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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED

WATER-QUALITY UNITS
Multiply By To obtain
Length
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
square mile (mi?) 2.59 square kilometer
Volume
cubic foot (ft’) 0.02832 cubic meter
gallon (gal) 3.785 liter
million gallons (Mgal) 3,785 cubic meter
Flow

cubic foot per second (ft’/s) 0.02832 cubic meter per second
cubic foot per second 0.01093 cubic meter per second

per square mile per square kilometer

[(ft*/s)/mi?]
gallon per minute (gal/min) 0.06308 liter per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second

Hydraulic Conductivity
foot per day (ft/d) 0.3048 meter per day
Transmissivity

cubic foot per day per square foot 0.09290 cubic meter per day per

times foot of aquifer thickness
[(ft*/d)/Et%]ft (reduces to ft¥/d)

square meter times
meter of aquifer
thickness

Sea Level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929--a
geodeticdatum derived from a general adjustment of the first-order level nets of the United States

and Canada, formerly called Sea Level Datum of 1929.




CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED
WATER-QUALITY UNITS--Continued

Abbreviated Water-Quality Units Used in Report

In this report, the concentration of a chemical in water is expressed in milligrams per liter (mg/L) or
micrograms per liter (ug/L). Milligrams per liter is a unit expressing the concentration of chemical constituents in
solution as weight (milligrams) of solute per unit volume (liter) of water; 1,000 u#g/L is equivalent to 1 mg/L. Water
temperature in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) by use of the following equation:

°F= 1.8(°C) +32
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Geohydrology and Water Quality of Stratified-Drift
Aquifers in the Lower Connecticut River Basin,
Southwestern New Hampshire

By Richard Bridge Moore, Carole D. Johnson, and Ellen M. Douglas

ABSTRACT

A study was done by the U.S. Geological Survey, in
cooperation with the State of New Hampshire Depart-
ment of Environmental Services, Water Resources
Division, to describe the geohydrology and water
quality of stratified-drift aquifers in the lower Con-
necticut River basin in southwestern New Hampshire.
Stratified-drift aquifers discontinuously underlie 116
mi’ (square miles) of the lower Connecticut River
basin in southwestern New Hampshire, which has a
total drainage area of 1,163 mi’. Saturated thick-
nesses of stratified drift are locally greater than 400
feet, but generally are less. Transmissivities locally
exceed 4,000 fi’/d (feet squared per day), but are
generally much less. Only 20.8 mi® are identified as
having a transmissivity greater than 1,000 ft*/d.

Characteristics of stratified-drift materials that
affect ground-water storage and flow are related to the
original glaciofluvial environment in which they were
deposited. Deglaciation occurred by a systematic
process of retreat that resulted in deltas and other lake
deposits, primarily along the Connecticut and
Ashuelot River valleys in the western part of the study
area, and the deposition of eskers, kames, kame ter-
races, and outwash within some of the eastern upland
valleys. Glacial Lake Hitchcock, which existed at the
time of deglaciation, extended all the way from the
lake outlet at what is now New Britain, Connecticut,
northward up the Connecticut River valley, through
the western part of the study area. The lake probably

extended as far north as Burke, Vermont. The
presence of this lake and other smaller lakes greatly
affected deglaciation and the depositional processes
that formed many of the stratified-drift aquifers found
within the study area.

The geohydrology of stratified-drift aquifers was
investigated by focusing on basic aquifer properties,
including aquifer boundaries; recharge, discharge,
and direction of ground-water flow; saturated thick-
ness and storage; and transmissivity. Surficial
geologic mapping assisted in the determination of
aquifer boundaries. Data from more than 2,300
wells, test borings, and springs were collected and
stored in the U.S. Geological Survey’s Ground-Water
Site Inventory (GWSI) data base. More than 650 of
these sites were from areas of stratified drift. These
data were used to produce maps of water-table con-
figuration, saturated thickness, and transmissivity of
stratified drift. Seismic-refraction profiles were com-
pleted at 29 locations in the study area. These
profiles aided in the construction of the water-table
and saturated-thickness maps. Seismic-reflection
data also were collected along 60 miles of the Con-
necticut River and were used in constructing the
saturated-thickness maps.

A stratified-drift aquifer in southern Croydon
and northern Newport was analyzed for aquifer yield
by transient simulations and use of a two-dimen-
sional, finite-difference flow model. The objective
was to estimate the yield after a 180-day period of
pumping. Two hypothetical wells were pumped
simultaneously at 1.0 Mgal/d (million gallons per



day) and 0.5 Mgal/d for 180 days. The maximum
amount of water, 1.97 cubic feet per second, was
taken from the stream to sustain this pumping rate.
The amount of water available for infiltration was the
limiting factor. If another management plan were
used or if more water were available for infiltration,
increased pumping rates would be possible.

Water samples from 22 wells and 8 springs were
collected and analyzed to assess background water
quality in the aquifers. Known areas of contamina-
tion were avoided. Results of the sampling program
show that water in the stratified-drift aquifers meet
U.S. Environmental Protection Agency primary and
secondary drinking-water regulations, with some ex-
ceptions: water from 1 well had elevated concentra-
tions of chloride and water from 3 wells had elevated
concentrations of sodium; approximately half of the
water samples had elevated concentrations of iron
and manganese (a common and presumably natural
phenomenon in New Hampshire); water from 11 of
the wells had small but detectable concentrations of
volatile organic compounds.

INTRODUCTION

The population of the 1,163-mi’ study area,
which comprises all or part of 45 towns in south-
western New Hampshire (fig. 1) was projected to in-
crease by 16 percent during 1980-89, and it is
expected to continue to increase rapidly in the
foreseceable future (New Hampshire Office of State
Planning, 1985). Economic development has been
especially rapid throughout southern New
Hampshire because of its proximity to metropolitan
Boston. This growth has increased demands for
water and strained the capacity of some existing
municipal-water systems that depend on stratified-
drift aquifers as a primary source of water.

The U.S. Geological Survey (USGS), in
cooperation with the State of New Hampshire, is con-
ducting ground-water investigations in New
Hampshire to provide detailed geohydrologic infor-
mation necessary to ensure optimal use of existing
water sources and the development of new ones. The
area of this study is the lower Connecticut River basin
in southwestern New Hampshire (fig. 1). Surface-
water drainage basins were selected as the study-area
boundaries because they are a natural subdivision of
the hydrologic system, and no stratified-drift aquifers
extend across the major Connecticut River basin
divide in southwestern New Hampshire.

Purpose and Scope

The purpose of this report is to (1) describe the
geohydrologic characteristics of the stratified-drift
aquifers within the study area, including arcal extent
of the stratified-drift aquifers, ground-water levels,
general directions of ground-water flow, saturated
thicknesses, transmissivities; and (2) assess the
quality of the ground water in stratified-drift
aquifers.

The study generally was limited to the collec-
tion, compilation, and evaluation of data from the
stratified-drift aquifers in the study area. Yield of

.one of the aquifers, in northern Newport and

southern Croydon, was estimated by use of a draw-
down-modeling technique to illustrate how this
method can be used to provide estimates of aquifer
yields after a hypothetical 180-day pumping period.

Related Studies

Previous studies include a hydrologic investiga-
tion of the entire Connecticut River basin in New
England by Cederstrom and Hodges (1967). Their
findings are presented on two maps at a scale of
1:250,000. A basic-data report for wells and borings
in the Ashuelot River basin, New Hampshire, was
prepared by Whitcomb (1973a), and was accom-
panied by a hydrologic investigation (Whitcomb,
1973b). Also, a reconnaissance map of the
availability of ground water in the lower Connecticut
River basin, southwestern New Hampshire, was
presented by Cotton (1977) on a map at a scale of
1:125,000. These studies indicated that more infor-
mation was necessary to improve an understanding of
the ground-water flow systems, define aquifer boun-
daries, and evaluate ground-water quality within the
study area.

Surficial geologic maps for parts of the study
area are being produced as 7.5 X 15-minute quad-
rangle maps by the Cooperative Geologic Mapping
(COGEOMAP) program (a program between
various States and the U.S. Geological Survey). For
New Hampshire, the New Hampshire Department of
Environmental Services, Office of the State Geologist
is the cooperator in this program. Three maps have
already been published as State of New Hampshire
open-file reports (Larsen, 1989a and 1989b; Ridge,
1989) and field work has been completed for the Bel-
lows Falls Vt.-N.H. quadrangle by Jack Ridge
(Professor of geology, Tufts University, Medford,
Mass.).
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Figure 1.--The lower Connecticut River basin in southwestern New Hampshire.



Approach and Study Methods points were determined by leveling to a com-
mon datum. The seismic data were inter-
preted with a Fortran'-language computer
program, developed by Scott and others
(1972), that uses time-delay and ray-tracing

methods. Data from nearby wells and test

The following approach and methods were used
in this study:

1. The areal extent of the stratified-drift

aquifers was mapped with the aid of soils
maps (U.S. Soil Conservation Service, 1983,
and unpublished U.S. Soil Conservation Ser-
vice data) and surficial geologic maps
produced by the COGEOMAP program
(1:25,000 scale). Surficial geohydrologic
maps showing only aquifer boundaries were
constructed for most of the study area as part
of this study.

Existing subsurface data on ground-water
levels, saturated thickness, and stratigraphy
of stratified-drift aquifers were compiled
and data were reviewed for deficiencies.
These data were obtained from published
and unpublished sources of the USGS and
the New Hampshire Department of Environ-
mental Services. Additional data were ob-
tained from municipalities, local residents,
well-drilling contractors, the New
Hampshire Department of Public Works and
Highways, and the University of New
Hampshire at Keene. The location of wells,
test borings, springs, and seismic lines were
plotted on scale-stable mylar base maps, and
their locations digitized. Pertinent data were
added to the Ground-Water Site Inventory
(GWSI) data base maintained by the USGS.
Each well and test boring was cross-refer-
enced to a well-identification number,
original driller, owner, and other pertinent
information.

Seismic-refraction profiling, a geophysical
technique, was done at 29 locations in the
study area to determine depths to the water
table and to bedrock for use in determining
aquifer saturated thickness. Locations of the
profiles are shown on plates 1 and 2. A 12-
channel, signal-enhancement seismograph
was used to measure time-of-travel for a
sound wave from a shot point to 12 geophone
locations. Altitudes of geophones and shot

holes, where available, were used to verify
the results of the computer program.

Seismic-reflection profiling was used to
determine the thickness of sediments under-
lying approximately 60 mi of the Connecticut
River, the western border of the study area.
The methods used in data collection and in-
terpretation are discussed in detail by Haeni
(1986b and 1988), Reynolds and Williams
(1988), and Morrissey and others (1985).

Test borings were made at 34 locations to
improve knowledge of the geometry,
hydrologic characteristics, and stratigraphy
of the stratified-drift aquifers. Their loca-
tions are shown on plates 1 and 2. Split-
spoon samples of subsurface materials were
collected at specific depths to evaluate the
grain-size characteristics and identify the
stratigraphic sequence of materials compris-
ing the aquifers. Twenty-three test borings
were finished as observation wells with 2-in.
diameter polyvinyl chloride casings, and
slotted well screens. Several 1-in. diameter
polyvinyl chloride casings also were in-
stalled. Water levels were measured and
samples were collected from these wells.

Data from items 2, 3, 4, and 5 were used to
construct maps showing the water-table al-
titudes, and configurations and saturated
thicknesses of the stratified-dnift aquifers.

Hydraulic conductivities of aquifer materials
were estimated using field descriptions of the
grain-size-distributions of samples from the
test borings. To aid these determinations, 78
of the samples were analyzed by dry-sieve
analysis at half-phi intervals for grain-size
distribution. Results of these sieve analyses
were also compared with those from previous
ground-water studies in New Hampshire.
Transmissivitics were estimated from the cal-

1 The use of brand names in this report is for identification purposes only and does not constitute endorsement by
the U.S. Geological Survey.
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11.

culated test-boring logs by assigning
hydraulic conductivities to specific intervals,
multiplying these values by the saturated
thickness of the interval, and summing the
results. Additional transmissivities were ob-
tained from reports by consultants or calcu-
lated from aquifer-test data. Further
discussion on the methods used to calculate
transmissivity is given in the section on
"Transmissivity." This information was used
to prepare maps showing the distribution of
transmissivity of the stratified-drift aquifers.
Drillers logs from wells and test borings not
drilled by the USGS, within the areas of
stratified drift, were examined during the
preparation of these maps.

Maps showing water-table altitudes and con-
figurations, and saturated thicknesses of the
stratified-drift aquifers were digitized from
1:24,000 and 1:25,000 scale-stable mylar
quadrangle maps and entered into a
Geographic Information System (GIS) com-
puter data base. The quadrangle maps then
were merged into one study-wide GIS
coverage for each map feature. Coverages
include well, test boring, and spring loca-
tions; seismic-refraction and seismic-reflec-
tion profile locations; water-table altitudes
and configurations; saturated thicknesses;
and transmissivities of the stratified drift.
All digitized features are referenced to the
horizontal North American Datum of 1927.

One aquifer, in northern Newport and
southern Croydon, was selected to determine
long-term aquifer yield by use of a ground-
water-flow model developed by McDonald
and Harbaugh (1988). Model-input data
were generated by use of the GIS computer
data-base coverages discussed previously.

Low-flow measurements of strcams were
made at 15 sites within the study area and are
published in Blackey and others (1989). Low
stream flows are an important consideration
in determining the long-term yield of
aquifers in hydraulic contact with streams.

Samples of ground water from 22 wells and 8
springs were collected and analyzed. Physi-
cal characteristics (specific conductivity, pH,
temperature) and concentrations of selected
organic and inorganic constituents were
measured. The data provided by these
analyses were used to assess the water quality

of the stratified-drift aquifers. The data
were also entered and stored in the USGS’s
National Water Information System (NWIS)
computerized data base.

Numbering System for Wells,
Borings, and Springs

Local numbers assigned to wells, test borings,
and springs consist of a two-letter town code (table
1), a supplemental letter designation ("A" for borings
done for hydrologic purposes with no casing set, "B"
for borings done primarily for constructional pur-
poses, "S" for springs, and "W" for all wells in which a
casing was set), and a sequential number within each
town. For example, the first well in the town of Ac-
worth 1s ACW-1,
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GEOHYDROLOGIC SETTING

Three types of aquifer materials that underlie
the study area are (1) stratified drift, which is a major
source of ground water for towns and cities and is the
focus of this study (fig. 2); (2) till, which locally can
supply minor amounts of water for houscholds; and
(3) bedrock, which yields a variable supply but
provides many households with water.

