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Conversion Factors and Datums

Inch/Pound to Sl

Multiply By To obtain

Length

inch (in.) 25.4 millimeter (mm)

foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)
Volume

gallon (gal) 3,785 milliliter (mL)

gallon (gal) 0.003785 cubic meter (m?)

gallon (gal) 3.785 cubic decimeter (dm?)

Flow rate
foot per minute (ft/min) 0.3048 meter per minute (m/min)
gallon per minute (gal/min) 0.06309 liter per second (L/s)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVDSS).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (pS/cm at
25°C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (pg/L).

vii



viii

THIS PAGE INTENTIONALLY LEFT BLANK



Relations Among Water Levels, Specific Conductance,
and Depths of Bedrock Fractures in Four Road-Salt-
Contaminated Wells in Maine, 2007-9

By Charles W. Schalk and Nicholas W. Stasulis

Abstract

Data on groundwater-level, specific conductance (a sur-
rogate for chloride), and temperature were collected continu-
ously from 2007 through 2009 at four bedrock wells known to
be affected by road salts in an effort to determine the effects of
road salting and fractures in bedrock that intersect the well at a
depth below the casing on the presence of chloride in ground-
water. Dissolved-oxygen data collected periodically also were
used to make inferences about the interaction of fractures
and groundwater flow. Borehole geophysical tools were used
to determine the depths of fractures in each well that were
actively contributing flow to the well, under both static and
pumped conditions; sample- and measurement-depths were
selected to correspond to the depths of these active fractures.
Samples of water from the wells, collected at depths cor-
responding to active bedrock fractures, were analyzed for
chloride concentration and specific conductance; from these
analyses, a linear relation between chloride concentration and
specific conductance was established, and continuous and peri-
odic measurements of specific conductance were assumed to
represent chloride concentration of the well water at the depth
of measurement.

To varying degrees, specific conductance increased in
at least two of the wells during winter and spring thaws; the
shallowest well, which also was closest to the road receiving
salt treatment during the winter, exhibited the largest changes
in specific conductance during thaws. Recharge events during
summer months, long after application of road salt had ceased
for the year, also produced increases in specific conductance in
some of the wells, indicating that chloride which had accu-
mulated or sequestered in the overburden was transported to
the wells throughout the year. Geophysical data and periodic
profiles of water quality along the length of each well’s bore-
hole indicated that the greatest changes in water quality were
associated with active fractures; in one case, high concentra-
tion of dissolved oxygen at the bottom of the well indicated

the presence of a highly transmissive fracture that was in good
connection with a surficial feature (stream or atmosphere).
Data indicated that fractures have a substantial influence on
the transport of chlorides to the subsurface; that elevated
specific conductance occurred throughout the year, not just
when road salts were applied; and that chloride contamination,
as indicated by elevated specific conductance, may persist

for years.

Introduction

In 1969 and also in 1987, the State of Maine legislature
signed into law a process by which any landowner believing
his or her water supply to be adversely affected by public con-
struction, reconstruction, or maintenance of roads can apply to
the political subdivision for redress (23 M.R.S.A. §652 (Maine
Legislature, 2012, p. 60—61) and §3659 (Maine Legislature,
2012, p. 227-229)). Adverse effects can include those from
road salting (University of Maine, School of Law, 2003;
Maine Department of Transportation, 2004; State of Maine
Judicial Branch, 2008), and redress can include replacing
plumbing and (or) heating systems, replacing the water supply,
repairing damage to the water supply, paying a designated sum
of money, and (or) purchasing the real estate served by the
water supply.

Such remedial efforts have been expensive. In comply-
ing with the law, the Well Claims Unit at Maine Department
of Transportation (MaineDOT) has handled almost 450 well
claims since 1990, of which 130 have been related to road-
salt contamination.! Claims for road-salt contamination have

!The secondary maximum contamination level for chloride is 250 mil-
ligrams per liter (U.S. Environmental Protection agency, 2012). Background
concentrations of chloride in groundwater in the crystalline bedrock areas of
New Hampshire and Maine are in the range of 20 to 30 mg/L (New Hamp-
shire Department of Environmental Services, 2010; Maine Interagency
Report, 2001).
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grown from about 1 in 1990 to as many as 23 in 2006 (though
not all of these claims were valid). Costs to the State to reme-
diate a valid claim usually range from $10,000 to $35,000, and
this amount can be much greater if construction (such as lay-
ing municipal water-supply lines) or the purchase of real estate
is needed (Joshua Katz, Maine Department of Transportation,
written commun., 2009).

The process of evaluating well claims includes an assess-
ment of groundwater quality, particularly the concentrations of
sodium and chloride. MaineDOT has kept long-term water-
quality records from several wells, including some that were
part of the well-claim process and others that are on publicly
owned land and were suitable for monitoring. As of 2007,
data collected by MaineDOT indicated that concentrations of
chloride in groundwater spiked annually in the autumn, before
road salts were applied for the winter and as groundwater lev-
els were recovering from summer declines. This observation
led MaineDOT to question whether chloride concentrations
were increasing with time in groundwater in fractured bedrock
in Maine as an outcome of general road salting practice, and
the extent to which fractures were contributing to the apparent
increases in chloride concentrations in the autumn.

The data collected by MaineDOT over the years had two
shortcomings: first, the samples were discrete in time, being
collected quarterly or less frequently; and second, each sample
was mixed over the length of the borehole from which it was
collected. To address these shortcomings, MaineDOT and
the U.S. Geological Survey (USGS) began an investigation
in 2007 into the nature and timing of the processes whereby
road-salt constituents, particularly chloride, move into ground-
water in fractured bedrock. By use of continuous monitoring
and focusing on measurements as a function of depth, this
investigation sought to determine whether the changes in chlo-
ride concentrations are related to the presence of fractures and
hydrologic stresses, such as recharge and pumping.

Purpose and Scope

The purpose of this report is to enable concerned parties
to understand the nature of the road-salt problem in parts of
Maine. The report describes the occurrence of road-salt con-
stituents in groundwater in selected bedrock wells in Maine
and presents an evaluation of those occurrences with respect
to fractures in the bedrock and timing of recharge events. This
report does not address the theoretical aspects of flow in frac-
tures but rather uses the body of literature and data observed
from 2007 through 2009 to make general inferences about the
roles of fractures in the transport of road-salt constituents.

Although this report presents parts of the data collected
during the project, primarily those that are most important
to the analyses described herein, complete data sets (discrete
and continuous water levels, water temperatures, and specific
conductance) are available online through the USGS Web site
(http://waterdata.usgs.gov/me/nwis/gw or http://wdr.water.
usgs.gov/) for water years 2008 (October 1, 2007 through
September 30, 2008) and 2009 (October 1, 2008 through
September 30, 2009) or by request from the Maine Water
Science Center.

During the 18 months to 2 years in which data were col-
lected, the hydrologic events that occurred may not have been
typical. Because of the highly variable nature of hydrologic
events, local and regional fracturing in bedrock, and differ-
ences in bedrock composition throughout Maine, the results
described in this report may not be transferable to locations
other than those studied.

Background

Salt, most commonly in the form of sodium chloride
(NaCl), began to be used in the United States as a deicing
agent about 1940. The use of salt for deicing increased through
2008, when it reached a peak of about 25 million tons (fig. 1),
or about two-thirds of all salt used for all purposes in the
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Figure 1. Salt use for deicing roads in the
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United States since 1970. Data are from
Kostick (1994, 1996-2012) and U.S. Geological
Survey (2010).



United States. Although annual use for deicing is variable, the
amounts used in 2005 and 2008 are more than twice that used
in 1990. The data in figure 1 are not adjusted for increases in
miles of road or severity of winters.

