociated
boric acid, is similar to Cl and SO, in correlation with other chemical constituents and properties.

These ion associations indicate that the ground water in the Chickies Quartzite (1) is
contaminated with nitrogen and salts, especially NaCl, from septic svstems and(or) road salt;
(2) partly reflects the weathering of Ca- and Mg-bearing silicate minerals; (3) tends to be more dilute
where more oxygenated; and (4) is acidic and contains more Mn, Ba, SO, and K where concentrations
of DOC are relatively high.

Spearman rho correlations are significant at the 95-percent confidence interval between spe-ific
capacity and NOj (rg = 0.70) and also between specific capacity and Cl (rg = 0.39), suggesting that.
contaminant transport (of contaminants from surface sources, such as septic tanks and road salt)
increases with inerea<ing hydraulic conductivity.
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EXPLANATION
PERCENTAGE OF IONS IN MILLIEQUIVALENTS

LITHOLOGY
+  CONGLOMERATE
¥V QUARTZITE
X  SLATE
M SLATE-QUARTZITE

PERCENT
Ca Cl, F,NOp + NOg

Figure 3. Chemical composition of ground water in the quartzite, conglomerate, slate, and slate-
quartzite lithologies of the Chickies Quartzite.

HYDROGEOLOGIC SETTING 19



EXPLANATION

PERCENTAGE OF IONS IN MILLIEQUIVALENTS

AREAS OF OUTCROP
@ EASTERN
& CENTRAL
® WESTERN

PERCENT
Ca Cl, F,NO, + NO3

Figure 4. Chemical composition of ground water in the eastern, central, and western areas
of outcrop of the Chickies Quartzite.
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RADIUM AND RADON IN GROUND WATER

Radionuclides are present in ground water in variable concentrations because sources are
present and physical and chemical conditions favor mobilization or retardation specific radionuclides
in the ground-water-flow system. In the Chickies Quartzite, minerals in the aquifer are the sour-es of
Ra and Rn in the ground water. Physical and chemical controls on the presence of Ra and Rn in
ground water involve rock-water interactions and include aquifer mineralogy, chemical composit‘on of
recharge, aquifer hydraulic conductivity, and paths of ground-water flow. In this study, the spatial
distribution of elevated Ra and Rn activities in ground water is described and related to factors that
include sources within the aquifer, and lithology, aquifer and well-construction characteristics,
ground-water chemistry, and hydrogeologic setting.

Ra-226, Ra-228, and Rn-222 are naturally occurring radionuclides that belong to the U-238 and
Th-232 decay series (fig. 5). U-238 and Th-232 are the most abundant naturally occurring isotopes of
U and Th and are the primary parents of the radioactive-decay series that ends in the stable isotopes
lead-206 (Pb-206) and lead-208 (Pb-208), respectively. U-238 and Th-232 have long half-lives and,
therefore, decay slowly. Other radionuclides in the decay series have half-lives many orders of mag-
nitude shorter and decay rapidly. Ra-226 and Rn-222 belong to the U-238 series and Ra-228 belongs
to the Th-232 series. A short-lived Rn isotope, Rn-220, also belongs to the Th-232 series, but its acti-
vity is difficult to measure because of its short half-life of 55.6 seconds.

Radioactive decay proceeds with alpha- or beta-particle emission and accompanying release of
energy through gamma-ray and other electromagnetic radiation. Alpha particles are heavy, high-
energy particles that do not travel far because matter impedes their progress and absorbs the
particles’ energy. Alpha particles are composed of two protons and two neutrons and are emitted from
the nucleus of a radionuclide undergoing alpha decay. Beta particles are lighter, lower-energy
particles that travel greater distances than alpha particles and, like alpha particles, can transfe~
kinetic energy to matter. Beta particles are electrons (or positrons) that are derived from the
transformation of a neutron to a proton (or proton to neutron) during beta- (or beta+) decay. During
radioactive decay, each radionuclide emits gamma rays of a specific energy and wavelength. Gamma
radiation is not as effectively blocked by matter as are alpha and beta particles.

The activity of a radionuclide is a measure of the mass amount of the radionuclide and the rate
of its decay. Activity is defined as being equal to n - A, where n is the number of atoms of the
radionuclide and A is the decay constant. The decay constant, A, is equal to the natural log of 2 divided
by the half-life of the radionuclide.

U-238 and Th-232 have fixed mass and activity ratios with their decay products in a closed
system. A closed system can be defined as a given volume of solid, such as rock, or of a solid and
liquid, such as rock and water, where no net gain or loss of radioactive decay products occurs by
transport in or out of the system. Within a decay series, if no intermediate decay product is lost from
the system, secular equilibrium is reached after a period dependent on the half-lives of isotopes in the
series (approximately 10 half-lives of longest-lived intermediate radionuclide of the decay series).
Secular equilibrium describes a state in which activities of all members of a decay series are equal,
and mass ratios are fixed at some constant value. In an open system, transport of some decay
products or parent radionuclides out of the system occurs, and secular equilibrium no longer prevails.
Many ground-water systems are open systems at the local scale.

Differences in the chemical properties of radionuclides within a decay series may result in
partitioning of the radionuclides within a closed physical-chemical system. If the system is open,
partitioning of radionuclides may result in transport out of the system. Each isotope is chemically like
any other isotope of the same element; conditions favoring mobility of U, for example, would equally
favor mobility of U-238, U-234, and U-235. Physical mechanisms associated with radioactive de-ay,
however, may cause one isotope to move in or out of a system more easily than another. For example,
alpha recoil of the product nucleus in alpha decay (Friedlander and others, 1981) may promote
ejection of U-234 from a solid (crystal structure or disordered surface condition).
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