Postglacial Redistribution of
Glacial Deposits

Modification and redistribution of glacial
deposits within the study area during the Holocene
has been significant. These processes include
erosion and redeposition of material by rivers and
streams and to a lesser extent by wind. Downcutting
by the Connecticut River after drainage of glacial



Table 1.--Two-letter town codes used as prefixes in the numbering system for wells, borings, and springs

Town Two-letter code Town Two-letter code
Acworth AC Newbury ND
Alstead AG New Ipswich NJ
Charlestown cJ New London NL
Chesterficld CM Newport NP
Claremont CR Plainfield PL
Cornish CX Richmond RC
Croydon C3 Rindge RG
Dublin DK Roxbury RN
Fitzwilliam FB Springfield SM
Gilsum GM Stoddard SP
Goshen GP Sullivan SV
Grantham GR Sunapee SW
Harrisville HI Surry SX
Hinsdale HP Swanzey SZ
Jaffrey JB Troy TY
Keene KE Unity UN
Langdon LG Walpole WB
Lempster L) Washington WE
Marlborough MD Westmoreland WK
Marlow ME Winchester wO
Nelson NB

Lake Hitchcock (fig. 3) produced erosional channels,
stream terraces, and alluvial and flood-plain
deposits. A thinly saturated sand deposit (less than
20 ft), perhaps resulting from this process of
redistribution of material, typically overlies fine-
grained silts and clays throughout the arcas of lake-
bottom deposits. These sands comprise aquifers of
generally very minor importance. The process of
erosion and redeposition of material by the Connec-
ticut River also locally conceals aquifers. For ex-
ample, these processes have removed all surface
expression of a delta in the southern part of Charles-
town. This delta was fed by a tributary to the lake
from the Vermont side of the valley (fig. 4). Itis a
potentially productive aquifer.

Elsewhere, alluvial-fan deposits, such as those
identified in the Cold River basin (Caldwell and
others, 1987), actually increase potential yield of
stratified-drift aquifers by increasing infiltration and
recharge from tributary streams. Typically, alluvial
fan deposits form under extreme flood conditions,

where a stream emerges from the till uplands, flows
out onto flatter areas of stratified drift, and deposits
coarse material (largely gravel and sand). Under
conditions of low streamflow, these coarse deposits
enhance infiltration from these streams as they flow
out onto the areas of stratified drift. Other examples
of postglacial redistribution of materials are the
windblown dune deposits typically found locally
along the eastern border of the glacial Lake
Hitchcock deposits (Larsen and Koteff, 1988; Lar-
sen, 1989a and 1989b). These postglacial alluvial and
windblown deposits typically are part of the primary
recharge areas to the aquifers. In this study, they are
included as part of the stratified-drift aquifers where
they are in contact with stratified drift.

Stratified Drift

Stratified-drift aquifers, the focus of this study,
consist of stratified, sorted, dominantly coarse-















esker material) locally is buried beneath fine-grained
stratified drift (the lake-bottom sediments). Given
this history and mode of deglaciation, subaqueous
fans and distal ends of deltas are also locally buried
beneath fine-grained lake-bottom deposits. The
location of buried confined aquifers may be un-
detected in areas for which subsurface data are lack-
ing.

Glacial Lake Hitchcock and Other
Glacial-Lake Deposits

Glacial Lake Hitchcock occupied much of the
Connecticut River valley during deglaciation and
probably early postglacial time. It extended from the
lake outlet at New Britain Connecticut, northward up
the Connecticut River Valley, through the western
part of the study area and beyond to the north
(Lougee, 1939). As the ice margin in the valley
retreated northward through Connecticut, Mas-
sachusetts, and then New Hampshire and Vermont,
glacial Lake Hitchcock kept enlarging to the north.
At its maximum, the lake extended as far north as
Burke, Vermont, more than 210 mi north of the outlet
(Koteff and Larsen, 1989) (fig. 3). Earlyinthe Lake’s
existence, while the ice margin was still to the south
in Connecticut and Massachusetts, the lake level
lowered as its outlet channel eroded downward. This
lowering of the lake level continued until the channel
stabilized on resistant bedrock, after which relatively
constant lake levels were maintained as the ice
retreated northward (Koteff and others, 1987).

A stabilized level of glacial Lake Hitchcock is in-
dicated by the presence of 23 ice-contact deltas, and
numerous other deltas, which have not been modified
by collapse, and which have topset/foreset contacts
that fall along a single plane (fig. 3). This stable lake
level also suggests that the postglacial uplift of New
England, in response to the melting of the continental
ice sheet was delayed by at least 5,000 years (Koteff
and Larsen, 1989). Only one of the 23 unmodified
ice-contact deltas surveyed by Koteff and Larsen is
within the study area, the rest are to the north and to
the south, within the Connecticut River Valley. The
plane defined by the topset/foreset contacts of these
deltas represents the level of the lake prior to
postglacial uplift. This plane now, after the postgla-
cial uplift, dips about 4.8 ft/mi downward in the direc-
tion of about S. 21° E. (Koteff and Larsen, 1989). All
locations within the study area that fall below this
plane must have been inundated by glacial Lake
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Hitchcock (fig. 4) and the stratified drift found there
must have resulted from the presence of this lake and
subsequent modifications of lake deposits.

Eventually, glacial Lake Hitchcock lake levels
lowered, and deltas were formed farther out into the
valley. Examples of deltas graded to lower levels of
glacial Lake Hitchcock are found in the area where
the Cold River now empties into the Connecticut
River (Ridge, 1988) (fig. 4). At that location, coarser
deltaic material (sand, sand and gravel) was
deposited above finer lake bottom deposits (very fine
sand, silt, and clay). Significant delta progradation
occurred there after glacial Lake Hitchcock lowered
36 ft (11 m) (Ridge, 1988).

Mineralogy of glacial Lake Hitchcock lake-bot-
tom sediments (varved silts and clays), collected
during the drilling of a USGS well (WKW 31, fig. 4),
indicates that the bedrock source provided the
detritus carried by the meltwater streams to the lake
and was mainly high grade metamorphic rocks, such
as marble (Lucy McCartan, U.S. Geological Survey,
written commun., 1989). This is consistent with the
types of bedrock found in northern Vermont and
New Hampshire and in Canada (Doll and others,
1961; Lyons and others, 1986). The carbonate
minerals may indicate that some of the material was
carried quite some distance southeasterly across
Vermont. Principle minerals found were iron-
chlorite and muscovite with lesser amounts of quartz.
Accessory minerals found within the silt fraction, in
order of abundance, are garnet, hornblende, zircon,
zoisite, andalusite, tourmaline, calcite, rutile, and
kyanite (Lucy McCartan, U.S. Geological Survey,
written commun., 1989).

Other small glacial lakes existed during the
period of deglaciation within upland valleys, at eleva-
tions higher than that of glacial Lake Hitchcock (fig.
4). The largest of these within the study area was gla-
cial Lake Ashuelot, the extent of which is delineated
by lacustrine sediments and ice-contact and non-ice-
contact deltas (Larsen, 1989b). Dissected remnants
of a large delta in Surry and northern Keene (fig. 4)
is an example of a delta that prograded into what was
a rapidly in-filling glacial Lake Ashuelot (Ridge,
1988). Another example of a relatively small glacial
lake is found at Gilsum (Ridge, 1988) (fig. 4).

Upland Valley Fill

In the upland valleys, away from the glacial
lakes, the deglaciation process resulted in eskers,
kames, kame terraces, and outwash deposits. These
deposits comprise the stratified-drift aquifers of



these areas, and are here referred to as upland valley-
fill aquifers. Examples of these aquifers are found in
Lempster, Goshen, Newport, Plainfield, Grantham,
Springfield, Sunapee, Cornish, Unity, Acworth, Mar-
low, Washington, Stoddard, Gilsum, Nelson, Rox-
bury, Marlborough, Troy, Fitzwilliam, and Rindge.

Eskers are found in Goshen and in the northeast
corner of Lempster, and in the southern part of
Lempster at Lempster well W3 (pl. 1). Kame ter-
races are terraces of sand and gravel deposited be-
tween glacial ice and a valley wall, and left standing
after the disappearance of the ice. Kame terraces are
found on the eastern side of the same valley-fill
aquifer about a mile south of the Goshen-Lempster
town line, and also on the eastern side of the valley-
fill aquifer in Newport, 1 mi south of Newport well 2
(pl. 1). Kames are low mounds, knobs, hummocks or
short irregular ridges of sand and gravel deposited by
glacial meltwater; the precise mode of formation is
uncertain. Kames, perhaps indicative of an ice-mar-
ginal position, are located in the northern part of
Newport in the area of Newport well 2. Other kames
are located about 3/4 mi north in the same aquifer on
the western side of the valley. Outwash consists of
stratified deposits chiefly of sand and gravel washed
out from a glacier by meltwater streams and
deposited beyond the margin of a glacier usually
forming gently sloping outwash surfaces. Much of
the southern 4 mi of the large valley-fill aquifer in
Lempster is an outwash surface.

Till

Till is an unsorted mixture of clay, silt, sand,
gravel, and rock fragments, deposited directly by gla-
cial ice. In the study area, it is discontinuous on the
bedrock surface and is generally thin. The types of
till commonly encountered during the course of this
investigation are an upper, brownish, presumably
oxidized till, underlain by a compact, grayish till. The
upper brownish till in many localities is an ablation
till composed of loosely consolidated rock debris,
once carried by glacial ice. Ablation tills accumu-
lated as glacial ice was removed by ablation. The
lower compact till in many localities is a lodgement
till, originally deposited beneath the moving glacial
ice. The thickest sequences of till are composed of
lodgement till in drumlins. Other areas of thick till
sequences, exposed by erosion, have been mapped by
Ridge in the Cold River basin (Ridge, 1988). In New
Hampshire, till generally lies directly over bedrock.
In this study area, however, numerous locations have
been identified where till directly overlies stratified
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drift (pls. 1 and 2). The mode of deposition of these
pockets of stratified drift, buried beneath till, has not
been determined.

Till generally is considered to be a minor source
of ground water because of its low transmissivity.
Dug wells, several feet in diameter, in till, can provide
modest amounts of water for household needs, but
water-level fluctuations within till can be quite large,
and these dug wells may dry up during dry seasons.
Ablation tills containing lenses of stratified sand and
gravel are the most productive till deposits. Because
sorted stratified drift and ablation tills may grade
into one another, the distinction between the two
material types may not always be clear.

Bedrock

The lower Connecticut River basin is underlain
by bedrock associated with three major structural
belts--the Connecticut River Valley-Gaspe
Synclinorium in the west, the Bronson Hill An-
ticlinorium in the center, and the Kearsarge-Central
Maine Synclinorium in the east (Lyons and others,
1986). These major structural belts trend generally
north-northeast to south-southwest. The two major
synclinoriums contain metamorphic rocks of
Devonian and Silurian age. The Bronson Hill An-
ticlinorium, in the center, is characterized by domes
or nappe structures that have Pre-Silurian granite or
gneiss cores and are overlain by Ordovician through
Devonian metasedimentary and metavolcanic rocks.
These three major structural belts also include
Devonian plutonic rocks of the New Hampshire
Plutonic Series (Billings, 1956). The structure of the
metamorphic rock strikes generally north-northeast
to south-southwest. Major faults in the study area
also are predominantly oriented parallel to this
regional strike, yet the faults dissect large plutons
and locally cut across the metamorphic structural
grain.

Ground water available to wells fills fractures
within these rocks. The capacity of the bedrock to
store and transmit ground water is limited by the
number, size, and degree of interconnection of frac-
tures. Wells that penetrate bedrock commonly yield
small supplies of water generally adequate for in-
dividual households. In areas where the bedrock is
extensively fractured, higher yields may be obtained.
Six municipalities in New Hampshire, all outside the
study area, have wells in crystalline bedrock that are
reported to yield 0.5 Mgal/d or more (U.S. Geologi-
cal Survey, 1985). Twenty-two wells within the study
area are reported to have yields equal to or greater



than 100 gal/min (0.144 Mgal/d), the highest of which
is Acworth well 32 (pl. 1) with a reported yield of 250
gal/min (0.36 Mgal/d).

Weathered bedrock, perhaps remnant from Ter-
tiary weathering (Caldwell, 1988) or at least weather-
ing prior to the last glaciation, has been identified at
several exposures within the study area in the Warren
Brook and Cold River valleys (Caldwell and others,
1987; Ridge, 1988). Saprolites are found at these
sites where the source rock was schist. Elsewhere,
weathered granitic gneiss has been found by Ridge
(1988), and has been recorded in previously defined
well logs (Appendix 3). In areas where weathering of
granitic gneiss has produced numerous small frac-
tures between mineral grains, the weathered rock
could be water bearing. In areas of weathered schist,
however, the fine-grained kaolinite in saprolites
probably would not provide ground water to wells.

GEOHYDROLOGY

The geohydrology of the stratified-drift aquifers
was described by identifying (1) aquifer boundaries,
(2) direction of ground-water flow from recharge to
discharge areas, (3) aquifer thickness and storage,
and (4) aquifer transmissivity. Data sources in this
investigation include surficial geologic maps, records
of wells, test borings and springs, seismic-refraction
profiles, and seismic-reflection profiles. Results of
the geohydrologic investigation are presented on
plates 1-4. Plates 1 and 3 depict the northern half of
the study area, and plates 2 and 4 depict the southern
half.

Delineation of Aquifer Boundaries
and Water Table

The stratified-drift aquifers in the study area
comprise coarse-grained sand and gravel deposited
by glacial meltwaters as glaciolacustrine and other
valley-fill deposits.

Lateral aquifer boundaries correspond to the
extent of the coarse-grained deposits delineated on
surficial geologic maps. In areas where stratified-
drift aquifer material is buried beneath till, however,
lateral boundaries were determined from well logs.
Bottom boundaries of aquifers were determined from
well logs and geophysical data. Water-table altitudes
were also determined from wells, surface-water
bodies, and geophysical data.
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Areal Extent of Stratified-Drift Aquifers

The areal extent of coarse-grained stratified-
drift aquifers is shown on plates 1 and 2, and in figure
2. Also shown are the locations of glaciolacustrine
(lake-bottom) sediments. Some areas of lake-bottom
sediments underlain by coarse-grained aquifer
material are indicated on plates 1 and 2. Similar con-
ditions may exist elsewhere within the study area.
Given the history of deglaciation of the study area,
eskers or ridges of sand and gravel may be buried
beneath glaciolacustrine sediments. Although the
silts and clays of the lake-bottom sediments cannot
supply enough water to wells even for domestic pur-
poses, the buried coarse-grained material locally can
be an important aquifer.

A major source of data for delineating aquifer
boundaries was 1:25,000-scale, surficial-geologic
maps produced by the COGEOMAP program.
These surficial geologic maps are Newfane, Ver-
mont-New Hampshire (Larsen, 1989a); Keene, New
Hampshire-Vermont (Larsen, 1989b); Walpole, New
Hampshire-Vermont (Ridge, 1989); and Bellows
Falls, Vermont-New Hampshire (J.C. Ridge, Tufts
University, written commun., 1989). The Northfield,
Massachusetts-New Hampshire-Vermont quad-
rangle was previously mapped by Campbell and
Hartshorn (1974). Aquifer boundaries for the
remaining majority of the study area was specifically
mapped as part of this study and includes parts of 18
other 1:25,000- and 1:24,000-scale quadrangles. Only
aquifer boundaries are shown on the maps produced
specifically for this study.

The aquifer-boundary maps shown on plates 1
and 2 are simplified surficial geologic maps. These
maps show the areal extent of the stratified-drift
deposits that contain sufficient saturated permeable
material to yield significant quantities of water to
wells and springs. Surficial geologic maps show
several additional features not included on the
aquifer-boundary maps. One such feature, swamp
deposits, can conceal aquifer boundaries.