The State of Maine’s use of salt for deicing (fig. 2) also
has doubled since 1990, increasing from about 70,000 metric
tons per year (t/yr) to about 140,000 t/yr. The data in figure 2
also do not take into account the severity of winters. Cor-
responding to the increase in salt use, however, has been a
98 percent reduction in the volume of sand applied to State
highways since 1990. These trends reflect MaineDOT’s policy
toward anti-icing (proactive maintenance which does not use
sand) rather than deicing, which has resulted in not only bet-
ter service for the public (clear roads in short times) but also
significant cost savings (Joshua Katz, Maine Department of
Transportation, written commun., 2009). MaineDOT main-
tains about 18 percent of Maine’s roads, so total salt use in
the State is larger than the amounts shown in figure 2, perhaps
about 490,000 t/yr (Rubin and others, 2010).

160,000 600,000
140,000
500,000
wn
» 120,000 [ -
< o
S 400,000 >
.S 100,000 [ =
k=) =]
et [&]
% 80,000 - -300,000 =
5 H
60,000 |- 1z}
° 200,000 =
=]
=} c
5 40,000 3
100,000
20,000 [
0 1 1 1 0
1990 1995 2000 2005 2010
Ending Year

Figure 2. Salt and sand use for deicing roads by Maine
Department of Transportation, 1990-2008. Data are from B. Burne,
Maine Department of Transportation, written commun., 2009.

In the 1980s, MaineDOT covered or otherwise engi-
neered their salt and sand piles to minimize the extent to which
improper storage contributes to local groundwater quality.
Olson and others (1985) indicated that improper storage had
contributed to chloride concentrations as much as 2,900 mil-
ligrams per liter (mg/L) in one bedrock well. After engineered
solutions were put in place, concentrations were lowered to 5
to 20 mg/L, much nearer to typical background levels.
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Previous Investigations

Concerns about road salt as a potential contaminant in
drinking water date to the 1950s, when it was discovered
that salt was contaminating drinking-water supplies because
of improper storage and, in some cases, highway runoff
(Transportation Research Board, 1991). Research has shown
that road-salt constituents, including anticaking agents such as
iron cyanide (Paschka and others, 1999), continue to be pres-
ent in streams and wetlands long after the winter season has
passed (Demers and Sage, 1990), to the detriment of natural
ecosystems and safe consumption of water (Andrews, 1996;
Williams and others, 1999; Forman and Deblinger, 2000;
Richburg and others, 2001; Blasius and Merritt, 2002; Godwin
and others, 2003; Corsi and others, 2010). In some locations
including the northeastern United States, those constituents
are increasing in concentration in surface waters (Rosenberry
and others, 1999; Nimiroski and Waldron, 2002; Jackson
and Jobbagy, 2005; Kaushal and others, 2005). In their
review of the effects of chemical deicers on the environment,
Ramakrishna and Viraraghavan (2005) summarized the effects
of sodium chloride on surface water: increasing density-driven
gradients, increasing chloride concentrations, increasing salt-
induced stratification, and stimulating algal growth.

The connection between application of deicing chemi-
cals and the quality of groundwater is not difficult to deduce.
Although streams can carry high loads of road salts away from
an area, especially during runoff events (Ostendorf and others,
2009; Corsi and others, 2010; Harte and Trowbridge, 2010),
some of the applied salts find their way into underlying aqui-
fers during the recharge process (Blomkvist and Johanssen,
1999). Studies have shown that although the presence of road
salts in groundwater may be masked by time, dilution, and
spatial distribution, concentrations in groundwater tend to be
relatively stable, enduring perhaps for decades after salting
ceases (Williams and others, 1999; Foos, 2003; Bester and
others, 2006; Ostendorf and others, 2006; Harte and Trow-
bridge, 2010). Some research has shown that splashing, plow-
ing, and air currents transport 20 to 63 percent of road salts by
weight to land surfaces as much as 120 feet (ft) from the road
(Blomkvist and Johanssen, 1999), from which the salts may
be carried into surface-water drainage or infiltrate the sub-
surface. The presence of road salts in groundwater has been
studied most frequently in unconsolidated deposits near roads
(Granato and others, 1995; Aichele, 2004; Kunze and Sroka,
2004; Andrews and others, 2005). Gradient-driven recharge
from the surface and horizontal groundwater flow tends to
dilute the salts, thereby seemingly alleviating any acute prob-
lems (Methuel, 2007). However, the effects also are noticeable
in bedrock environments, where fractures and bedding planes
greatly influence flow volumes and directions (Foos, 2003).
Although chloride may be present naturally in bedrock miner-
als and aquifers (Aichele, 2004), its presence has been linked
to road salting in urban and rural areas; chloride tends to be
mobile in the environment, whereas sodium tends to adhere to
soil particles. Groundwater contamination by road salt appears
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to be present primarily near road surfaces and in direct propor-
tion to the application rate (Foos, 2003), even if the flow paths
are unknown.

Because groundwater flow rates are much lower than
those of streams, the problem of salt-contaminated ground-
water often is chronic rather than acute. Salts can be present
in the aquifers for years or decades, often at concentrations
greater than are found in samples from monitoring wells. If the
practice of deicing by use of road salts continues, concentra-
tions in the aquifers can increase (Bester and others, 2006;
Kelly, 2008). Generally, chloride-contaminated groundwater
becomes diluted with distance from its source as it mixes with
fresh recharge over time; however, dilution may not be an
effective process in bedrock wells, depending on the ground-
water flow path and the open interval of the well. In bedrock
aquifers, where hydraulic conductivities usually are lower
than those in unconsolidated materials, the residence time of
contaminants may be decades or longer. Although, because
of low hydraulic conductivities, it may take a long time for
salt concentrations in groundwater to reach a level unfit for
consumption, it also takes a long time for the contamination
to be remediated (Rubin and others, 2010). Recognizing this
problem, Bester and others (2006) recommend that “every
effort should be made to reduce or eliminate [road] salting
where possible,” whereas Rubin and others (2010) state that
“new policies are needed to encourage the use of chemicals
and technologies that have fewer environmental effects than
those of sand and salt.”

Description of Study Areas and Study Wells

Most of Maine is underlain by crystalline bedrock of
variable composition capped with shallow glacial materials
(till, moraines, outwash) (Osberg and others, 1985; Thomp-
son and Borns, 1985). Granite is the primary rock in about
one-fourth of the State, and metamorphosed rock in the other
three-fourths of the State. In general, the bedrock in Maine
would be incapable of yielding sufficient water for domestic
supply except for the presence of transmissive fractures in

Table 1.

the upper 500 ft. The presence of fractures in the bedrock is
ubiquitous throughout the State, and any bedrock well yield-
ing 2 or more gallons per minute (gal/min) almost certainly is
intersected by one or more fractures (Caswell, 1979). Zones of
highest-yielding bedrock wells in the State coincide with loca-
tions of faults and other geologic structures.

Four wells, each of which had to meet the following
criteria, were chosen for the study (table 1). These criteria
included:

 open-hole completion in bedrock;
+ known to be affected by road salt;
* accessible by permission of the owner;

+ along a State-maintained road.

Preliminary investigations by MaineDOT in response to
landowner claims were used to determine the first two criteria.
At the time a well claim is filed, MaineDOT samples the
well for basic chemistry and salt-related constituents, includ-
ing sodium, chloride, and bromide (Snow and others, 1990).
Waters having a bromide signature are considered indicative
of trapped seawater (natural brine contribution), whereas those
lacking bromide, but still containing a salt signature, are con-
sidered indicative of anthropogenic sources that can include
road salting, septic systems, or water softeners. Depth to
bedrock, hydraulic gradient, and concentrations of nitrates also
are considered when MaineDOT assesses the potential sources
of contamination to wells.

The four wells chosen for this study were in the towns
of Gray, West Gardiner, and Sullivan, Maine (fig. 3). Three
of the four wells had been or were being used for domestic
supply; the fourth was drilled for use as a domestic supply but
had not been activated by the time the project ended. Drill-
ers’ logs were not available for any of the study wells, but
geophysical logs were obtained for each well (appendix 1).
Although construction data were available only for the south
Sullivan well, geophysical data indicated that the casings of all
wells extended below the bottom of the overburden. All wells
were 6-inches in diameter, cased in steel, and open holed.

Characteristics of wells used during the road-salt study in Maine, 2007-9.