Most aquifer boundaries delineated in plates 1
and 2 are shown as solid lines. The explanation for
the plates identifies solid lines as "approximately lo-
cated" because the boundary locations, which they
represent, can not be assured with the accuracy a
solid line would otherwise indicate. A solid line con-
tact on a 1:25,000-scale USGS map implies about a
+80-ft horizontal accuracy. In most areas the solid-
line boundaries probably are plotted with nearly this



accuracy. Dashed-line boundaries are inferred, and
dotted-line boundaries are concealed, usually
beneath swamps.

Determination of Stratigraphic Position of Litholegic
Units and Altitude of Water Table

Ground-Water Site Inventory

Subsurface data from wells, bore holes, and
springs, were inventoried and plotted on plates 1 and
2. Pertinent information for more than 2,300 loca-
tions have been added to the USGS computerized
GWSI (Ground-Water Site Inventory) data base and
the data base has been checked for accuracy. As part
of this process, a set of computer programs was used
to automatically transfer New Hampshire Water Well
Board data on recently completed wells to the GWSI
data base. Data on about 1,400 new wells within the
study area were transferred by this process. About
650 of the 2,300 total sites are within the areas
mapped as stratified drift.

The data assembled in the GWSI data base were
used to produce the plates that accompany this
report. The following sections of this report present
the methods employed in plate production. Data and
contoured interpretive information also can be trans-
ferred automatically to the State of New Hampshire’s
GIS (Geographic Information System) data base and
the data analyzed relative to other geographic fea-
tures. Applications of the USGS GWSI data base are
discussed by Mercer and Morgan (1981).

Seismic-refraction profiles

Seismic-refraction profiles were completed at
29 locations within the study area to determine
depths to the water table and bedrock (pl. 1 and 2).
A 12-channel, signal-enhancement seismograph was
used to record the arrival times of compressional
waves generated by a sound source. The data were
collected according to procedures described by
Haeni (1986a). Interpretive results, made by use of a
computer program (Scott and others, 1972), are given
in figures 5-12. Estimated depths were generally in
good agreement with data for nearby wells and obser-
vations of outcrops, springs and brooks, as well as
with shallow auger-hole data collected during the
refraction surveys. Vertical scales of the seismic-
refraction cross sections (figs. 5-12) are exaggerated
and nonuniform,

14

Seismic velocities calculated for the materials
under investigation and used in the seismic inter-
pretations are 900 to 1,500 ft/s for unsaturated
stratified drift, about 5,000 ft/s for saturated
stratified drift, and about 10,000 to 20,000 ft/s for
bedrock. In certain cases where it was especially
deep to bedrock, an assumed bedrock velocity from
nearby data had to be used to interpret depths to
bedrock.

The elevation of the land surface, in figures 5-12,
in feet above sea level, was estimated by leveling the
geophone locations relative to one another and tieing
that information to sea-level datum using information
from the topographic quadrangle maps. Elevation of
the land surface shown in the figures is only accurate
to half a contour interval or about 10 ft,

The estimated altitude of the water table within
stratified drift, as determined by interpretation of the
seismic-refraction profiles, is shown in figures 5-12.
The altitude is accurate to within a little more than 10
ft and represents the water table at the time the seis-
mic-refraction data were collected. The largest
source of error involved here is the estimated land-
surface elevation. The seismic-refraction profiles for
this study were run in the summer and fall of 1987,
1988, and 1989.

The estimated altitude of the bedrock surface is
shown in figures 5-12. The estimation of the altitude
of the bedrock surface is not as accurate as that of the
water table, because errors in the interpretation of
seismic-refraction data are cumulative. If the depths
to the water table, estimated by the interpretation of
the seismic-refraction data, are erroneously shallow,
the estimated position of the bedrock will be low by
an even greater margin than the water table. Addi-
tional error will result if the relief of the bedrock sur-
face differs considerably over distances less than the
50 or 100-ft geophone spacing used in profiling, or if
a thick layer of till overlies the bedrock. A thick layer
of till would cause problems with the interpreted
depth to bedrock if the seismic velocity in the till is
faster than that in saturated stratified drift. On the
other hand, if velocities in the till are slow, approach-
ing that of stratified drift, depth-to-bedrock es-
timates would be accurate but thickness of stratified
drift would be overestimated. The western half of
"Newport line a-a'" (fig. 9) is an example of thick till
with a seismic velocity (about 7,000 ft/s) that is faster
than that of stratified drift. The bottom line depicted
in the western half of "Newport line a-a'" represents
the top of till and not bedrock. In an especially deep
area, at Charlestown line c-¢’, where bedrock
velocity had to be estimated, calculated depths to
bedrock were less accurate. In general, accuracy of
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the altitude of the bedrock surface probably averages
+10 percent of the depth to bedrock but the error
may be greater in some places.

Seismic-reflection profiles along the Connecticut
River

High-resolution seismic-reflection surveys were
completed along a 60-mi-long reach of the Connec-
ticut River. Seismic-reflection profiles were used to
map the depth to the bedrock below the water surface
and to define the general aquifer stratigraphy. This
information was used to interpolate between the sur-
vey locations beneath the Connecticut River and
points on land.

During data collection, a sound source and
hydrophone array were towed behind or along a boat
that slowly moved down river. The sound waves
traveled through the water column and penetrated
the materials beneath the river. The seismic waves
were reflected back to the water surface from inter-
faces where there is a contrast in the acoustic im-
pedance between layers of unconsolidated material
or bedrock. The reflected signals returned to the
water surface and were received by the hydrophone
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array. The signals were converted to an electrical sig-
nal, amplified, filtered, and then displayed on a
graphic recorder.

Locations of seismic-reflection surveys are
shown on plates 1 and 2, and four selected surveys are
shown in figure 13. Seismic reflection records and in-
terpreted geology from the four selected surveys are
shown in figures 14-17. The river bottom, the
bedrock or till surface and the type of unconsolidated
deposits are indicated. Data from this study were
used by Ayotte (1989) as part of a summary of
geohydrologic data for the Connecticut River valley
from Windsor to Vernon, Vermont.

Recharge, Discharge, and Direction of
Ground-Water Flow

Ground-water recharge is the water that is
added to the saturated zone of an aquifer. Recharge
originates as rain or snowmelt and is the difference
between total precipitation and the amount that runs
off as overland flow plus the amount lost by
evapotranspiration before reaching the water table.
Vegetation and soil permeability affect the quantity
of recharge to aquifers. Sandy soil covered by mature
forests can absorb up to about 1 in. of rainfall per
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WATER LEVEL, !N FEET ABOVE SEA LEVEL

hour; silty, clayey soil may absorb less than 0.1 in. per
hour (Heath, 1983). In a 3-month period, August
through October 1977, Hill (1979, p. 87) estimated
that one third of the rainfall that fell on the surface of
the Newmarket Plains aquifer, in southeastern New
Hampshire, reached the water table. In other parts
of the Northeast, estimated recharge to stratified-
drift aquifers has been as high as one-half of the an-
nual precipitation (MacNish and Randall, 1982;
Pluhowski and Kantrowitz, 1964).

Recharge to the stratified-drift aquifers also
comes from the adjacent till-covered bedrock
uplands. Morrissey (1983) estimated that the
average annual lateral inflow of ground water from
upland areas to a stratified-drift aquifer in Maine is
0.5 (ft*/s)/mi’. Flow from the adjacent till uplands
varics throughout the year, increasing in the spring
and decreasing during dry summer periods.

Ground-water recharge through permeable
streambeds occurs where streams that drain the
upland areas cross stratified-drift aquifers (Randall,
1978). Numerous examples of this have been ob-
served throughout the study area, where small
streams enter the aquifer outcrop areas. During
summer periods when the water table falls below the
water level in the streams, flow from the streams dis-
charges into the aquifer until, in many cases, flow
ceases at a certain point downstream and the stream-
beds are dry.

Ground-water discharge includes natural dis-
charge from the aquifers (seepage to streams, lakes,
and wetlands) ground-water evapotranspiration, and
artificial discharge through pumping.

Artificial sources of recharge or discharge to an
aquifer complicate the construction of water-table
maps that are intended to represent natural condi-

470

tions. Major withdrawals of ground water affect the
direction of ground-water flow in several aquifers in
the study area. Except for a few gravel-wash opera-
tions, artificial recharge is not known to be occurring
in the study area. In general, ground water flows
from the uplands towards the Connecticut River and
its tributaries. The horizontal component of ground-
water flow is interpreted to be directly downgradient
at right angles to the water-table contour lines shown
on plates 1 and 2.

Water Levels

Water-level measurements were made seasonal-
ly at 24 wells in the study area. Water levels at 23 test
wells were measured during 1987 and 1988. One ad-
ditional well, KEW 2, was measured monthly from
August 1963 through 1988 (fig. 18). The data from
these wells support the conclusions reached for other
parts of New Hampshire (Cotton, 1987; Moore,
1990), that natural water-level fluctuations in the
coarse-grained stratified-drift aquifers are usually
less than 5 ft, but can be as much as 10 ft. On the
basis of those data, it is concluded that a 20-foot con-
tour interval for water-table altitudes under non-
pumping conditions in the coarse-grained
stratified-drift aquifer is reasonable for a generalized
water-table map produced using levels measured at
different times of year. Water-level fluctuations in
wells completed in till tend to be larger than those in
coarse-grained stratified drift.

The altitude of the water-table within the
stratified-drift aquifers is shown on plates 1 and 2.
Water-table contours were drawn to represent water
l[evels during the summer season.

KEW2
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Figure 18.--Water-level hydrograph for well KEW 2, location shown on plate 2.
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The maps of the water-table surface are based
on water-level data derived from (1) altitudes of
streams, ponds, and rivers as shown on USGS
1:25,000 and 1:24,000-scale topographic maps; (2)
well records in the GWSI data base; and (3)
geophysical seismic-refraction profiles (figs. 5-12).

Water-level altitudes were mapped for uncon-
fined aquifers within the stratified drift but not for
confined aquifers. The altitude of the water table is
controlled locally by the stratigraphy, which differs
from place to place and is difficult to map. Accord-
ingly, in areas where sands and gravels overlie
glaciolacustrine silts and clays, and where there is a
steep gradient, the water table was difficult to con-
tour. Insome areas, no contours were drawn because
of a lack of water-level data.

Water-table contours generally indicate natural
sources of recharge and discharge to aquifers. A water-
table contour that crosses a gaining stream (a stream
that receives ground-water discharge) forms a "V", the
pointed end of which points upstream. At times, in
some locations, the opposite occurs. This is especially
true where small tributary streams enter stratified-drift
areas along steep till slopes and during dry periods
when the water table is low. In these situations, a water-
table contour would form a "V" that points downstream
as it crosses the stream, indicating that water is flowing
from the stream to the aquifer. The water-table maps
(pls. 1 and 2) were drawn in a manner where streams
initially flowing over the stratified drift are drawn as
losing streams, but in all other locations the streams are
depicted as gaining streams.

Aquifer Characteristics
Thickness and Storage

The saturated thickness of an unconfined,
stratified-drift aquifer is the vertical distance be-
tween the water table and the bottom of the aquifer.
For many stratified-drift aquifers, the bottom is the
contact between the stratified-drift deposits and till
or bedrock. For other aquifers, the bottom is the
contact between upper coarse-grained deposits and
underlying fine-grained deposits. (However, thick-
ness of underlying fine-grained stratified drift com-
monly is unknown, so that the thickness contours
shown on plates 3 and 4 include the total stratified-
drift thickness.) The saturated thickness and specific
yield of an aquifer determine the amount of ground
water in storage in the aquifer.

The storage coefficient of an aquifer is defined
as the volume of water the aquifer releases or takes
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into storage per unit surface area of the aquifer per
unit change in head (Theis, 1938). The storage coef-
ficient of an unconfined aquifer virtually is equal to
specific yield--the amount of water that can be ob-
tained by gravity drainage from a unit volume of the
aquifer. Laboratory tests on 13 unconsolidated
samples from southern New Hampshire that ranged
from fine-grained lacustrine sands to coarse-grained
sands and gravels indicate that specific yields range
from 0.14 to 0.34, with an average of 0.26 (Weigle and
Kranes, 1966). A value of 0.2 commonly is used as an
estimate of specific yield for stratified-drift aquifers
in New England.

Saturated-thickness maps can be used to es-
timate the total amount of ground water stored in an
aquifer. The volume of an aquifer can be ap-
proximated by summing the products of the areas be-
tween successive pairs of saturated-thickness
contours multiplied by the average saturated thick-
ness for each interval. The actual volume of ground
water stored in the aquifer can then be estimated by
multiplying the saturated volume by the storage coef-
ficient.

Saturated-thickness maps shown on plates 3 and
4 were prepared from data from surficial geologic
maps, seismic-refraction profiles, seismic-reflection
profiles, test drilling, and the GWSI data base. A 40-
ft contour interval was used to show saturated thick-
nesses of stratified drift, which range in thickness
from 0 to greater than 400 ft. The entire saturated
thickness may not be aquifer material. Layers of
saturated silts and clays that lie above, below, or in-
terfinger with the aquifer are included in the
saturated thicknesses depicted. This is especially
true for the thick glacial Lake Hitchcock deposits
near the Connecticut River.

Data from surficial geologic maps were used to
construct the saturated-thickness maps. The con-
tacts between stratified drift and till usually mark the
edge of the stratified-drift aquifers and represent
zero saturated thickness. A few exceptions, however,
exist where till overlies stratified drift. Mapped loca-
tions of bedrock outcrops within aquifer areas indicate
points of zero saturated thickness; and areas adjacent
to the outcrops were assumed to be thinly saturated un-
less evidence to the contrary was available.

Seismic profiles show the depths to the water
table and depths to bedrock, but they usually do not
show depth to till deposits unless the till is thick and
has a seismic velocity that is significantly faster than
that of saturated stratified drift. For the purpose of
constructing the maps presented in this study, till was
assumed to be thin (less than 15 ft thick) unless there
was evidence to the contrary. The assumption that



the till (if present) is generally thin beneath stratified
drift was tested using the GWSI data base.
Statewide, 220 sites were identified as having known
thickness of till over bedrock and beneath stratified
drift. Statistics on the data from these sites show a
minimum thickness of 0.5 ft, a first quartile of 4 ft, a
median of 7 ft, a third quartile of 15 ft, and a maxi-
mum value of 140 ft. Unusual areas of thick till
beneath stratified drift should be identified by a seis-
mic velocity of about 6,000 to 8,000 ft/s.

In some areas, saturated thickness was deter-
mined from test-boring data. Subsurface materials
also were collected with a split-spoon sampling
device, which is lowered down through the hollow
stem of the auger and pounded into the subsurface
material. In this manner, stratigraphic logs and
samples, usually collected every 5 or 10 ft, were ob-
tained. Values for saturated thickness are the distan-
ces from points where the test borings first
encountered the water table down to the base of the
stratified drift.

Well and test-hole data stored in the GWSI data
base were the final sources of information used in the
construction of the saturated-thickness maps (pls. 3
and 4). A problem with these data is that many sites
lack information on both the depth to the bottom of
the stratified drift and depth to the water table. For
example, wells that penetrate bedrock usually pro-
vide information concerning the bottom of the
stratified drift but not depth to the water table. Con-
versely, shallow dug wells usually provide informa-
tion concerning the depth to the water table but not
the depth to the bottom of the stratified drift. At
specific sites where depth to the water table was un-
available from direct measurements, the water-table
altitude was obtained from the water-table maps (pls.
1 and 2). Depths to the bottom of stratified-drift
deposits were assumed to be indicated by one of the
following factors, in the priority shown.

1. Depth to top of till, if known. Till is assumed
not to overlie stratified drift except in a few
areas where evidence exists to the contrary.

2. Depth to top of bedrock, if known.

3. Length of well casing minus 10 ft, if the well
is known to penetrate bedrock. Depth to
bedrock is assumed to be about 10 ft above
the bottom of the casing. This general rule of
thumb applies to wells that penetrate crystal-
line bedrock in New Hampshire, and was
confirmed by the data stored in GWSI for the
lower Connecticut River basin.
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If a well penetrated stratified drift and was ter-
minated by refusal before till or bedrock was clearly
encountered, the depth to the bottom of the stratified
drift was taken to be equal to or greater than the
depth to refusal. Saturated thickness was then as-
sumed to be greater than or equal to the difference
between the water-table depth and the refusal depth.
If a well penetrated stratified drift, and neither till,
bedrock, nor refusal was encountered, the bottom of
the well was assumed to be above the bottom of the
stratified drift. Saturated thickness was assumed to
be greater than the difference between the water-
table depth and the depth to the bottom of the well.

On the basis of data from the sources described
above, saturated-thickness contours were deter-
mined and plotted on plates 3 and 4. For most areas,
the results are reasonable. However, certain areas
identified on the plates could not be contoured be-
cause of lack of data.

Relation of aquifer thickness to hydrogeologic
setting with overdeepened valleys

Areas where the saturated thickness of stratified
drift is greater than 80 ft and less than 200 ft, and
areas where it is greater than 200 ft are shown along
with the bedrock geology in figure 19. The areas of
greatest thickness, indicated in this figure and on
plates 3 and 4, are located where the surface of the
bedrock has been the most deeply eroded. Over-
deepened pockets and overdeepened parts of valleys,
up to 15 mi long, have been eroded into the bedrock
surface and subsequently filled with stratified drift.
The presence of these pockets and valley segments
are unexplained by the normal erosional process of
streams open to the atmosphere alone but must have
resulted from a combination of erosion by streams,
overdeepening plucking and scouring by glacial ice,
and, perhaps locally, erosion by subglacial meltwater.
Plucking and scouring must have occurred because of
erosion in the valleys at altitudes lower than any
bedrock-controlled base level.

A comparison of the locations of these stretches
of buried valleys to the underlying bedrock types (fig.
19) illustrates a complex relation between the
presence of thick, saturated stratified drift and un-
derlying bedrock type. The thickest areas of
saturated stratified drift (of deepest erosion), greater
than 200 ft thick, are underlain primarily by schist,
slate, and phyllite of the Littleton Formation, and are
located adjacent to (or under) the Connecticut River.
In contrast, areas underlain by the Littleton Forma-
tion form the two highest peaks within the study area,
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Mt. Monadnock and Mt. Sunapee, illustrating a wide
areal variation in the competence or resistance to
erosion of the Littleton Formation. The bedrock of
the granite or gneiss cored domes, associated with
the Bronson Hill Anticlinorium, also exhibits a highly
varied resistance to erosion. These granitic-gneissic
domes are associated with overdeepened pockets and
valleys within the bedrock surface (fig. 19), but also
are associated with uplands such as Mt. Croydon.
Moderate relief of the bedrock surface and over-
deepening of the valleys are associated with the Beth-
lehem Gneiss (fig. 19) and with the schist, slate, and
phyllite of the Orfordville and Gile Mountain Forma-
tions.

Transmissivity

Aquifer transmissivity is defined as the rate at
which water is transmitted through a unit width of the
aquifer under a unit hydraulic gradient (Heath,
1983). The transmissivity (T) of an aquifer is equal to
the horizontal hydraulic conductivity (K) of the
aquifer multiplied by its saturated thickness (b); thus,
T = Kb. In this report, transmissivity is expressed in
units of cubic feet per day per square foot times foot
of aquifer thickness, which reduces to foot squared
per day (ft’/d).

Hydraulic conductivities were estimated on the
basis of field descriptions of the grain-size distribu-
tions in geologic logs for each test well and sieve
analysis data from 454 samples obtained during drill-
ing for this and five other New Hampshire ground-
water studies (Moore, 1990; Lawlor and Mack, 1992;
Flanagan and Stekl, 1990; J. D. Ayotte and others,
U.S. Geological Survey, written commun., 1991; P.T.
Harte and others, U.S. Geological Survey, written
commun., 1991). Hydraulic conductivities of these
samples were determined by using an empirical rela-
tion developed by Olney (1983), where the effective
size (Do in phi units) is used to predict the hydraulic
conductivity (K in foot per day):

K = 2,100 (10)"%63P 19, 1)

Effective grain size is defined as the grain
diameter such that 10 percent of the sample grains
are smaller and 90 percent are larger grains than the
effective grain size. Effective grain size is important
because the fine part of a sample has a profound ef-
fect on resistance to ground-water flow because of
the attraction of water molecules to particle surfaces
(Hazen, 1892) and because of the reduction of
porosity and, hence, permeability, by the filling of
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pore space between large grains by small grains. The
effective grain size of each of the 454 sediment
samples was determined directly from cumulative
grain-size-distribution curves as determined by sieve
analysis. The estimated conductivity falls within the
range of values estimated by the other methods cur-
rently in use for estimating hydraulic conductivity
from grain-size distributions (including Masch and
Denny, 1966; Bedinger, 1961; Krumbein and Monk,
1942). The hydraulic-conductivity estimates for
given stratigraphic layers are independent of the
direction of ground-water flow.

Estimates of hydraulic conductivity from the 454
samples were statistically analyzed and the results
presented in table 2. The data were divided into
three categories: well sorted, medium sorted, and
poorly sorted, on the basis of the inclusive graphic
standard deviation (Folk, 1974, p. 46). "Well sorted,
medium sorted, and poorly sorted" are relative terms
used here specifically in characterizing New
Hampshire glaciofluvial sands and gravels. A sample
with a standard deviation less than 1.25 phi units are
here considered to be well sorted for New Hampshire
glaciofluvial sands and gravels. A sample with a
standard deviation of 1.25 to 1.75 phi units is medium
sorted; and a sample with a standard deviation
greater than 1.75 is relatively poorly sorted. Regres-
sion analyses were done separately for each of these
three categories, where median grain size was the in-
dependent variable, and estimated hydraulic conduc-
tivity was the dependent variable. For each
regression analysis, a coefficient of determination
(R?) was determined and used to judge how well the
regression describes, or fits, the observed data. The
closer the value of R is to 1.000, the closer the values
calculated by the regression equation approximate
the observed data. In the well-sorted category, R’
was determined to be 0.925; in the medium-sorted
category, it was 0.717; and for the poorly sorted
category, it was 0.541. It should also be noted that
the data used by Olney (1983) to compute equation 1,
was based on samples that largely fall into the well-
sorted category. Estimated hydraulic conductivities
in the medium- and poorly sorted categories are thus
extrapolated values.

Hydraulic conductivities, calculated from the
three regression equations for each category, are
presented in table 2. Estimates are given only for the
grain-size categories obtained during drilling for the
New Hampshire ground-water studies.

Data presented in table 2 and descriptions of the
grain-size distributions and stratigraphic logs were
used to characterize the transmissivities at the test
wells. Transmissivity at cach test hole was calculated



by multiplying the estimated hydraulic conductivity
times the saturated thickness of the corresponding
interval of the stratigraphic log and summing the
products. Transmissivities computed by grain-size
distributions at these wells were within 50 percent of
values computed from the aquifer-test data but usual-
ly were lower than these values.

The transmissivities shown on plates 3 and 4 are
based on saturated thicknesses and estimates of
hydraulic conductivity and rely mainly on grain-size-
distribution data. Geologic and drillers’ logs were
examined during this process, and saturated silts and
clays were excluded from the transmissivity estimates
because their contribution to transmissivity was as-
sumed to be negligible. Also, crude estimates of
transmissivity calculated from logs of drillers, who
generally do not describe grain-size distributions in
detail, had to be used to estimate transmissivities in
plates 3 and 4. In a few cases, transmissivities were
reported by consultants or were estimated from
results of aquifer tests. Several test wells for which
grain-size distributions were determined in New
Hampshire are adjacent to wells where aquifer tests
were conducted.

Factors other than grain size affect aquifer
transmissivities, including viscosity of the water, com-
paction of the sediment, and the interconnection of
pore spaces. Also transmissivity can be extremely
variable over short distances because of the
heterogeneous nature of stratified-drift deposits.
Because of uncertainties associated with estimates of
transmissivity, the values shown on plates 3 and 4
should be considered approximations.

Descriptions of Selected Aquifers

Stratified-drift aquifers found in valleys
throughout the study area cover 116 mi* or 10 percent
of the study area. The largest and most productive
(or potentially productive) aquifers are discussed in
this section. Aquifers originally deposited in glacial
Lake Hitchcock are discussed first (from south to
north), followed by those deposited in glacial Lake
Ashuelot, and the Lempster-Goshen-Newport valley-
fill aquifer.

Glacial Lake Hitchcock aquifers

The southernmost of the aquifers originally
deposited in glacial Lake Hitchcock, within the study
area, are found in Hinsdale and the southwestern
corner of Winchester (fig. 20, aquifer area A).
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Stratified drift in aquifer area A covers 8.3 mi’.
Much of this stratified drift consists of fine-grained
lake-bottom deposits, typically overlain by coarser
stratified-drift aquifer material. Buried coarse-
grained aquifer material also is found at two loca-
tions within this aquifer area. One such locality in
the northern most part of aquifer area A, probably
consists of deltaic material. The aquifer at this
locality is presently being used by Hinsdale as a
municipal water supply; two wells have a combined
yield of 475 gal/min (0.68 Mgal/d) and a third well has
ayield of 360 gal/min (0.52 Mgal/d) (Dufresne-Henry
Inc., written commun., 1989). The other locality
where coarse-grained aquifer material underlies
fine-grained lake-bottom deposits is in the
southernmost part of the area, as found at Hinsdale
well W12, Evidence of the continuation of the buried
coarse material northwest of well W12 was deter-
mined from seismic-reflection profiling along the
Connecticut River (fig. 17). At present (1991), the
aquifer at this locality is being used only for a domes-
tic water supply. It seems likely that this buried
coarse unit extends southward from well W12 across
the State line into Massachusetts. This coarse
material may be an esker segment buried beneath
lake-bottom deposits.

Water-table altitudes at aquifer area A (fig. 20)
range from slightly less than 200 ft to slightly greater
than 420 ft above sea level (pl. 2). Areas where the
hydraulic gradients are steep reflect areas of low
transmissivity (or at least low vertical hydraulic con-
ductivity). This may be the result of low vertical
hydraulic conductivity of the aquifer or a small
saturated thickness of an aquifer that overlies
material of low hydraulic conductivity, such as lake-
bottom deposits, till, or bedrock. Saturated thick-
nesses of stratified drift for aquifer area A range
from zero to greater than 200 ft. The thickest sec-
tions are found near the Connecticut River in the
southern half of area A. The underlying bedrock
type beneath the thickest sections is the Littleton
Formation (Billings, 1956) (fig. 19). Transmissivities
range from zero to greater than 4,000 ft*/d; the
highest transmissivity is present in the northernmost
section underlain by coarse-grained stratified drift
beneath lake-bottom deposits.

The next aquifer area to the north is found in the
western part of Chesterfield (fig. 20, aquifer arca B)
and covers 2.0 mi>. The most potentially productive
part of the area consists of deltaic material located
where Catsbane Brook may have drained into glacial
Lake Hitchcock, forming a delta. Buried aquifer
material is found as part of this deposit. Elsewhere,
much of the stratified drift in the western part of



Table 2.--Relation of calculated hydraulic conductivity to median grain size and degree of sorting

[ft/d, foot per day; <, less than; >, greater than; =, greater than or equal to]

Median grain
Median phi description K (fyyd)!
"Well sorted” (standard deviation: <1.25 phi units)

-1.75 granules none sampled

-1.25 granules none sampled
-75 very coarse sand 970
-25 very coarse sand 470
25 coarse sand 220
75 coarse sand 110
1.25 medium sand 51
1.75 medium sand 25
2.25 fine sand 12
2.75 fine sand 6
3.25 very fine sand 3
3.75 very fine sand 2

"Medium sorted” (standard deviation: =1.25 phiand <1.75 phi units)
-1.75 granules 320
-1.25 granules 200
-75 very coarse sand 120
-25 very coarse sand 78
25 coarse sand 48
75 coarse sand 30
1.25 medium sand 19
175 medium sand 12
2.25 fine sand 7
275 fine sand 4
3.25 very fine sand 3
3.75 very fine sand 2
"Poorly sorted” (standard deviation: =1.75 phi units)

-1.75 granules 49
-1.25 granules 35
-75 very coarse sand 25
-25 very coarse sand 18
25 coarse sand 13
75 coarse sand 9
1.25 medium sand 7
1.75 medium sand 5
2.25 fine sand 3
2.75 fine sand 2

325 very fine sand none sampled

3.75 very fine sand none sampled

1K is hydraulic conductivity calculated by method of Olney (1983).
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Chesterfield, in aquifer area B, consists of fine-
grained lake-bottom deposits, typically overlain by
coarser stratified-drift aquifer material.

Water-table altitudes in aquifer area B (fig. 20)
range from slightly less than 240 ft to slightly greater
than 440 ft above sea level (pl. 2). Areas of steep con-
tours represent low-transmissivity stratified drift.
Saturated thicknesses of stratified drift for aquifer
area B range from zero to greater than 80 ft. The
thickest parts are near the Connecticut River and
beneath the western distal end of the delta. The
bedrock underlying this aquifer is the Littleton For-
mation (Billings, 1956). Transmissivities range from
zero to greater than 4,000 ft’/d; the highest transmis-
sivity is in the delta, which contains the thickest inter-
vals of buried coarse sand and gravel.

The aquifers in areas C and D (fig. 20) are in
Westmoreland. Stratified drift in Westmoreland
covers 3.9 mi’, primarily in the western part of the
town.

Data are limited for aquifer area C. Seismic-
reflection profiling along the Connecticut River,
however, indicates that the saturated stratified-drift
thickness is locally greater than 160 ft. It is unknown
whether the drift is composed entirely of fine-grained
lake-bottom sediments, or whether the drift also con-
tains coarse-grained sediments.

The stratified drift of aquifer area D has
saturated thicknesses of greater than 400 ft (pl. 4).
Coarse stratified drift overlies fine-grained lake-bot-
tom deposits. At 157 ft below land surface, the lake-
bottom deposits grade from silt and clay downward
into fine and very-fine sand (Westmoreland well
W31). The presence of coarse aquifer material at
depths greater than 157 ft could not be determined.
Westmoreland spring S1, which provides a reliable
supply of water for a large dairy farm, is found in
transmissive material above the lake-bottom
material.