[All coordinates are given in decimal degrees, North American Datum of 1983; --, not applicable]

Depth, Casing 3:31';19 Distance Distance
Well identifier Latitude, Longitude, Town infeet height, in ree; to nearest  to Maine
North West below land in feet above State road,  Turnpike,
below land . .
surface land surface in feet in feet
surface
435103070191701  43.8508 -70.3214 Gray 327 1.0 75 40 380
441226069502201  44.2072 -69.8395 West Gardiner 347 1.5 25 160 1,200
443145068131801  44.5292 -68.2217 Sullivan 97.2 5 15 25 --
443113068115101  44.5200 -68.1981 Sullivan 245 2.0 40 150 -
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Figure 3. Locations of towns and wells used in the road-salt study, Maine, 2007-9.

Except for the south Sullivan well, which was grouted during
construction, grouting (providing a surface seal to prevent
surface-water runoff into the borehole) of the study wells
was unknown.

The study area in Gray is underlain with carboniferous
muscovite-biotite granite capped with glacial till, which gener-
ally is massive but can contain beds and lenses of stratified
sediments (Osberg and others, 1985; Thompson and Borns,
1985). Geophysical logs show that the overburden is less
than 75 ft thick (appendix 1). Groundwater-flow direction
is assumed to be west to east, following the contours of the
land surface (fig. 4). USGS well 435103070191701 is 380 ft
downgradient from Interstate 95 and 40 ft from State Routes
26/100 to the west. The 327-ft-deep well formerly was used

for domestic supply, but because this and some other domes-
tic wells along State Routes 26/100 south of Whitney Road
were contaminated with road salts, MaineDOT and the Maine
Turnpike Authority (MTA) developed infrastructure to bring
municipally supplied water to landowners.

The study area in West Gardiner is underlain by the
Silurian-age Waterville Formation, which consists of thinly
bedded, gray to greenish-gray slate or pelitic schist with some
wacke and calc-silicate rocks (Osberg, 1968; Osberg and oth-
ers, 1985; U.S. Geological Survey, 2009b). Surficial sediments
are fine-grained facies of glaciomarine origin, commonly
clayey silts (Thompson and Borns, 1985). Groundwater-flow
direction is assumed to be southeast to northwest, follow-
ing contours of the land surface toward Cold Stream (fig. 5).
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Figure 4.

USGS well 441226069502201 is within 1,200 ft of a tollbooth
station on Interstate 95 to the southeast and 160 ft of State
Routes 9/126 to the north. The MTA has a maintenance yard
at the intersection of Interstate 95 and State Routes 9/126 less
than 0.5 mile (mi) east of the well. MaineDOT has a main-
tenance yard about 700 ft southwest of the well; the main-
tenance yard included an open salt pile from 1968 through
1988, when it was covered (E. Kluck and P. Coughlan, Maine
Department of Transportation, written commun., 2009). The
347-ft-deep well formerly was used for domestic supply,

but because this and some other wells nearby were contami-
nated with chloride, MaineDOT drilled a new supply well for
the homeowners.

The study area in Sullivan is underlain with the quartz-
granofels member of the Ellsworth Formation of Cambrian
age (Osberg and others, 1985; Stewart, 1998). Surficial
sediments are fine-grained facies of glaciomarine origin,
commonly clayey silts (Thompson and Borns, 1985). Geo-
physical logs showed the overburden is less than 40 ft thick

Location of U.S. Geological Survey well 435103070191701 in Gray, Maine.

(appendix 1). Groundwater-flow directions near the wells

are uncertain, but probably follow contours of the land
surface toward the bay (fig. 6). The 97-ft-deep North Sul-
livan well (USGS 443145068131801), which was still in use
by the homeowner during the project, is within 25 ft of and
at about the same elevation as U.S. Route 1 (maintained by
MaineDOT) and within 530 ft of Taunton Bay. The South
Sullivan well (USGS 443113068115101) is within 150 ft of
and slightly uphill from U.S. Route 1 and within 370 ft of
Taunton Bay. The 245-ft-deep South Sullivan well was drilled
by MaineDOT to serve as a replacement water supply for a
homeowner but was not activated for water supply until after
the end of the project.

Climate

Average annual snowfall in Maine ranged from about
70 inches (in.) along the southern coast to 111 in. in the
north during 1940-2002 (National Oceanic and Atmospheric
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Administration, 2002) and 1895-1935 (Fobes, 1942). The
snowiest years since 1997 at the National Oceanic and
Atmospheric Administration (NOAA) observation station in
Gardiner, Maine, were 2007 and 2009 (fig. 7). Average annual
precipitation is about 45.8 in. in midcoastal Maine. Summer
2009 (June through August) was the wettest (22.31 in.)

on record in Portland, Maine. Precipitation totals for 2005
(66.45 in.), 2006 (60.86 in.), 2008 (61.24 in.), and 2009

(58.61 in.) were among the eight highest ever recorded in Port-
land (National Weather Service, 2011).

Departures from normal monthly winter (December—
April) temperatures during 1997-2009 at the NOAA obser-
vation station in Gardiner, Maine, are shown in figure 8. In
general, the winter temperatures during 1997-2002, 2006, and
2008 were higher than normal, whereas the winter tempera-
tures during 2003-5, 2007, and 2009 were lower than normal.
The normal daily range in January temperatures in Gardiner
is 4 to 28 degrees Fahrenheit (°F), whereas the normal daily
range in April temperatures is 30 to 52 °F.

Locations of U.S. Geological Survey wells 443145068131801 and 443113068115101 in Sullivan, Maine.

Methods of Data Collection

Standard methods were used to collect the water-level
data (Cunningham and Schalk, 2011). All wells were instru-
mented with continuous water-level, temperature, and spe-
cific conductance monitors for periods of at least 15 months,
including two spring snowmelt seasons. Data collected
periodically included water-quality samples, water-quality
profiles, and geophysical logs.

Continuous Water Levels and Water-Quality
Data

The four wells were equipped with instruments to record
and transmit continuous water levels, specific conductance,
and water temperature. For the duration of the project, instru-
ments for each well were housed in ventilated, waterproof,
and locked aluminum shelters (fig. 9A). Instruments included
a Design Analysis (DA) H522 data-collection platform (DCP)
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Figure 9. A, Instrumentation shelter and B, arrangement of data-collection instruments at U.S. Geological Survey well 441226069502201
in West Gardiner, Maine.



attached to a DA H310 submersible pressure transducer and a
Campbell Scientific (CS) CR10 DCP attached to a CS H547A
temperature and conductance probe (fig. 9B). The DCP trans-
mitted 15-minute water-level, water-temperature (from both
the pressure transducer and the conductance probe), and spe-
cific-conductance data every hour over the geostationary satel-
lite (GOES) system. The CS H547A temperature and conduc-
tance probe measures water temperature by use of a resistor
that responds rapidly to changes in temperature but measures
conductance only as water moves through the probe. If little
to no vertical flow is present in the well, this instrument can
indicate slow to no response to changes in conductance.

Specific conductance and temperature probes were
checked for calibration against a range of calibration standards
before deployment in the field, at least once during deploy-
ment, and when the probes were removed from the wells. All
probes met manufacturer specifications during each cali-
bration check.

Water levels were collected to 0.01 ft in all wells and
were reported as depth below land surface datum (LSD).
Temperature originally was collected to 0.1 degree Celsius
(°C) in all wells, but after about December 7, 2007, it was col-
lected to 0.01 °C. Specific conductance was recorded to three
significant figures.

Gray

Installation of the monitoring instruments in the Gray
well began on December 12, 2007, and concluded December
14, 2007. The pressure transducer was set at a depth of 42 ft
below LSD and the conductance probe was set at a depth of
90 ft below LSD. Both instruments were replaced soon after
installation was completed on December 14, 2007, because
of issues with instrumentation catching on the pump in the
well. The pump was removed the same day. Specific conduc-
tance data from December 2007 through January 2008 were
considered unreliable and are not used in this report. All of the
instruments were removed from the well and data collection
ended on May 14, 2009.