Water-table altitudes in aquifer areas C and D
(fig. 20) range from slightly less than 240 ft to greater
than 380 ft above sea level (pl. 2). Areas where
water-table contours are steep suggest that the
aquifer has low transmissivity in those locations.
Bedrock underlying aquifer area C is the Orfordville
Formation, and bedrock underlying aquifer area D is
the Littleton Formation (Billings, 1956).

The next two aquifer areas to the north are in
Walpole (fig. 20, aquifer areas E and F). Stratified
drift in Walpole covers 7.9 mi’, primarily along the
Connecticut River,

Aquifer area E, adjacent to the Connecticut
River in Walpole, consists of coarse stratified drift
with saturated thicknesses of greater than 120 ft (pl.
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4). This aquifer probably is the distal end of two
coalescing deltas, formed in glacial Lake Hitchcock.
One delta was fed by meltwater that followed the
present course of the Saxtons River and entered the
lake on the Vermont side; the other delta was fed
from the Cold River, which entered the lake on the
New Hampshire side. During the time of lower lake
levels of glacial Lake Hitchcock, late in its history,
the deltas from each side of the lake may have
coalesced. The combined delta has been eroded and
dissected by the Connecticut River; its eastern (New
Hampshire) part was eroded to the flood-plain level.
Transmissivity of more than 4,000 ft*/d is indicated by
a high yield of 400 gal/min (0.58 Mgal/d) (Cotton,
1977), from a well within this aquifer.

Aquifer area F, in Walpole, has saturated thick-
nesses greater than 120 feet and transmissivities that
locally exceed 4,000 ft*/d. However, the town of Wal-
pole has recently constructed a municipal supply well
in this aquifer (Walpole well W36). Well W36 yields
256 gal/min (0.37 Mgal/d) and is 50 ft deep (D.L.
Maher Co., written commun., 1987).

The water-table altitude in aquifer area E (fig.
20) ranges from slightly less than 240 ft to greater
than 280 ft above sea level (pl. 2). The water-table
altitude in aquifer area F ranges from approximately
300 to 380 ft above sea level (pl. 1). Bedrock under-
lying aquifer areas E and F is the Littleton Formation
(Billings, 1956).

Aquifers in areas G and H (fig. 20), in Charles-
town, formed in glacial Lake Hitchcock. Stratified
drift in Charlestown covers 9.7 mi’, primarily in the
western part of the town adjacent to the Connecticut
River.

The aquifer in area G consists of coarse
stratified drift adjacent to the Connecticut River.
This material is part of the distal end of a delta that
formed in glacial Lake Hitchcock and is similar to the
material in aquifer area E. The delta was probably
fed by meltwater that followed the course of the Wil-
liams River and entered the lake from the Vermont
side. The delta has been eroded and dissected by the
Connecticut River; its eastern (New Hampshire) side
has been eroded to the flood-plain level. The poten-
tial exists for similar aquifer material to be present
about 5 mi north on the New Hampshire side of the
river, across from a deltaic deposit in Vermont. This
delta was probably derived from meltwater and
runoff from the Black River, which discharged into
glacial Lake Hitchcock, and probably extended into
New Hampshire. The water-table altitude in aquifer
area G (fig. 20) ranges from less than 300 ft to greater
than 380 ft above sea level (pl. 1). The saturated
thickness of the stratified drift exceeds 400 ft in



places (pl. 3). Transmissivity ranges from zero to
nearly 3,000 ft*/d (pl. 3). The higher value prevails in
coarse-grained aquifer material encountered at
Charlestown (U.S. Geological Survey) well W2.
Bedrock underlying the aquifer consists of the Lit-
tleton and Orfordville Formations (Billings, 1956).

The aquifer in area H (fig. 20) in Charlestown
consists of coarse deltaic stratified drift near the
Connecticut River. This delta also formed in glacial
Lake Hitchcock, but, in this locality, was fed by
meltwater and runoff from the Little Sugar River
drainage area on the New Hampshire side of glacial
Lake Hitchcock. As the lake level declined, the delta
probably built out into the lake. The drift is confined
in this location and is being used by Charlestown for
municipal water supply. The water-table altitude in
aquifer area H ranges from less than 300 ft to greater
than 560 ft above sea level (pl. 1). Steep contours are
again indicative of a low transmissivity or low vertical
hydraulic conductivity in the upper aquifer.
Saturated thicknesses of stratified drift exceed 400 ft
in places (pl. 3). The transmissivity of this aquifer
ranges from zero to less than 3,000 ft*/d (pl. 3) and is
greatest in the coarse, buried aquifer material.
Bedrock underlying the thickest part of the aquifer is
the Littleton Formation (Billings, 1956).

Aquifers in areas I and J, in Claremont, formed
in glacial Lake Hitchcock (fig. 20). Stratified drift in
Claremont covers 9.6 mi’, primarily along the valleys
of the Sugar River and the Connecticut River.
Aquifers in the large uncontoured area beneath the
city of Claremont (pl. 3), between areas I and J, are
not believed to be adequate for municipal use. Test
drilling in this area by private consultants for the city
(Whitman and Howard Inc., written commun., 1977)
did not find an adequate site for a municipal well.
The best site identified in this area is just east of the
northern end of the north-northeast to south-south-
west trending runway at the Claremont airport (pl.
1); Whitman and Howard Inc. report (written com-
mun., 1977) a possible yield of 100 to 120 gal/min
(0.14 Mgal/d).

The aquifer in area I (fig. 20), in Claremont,
contains coarse deltaic stratified-drift material near
the Sugar River in the eastern part of Claremont.
This aquifer also formed as a delta in glacial Lake
Hitchcock. In this area, the delta was fed by
meltwater that perhaps followed the course of the
Sugar River or flowed directly off the glacial ice and
entered glacial Lake Hitchcock. Topset-foreset con-
tacts in this delta indicate that it formed prior to any
lowering of glacial Lake Hitchcock (Koteff and Lar-
sen, 1989). The aquifer at this location is being used
by Claremont as a backup municipal water supply (pl.
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1). Claremont well W38 is reported to yield 800
gal/min (1.15 Mgal/d) (Whitman and Howard Inc.,
written commun., 1977). The water-table altitude in
aquifer area I ranges from about 530 ft to greater than
560 ft above sea level (pl. 1). The saturated thickness
of stratified drift exceeds 120 ft in places (pl. 3). The
transmissivity of this aquifer ranges from zero to
greater than 3,000 ft*/d (pl. 3). Bedrock underlying
aquifer area I is part of a gneissic dome (Billings,
1956).

The aquifer in area J, in Claremont, consists of
coarse stratified drift adjacent to the Connecticut
River. This material is of unknown origin. The
water-table altitude in aquifer area J (fig. 20) ranges
from slightly less than 320 ft to greater than 500 ft
above sea level (pl. 1). Saturated thicknesses of
stratified drift exceed 160 ft in places, and transmis-
sivity is estimated to range from zero to greater than
1,000 ft*/d (pl. 3). Bedrock underlying the aquifer is
the Gile Mountain Formation (Billings, 1956) (undif-
ferentiated on fig. 19).

Glacial Lake Ashuelot aquifers

Much of the stratified drift deposited in glacial
Lake Ashuelot is in interconnected valleys and thus
forms one large aquifer system (pl. 2). The
southernmost part of the selected areas within this
aquifer are located in Winchester (fig. 20, aquifer
areas K and L). Stratified drift in Winchester covers
8.7 mi’. Some of this stratified drift (1.1 mi®) is part
of the glacial Lake Hitchcock deposits; however,
most (7.5 mi®) formed in glacial Lake Ashuelot. The
aquifers in areas K and L are used by Winchester for
municipal water supply. Winchester wells W28 and
W29 in aquifer area L yield 370 and 250 gal/min (0.53
and 0.36 Mgal/d), respectively. Water-table altitudes
in aquifer areas K and L (fig. 20) range from slightly
Iess than 440 ft to greater than 480 ft above sca level
(pl. 2). Saturated thicknesses of stratified drift in
aquifer areas K and L range from zero to greater than
120 ft; the thickest parts are in the center of the val-
ley. Bedrock units underlying aquifer areas K and L
are nappes with gneiss or granite cores associated
with the Bronson Hill Anticlinorium (Billings, 1956).
Aquifer transmissivity ranges from zero to greater
than 4,000 ft*/d in aquifer area K, and from zero to
less than 4,000 ft*/d in aquifer area L (pl. 4).

Aquifer areas M and N (fig. 20) are in Swanzey.
Stratified drift in Swanzey covers 12.3 mi’. Aquifers
in both areas contain buried coarse-grained drift
beneath fine-grained silt and clay lake-bottom
deposits (pl. 2). Aquifers in neither area are being



pumped for municipal water supply. Water-table al-
titudes in aquifer areas M and N range from slightly
less than 480 ft to greater than 520 ft above sea level
(pl. 2). Saturated thicknesses of stratified drift in
aquifer areas M and N range from zero to slightly
greater than 120 ft; the thickest parts are in the center
of the valley. In the center of the valley, the saturated
thickness between these two areas is thin where the
aquifer mantles a bedrock high, which may be a small
pluton that was more resistant to erosion than the
surrounding bedrock. Bedrock units underlying
arecas M and N are the same type of gneissic or
granitic nappes that underlie areas K and L. Trans-
missivities range from zero to slightly greater than
4,000 ft*/d for both aquifer areas M and N (pl. 4).

Aquifer areas O, P, and Q in the glacial Lake
Ashuelot aquifer system are located in Keene (fig.
20). Stratified drift in Keene covers 10.4 mi’ and is
primarily mapped as lake-bottom and alluvium
deposits with several deltas (Larsen, 1989b). An ex-
ample of an area mapped as a delta is found just east
of site O, where the Branch River now enters the
aquifer area from the east. Buried coarse-grained
stratified drift within and beneath fine-grained lake-
bottom deposits is found at all three areas. Sites O
and P seem to contain part of the same buried aquifer
unit (pl. 2). These buried coarse-grained stratified-
drift units may be part of mapped deltas, or they may
be ice-contact deposits (perhaps deltaic). Aquifers P
and Q are being pumped for municipal supply.
Pumpage from area O has been discontinued because
of nearby contamination at the old city landfill and
other potential sources of contamination (BCI
Geonetics Inc., written commun., 1988). Well yields
from these areas are 870 gal/min (1.25 Mgal/d) from
a well in area O; 590 gal/min (0.85 Mgal/d) from
Keene well W32, area P (Camp, Dresser, and McKee
Inc., written commun., 1981); and 1,740 gal/min (2.5
Mgal/d) from a well field at area Q (BCI Geonetics,
written commun., 1988). Water-table altitudes in
aquifer areas O, P, and Q range from about 460 ft to
greater than 520 ft above sea level (pl. 2). Saturated
thicknesses of stratified drift range from zero to
greater than 200 ft in aquifer area O, from zero to
greater than 120 ft in aquifer area P, and from zero to
greater than 80 ft in aquifer area Q. Transmissivities
in all three areas range from zero to greater than
4,000 ft*/d (pl. 4).

Lempster-Goshen-Newport-Croyden valley-fill aquifer

The largest upland valley-fill aquifer within the
study area is located in valleys in the towns of
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Lempster, Goshen, Newport, and in small parts of the
towns of Unity and Croyden. This aquifer is about 17
mi long, its maximum width is slightly greater than 1
mi, and it covers 10.6 mi’. The coarse stratified drift
is interconnected and thus forms one large aquifer
system (pl. 1). Depositional features found within
this aquifer system include eskers, kame terraces,
kames, outwash, and some fine-grained lacustrine
deposits. Eskers are found in the center of the valley
at the Goshen-Lempster town line and in southern
Lempster at Lempster well W3 (pl. 1). Kame ter-
races are found on the eastern side of the valley about
1 mi south of the Goshen-Lempster town line and
also on the eastern side of the valley in Newport, 1 mi
south of aquifer area R (fig. 20). Kames are located
in northern Newport in the area labeled R (fig. 20),
perhaps near the former position of the ice margin.
Other kames are located about 3/4 mi north of the
area labeled R in the western half of the valley. Most
of the southern 4 mi of the aquifer in Lempster con-
sists of glacial outwash. Lacustrine deposits are
present in several locations within the aquifer, in-
cluding an area just south of the area labeled R (fig.
20), where stagnant ice blocks melted and the result-
ing depressions were filled with silts and clays and
fine sands. Evidence of ice-rafting of boulders also
was observed in southern Lempster.

Water-table altitudes in the Lempster, Goshen,
Newport, and Croyden aquifer (fig. 20) range from
770 to 1,220 ft above sea level (pl. 1). The slopes of
the water table are steepest in the middle part of the
aquifer in Goshen and the southern part of Newport
(pl. 1). Steep slopes of the water table in these areas
are indicative of a low transmissivity or low vertical
hydraulic conductivity (at least within upper uncon-
fined aquifer material). Saturated thicknesses of the
stratified drift that comprises the aquifer range from
zero to slightly greater than 120 ft; the thickest parts
of the aquifer are found in the center of the valley in
the northern half of the aquifer. Bedrock underlying
this aquifer is the Bethlehem Gneiss (Billings, 1956).
Transmissivity of the aquifer ranges from zero to
greater than 4,000 ft’/d and is highest at two locations
in the town of Newport--one in the southern part, and
one in the northern part (pl. 3).

The aquifer in area R (fig. 20) is tapped by a new
municipal supply well for the town of Newport (New-
port well W40). This well was pumped for 6 days at
298 gal/min (0.43 Mgal/d) (D.L. Maher Co., written
commun., 1988). This area and much of the sur-
rounding aquifer was selected to demonstrate how
aquifer yield can be evaluated by use of a ground-
water-flow model.



Estimated Yield of Part of Lempster-
Goshen-Newport-Croyden Aquifer

Potential yield of part of a stratified-drift
aquifer (area R, fig. 20, pl. 3) in southern Croyden
and Northern Newport was estimated by means of a
finite-difference ground-water-flow model
developed by McDonald and Harbaugh (1988). The
modeled area includes 1.5 mi’ of stratified drift that
extends south approximately 3 mi from Croyden Flat
(fig. 21). The yield of this section of the aquifer was
estimated because of its potential for water-supply
development and to demonstrate a technique for as-
sessing aquifer yield.

Estimation Technique

A numerical model, rather than an analytical
method, was used to estimate yield because the
numerical model’s advantages include simulation of
areal variation in saturated thickness and hydraulic
conductivity, simulation of infiltration of streamflow
through a leaky streambed, simulation of pumping
from several specifically located discharge wells, and
allowance for irregularly shaped aquifer boundaries.
The numerical model developed for this aquifer rep-
resents an approximation of the complex natural sys-
tem. Although this model accounts for various
aquifer properties that analytical models cannot ac-
count for, it is still generalized and uncalibrated. The
level of effort required to calibrate a model was
beyond the scope of this investigation. The techni-
que used, however, is considered appropriate for ap-
proximating aquifer yield.

Generalizations

To numerically simulate this system, it was
necessary to make generalizations and assumptions
and to apply hypothetical water-management
decisions. The major generalizations of the complex
system include the following:

1. The principle of superposition is applied.
Drawdown in the real aquifer is ap-
proximated by the drawdown calculated for a
simpler hypothetical aquifer that has charac-
teristics similar to the real aquifer but initial-
ly has a flat water table and no recharge.
This model calculates a change in head in
response to changes in the applied stresses.
Initially, all heads in the model are set equal
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to zero, so that the system has a flat water
table and is in a steady state. Changes in
head thus occur only in response to pumping.
Sources of water during pumping simulations
include water from storage and induced in-
filtration of streamflow. The principle of su-
perposition is thus applied. Water, which is
captured prior to reaching the stream in the
real aquifer, is included in the simulation as
part of the induced infiltration.

2. Yield was simulated by simultaneously
pumping from hypothetical production wells.
Two hypothetical production wells were
simulated in the model to provide the pump-
ing stresses necessary to estimate the amount
of water that could be withdrawn from the
aquifer. The wells in this model did not
simulate pumping at the existing municipal
well.

3. Yield was estimated over a 180-day period of
continuous pumping at constant rates and
recharge was not simulated except for in-
duced infiltration from the streams. In
studies by Mazzaferro and others (1979) and
Toppin (1987), a pumping period of 180 days
with no recharge was used, because that time
approximates the growing season when
evaporation is high and recharge to the
aquifers is assumed to be low. It is also as-
sumed that recharge to the aquifer during the
rest of the year is sufficient to allow con-
tinuous pumping at the assumed pumping
rate. Recharge may occur during this 180
day period; however, it is implied in this tech-
nique that no additional recharge will be
created by pumping (other than induced in-
filtration from surface-water bodies).

Assumptions

The major assumptions made in developing a
ground-water-flow model for this aquifer include the
following:

1. Agquifer and streambed properties are repre-
sentative of the natural system. Transmis-
sivity and saturated thickness (shown on the
plates that accompany this report) and the
streambed properties used are assumed to be
a reasonable representation of the real sys-
tem,
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2. Three-dimensional flow in the aquifer can be

approximated by flow in two dimensions in
the horizontal direction. Although not en-
tirely valid, this assumption may contribute
significant errors only in recharge and dis-
charge areas where there is a significant ver-
tical-flow component, specifically next to the
pumped wells and near the rivers. In these
areas, the simulated change in head will be
less reliable than where the flow is
predominantly horizontal. However, poten-
tial errors from this source are believed to be
small.

Discretization of space and time are
reasonable. Ground-water flow in two
dimensions (that is, in map view) can be ap-
proximated by a process of discretization,
whereby the aquifer is divided into discrete
blocks or cells. A hydraulic conductivity
value and a storage coefficient are specified
for each cell, and these properties are as-
sumed to be uniform over the extent of the
cell. This model used a 100-ft uniform grid
spacing. Generalization of a single aquifer
thickness and hydraulic conductivity for an
individual cell may be viewed as a possible
source of error; however, given the size of the
modeled area, 100-ft spacings tend to mini-
mize this error and are considered ap-
propriate.

If changes in ground-water flow with respect
to time are important, time also must be dis-
cretized. For example, during an extended
pumping period, the water table declines
continuously. This condition is ap-
proximated in the model by a series of time
steps. The effects of 180 days of pumping
were simulated with 9 discrete time steps of
20 days each. An approximation of the
water-table configuration for the first 20 days
of pumping was used as the initial configura-
tion for the second 20 days, and so forth.
Errors associated with this technique are
minor and the use of small time increments
(specifically, 20 time steps of 9 days each)
did not significantly improve the results.

The response of the ground-water-flow sys-
tem to applied stresses can be approximated
by the linear equations. For natural uncon-
fined systems, this is not strictly true, because
changes in saturated thickness that result from
water-table fluctuations affect transmissivity
and may cause non-linear responses. How-
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ever, in the model, changes in transmissivity
resulting from the lowering of the water table
in response to pumping are minimized by the
discretization of time (where transmissivity is
recalculated for each time step), and the
nonlinear system is approximated by a series
of linear equations.

Changes in transmissivity caused by the
natural fluctuations of the water table during
the growing season are not accounted for.
This probably causes little error, because the
changes in saturated thickness are small
compared to the total-saturated thickness.
Average summer altitudes of the water table
are shown on plates 1 and 2.

5. Water is pumped from hypothetical wells
under ideal conditions. The hypothetical
wells are screened over the entire saturated
thickness of the aquifer. Well efficiency is
assumed to be 100 percent. In the real
aquifer, the existing municipal well is partial-
ly penetrating, partially screened, and is not
100-percent efficient. Thus, in order to ac-
count for possible errors associated with
idealized hypothetical wells, the maximum
allowable drawdown in each of these wells
was limited to 50 percent of the original
saturated thickness at the well.

Water-management criteria

In order to limit the adverse effects of pumping
on the aquifer and on streamflow, a water-manage-
ment plan needs to be used. The chosen plan limited
the amount of discharge from the wells to the amount
of water that could be withdrawn without causing un-
acceptable changes in saturated thickness and also
maintain an acceptable baseflow in the streams.
Baseflow is important from a water quality
standpoint, especially if a stream is used to dilute ef-
fluent from a wastewater-treatment plant. Specifi-
cally, the management criterion limits drawdown in
the pumped wells to 50 percent of the original
saturated thickness at the wells, and also requires a
minimum flow rate in the streams. The amount of
stream water potentially available to the wells
through induced infiltration was estimated by use of
the relation of streamflow to basin geometry deter-
mined by Thomas (1966) for Connecticut stream-
aquifer systems and by selecting an arbitrary
streamflow-management plan. On the basis of this
method, a daily-discharge rate is derived from the



relation of the percentage of time that daily discharge
is equalled or exceeded to the percentage of the total
drainage basin underlain with stratified drift (fig. 22).
Because most water induced from the stream
during pumping comes from the North Branch Sugar
River and its tributaries, only the drainage area
upstream of the point where the North Branch Sugar
River flows out of the aquifer area was used to deter-
mine flow durations. This drainage area covers 84
mi’, but stratified drift covers only 3 percent (2.5 mi’)
of it. On the basis of these basin characteristics and
the curves shown in figure 22, streamflow is estimated
to equal or exceed 3.26 ft’/s, 95 percent of the time,
and to equal or exceed 1.29 ft’/s, 99 percent of the
time. The difference between streamflow at the 95-
and 99-percent flow durations (1.97 ft’/s) is the amount
of water available for induced infiltration from the
stream 95 percent of the time while maintaining a flow
of 1.29 ft’/s, the 99-percent flow duration. Iterative
model runs are made until this criterion is satisfied.
This management plan is arbitrary; other
management plans could be used. More water could
be pumped from the aquifer but it could cause parts
of the aquifer and the streams to go dry. The best
method to determine the amount of water available
for infiltration is to gage the streamflows on a long-
term basis. Because this data is not available for the

modeled area, Thomas’ method was used. Although
Thomas’ equations were developed for Connecticut,
they can provide estimates for New Hampshire
streams. Thomas’ equations may, however, provide
estimates for flows that are too conservative for
southwestern New Hampshire (Ken Stern, New
Hampshire Water Resources Division, written com-
mun., 1991). In fact, on the last day of a low-flow-
recession period on November 1, 1988, 23 ft’/s was
measured for the North Branch (Blackey and others,
1989, p. 119). It is unknown, however, what percent
flow duration that represents. A discussion of the ap-
plication of Thomas’ equations in southeastern New
Hampshire is given by Moore (1990).

Grid and Boundary Conditions

The grid used to discretize the aquifer for
numerical modeling purposes consists of 177 rows
and 58 columns of uniformly spaced cells that
measure 100 ft on each side (fig. 23). All numerical
calculations are based on nodes centered in each cell.
Cells with a saturated thickness greater than 5 ft (ap-
proximately 4,300 active cells) are included in the ac-
tive area of the model. Model boundaries on the
northern, eastern, and western sides coincide with
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the stratified-drift and till boundary and are modeled
as "no-flow" boundaries. It is assumed that pumping
will not create additional flow across these bound-
aries. The southern boundary is also simulated as
"no-flow" because the effects of pumping do not ex-
tend that far.

Input Values

Values required for each cell in the modeled
area include an initial altitude of the water-table, an
altitude of the bottom of the aquifer, specific yield,
and a value for hydraulic conductivity. Aquifer
properties are assigned uniform values within each
cell of the model grid; however, the properties may
differ from cell to cell.

In this model, the input values are simplified.
All altitudes are relative to a datum of zero. All of
the starting heads in the aquifer and in the river are
set equal to zero; there is no head gradient prior to
pumping. To simulate an aquifer with the same
saturated thickness as the real aquifer, the altitude of
the bottom of the aquifer at each cell in the model is
set equal to zero minus the saturated thickness of the
real aquifer at that location. Saturated thickness for
each cell was calculated by interpolating between
contour lines shown on plate 3. These values range
from 5 to 145 ft. On the basis of data from plate 3, a
similar interpolation method was used to determine
transmissivity for each cell. The hydraulic conduc-
tivity was then calculated at each cell by dividing the
transmissivity by the saturated thickness. These
values ranged from 1 to 98 ft/d, with the highest
values in the center of the valley where the hypotheti-
cal wells were located. A specific yield of 0.2 was
used in all cells (Johnson, 1967).

Infiltration from the streams is simulated with a
leaky streambed. The location of the streams is
shown in figure 23. Intermittent streams were not
simulated in the model. The vertical hydraulic con-
ductivity of the streambed in the North and South
Branch Rivers and their associated tributaries was
assumed to be 2 ft/d (Haeni, 1978). The rivers were
simulated with a uniform average depth of 1 ft (based
on field observations in August 1988) and a
streambed thickness of 2 ft throughout the model
arca. Based on field observations, the width of the
South Branch River was set at 50 ft; the width of the
North Branch was set to 15 ft and their tributaries
were simulated with 5-ft widths. These values are
fixed and were not varied during the transient simula-
tion.
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Aquifer Yield

Two hypothetical production wells were simu-
lated in the high transmissivity zones. Locations of
these wells (fig. 23) were based on both hydrologic
and practical considerations. Both wells were
pumped at various rates until the maximum amount
of 1.27 Mgal/d (1.97 ft*/s) was supplied by the stream
while not exceeding the drawdown criteria at the
wells. Combined pumpage in the wells was 1.5
Mgal/d; 1 Mgal/d was pumped from the southern well
and 0.5 Mgal/d was pumped from the northern well.
At the end of 180 days of pumping, simulation results
indicate that 15 percent of the water pumped was
coming from ground-water storage and 85 percent
(1.27 Mgal/d) from combined-induced infiltration
and ground water captured prior to discharge to a
stream.

Drawdown

Drawdown calculated by the model represents
an average for the entire cell. The drawdown in a
pumped well is more than the average drawdown cal-
culated for the cell. Drawdown in the wells can be
calculated by use of the following formula (Trescott
and others, 1976, p. 9-10):

H, = V(1) - (Q/314K) n(r./n),  (2)

Hw is

H. is saturated thickness of the cell;

where saturated thickness at the well;

Q is rate of discharge from the well;
K is hydraulic conductivity of the cell;
In is the standard for natural log;

re Is the radius from the well that theoreti-
cally has a hydraulic head equal to the
average head for the cell. Itis the cell
width divided by 4.81, in this case r €
is 20.8 ft; and

rw is radius of the well, which is equal to 1
ft.

Note that the formula uses terms of absolute head
rather than drawdown. Thus, all drawdown must be
converted to heads by subtracting the drawdown
from the initial water table. At these pumping rates
the drawdown in the pumped wells does not exceed
50 percent of the initial saturated thickness.
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Model-simulated drawdowns subtracted from
the pre-pumping water table would enable construc-
tion of a water-table map after pumping 1.5 Mgal/d
from the aquifer for 180 days. The new water-table
map could be used to determine the contributing-
recharge area to these hypothetical wells. However,
a detailed pre-pumping water-table map, which is not
available, is required for this analysis. A detailed dis-
cussion and an example of this superposition con-
tributing-area analysis is given by Brown (1963) and
Moore (1990).

Sensitivity Analyses of the Yield Estimate

Sensitivity analyses of the model assessed the ef-
fects of uncertainty in hydraulic conductivity,
streambed conductivity, and stream depth on yield
estimates. Input data for these factors were doubled,
increased by one half, and reduced by one half, and a
series of model runs were calculated. The same min-
imum-drawdown and minimum-streamflow criteria
as were used in the original simulation were used in
these analyses.

Table 3 summarizes the effects of changes to the
input data on the model results in terms of combined
pumpage from the two simulated wells in the model.
When the hydraulic conductivity was reduced by 50
percent, the combined pumpage (1.3 Mgal/d) was
limited equally by the maximum-drawdown and min-

imum-streamflow criteria. That is, when the two
wells were pumped to the maximum drawdown levels
allowed, 1.97 ft’/s was induced from the streams at
the end of 180 days of pumping, which coincidentally
equals the maximum amount permitted by the mini-
mum-streamflow criterion. In all other scenarios, the
pumpage was limited by the amount of water that
could be induced from the stream. In these tests the
effects of changing the input parameters had little ef-
fect on the maximum pumpage, because the limiting
factor is the water available from the stream. If a dif-
ferent minimum-streamflow criteria were used, or if
more water was available from the stream, then more
water could be pumped from the wells.

WATER QUALITY

Water samples from 22 wells completed in
stratified drift and from 8 springs were analyzed for
inorganic and organic compounds to evaluate the
water quality of the stratified-drift aquifers in the
study area. Stratified-drift aquifers in New
Hampshire are susceptible to contamination because
they are usually at or near the surface, are less than
100 ft thick, consist of highly permeable materials,
and are unconfined (Morrissey and Regan, 1987).
During the sampling phase of this study, areas where
ground water is known to be contaminated were
generally avoided. However, one well (W38, town of

Table 3.--Results of sensitivity tests of yield estimate for the combined pumpage of the
two simulated wells in the model

[All pumpage is reported in Mgal/d, million gallons per day]

Input Vertical or horizontal Streambed
parameters hydraulic conductivity conductivity Stream depth
Reduced
by
50 percent 1.3 19 1.6
Increased
by
50 percent 13 14 1.5
Increased
by
100 percent 13 1.4 14
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Winchester), is near and perhaps downgradient from
a site (fig. 24) that is being monitored by the U.S. En-
vironmental Protection Agency (USEPA) under the
Federal Resource Conservation and Recovery Act
(RCRA). This well is upgradient from a municipal
well and was included in the sampling program.

The sampling procedure varied with the source
of the water sampled. No special preparations were
made when sampling the eight springs, but all the
wells were developed with compressed air at least 1
week prior to sampling. At the time of sampling, the
wells were pumped until at least three times the
volume of water in the well was evacuated and until
the temperature, specific conductance, and dis-
solved-oxygen concentration stabilized. These pro-
cedures ensured that the water sampled was water
from within the aquifer.

Results of the analyses are summarized and
compared to the USEPA primary and secondary
drinking-water regulations in table 4. Results of the
sample analyses indicate that water from the
stratified-drift aquifers is generally suitable for
drinking and other domestic uses with the following
exceptions:

1. Water from one well (NPW-6) had elevated
concentrations of chloride, and water from
three wells (KEW-42, NPW-6, and SWW-1)
had elevated concentrations of sodium,

2. Approximately half of the water samples had
elevated concentrations of iron and man-
ganese (a common and presumably natural
phenomenon in New Hampshire).

3. Water from 11 of the wells had small but
detectable concentrations of volatile organic
compounds.

Individual constituents and properties are dis-
cussed in the following paragraphs.