West Gardiner

On August 30-31, 2007, a CS CR10 DCP was installed
in a plastic shelter mounted over the well casing. The DCP
was connected to a CS temperature and conductance probe at
a depth of 44 ft below LSD. A DA DH21 pressure transducer
also was installed in the well at a depth of 30 ft below LSD.
This installation was to collect data temporarily until the real-
time equipment was installed.

On October 15, 2007, the West Gardiner well was con-
verted to a permanent installation. The pressure transducer
was set at a depth of 42 ft below LSD and the conductance
probe at a depth of 41 ft below LSD. On November 2, 2007,
the pressure transducer was raised to a depth of 34 ft below
LSD to prevent possible issues with the probes catching on

Methods of Data Collection 11

one another. The instruments were removed from this well and
data collection ended on November 6, 2009.

North Sullivan

Instruments to measure water level and temperature
were installed in the North Sullivan well at depths of 18 ft
and to measure specific conductance and temperature at 80 ft
on September 24, 2007. Because the data from winter 2008
showed high variability, possibly related to the effect of the
daily use of water from the well, a second probe for specific
conductance and temperature was installed in the well at a
depth of 40 ft on June 4, 2008. The instruments were removed
from this well and data collection ended on June 3, 2009.

South Sullivan

On January 10, 2008, the pressure transducer in the
South Sullivan well was set at a depth of 45 ft below LSD
and the conductance probe set at a depth of 42 ft below LSD.
On June 4, 2008, the conductance probe was replaced with a
new H547A probe set at a depth of 220 ft below LSD. These
instruments were removed and data collection ended on
June 3, 2009.

Water-Quality Samples and Profiling

Water-quality samples were collected to determine a rela-
tion between specific conductance, which was monitored con-
tinuously, and concentrations of chloride. Water samples were
collected by use of diffusion samplers. The diffusion medium,
from Spectrum Laboratories, Inc., was molecular porous cel-
lulose membrane tubing with a 20.4-millimeter (mm) diameter
and a molecular weight cutoff of 12,000 to 14,000 daltons.

In the USGS laboratory, samplers were filled with deion-
ized water, sealed at both ends, and immersed in a deionized
water bath for transport to the field. In the field, samplers were
lowered to the appropriate depth and allowed to equilibrate
under environmental conditions for at least a week. When a
sampler was removed, the sample was poured immediately
into a labeled 125 milliliter (mL) poly bottle and taken to the
USGS laboratory. Specific conductance was measured in the
laboratory by use of an Orion model 160 conductivity meter
before the sample was sent to the USGS National Water-
Quality Laboratory for analysis of chloride. The reporting
limit for chloride concentration was 0.12 milligrams per liter
(mg/L).

Vertical profiling of specific conductance, water tem-
perature, dissolved-oxygen concentration, and pH was done
at least once in each well. For this process, a rope of length
greater than the depth of the well was attached to a calibrated,
internally logging water-quality probe from Hydrolab or YSI.
The rope was marked every 10 ft. While one hydrographer
kept notes of the clock time and length of rope deployed, the
other hydrographer lowered the probe through the well bore,
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stopping for a minute at each 10- or 20-ft increment to allow
the probe to equilibrate and record. Probe calibrations were
checked at the end of each day of profiling; in all cases, the
probes remained within the calibration settings. Data from the
probe were paired with corresponding depth data recorded in
the field on the basis of clock time.

Geophysical Data

The USGS used conventional and advanced geophysical
methods to characterize the wells and to provide information
about the types of rock at each well location, orientation of
bedding planes, degree of fracturing, and vertical flow direc-
tions of water in each well. Conventional logs collected in
each well included caliper, natural-gamma, specific conduc-
tance (fluid-resistivity), and fluid-temperature logs. Advanced
methods included optical and acoustic televiewer logging and
heat-pulse flowmeter logging. Descriptions of these methods
are from Johnson and others (2002).

Caliper logging generates a continuous profile of bore-
hole diameter with depth. The caliper tool is pulled up the
borehole, allowing three spring-loaded arms to open as they
pass borehole enlargements. The enlargements generally are
related to fractures but can also be caused by changes in lithol-
ogy or borehole construction.

Natural-gamma logging measures the natural gamma
activity of the formation around the borehole. Gamma emis-
sions generally can be correlated with rock type or fracture
infilling. Deviations in the gamma log indicate changes in
lithology or the presence of altered zones or mineralized frac-
tures. Because the gamma log does not have a unique litho-
logic response, interpretation must be guided by the informa-
tion provided by other logs.

Changes in the total dissolved solids (TDS) content of the
water in the well are measured by use of specific-conductance
logging. As the tool is lowered down the well, fluid resistiv-
ity is measured directly and its inverse, specific conductance,
is calculated. To ensure that an undisturbed distribution of
TDS was measured, fluid-resistivity logging was done first at
each well. Because fluid resistivity generally is low in water
containing salts, calibration of the fluid-resistivity tool can be
difficult. Consequently, changes in specific conductance with
depth are expected to provide more information than absolute
values of specific conductance.

Temperature logging is used to sense locations where
water enters or exits a well. In the absence of fluid flow in the
borehole, water temperature generally decreases about 1 °F
per 100 ft of depth (Keys, 1990). Deviations in this expected
gradient indicate transmissive zones in the borehole.

Optical-televiewer (OTV) logging records a high-resolu-
tion, continuous, magnetically oriented, digitized 360-degree
(°) color image of the borehole wall. The image permits direct
examination of the borehole for locations and details of frac-
tures, changes in lithology, water level, bottom of casing, and
borehole enlargements. Because the images are magnetically

oriented, they can be used to infer strike and dip of the rocks.
Because the OTV is an optical system, however, it makes
low-contrast features, such as small fractures in dark rocks,
difficult to discern. Constituents in the water, such as sediment
or oxidation products, can obscure the image.

Acoustic-televiewer (ATV) logging records a high-res-
olution, continuous, magnetically oriented image that is used
to map the location and orientation of fractures that intersect a
borehole. An acoustic beam is transmitted by the logging tool
and the reflected wave is recorded. Fractures and other fea-
tures in a borehole tend to scatter the acoustic wave, thereby
producing high contrast on the borehole image.

A heat-pulse flowmeter (HPFM), sensitive to flows as
low as 0.01 + 0.005 gal/min, was used to measure the direc-
tion and rate of vertical flow in the boreholes under ambient
and stressed conditions. Under ambient conditions, differences
in hydraulic head between two transmissive fractures produce
vertical flow in the borehole. If the hydraulic heads are nearly
the same, however, no flow may be detected. Therefore, the
HPFM also is used under pumping conditions to identify
transmissive zones with similar ambient heads that would
not be identified without stressing the aquifer. The HPFM
uses a heat-pulse tracer that moves upward or downward
with the flow in the borehole. After the tools described above
were deployed to identify the depths of the fractured zones,
the HPFM was used above and below the fractured zones to
determine the transmissivity of the fractures and the direction
of flow.

Most geophysical logging was done at rates of 11 to 15
feet per minute (ft/min). Because of the large amounts of data
that the televiewers collected, their rates were about 8 ft/min.
The HPFM was stationary when it was used to collect flow-
rate information at specified depths.

Quality Assurance

The USGS maintained high-quality data by use of
calibration checks before, during, and after deployment. All
water-quality instruments (specific conductance, temperature,
and water-quality probes) were shown to be functioning within
manufacturers’ specifications. Performance of water-level
transducers was checked during site visits by use of standard
tape-down techniques. During the data-collection period,
little drift (no more than 0.04 ft) was found in any transducer.
Water-level, specific conductance, and temperature data were
subject to standard record review at the end of each water
year; erroneous data (usually associated with normal mainte-
nance at the wells) were removed from the published record.



Water Levels and Specific
Conductance in Wells

Evidence for the role of fractures on the presence and
movement of road-salt constituents, particularly chloride,
in bedrock aquifers is presented in the following sections.
Discussion of findings on a site-by-site basis also is included.
Final daily-value data collected at the four study wells during
water years 2008-9 are presented through the USGS Web
portal (U.S. Geological Survey, 2009a) and in appendix 2.

Relation Between Specific Conductance and
Chloride Concentrations

To reduce analytical costs and facilitate real-time report-
ing of data, USGS used specific conductance as a surrogate for
chloride concentration on the basis of samples collected and
analyzed for both constituents. Although this relation was not
analyzed in a rigorous manner (as, for example, in Granato
and Smith, 1999), the data showed a linear correlation over a
range of about 3,000 pS/cm in six samples from three of the
wells (fig. 10).

For the remainder of this report, changes in concentra-
tions of specific conductance are considered indicative of
changes in concentration of chloride. The following relation
was established, with R? = 0.9965:

Chloride concentration (in mg/L) =
Specific conductance (in uS/cm) x 0.324 — 66, )

which does not differ greatly from that used by Harte
and Trowbridge (2010) for a small watershed in southern
New Hampshire.
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Site-by-Site Characteristics

Features of the geophysical, water-level, and specific-
conductance data collected at each of the four wells are pre-
sented in this section. In some cases, the data are interpreted in
the context of the landscape and (or) geologic environment at
the site. Typical 10-day unit-value hydrographs of water levels
in the four wells are presented in figure 11.

Gray

Active fractures, which are those that were actively
contributing flow to the well under both static and pumped
conditions, were found at depths of 84, 114, 186, and 294 ft
below LSD (appendix 1). Under ambient conditions, water
entered the borehole at the 294 ft depth and exited the bore-
hole at the 114- and 186-ft depths. Vertical profiling (fig.

12) indicated slight water-chemistry changes near the bot-
tom of casing (75 ft), probably in relation to the fracture at

84 ft, and larger changes below the 294 ft deep fracture. The
specific conductance and temperature probe was set below the
84-ft fracture.

Water levels in the Gray well, collected between
December 2007 and May 2009, exhibited consistent semidi-
urnal Earth-tide effects, fluctuating 0.1 ft to 0.2 ft daily (fig.
11). Daily water levels ranged from 10.26 to 13.96 ft below
LSD during the period of record (fig. 2—1). Highest and low-
est water levels were observed in April 2009 and July 2008,
respectively. Water levels increased during spring snowmelt
(from February through early April, both years) and declined
through the summer months.

The minimum specific conductance, about 450 pS/cm,
corresponds to a chloride concentration of about 80 mg/L,
which is about four times higher than the background

Relation between specific conductance and chloride concentration
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concentration reported by Olson and others (1985). Changes in
specific conductance were neither large nor abrupt. Through-
out the monitoring period, the range of recorded specific
conductance was 450 to 485 pS/cm. Specific conductance
increased from about 450 to 481 uS/cm from May 30 to June
28, 2008; the timing of this increase seems to indicate that

the arrival of chloride to the well lags about 3 months behind
spring snowmelt, which could be indicative of a long flow
path for chloride. The peak conductance value may have been
affected somewhat by the removal of the instruments from the
well June 23-24 for geophysical logging.

From July 10 to October 19, 2008, daily water levels and
specific conductance showed strong negative correlation (R’
=0.675) (fig. 13); that is, as water level rose during three con-
secutive events, specific conductance increased. This relation
indicates that during storm-related recharge events, a net trans-
port of salts occurs into the part of the aquifer penetrated by
the Gray well. Salt is apparently stored along the flow path and
is subsequently mobilized during recharge events. In general,
peaks in specific conductance lagged about 2 days after peaks
in water levels during these summer and autumn months.

Two mechanisms may have been involved in the long-
and short-term responses of water levels and specific conduc-
tance in the Gray well. Long-term recharge, driven primarily
by spring thaw and other wet periods over relatively long flow
paths from land surface to the deep fractures in the well, pro-
vide a delayed response of specific conductance to changes in
water level, whereas short-term changes in water level, driven
primarily by summer or autumn rains when water levels are
low, provide smaller pulses of high conductance water to the
well. This could indicate that chloride is “pushed” into the
well from surrounding fractures during rainfall events.

West Gardiner

Active fractures were found at depths of 36, 92, 120, 136,
170, 248, and 340 ft below LSD. Under ambient conditions,
groundwater enters the well primarily at the 248 ft depth and
exits at the 92 ft depth.

In general, water levels in the West Gardiner well were
relatively higher than those in the other wells (fig. 2-2).
Effects of pumping in the well were evident during the first
few days of monitoring (after which MaineDOT moved the
source of domestic supply to another well) and also during the
middle of November, 2007, when geophysical logging was
done at the well. The normal range of water levels was from
4 to 10.5 ft below LSD. Water levels increased during spring
snowmelt (from February through early April, both years) and
declined through the summer and autumn months. Water lev-
els rose after about June 15, 2009, in response to the wetness
of the summer. Sharp declines in water levels were probably in
response to pumping in nearby wells. Water levels responded
quickly to recharge events (fig. 2-2) and showed strong semi-
diurnal Earth-tide effects (fig. 11).

Two extreme water levels were affected by actions being
performed on a well 30 ft away (15-minute data not shown).

Water Levels and Specific Conductance in Wells 15

The lowest water level recorded, 19.93 ft below LSD on
September 2, 2007, was in response to the nearby well being
pumped; and the highest water level recorded, 3.90 ft below
LSD on December 4, 2007, was in response to the same well
being filled with bentonite as it was abandoned. The rapid and
abrupt response of water levels to displacement of groundwa-
ter in the nearby well is indicative of the nature of groundwa-
ter flow in fractured-rock environments. It is likely that the
same transmissive fracture intersected both the West Gardiner
well and the nearby abandoned well.

Specific conductance generally was higher in the West
Gardiner well than in other study wells, ranging from 681 to
3,890 uS/cm (corresponding to chloride concentrations of
about 150 to 1,200 mg/L). The high chloride concentrations
may have been associated historically with the presence of
salt piles (which were covered in 1988) at the MaineDOT and
MTA maintenance lots, as well as with ongoing winter main-
tenance practices at the MTA tollbooth area east of the well.
The high chloride concentrations necessitated the abandon-
ment of several wells nearby (Joshua Katz, Maine Department
of Transportation, oral commun., 2007). Overall, specific
conductance in the well shows a 2-year increase punctuated by
(possibly) event-based peaks (fig. 2-2).

Figure 2-2 indicates that, after about May 1, 2008, spe-
cific conductance and water level shared an inverse relation;
as water levels declined, specific conductance increased. Two
explanations are possible. The first possible explanation for
this inverse relation is that near-well recharge diluted the high
concentration of chloride in the well. The probable ambient
groundwater flow gradient in this area is from southeast to
northwest, which tends to transport road salts applied to State
Routes 9/126 away from the West Gardiner well rather than
toward it. Thus, recharging groundwater probably is not trans-
porting new chloride near the well to the subsurface. However,
if dilution were occurring, specific conductance in the well
should be decreasing consistently, but it is not (fig. 2—-2).

The second possible explanation for the observed
behavior of water levels and specific conductance is that a
3- to 6-month lag exists between precipitation events and the
arrival of chloride to the well from a different source—the
Maine Turnpike (Interstate 95), which lies upgradient toward
the southeast. Some ancillary evidence for this hypothesis is
on file with MaineDOT (Joshua Katz, Maine Department of
Transportation, oral commun., 2008).

Vertical profiles from January 16, 2008, in the West
Gardiner well (fig. 14) present evidence of the roles of frac-
tures on all water-quality constituents. Dissolved oxygen con-
centration, pH, and specific conductance were approximately
constant throughout the profile to a depth of 220 ft; at 220 ft,
specific conductance increased to more than 5,000 puS/cm,
pH decreased, and dissolved oxygen increased. At a depth of
about 320 ft, specific conductance increased to 15,000 uS/cm
(corresponding to a chloride concentration of 4,800 mg/L,
about one-fourth that of seawater), pH decreased again, and
dissolved oxygen content increased to concentrations observed
far more regularly in surface water than in groundwater (Hem,
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1985). These trends with depth also were observed in two sub-
sequent profiles on different dates. One possible explanation is
the existence of a near-vertical fracture that quickly transports
oxygen-rich recharge water to the bottom of the well; if this
were the case, however, it is likely that dilution effects on
specific conductance would be more apparent.