The pH of water is a measure of the water’s
hydrogen-ion activity. The pH scale ranges from 0 to
14; each unit increase in the scale represents a ten-
fold decrease in hydrogen-ion activity. Water having
a pH of 7.0 is neutral, less than 7.0 is acidic, and
greater than 7.0 is alkaline. At a pH of less than 6.5,
some metals in metallic piping can dissolve and a
metallic taste can be imparted to the water (U.S. En-
vironmental Protection Agency, 1989). The pH of
most ground water in the United States ranges from
about 6.0 to 8.5 (Hem, 1985). The range of pH in
stratified-drift aquifers sampled across New
Hampshire (1984-89) is 5.26 to 8.48, with a median
value of 6.12. In this study, the most acidic pH was
5.6 in water from wells KEW-75 and NPW-6; the most

basic pH values (8.0, 7.2, and 7.10) were in waters
from wells CRW-38, KEW-44 and CJW-1, respective-
ly. Water samples from six wells had pH values less
than the minimum value (6.0) established as a second-
ary drinking-water regulation by the USEPA (1986c¢).
The median pH of samples from the six wells was 6.3.

The alkalinity of a solution is defined as (1) the
capacity for solutes in water to react with and
neutralize acid, or (2) its buffering capacity (Hem,
1985). The principal source of alkalinity is dissolved
calcium carbonate (CaCOj). Small amounts of cal-
cite were observed in a fine-grained sample of
stratified drift collected at Westmoreland well W31
(Lucy McCartan, U.S. Geological Survey, written
commun., 1989). Alkalinities range from 1 mg/L as
CaCQ; in spring WKS-3 to 193 mg/L as CaCO; in
spring CXS-2; the median alkalinity is 14.0 mg/L as
CaCQ;, indicating a low buffering capacity.

Hardness of water is a constituent that affects
the foaming of soap and causes incrustations on
pipes. Hardness is caused by several different cat-
ions (positively charged ions--particularly calcium
and magnesium) dissolved in water and is expressed
in an equivalent concentration, in milligrams per
liter, of CaCQ;. The hardness of water samples
ranged from 7.0 to 220 mg/L as CaCO;. More than
two-thirds (21) of the water samples analyzed had a
hardness of less than 60 mg/L, and are considered
soft water (Hem, 1985). Six water samples were
moderately hard (60 to 120 mg/L as CaCQ;). Water
from one test well completed in stratified drift (CJW-
2) was hard (180 mg/L as CaCO;), and water from
one spring (CXS-2) was very hard (220 mg/L as
CaCQ;). The wells and springs with the highest hard-
ness also had the highest concentrations of calcium
and magnesium. The median hardness of the water
samples from stratified-drift aquifers in the study
area was 33 mg/L as CaCO;, compared to a median
hardness of 37 mg/L as CaCO:; for public-supply wells
completed in stratified-drift aquifers statewide
(Morrissey and Regan, 1987).

Specific conductance--a measure of the ability
of water to conduct electrical current--ranged from
23 (spring WOS-1) to 825 u#S/cm (microsiemens per
centimeter) (well NPW-6). Well NPW-6 had the only
water that exceeded the recommended limit of 500
#S/cm established by the New Hampshire Water
Supply and Pollution Control Commission (1984) for
public drinking water. The median (116 uS/cm) for
all the samples, was below the median (132 u#S/cm)
for the entire State for public supply wells completed
in stratified-drift aquifers (Morrissey and Regan,
1987).
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Table 4.--Summary of results of water-quality analyses

[A "less than" symbol (<) precedes many of the values whenever the concentration was below the detection limit;
°C, degrees Celsius; u#S/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter;

ug/L, micrograms per liter; --, no data]
) Number First Third
Constituents SMCL' MCL? samples Minimum quartile Median quartile Maximum

Specific conductance (#S/cm at 25 °C) -

Solids, sum of the dissolved constituents 3500
Chloride, dissolved (mg/L as Cl) 3250
Sodium, dissolved (mg/L as Na) 320-250

pH (standard units) --

Oxygen, dissolved (mg/L) --
Alkalinity (mg/L as CaCO;) -
Hardness total (mg/L as CaCOj3) --
Calcium, dissolved (mg/L as Ca) -
Magnesium, dissolved (mg/L as Mg) --

Carbon, organic, dissolved (mg/L as C) --
Nitrogen, nitrate, dissolved (mg/L as N) --
Nitrogen, NO, + NOj, dissolved (mg/L as N) --
Nitrogen, ammonia, dissolved (mg/L as N) -
Nitrogen, ammonia + organic, dissolved (mg/L as N) --

Phosphorous, dissolved (mg/L as P) -
Potassium, dissolved (mg/L as K) -~
Sulfate, dissolved (mg/L as SO,4)
Fluoride, dissolved (mg/L as F) 2.0
Silica, dissolved (mg/L as SiO,) --

Aluminum, dissolved (ug/L as Al) 50.0
Arsenic, dissolved (ug/L as As) -
Barium, dissolved (ug/L as Ba) --
Beryllium, dissolved (ug/L as Be) --
Boron, dissolved (ug/L as B) --

Cadmium, dissolved (ug/L as Cd) --
Chromium, dissolved (ug/L as Cr) -
Cobalt, dissolved (ug/L as Co) --

Copper, dissolved (ug/L as Cu) 1,000
Iron, dissolved (ug/L as Fe) -
Iron, total recoverable (ug/L as Fe) 300

Lead, dissolved (ug/L as Pb) -
Lithium, dissolved (ug/L as Li) --
Manganese, dissolved (ug/L as Mn) 50.0
Molybdenum, dissolved (ug/L as Mo) --

Mercury, dissolved (ug/L as Hg) --
Nickel, dissolved (ug/L as Ni) --
Silver, dissolved (ug/L as Ag) -

50.0

30 23.0 49.2 116 245 825

30 23.0 36.0 74.0 139 498
30 .6 1.2 6.8 225 290
30 14 2.85 6.0 11.0 160
30 5.60 6.0 6.3 6.5 8.0
15 0 1.6 51 9.3 10.9
27 1.0 9.0 14.0 26.0 193

30 7.0 13.0 33.0 67.5 220

30 1.90 3.85 9.10 18.2 76.0
30 .290 .95 2.20 3.98 12.0
29 .30 .65 .90 1.15 4.6
29 <.01 <.01 <.01 <.01 .04
29 <.100 <.100 .23 97 4.50
29 <.01 <.01 <.01 .025 1.60
29 <.20 <.20 <.20 .40 2.50
29 <.01 <.01 <.01 .015 .38
30 .20 .70 1.50 2.55 10.0
30 2.80 5.35 9.25 14.5 30.0
30 <.10 <.10 <.10 <.10 .20
30 5.40 9.38 12.0 15.0 20.0
30 <100 <10.0 <10.0 22.5 790

30 <1.0 <1.0 <1.0 <1.0 6.0
30 <2.0 5.0 13.0 <18.2 210

30 <.5 <.5 <.5 <.5 S
30 <10.0 <10.0 <10.0 <10.0 60.0
30 <1.0 <1.0 <1.0 <1.0 4.0
22 <1.0 <1.0 <1.0 <1.0 3.0
30 <3.0 <3.0 <3.0 <3.0 5.0
30 - - -- - <10.0
30 <3.0 5.0 7.0 121 18,000
29 <10.0 20.0 260 1,000 16,000
30 <10.0 <10.0 <10.0 <10.0 10.0
30 <4.0 <4.0 <4.0 <4.0 9.0
30 <1.0 6.7 95.0 267 920
30 - - -- - <10.0
30 <.10 <.10 <.10 <.10 .10
30 <1.0 1.0 1.0 2.0 6.0
22 <1.0 <1.0 <1.0 <1.0 1.0



Table 4.--Summary of results of water-quality analyses--Continued

Number First Third

Constituents SMCL' MCL? samples Minimum quartile Median quartile Maximum
Selenium, dissolved (ug/L as Se) -- 10.0 22 <1.0 <1.0 <1.0 <1.0 2.0
Strontium, dissolved (ug/L as Sr) - - 30 9.0 21.0 47.0 84.2 350
Vanadium, dissolved (ug/L as V) -- -- 30 -- -- -- - <6.0
Zinc, dissolved (ug/L as Zn) 5,000 -- 30 <3.0 <3.0 4.5 7.25 23.0
Dichlorobromomethane, total (xg/L) -- -- 29 -- - -- -- <.20
Carbontetrachloride, total (ug/L) -- 5.0 29 -- -- -- -- <.20
1,2-Dichloroethane, total (ug/L) - -- 29 -- -- -- -- <.20
Bromoform, total (xg/L) -- -- 29 -- -- -- -- <.20
Chlorodibromomethane, total (ug/L) -- -- 21 - - - -- <.20
Chloroform, total (ug/L) - -- 29 <.20 <.20 <.20 <.20 6.00
Toluene (ug/L) - 1,000 29 - -- -- -- <.20
Benzene, total (ug/L) - 5.0 29 <.20 <.20 <.20 <.20 11.0
Chlorobenzene, total (ug/L) -- - 29 -- -- - - <.20
Chloroethane, total (ug/L) - - 29 - - - - <.20
Ethylbenzene, total (ug/L) -- 700 29 -- -- .- - < .20
Methylene chloride, total (zg/L) - - 29 <.20 <.20 <.20 <.20 40
Tetrachloroethylene, total (ug/L) -- 5.0 29 <.20 <.20 <.20 <.20 1.20
Trichlorofluoromethane, total (ug/L) - -- 29 <.20 <.20 <.20 <.20 2.30
1,1-Dichloroethane, total (ug/L) - -- 29 -- - - - < .20
1,1-Dichloroethylene, total (ug/L) -- 29 - - -- - <.20
1,1,1-Trichloroethane, total (xg/L) - - 29 -- - - - < .20
1,1,2-Trichloroethane, total (ug/L) -- -- 29 -- -- -- - <.20
1,1,2,2-Tetrachloroethane, total (ug/L) -- -- 29 - - -- -- <.20
1,2-Dichloropropane, total (ug/L) - - 29 -- -- -- - <.20
1,2-Transdichloroethene, total (xg/L) - -- 21 - - - - <.20
1,3-Dichloropropane, total (ug/L) - - 21 - - - - <.20
2-Dichloroethylvinylether, total (ug/L) -- -- 29 -- -- -- -- <.50
Dichlorodiftuoromethane, total (#g/L) - -- 21 - - -- - <.20
Vinylchloride, total (ug/L) -- -- 29 - - -- -- <.20
Trichloroethylene, total (ug/L) -- 5.0 29 <.20 <.20 <.20 <.20 1.0-4.0

! sSMCL (secondary maximum contaminant level) is a nonenforceable, aesthetically based maximum level (concentration) for con-
taminants in public drinking-water supplies as defined in the national primary and secondary drinking-water regulations established by the

U.S. Environmental Protection Agency (1992).

2 MCL (maximum contaminant level) is an enforceable, health-based maximum level (concentration) for contaminants in public
drinking-water supplies as defined in the national primary and secondary drinking-water regulations established by the U.S. Environmental

Protection Agency (1992).

3 Secondary level set by the New Hampshire Water Supply Bureau (written commun., 1987).
4 MCL for chromium is S0ug/L Cr*®or 50 ug/L crtl
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Total dissolved-solids concentrations ranged
from 23 to 498 mg/L, with a median of 74 mg/L. The
concentrations of all water samples from stratified-
drift aquifers were less than the recommended limit
for drinking water of 500 mg/L established by the
New Hampshire Water Supply Engineering Bureau
(written commun., 1987). The low concentration of
dissolved solids in stratified-drift aquifers is at-
tributed to the relative insolubility of the aquifer
matrix and the typically short residence time of the
water (Morrissey and Regan, 1987). Water with the
highest concentration of dissolved solids (from well
NPW-6) also had the highest concentrations of
chloride and sodium.

Sodium and chloride can be introduced into
ground water from natural and manmade sources.
The principal natural sources of chloride are atmos-
pheric precipitation and dry fallout. Water from
precipitation, with an average concentration of about
0.5 mg/L chloride, reaches the New Hampshire land
surface (Hall, 1975). The major manmade source of
sodium and chloride is NaCl used in road-salting
practices. On the basis of limited data, towns and
cities used an estimated 33,000 tons of NaCl in 1975
and contributed to an increase in concentrations of
sodium and chloride statewide in ground water (Hall,
1975). Dissolved salt (sodium chloride) coupled with
pH ranges of 5.5 to 7.5 in ground water used for
drinking water could pose an additional health threat
because of the corrosion of iron, zinc, and cadmium
from plumbing systems (Hall, 1975). The concentra-
tions of sodium and chloride in water from well
NPW-6 were 160 mg/L and 290 mg/L, respectively.
The ratio of these milliequivalents (7.0 to 8.1 meq/L)
suggests that NaCl is likely a major contributor of
both constituents. The water sample from this well
had the only chloride concentration that exceeded
the USEPA’s secondary maximum contaminant level’
(SMCL) of chloride (250 mg/L) and the only sodium
concentration that exceeded the Health Advisory
Level for sodium (20 mg/L) established by the
USEPA (1985). The SMCL for chloride is a
threshold for taste, and the Health Advisory Level for
sodium is a recommended limit for people who re-
quire sodium-restricted diets. For all samples, the
median concentrations of sodium (6.0 mg/L) and
chloride (6.8 mg/L) were less than the USEPA (1989)

Health Advisory Level of 20 mg/L.. The sodium con-
centrations are also less than the median concentra-
tion (11.0 mg/L) in ground water from public supply
wells completed in stratificd-drift aquifers in New
Hampshire (Morrissey and Regan, 1987).

Iron and manganese are common elements in
minerals of bedrock and stratified drift in the area,
and elevated concentrations of iron and manganese
were the most common water-quality problems found
during this investigation. Iron, the fourth most abun-
dant element in the Earth’s crust, is an essential ele-
ment to plant and animal metabolism. If present in
excessive amounts in residential water supplies, how-
ever, iron forms red oxyhydroxide precipitates that
can stain clothes and plumbing fixtures. Manganese,
also an abundant metallic element, is undesirable in
water because it can be deposited as black-oxide
precipitates that stain (Hem, 1985). Water from 13
of the 30 sites sampled had iron concentrations that
exceeded the USEPA’s SMCL of 300 ug/L, and water
from 17 wells had manganese concentrations that ex-
ceeded the SMCL of 50 ug/L (U.S. Environmental
Protection Agency, 1989). The highest iron con-
centrations were measured in samples from eight
wells--16,00 ug/L at KEW-46; 6,900 ug/L at KEW-44;
5,400 ug/L at KEW-45; 2,700 ug/L at ACW-1; 1,500
1g/L at WKS-4; 1,400 ug/L at CTW-2; and 1,000 ug/L
at NPW-3 and WOW-41. The median iron con-
centration for all wells was 260 xg/L. Samples from
these eight wells, plus samples from an additional
nine wells, had elevated concentrations of man-
ganese. Of the additional nine wells, five had the
highest manganese concentrations--920 ug/L at
NPW-6, 870 ug/L at NPW-2, 690 ug/L at KEW-46,
580 ug/L at WKS-4, and 570 ug/L at CJW-2. The
median manganese concentration (95 ug/L) was sig-
nificantly higher than the SMCL of 50 u«g/L (U.S. En-
vironmental Protection Agency, 1989).