North Sullivan

Geophysical data indicate that active fractures exist 15 ft
below LSD at the base of the casing (table 1; appendix 1), and
at depths of 25, 72, and 85 ft. Under ambient conditions, water
entered the borehole at the 25-ft depth and exited the borehole
at the 85-ft depth. Under pumping conditions, water entered
the borehole at the 72-ft depth also.

Water levels in the North Sullivan well were affected by
pumping from the well throughout the duration of the project.
No Earth-tide effects were observed during any time period
(fig. 11), even when the well was unused for a month. This
well was relatively shallow (97 ft) and probably unconfined;
that is, the water table is exposed to atmospheric pressure and
is not subject to Earth tides.

The maximum and minimum water levels observed were
9.96 ft below LSD (April 7, 2009, during spring melt) and
17.89 ft below LSD (October 8, 2007, in response to pump-
ing), respectively (15-minute values not shown). Water-level
declines in response to pumping usually were in the range of
2 ft in 15-minute increments (fig. 11). Notwithstanding the
effects of pumping, water levels generally increased during
spring snowmelt (from February through early April) and
autumn rains and declined through the summer and (or) winter
months (fig. 2-3).

Water temperature, in degrees Celsius; dissolved oxygen
concentration, in milligrams per liter; or pH, in standard units

100 150 200 250 300

Depth, in feet below top of casing

Specific conductance data used from the North Sullivan
well in this report are on the basis of observations at the
80-ft depth. Although a second specific conductance probe
was deployed at the 40-ft depth in June 2008, the two sets of
specific-conductance data did not vary greatly (R’ = 0.95) after
about July 1, 2008.

Initially, in autumn 2007 and winter 20078, specific
conductance decreased in response to increases in water level
from recharge (fig. 15), probably because the first recharge
water entered the well through large fractures that did not
contain appreciable concentrations of salt; chloride in the well
was diluted initially from about 1,000 to 900 uS/cm (about
250-225 mg/L chloride). Thereafter, however, recharge water
brought additional chloride with it, probably through small
fractures or through the bulk matrix, and specific conductance
increased with water level. Several examples of the initial
decrease, then rapid increase in specific conductance with
recharge are shown in figure 15 for December 24-25, 2007,
and February 13 and April 30, 2008.

The degree to which specific conductance responded
to recharge varied on the basis of antecedent conditions.
About 26 in. of snow fell between December 24, 2007, and
January 5, 2008, resulting in a snowpack depth of about 2 ft
deep; temperatures were between 38 and -10 °F (National
Oceanic and Atmospheric Administration, 2008). On
January 9, 2008, water levels began to rise at noon in response
to a major thaw January 6—13 (maximum high tempera-
ture of 52 °F on January 8 and minimum low temperatures
above freezing January 7-9), during which no precipitation
fell; temperature and specific conductance responded about
16 hours later. In total, the January 6—13 thaw caused the
snowpack to diminish to 8 in., water levels to rise about 1.5
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Figure 15. Water levels and specific conductance in U.S. Geological Survey well 443145068131801 in North Sullivan, Maine, November

2007—-July 2008.

ft, water temperature to rise about 2 °F, and specific conduc-
tance to rise about 3,000 uS/cm. Increases in water levels

and specific conductance also occurred around January 30

in response to warm temperatures January 29-30 (maximum
high temperature 45 °F on January 30 and minimum low tem-
peratures slightly below freezing; decrease in snowpack); and
on February 14 in response to warm temperatures February
13—15 (maximum high temperature 43 °F on February 13 and
minimum low temperatures 15-18 °F). The February 13—15
thaw was accompanied by more than 5 in. of new snow but
produced an overall decrease in the snowpack. A warm period
February 18-19 (maximum temperature 48 °F on February 18,
and minimum low temperatures around freezing) produced a
decrease in snowpack, an increase in water levels, and little
change in temperature or specific conductance. Between
February 15 and 18, less than 0.5 in. of snow had fallen, so
additional road salt probably had not been applied. In all
likelihood, the January 9—10 thaw allowed an accumulation of
road salts that had been applied during the antecedent snowy
weather to enter the well with melted snow, as evidenced by
the large spike in specific conductance that lasted about 3
weeks; the later events produced smaller spikes in specific
conductance because antecedent weather had required the use
of less road salt.

The effects of the annual spring snowmelt were observed
in March and April 2008. Snowpack depth decreased or held
steady throughout March and disappeared around April 7. The
highest water level since the thaw of February 18 occurred
on April 5. Specific conductance rose steadily from March
21 through April 7, 2008, probably in response to the annual
spring snowmelt; at the same time, temperature decreased
1 °F because the snowmelt water was colder than the
ambient water.

From June 6 through 9, 2008, when water levels spiked
downward (3-ft declines) due to pumping, specific conduc-
tance spiked upward as much as 700 uS/cm. Later in summer
2008, on many occasions when water levels spiked downward
due to pumping, specific conductance did not respond. These
data, in concert with those described above, indicate that
hydrologic events, and in particular their timing in relation to
the presence of road salt, played a larger role in the transport
of chlorides than did pumping alone.

South Sullivan

Geophysical data indicate that active fractures exist
at depths of about 40, 53, 186, 198, and 208 ft below LSD.



Under ambient conditions, water enters the borehole at the
186- and 198-ft depths and exits the borehole at the 40- and
53-ft depths. The 208-ft fracture became active under pumping
conditions.

Water levels in the South Sullivan well exhibited strong
semi-diurnal fluctuations of 1 foot or more (fig. 11), possibly
in response to both Earth tides and ocean tides. Occasional,
periodic declines of water levels as much as 2 ft (fig. 11)
may have been in response to pumping from a nearby well
that was not identified. The minimum and maximum water
levels recorded were 28.06 ft below LSD and 37.22 ft below
LSD, respectively (15-minute data not shown). Water levels
generally increased during spring snowmelt (from February
through early April) and declined through the summer months
(fig. 2-4).

At the 220 ft depth, specific conductance remained
above about 750 uS/cm (corresponding to 180 mg/L chloride)
throughout the year (fig. 2—4). Water-level fluctuations had no
major effect on specific conductance at 220 ft, which is below
the active fractures. Small changes in specific conductance at
42 ft, however, lagged about 5 days behind changes in water
level. The South Sullivan well was slightly uphill from U.S.
Route 1; runoff and infiltration probably were directed away
from the well head, and it is likely that the topography of the
area masked any possible cause-and-effect relation that might
otherwise have been observed.

Effects of Stresses on Chloride Concentrations

The data presented in the “Site-by-Site Characteristics”
section indicate that natural and anthropogenic hydrologic
stresses play meaningful roles in the presence of chloride in
groundwater. Natural stresses, including recharge by precipi-
tation and thawing, generally affect chloride concentrations
by transporting chloride to the well from overlying soil and
rock. Anthropogenic stress (pumping) affects chloride con-
centrations by creating artificially steep, temporary gradients
between the water table and the water level in the well. Effects
of stresses are seen throughout the year.

Precipitation

Specific conductance in the Gray and North Sullivan
wells responded positively to recharge events throughout the
year. In general, when water levels rose in these wells, specific
conductance increased, although to varying degrees. Daily-
value water levels and specific conductance from the Gray
well were correlated (fig. 13B), and the data indicated that
changes in specific conductance lagged about 3 days behind
changes in water levels. This lag may have been because the
initial water-level changes were because of increased pres-
sure from the water column, and not from an actual influx of
recharging water; or it may have been because the specific
conductance probe was set at 190 ft and the chloride enter-
ing the well with recharge water required 3 days to diffuse to
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that depth. Recharge-related effects were most marked in the
North Sullivan well, probably because of its shallowness, the
shortness of the well casing (15 ft below LSD), and pumping
in the well.

The positive response of specific conductance to changes
in water level indicates that the recharge water typically was
higher in chlorides than the water in the well—not just during
winter thaws or spring recharge, but throughout the year. In
general, after early recharge of relatively clean water, spe-
cific conductance began to rise, indicating that the recharge
water percolating through smaller fractures or the bulk matrix
contained higher concentrations of chlorides than did the
early recharge water. These hydrologic responses imply that
chlorides are retained in the unsaturated zone, small fractures,
and (or) the bulk matrix throughout the year, not just during
the winter.

The responses to recharge observed in the Gray and
North Sullivan wells were not observed in the West Gardiner
well, where the conceptual flow model indicates that short-
term recharge near the well tends to dilute chloride present in
the well, whereas long-term recharge along flow paths from
the southeast tend to concentrate chlorides, even when ground-
water level declines.

Thawing

Specific conductance in the Gray and North Sullivan
wells showed a notable response to snowmelt. Although
recharge can occur throughout the winter (as evidenced by
increases in water levels in all wells during winter 2007—8
(appendix 2), the largest values of specific conductance—or
increases in concentration of chloride—were associated with
thaws. Labadia and Buttle (1996) found that as much as 50
percent of the applied road salt remains in the snowbank until
a thaw; if a connecting fracture exists from the surface to the
subsurface, concentrations or road-salt constituents will spike
during a thaw. Once again, the most remarkable example was
the North Sullivan well.

Pumping

The combination of effects observed at the North
Sullivan well during summer 2008 supports the hypothesis
that chloride is sequestered in the matrix or disconnected
fractures until mobilized by recharge. During the late spring,
when ambient water levels and soil moisture were presum-
ably high from the spring thaw, specific conductance increased
in response to pumping; chloride-bearing groundwater was
drawn into the well. During the late summer, when ambient
water levels and soil moisture were presumably low from the
effects of evapotranspiration, specific conductance did not
respond to pumping; groundwater drawn to the well did not
contain new concentrations of chloride.

These data support the idea that chloride is “suspended”
in the bulk matrix or in small, partially disconnected fractures
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until activated by recharge. When hydrologic events were few
and far between, specific conductance was unlikely to respond
to pumping alone; but when precipitation was sufficient to
produce recharge or when air temperature was sufficient to
produce significant thawing, chloride was transported into the
well, causing an increase in specific conductance.

Effects of Fractures on Water Quality

Water-quality profiles of the wells supported data
acquired by geophysical methods and confirmed that the active
fractures in each well played prominent roles in the qual-
ity of water in the well. Distinct changes in water chemistry
were observed at depths correlating to the presence of active
fractures, as, for example, in the West Gardiner well (fig. 14).
Profiles in the South Sullivan well (not shown) were similar,
though not as dramatic.

The behavior of dissolved oxygen concentrations with
depth in the West Gardiner well (fig. 14) are probably the most
noteworthy example of the role of fractures on water qual-
ity. From land surface to a depth of 220 ft, dissolved oxygen
concentration decreased from about 0.1 to 0.03 mg/L, which is
typical for groundwater. From 220 to 300 ft, dissolved oxygen
concentration increased to about 0.7 mg/L, and below 300 ft,
dissolved oxygen concentration increased to 10 mg/L. This
behavior was repeated during three separate visits, and the
meter was found to be within calibration specifications each
visit after the profiling effort. One possible explanation is the
existence of a near-vertical fracture that quickly transports
oxygen-rich recharge water to the bottom of the well; if this
is true, then the same fracture can readily be cited as play-
ing a major role in the transport of chloride to the subsurface
as well.

Summary and Conclusions

In 2007, in cooperation with Maine Department of
Transportation (MaineDOT), the U.S. Geological Survey
began an investigation of the processes that enable chlorides
from road salt to be present in bedrock aquifers. Data collected
by MaineDOT’s Well Claims Unit had shown that chloride
concentrations in wells affected by road salt increased in the
autumn, after water levels declined in the summer, and before
road salts were applied in the winter. This investigation sought
to determine a relation between specific conductance and
chloride concentration, and, on the basis of that relation, to
explore the role of fractures on the quality of groundwater;

a link between road salting and chloride contamination; and
the hydrologic conditions and timing of events that affected
chloride concentrations in groundwater.

Continuous data on water levels, specific conductance,
and temperature were collected from 2007 through 2009 at
four bedrock wells in Maine that were known to be affected by
road salts. Geophysical data were collected to locate fractures

and determine whether the fractures were contributing ground-
water to the well under static and pumped conditions. Vertical
profiles of water-quality indicators (dissolved oxygen, specific
conductance, pH, and temperature) were collected at least
once at the three wells not being used for domestic supply.
Water-quality samples were collected to establish a linear rela-
tion between specific conductance and chloride concentration.

Geophysical methods identified the active fractures in
each well, and vertical profiling verified the contributions of
these fractures to the distributions of water quality with depth
in each well. All abrupt changes in water-quality constituents
during profiling were at depths corresponding to those of the
active fractures identified by geophysical methods.

Data collected during the project indicated that chloride
concentration was relatively stable in the wells, except when
concentrations increased during the main spring recharge or
during major winter thaws. Minimum specific conductance,
about 450 pS/cm in the Gray well (corresponding to about
80 mg/L chloride), indicated that chlorides at concentrations
greater than background levels continued to be present after
large recharge events such as snowmelt and rainfall, especially
in the spring. In contrast, in highly permeable, unconsolidated
environments, the literature documents a breakthrough-curve
behavior for chloride.

Contamination of the wells was linked to road salting
in at least one well on the basis of large increases in specific
conductance associated with winter thaws and spring recharge,
when road salts are most prevalent in the environment. A win-
ter thaw in January 2008 produced the largest spike in specific
conductance observed at the North Sullivan well, and specific
conductance did not recover to the pre-thaw concentration for
3 weeks. Annual high specific conductances were observed in
at least two wells during the spring snowmelt.

Data showed that chloride can be transported to the wells
throughout the year, not only during the winter. Although
the largest changes in specific conductance were associated
with thaws, other hydrologic events also triggered changes in
specific conductance. Recharge events throughout the sum-
mer, for example, produced increases in specific conductance.
These data indicate that road salts are sequestered in the bulk
matrix of the unsaturated zone or in isolated fractures, and
that, when recharge events occur, they can be flushed into the
system.

Hydrologic events were the driving factor behind changes
in specific conductance. Winter and spring thaws and rain-
fall transported chloride to the groundwater during recharge
events. Some effects of pumping on chloride concentrations
also were observed, but substantially greater changes in chlo-
ride concentration were observed when recharge was a factor
than when pumping was the only factor.

The magnitude of chloride concentrations with depth in
the wells also was related to the presence of fractures. Verti-
cal profiles consistently showed relatively abrupt changes in
water-quality constituents at depths of active fractures.
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Appendix1. Geophysical Data

The following abbreviations and acronyms are used in appendix 1:

ABI
amb
Az
cond
cps
deg
degC
deg F
DOT
EMI

Ft, ft, or FT
gal/min
HPFM
D
inorin.
LMP
ME

MP
MSI
0Bl
0GW-BG
SC

SN
Temp
uS/cm
USGS
WL

acoustic televiewer

ambient

azimuth

conductance

counts per second

degrees

degrees Celsius

degrees Fahrenheit
Department of Transportation
electromagnetic induction
feet

gallons per minute
heat-pulse flowmeter
identifier

inches

log-measuring point

Maine

measuring point

Mount Sopris Instruments
optical televiewer

Office of Groundwater Borehole Geophysics Unit
specific conductance

serial number

temperature

microsiemens per centimeter
U.S. Geological Survey
water level
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26 Relations Among Three Variables in Four Road-Salt-Contaminated Wells in Maine, 2007-9

Company USGS Site ID 435103070191701 Station name CW-2028

Other ID Gray well Date of log 06/23/2008
County/State Cumberland/Maine Officellogging unit OGW-BG Storrs
Logging operator MUN, CWS Observer CDJ

Description of log-measuring point (LMP) Top of casing

Height of LMP above/below land-surface datum (in feet) 1.0

Altitude of LMP 342 feet Magnetic declination  ~-14
Borehole depth/diameter/type 327 feet/ 6 in. / open
Casing depth/diameter/type 75.25 feet/ 6 in. / steel
Borehole fluid type Water
Borehole fluid depth and date 14.10 feet at 10:05 on 6/23/08