Aluminum, the third most abundant element
in the Earth’s crust, rarely is present in water at
concentrations greater than a few tenths of a mil-
ligram per liter (Hem, 1985). Water from wells
KEW-42 and NPW-6 had aluminum concentrations
of 790 ug/L (0.790 mg/L) and 140 ug/L (0.140
mg/L), respectively. The median concentration
(less than 0.01 mg/L) was below the detection limit
of 10 ug/L.

2 SMCL, Secondary Maximum Contaminant Level: Nonenforceable regulation that affects the aesthetic quality of
drinking water. At high concentrations or values, health implications as well as aesthetic degradation may also exist.

These are intended for guidelines for the States.



Water from well NPW-6 also had elevated con-
centrations of barium--210 ug/L--but this concentra-
tion is still less than the USEPA’s (1992) maximum
contaminant level’ (MCL) of 2.0 mg/L.

Elevated concentrations of arsenic, although
found in water from bedrock wells in many parts of
New Hampshire, were not found in water from the
stratified-drift wells sampled for this study. The
highest concentration found was 6 ug/L from well
CRW-38. This value was less than the USEPA’s
(1986a) MCL of 50 ug/L.

Volatile organic compounds (VOC’s) were
detected at trace or low concentrations in water from
10 wells and 1 spring. In New Hampshire, the most
common VOC’s are dichloroethane, trichloro-
ethylene, tetrachloroethane, benzene, ethylbenzene,
and toluene (Morrissey and Regan, 1987). Water
from wells and springs sampled in this study was
tested for 26 different VOC’s; the following com-
pounds were found with a detection level of at least
0.20 ug/L: trichlorofluoromethane (2.3 ug/L, Freon)
was detected at well CXS-2; tetrachloroethylene (1.2
ug/L) was detected at well SZW-145; trichloro-
ethylene (1-4 ug/L, <0.5ug/L, <0.5 ug/L, and 0.5-1
ug/L) was detected at wells KEW-42, NPW-2, NPW-
3, and WOW-38, respectively; chloroform was
detected at well ACW-1 (0.30 ug/L) and at well C3W-
1 (6.0 ug/L) (the MCL established by the USEPA is
100 pg/L); and benzene (11 ug/L, 0.20 ug/L, 0.70
ug/L, and 0.20 ug/L) was detected in water from wells
ACW-11, KEW-46, LJW-3, and SWW-1, respectively
(the concentration at well ACW-11 exceeded the
MCL of 10.0 ug/L; U.S. Environmental Protection
Agency, 1992). These manmade compounds docu-
ment the detrimental effects of human activity on
ground-water quality in unexpected locations.

Stiff diagrams are plotted in plates 1 and 2, for
each well sampled. A Stiff diagram graphically dis-
plays the major cations compared to the major
anions--negatively charged ions of bicarbonate, car-
bonate, sulfate, and chloride (in milliequivalents per
liter)--on three parallel axes. These diagrams allow a
quick visual comparison of the water quality for the
entire study area.

Water-quality characteristics are variable when
viewed over the entire study area, as shown by a Piper
diagram (fig. 25). In a Piper diagram, selected cat-
ions and anions for each ground-water analysis are
shown as a percentage of the total cations or anions,
in milliequivalents per liter. The cations are plotted
as points on the left side of the triangle, and anions
are plotted as points on the right side of the triangle
(fig. 25). Cation and anion plots for each sample are
then projected into the central-diamond field.
Chemically similar waters will plot near one another.
In general, water samples from this study have vari-
able chemical compositions; however, samples af-
fected by large chloride inputs from road salting and
samples affected by natural carbonate minerals are
apparent (fig. 25).

If the study area is divided into small subareas,
such as by groups of towns, similar characteristics ap-
pear among the samples from nearby wells. These
similarities are discussed below.

Chemistry of Ground Water
in Study Subareas

Cornish, Claremont, Croyden, and Charlestown

The dominant cation and anion in ground water
at wells CRW-38 (a public supply backup well), CJW-
1, and CJW-2, and the spring CXS-2 are calcium and
bicarbonate, respectively. These sites are all within
the area of inundation by glacial Lake Hitchcock (fig.
4). The presence of calcium and bicarbonate in
ground water at these sites is consistent with the
presence of calcite observed in the glacial Lake
Hitchcock silts and clays (Lucy McCartan, U.S.
Geological Survey, written commun., 1989). The
water-quality characteristics at the above wells are
similar even though their depths range from 20 ft at
CIW-1to 166 ft at CRW-38. Water from the Charles-
town wells contain slightly higher concentrations of
sodium and chloride than does water from the other
wells in the area.

3 MCL, Maximum Contaminant Level: Enforceable, health-based regulation that is to be set as close to the level at
which no known or anticipated adverse effects on the health of a person occur as is feasible. The definition of feasible
means the use of best technology, treatment techniques, and other means that the Administrator of the U.S. Environ-
mental Protection Agency finds, after examination for efficacy under field conditions and not solely under laboratory
conditions, are generally available (taking cost into consideration).



EXPLANATION
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Figure 25.--Piper diagram for lower Connecticut River basin water-quality samples.

Water from well C3W-1 in Croydon, although out-
side of the area of inundation by glacial Lake
Hitchcock, also is predominantly a calcium and bicar-
bonate type. This well was drilled in sediments of a gla-
cial lake smaller than glacial Lake Hitchcock. The
dominance of calcium and bicarbonate in previously
mentioned wells suggests the presence of limestone
or marble, which is found in Vermont in the Waits
River Formation (Doll and others, 1961), north of
this small lake and glacial Lake Hitchcock. Spring
C3S-1 (a spring near well C3W-1), by contrast, has
water containing low concentrations of total dis-
solved solids.

Newport and Sunapee

The Newport wells, NPW-3 and NPW-6, and
NPW-4 and NPW-7, were drilled in pairs. Wells
NPW-3 and NPW-4 are deeper than wells NPW-6
and NPW-7. For example, wells NPW-4 and NPW-7
were drilled adjacent to each other, next to the run-
way at an airport in Newport. The depths of screened
intervals for wells NPW-4 and NPW-7 are 45 to 48 ft
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and 17 to 20 ft, respectively. Wells NPW-3 and NPW-
6 were drilled between the runway and a road and
have a similar design, with screened intervals at
depths of 54 to 57 ft and 17 to 20 ft, respectively. Well
NPW-2 is about 500 ft farther north and is screened
at a depth of 60 to 65 ft. Water from these wells con-
tains similar concentrations of the major constituents
except water from well NPW-6, which has the highest
concentrations of sodium and chloride of all the
water samples analyzed during this study. Ground
water at this well may be contaminated by runway and
road deicing salt. Water from well NPW-7 also con-
tains high concentrations of sodium and chloride,
which could indicate contamination from runway
salting practices. All wells sampled in Newport are
close to one another and are near a municipal-well
site; therefore, analytical results may not be repre-
sentative of the Newport area. Water quality at wells
NPW-3 and NPW-4 is probably representative of
background conditions.

The Sunapee well (SWW-1) was drilled next to a
road and is only 11 ft deep. Sodium and chloride are
the dominant dissolved solids in ground water at this
shallow well, possibly indicating road-salt contamina-
tion.



Acworth and Lempster

Well ACW-1 in Acworth is 59 ft deep and was
drilled in a rural field adjacent to a lumber yard. Al-
though the water in this well has low concentrations
of the major constituents, VOC’s were detected.
Well LJW-3 in Lempster is 30 ft deep and was drilled
less than 100 ft from a road on State highway-depart-
ment property; calcium, sodium, and chloride are the
dominant ions. Water from well ACW-1 is more rep-
resentative of background conditions than water
from well LYW-3.

Westmoreland and Keene

Ground-water samples were collected from two
springs in Westmoreland; water quality differs be-
tween the springs. Spring WKS-4 is the nearest of the
two to the Connecticut River, and the water has
higher concentrations of calcium and bicarbonate
than does the water from spring WKS-3. Water from
spring WKS-4 is similar to the other ground-water
samples collected from the area inundated by glacial
Lake Hitchcock, and has high concentrations of
sodium and chloride. Spring WKS-3 has low con-
centrations of all constituents analyzed for.

Water quality in the samples from the Keene
wells is variable. - Water from wells KEW-45 and
KEW-75, north of the town, contains relatively low
concentrations of major constituents, even though
KEW-45 is 14 ft deep and was drilled next to a State
highway. Wells KEW-42, KEW-44, and KEW-46 are
29 ft, 113 ft, and 22 ft decp, respectively, and also
were drilled next to roads. Water samples from these
three wells have higher concentrations of the major
constituents than do samples from the Keene wells to
the north.

Swanzey and Winchester

Water samples from the Swanzey well (SZW-
145) are chemically similar to samples from the
Keene wells, but with slightly less magnesium and sul-
fate. Water samples from the Swanzey spring and all
Winchester wells and springs (with the exception of
water from well WOW-39, which has slightly elevated
calcium and bicarbonate concentrations) have low
concentrations of all major constituents. The depth
of the Winchester wells ranged from 21 to 70 ft.
Wells WOW-41 and WOW-42 are near a State high-
way.
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Generalizations About Water Quality
in the Study Area

From the above discussion, some generaliza-
tions are made:

1. Water from wells and springs in the glacial
Lake Hitchcock sediments contain high con-
centrations of calcium and bicarbonate and
can be classified as calcium bicarbonate-type
waters.

2. In general, wells drilled close to roads and in
populated areas are vulnerable to con-
tamination from road salt and perhaps other
anthropogenic sources that can raise sodium
and chloride concentrations.

3. Well waters and springs containing the
lowest concentrations of total dissolved
solids are found in the Winchester area, in
the southwestern part of the study area.

4. Volatile organic compounds are found in
ground water in unexpected locations.

Statistical Distribution of Selected
Constituent Concentrations

Selected constituents from the water-quality
data collected are displayed as box plots in figure 26.
Box plots show graphically the median (50 percent),
upper (75 percent) and lower (25 percent) quartiles
of each constituent and any suspect outliers--values
that differ from the rest of the data and are beyond
the upper quartile by more than 3 times the range be-
tween the upper and lower quartiles. The ends of the
box define the range of the middle 50 percent of the
data, or that part of the data between the 25th and
75th percentiles (fig. 26). The median value of the
data (the 50th percentile) is defined by the line across
the box. Whiskers--the lines beyond each end of the
box--show the range of those data that extend 1.5
times the range between the 25th and 75th percen-
tiles. All of the constituents displayed, except for
silica, have at least one outlier (fig. 26).

Regression analyses were performed on the
sodium and chloride concentrations to investigate a
possible link between high concentrations of these
constituents and contamination caused by road salt.
Natural evaporite deposits containing salt are not
found in New Hampshire (Hall, 1975, p. 5). Accord-
ing to Hall, the chloride concentrations in the Con-
necticut River valley during 1918-24 were
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Figure 26.--Box plots for selected constituents.

approximately 1 mg/L (0.028 meq/L). From this in-
formation, the background concentration of chloride
is assumed to be 1 mg/L. If road salt is the source of
elevated sodium and chloride concentrations, a low
correlation (R? approaching zero) between the two
would be expected if chloride concentrations were
less than 1 mg/L, and a high correlation (R® ap-
proaching unity) would be expected if chloride con-
centrations were greater than 1 mg/L. The slope of
the regression equation should be equal to unity
(when the concentrations are in milliequivalents per
liter), signifying a one-to-one ratio between sodium
and chloride. Such a relation is shown in figure 27.
There is a strong correlation between sodium and
chloride (R? = 0.98) if all analyses results are in-
cluded in the regression. Eliminating the three out-
lier data points (the highest chloride concentrations)
would yield an R? of 0.81, suggesting that the three
outliers have an effect on the regression equation.
Because the slope of the regression equation is not
equal to unity, there may be additional anthropogenic
sources of chloride, such as domestic wastes, in the
ground water.

Figures 27 and 28 show the results of regression
analysis performed on all sodium and chloride con-
centrations collected from stratified-drift aquifers in
the lower Connecticut River basin and on all sodium
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and chloride concentrations collected from 1984-89
by the U.S. Geological Survey from stratified-drift
aquifers throughout New Hampshire. A strong cot-
relation between both analyses (R*> = 0.98 for the
lower Connecticut River basin values and R? = 0.94
for the New Hampshire values) suggests that road
salt is a likely source of water-quality problems in
numerous locations across the State.

The probability distributions of sodium,
chloride, pH, and specific conductance in the lower
Connecticut River basin determined by water-quality
analyses were compared with the probability dis-
tributions in the stratified-drift aquifers sampled
throughout New Hampshire (including the lower
Connecticut River basin) determined by water-
quality analyses during 1984-89 by the U.S. Geologi-
cal Survey (figs. 29 and 30). The probability
distributions for sodium, chloride, and specific con-
ductance in the lower Connecticut River basin and in
the State are similar, whereas the median value for
pH in the lower Connecticut River basin is slightly
higher than the pH for the entire State. This can be
attributed to high concentrations of bicarbonate in
the area of inundation of glacial Lake Hitchcock
along the Connecticut River. The similarity in the
probability distributions of these four characteristics
suggests that the water quality of stratified-drift
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aquifers within the lower Connecticut River basin in
New Hampshire is similar to the water quality found
in the same type of aquifers throughout New
Hampshire.

SUMMARY AND CONCLUSIONS

Population growth and economic development
have increased the demand for water and strained the
capacity of some municipal-water systems in the
lower Connecticut River basin of southwestern New
Hampshire. As the need for water increases, the

need for information to ensure optimal use of existing -

sources increases. This report provides
geohydrologic information on stratified-drift
aquifers in the area. The purposes discussed in this
report were (1) to describe geohydrologic charac-
teristics of the stratified-drift aquifers, (2) to present
a technique for assessing aquifer yield, and (3) to as-
sess the quality of ground water in the stratified-drift
aquifers.

Stratified-drift aquifers consist of stratified,
sorted, principally coarse-grained sediments (sands
and gravels) deposited by glacial meltwater at the
time of deglaciation. Interconnected voids or pore
spaces between sediment particles provide space
through which stored ground water can flow. Char-
acteristics of the sediments that affect ground-water
storage and flow are related to the original
glaciofluvial environment in which they were
deposited.

The various types of stratified-drift deposits
found in the study area formed during retreat of the
glacial ice front. Deltas and other lake deposits
formed in glacial lakes, primarily along the Connec-
ticut and Ashuelot River valleys in the western part
of the study area and in the area around Keene. Es-
kers, kames, kame terraces, and outwash deposits
formed during deglaciation in the upland valleys,
away from the glacial lakes. Coarse-grained
stratified drift deposited in contact with glacial ice
tend to have larger pore spaces and a greater capacity
to store and transmit water than do other types of
deposits.

The geohydrology of the stratified-drift aquifers
was investigated by focusing on basic aquifer proper-
ties including aquifer boundaries, recharge, dis-
charge, and direction of ground-water flow, aquifer
thickness and storage, and aquifer transmissivity.

Aquifer boundaries were delineated from maps
of surficial geology. An important source of informa-
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