Hydrologic conditions Ambient- Pre-injection conditions

Remarks Stickup=1 foot, Pumping at 0.25-.3 gal/min was conducted as part of stressed flowmeter tests on
6/24/08.
ME DOT reports elevation of MP at 327.55, USGS reports 342 feet. Well reports indicate 20 feet
of casing, but there appears to be casing to 75.25 feet

Logs in composite, date and time, manufacturer, serial number (SN), condition

EMI and Gamma, 06/23/08, MSI-2PIA+2PGA, SN: 2307, gamma factory calibrated; count per second used
EMI tool - calibrated after log; data adjusted

Fluid and Caliper, 06/23/08, MSI-2PCA+2FSB, SN: 3009, calibration checked after log; data adjusted to calibration

values

OBI-40-Mk4, 06/24/08, MSI-ALT, MSI SN: 073612, Alt SN:061101, tilt and direction check at time of log
ABI-40, 06/23/08, MSI-ALT, MSI SN: 3078, Alt SN: 020906, tilt and direction check at time of log
HPFM, 06/24/08, MSI 2293, SN: 2060, calibration values updated in MsHeat for tool 2060

ambient and pumping logs collected
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30 Relations Among Three Variables in Four Road-Salt-Contaminated Wells in Maine, 2007-9
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32 Relations Among Three Variables in Four Road-Salt-Contaminated Wells in Maine, 2007-9

Company USGS Site 1D 441226069502201 Station name KW-891

Other ID West Gardiner Liberty Lane well Date of log 10/31/2007
County/State Kennebec/Maine Officellogging unit OGW-BG Storrs
Logging operator MUN, CWS Observer CDJ

Description of log-measuring point (LMP) Top of casing

Height of LMP above/below land-surface datum (in feet) 1.5
Altitude of LMP 169 feet

Borehole depth/diameter/type 347 feet/ 6in./ open
Casing depth/diameter/type 25 feet /6 in. / steel
Borehole fluid type Water

Hydrologic conditions Ambient- Pre-injection conditions

Remarks Stickup=1.5foot, Pumping at 0.25-.3 gal/min was conducted as part of stressed flowmeter tests on
10/31/07.

Logs in composite, date and time, manufacturer, serial number (SN), condition

EMI and Gamma, 10/31/07, MSI-2PIA+2PGA, SN: 2307, gamma factory calibrated; count per second used
NE-EMI tool - calibrated after log; data adjusted

Fluid and Caliper, 10/31/07, MSI-2PCA+2FSB, SN: 3009, calibration checked after log; data adjusted to calibration

values

OBI-40-Mk4, 10/31/07, MSI-ALT, MSI SN: 073612, Alt SN:061101, tilt and direction check at time of log
ABI-40, 10/31/07, MSI-ALT, MSI SN: 3078, Alt SN: 020906, tilt and direction check at time of log
HPFM, 10/31/07, MSI 2293, SN: 2060, calibration values updated in MsHeat for tool 2060

ambient and pumping logs collected
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34 Relations Among Three Variables in Four Road-Salt-Contaminated Wells in Maine, 2007-9
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=USGS

Company USGS Site ID 435103070191701 Station name HW-181

Other ID South Sullivan well Date of log 6/25/08
County/State Hancock /Maine Officellogging unit OGW-BG Storrs
Logging operator MUN, CWS Observer CDJ
Description of log-measuring point (LMP) Top of 6-inch steel casing
Height of LMP above/below land-surface datum 2.0 feet

Altitude of LMP 46.13 feet Magnetic declination  ~-14 deg
Borehole depth/diameter/type 245 feet/ 6 in. / open
Casing depth/diameter/type 40 feet/ 6 in. / steel
Borehole fluid type Water

Borehole fluid depth and date 37.02 feet at 9:54 on 6/25/2008

Hydrologic conditions Ambient with possible tidal influence

Remarks 120 gallons removed =~80 feet of water column, pulling water from
205 feet to 125 feet

Fractures at 43 feet, 186 feet, 198 feet, and 207 feet are hydraulically
active

Logs in composite, date and time, manufacturer, serial number, condition

EMI and Gamma, 06/25/08, MSI-2PIA+2PGA, SN: 2307, factory calibrated
NE-EMI tool - calibrated at time of log

Fluid and Caliper, 06/25/08, MSI-2PCA+2FSB, SN: 3009, calibration checked at time of log

OBI-40-Mk4, 06/25/08, MSI-ALT, MSI-SN 073612 Alt SN:061101, tilt and direction check at time of log
ABI-40, 06/26/08, MSI-ALT, MSI SN:3078, ALT SN: 0209086, tilt and direction check at time of log
HPFM, 06/26/08, MSI 2293, SN:2060, calibration values updated in MsHeat for tool 2060

ambient and pumping logs collected
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36 Relations Among Three Variables in Four Road-Salt-Contaminated Wells in Maine, 2007-9
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Company USGS Site ID 443145068131801 Station name HW-180

Other ID North Sullivan well Date of log 06/27/2008
County/State Hancock /Maine Officel/logging unit OGW-BG Storrs
Logging operator C. Schalk Observer C. Johnson

Description of log-measuring point (LMP) Top of casing

Height of LMP above/below 0.5 feet

Altitude of LMP 30.5 feet Mag declination ~14
Borehole depth/diameter/type 97.16 feet /6 in. / open

Casing depth/diameter/type 15.2 feet/ 6 in. / steel

Borehole fluid type Water

Borehole fluid depth and date 15.50 feet at 8:17 on 06-27-2008

Hydrologic conditions Ambient and Pumping

Remarks Domestic submersible pump pulled before logging and re-installed
at end of day

Logs in composite, date and time, manufacturer, , condition

EMI and Gamma, 06/27/08, MSI-2PIA+2PGA, SN: 2307, factory calibrated
EMI tool - calibrated at time of log

Fluid and Caliper, 06/27/08, MSI-2PCA+2FSB, SN: 3009, calibration checked at time of log - ambient
post-pumping log collected after removing 65 gallons of water

OBI-40-Mk4, 06/27/08, MSI-ALT, MSI-SN 073612 Alt SN:061101, tilt and direction check at time of log
ABI-40, 06/27/08, MSI-ALT, MSI SN:3078, ALT SN: 020906, tilt and direction check at time of log
HPFM, 06/27/08, MSI 2293, SN:2060, calibration values updated in MsHeat for tool 2060

ambient and pumping logs collected
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42 Relations Among Three Variables in Four Road-Salt-Contaminated Wells in Maine, 2007-9
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Appendix 2

Appendix 2. Daily Water Levels, Specific Conductance,
and Precipitation, All Wells

Figure 2-1. Graph showing water levels, liquid-equivalent precipitation, and specific conductance
in U.S. Geological Survey well 435103070191701 in Gray, Maine, December 2007—May 2009.

Figure 2-2. Graph showing water levels, liquid-equivalent precipitation, and specific conductance
in U.S. Geological Survey well 441226069502201 in West Gardiner, Maine, August 2007-November
2009.

Figure 2-3. Graph showing water levels, liquid-equivalent precipitation, and specific conductance
in U.S. Geological Survey well 443145068131801 in North Sullivan, Maine, September 2007-June 2009.

Figure 2-4. Graph showing water levels, liquid-equivalent precipitation, and specific conductance
in U.S. Geological Survey well 443113068115101 in South Sullivan, Maine, January 2008—June 2009.
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Figure 2-1. Graph showing water levels, liquid-equivalent precipitation, and specific conductance in U.S. Geological Survey well
435103070191701 in Gray, Maine, December 2007-May 2009.
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Figure 2-2. Graph showing water levels, liquid-equivalent precipitation, and specific conductance in U.S. Geological Survey well

441226069502201 in West Gardiner, Maine, August 2007-November 2009.
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Figure 2-3. Graph showing water levels, liquid-equivalent precipitation, and specific conductance in U.S. Geological Survey well
443145068131801 in North Sullivan, Maine, September 2007—June 2009.
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Figure 2-4. Graph showing water levels, liquid-equivalent precipitation, and specific conductance in U.S. Geological Survey well
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