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Datums

Vertical coordinate information, mean sea level (msl), is referenced to the National Geodetic
Vertical Datum of 1929 (NGVD 29).

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

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

Supplemental Information

Concentrations of chemical constituents in water are given in parts per hillion, which are
equivalent to micrograms per liter (pg/L).

Two statistical means were used to compare the difference between observed and
model-computed heads (residuals). An absolute mean was used to examine the total error
inherent in the simulation, and a standard mean (called mean) was used to show the fit of the
simulation. Absolute mean head difference is calculated from the summation of the absolute
head difference divided by number of comparisons. A standard mean head difference indicates
whether the model-computed heads are, on the average, greater than measured heads
(negative difference or residual) or less than measured heads (positive difference or residual).

Random error in the simulation, even if large, could result in a standard mean that is near zero
if an equal distribution of positive and negative residuals exists; however, the absolute mean
difference tends to reflect random error.

Residuals are weighted to allow a meaningful comparison of measurements with different units
(weighted residuals are dimensionless) and to reduce the influence of measurements with large
errors or uncertainty.
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Numerical Modeling of Groundwater Flow in the
Crystalline-Rock Aquifer in the Vicinity of the Savage
Municipal Water-Supply Well Superfund Site, Milford,

New Hampshire
By Philip T. Harte

Abstract

In 2010, tetrachloroethylene (PCE), a chlorinated volatile
organic compound, was detected in groundwater from deep
(more than 300 feet below land surface) fractures in moni-
toring wells tapping a crystalline-rock aquifer. The aquifer
underlies the Milford-Souhegan glacial-drift aquifer, a high
water-producing aquifer, and the Savage Municipal Water-
Supply Well Superfund site in Milford, New Hampshire.
Between 30 and 40 residential water-supply wells are near
(0.25 mile north of) the PCE-contaminated monitoring wells.
Some of the residential water-supply wells are likely installed
in similar rock types and formations as those of the monitor-
ing wells installed as part of the Superfund site. As of 2020,
periodic sampling by the U.S. Environmental Protection
Agency and New Hampshire Department of Environmental
Services (cooperative partners for this study) since 1996 had
not detected PCE in groundwater from the residential water-
supply wells. Nevertheless, understanding the vulnerability
of the residential water wells to capture PCE contaminated
groundwater was of concern.

A numerical groundwater flow model was developed by
the U.S. Geological Survey to assess groundwater flow and
advective transport of PCE-contaminated groundwater in the
crystalline-rock aquifer of the Milford area. The model (called
the area-wide model) encompasses a 26.5-square mile area
to allow for more accurate computation of water fluxes near
the PCE-contaminated monitoring wells and the residential
water wells. Simulations with the area-wide model show
that, with the 2016 configuration of residential wells, capture
of PCE by the residential water wells appears unlikely for
hydrologic conditions typical of 2010 based on steady-state,
advective transport modeling. However, simulations also
show that adding residential water wells to the north of the
PCE-contaminated monitoring wells could affect the transport
of PCE. Groundwater withdrawals at other adjacent wells in
the overlying Milford-Souhegan glacial-drift aquifer affect
advective transport in the crystalline-rock aquifer. Therefore,
the potential for future changes in withdrawals in the area, as

well as changes in hydrologic conditions, including ground-
water recharge and streamflow amounts, should be considered
in the remedial assessment process. The development of the
area-wide model and linkages established by this study with
previously developed Milford-Souhegan glacial-drift aquifer
transport models will help facilitate the development of reme-
dial strategies for this Superfund site.

Introduction

High concentrations (more than 3,000 parts per billion
[ppb]) of tetrachloroethylene [PCE]), a chlorinated volatile
organic compound, were detected in groundwater in 2010
from deep (more than 300 feet [ft] below land surface [bls])
fractures in monitoring wells tapping a crystalline-rock aqui-
fer beneath operable unit 1 (OU1) of the Savage Municipal
Water-Supply Well Superfund site in Milford, New Hampshire
(Weston Solutions, Inc., 2010). Operable units define reme-
dial areas of contaminant concern. The areal extent of PCE
concentrations in the bedrock that are more than 1,000 ppb,
as reported in Weston Solutions, Inc. (2010), is generally
confined to areas south of the Souhegan River (fig. 1). PCE
contamination previously was detected in the overlying glacial
sand and gravel deposits and basal till, hereafter referred to as
the Milford-Souhegan glacial drift (MSGD) aquifer, as early
as 1983 (Harte, 2004, 2006). The primary original source of
contamination for OU1 has been identified as a former O.K.
Tool Co., Inc., manufacturing facility (HMM Associates, Inc.,
1991; Weston Solutions, Inc., 2010).

Thirty to 40 residential water-supply wells are in close
proximity (approximately 0.25 mile north) from the PCE-
contaminated monitoring wells and the area delineated with
bedrock PCE concentrations more than 1,000 ppb (fig. 1).
Residential water-supply wells are likely installed in similar
rocks (granite and gneiss) as the monitoring wells as inter-
preted by overlaying well locations with formations mapped
on the New Hampshire State geologic map (fig. 1; Bennett and
others, 2006). More residential water wells were constructed
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Figure 1. Map showing the locations of selected monitoring wells and bedrock residential water-supply wells near the Savage
Municipal Water-Supply Well Superfund site, Milford, New Hampshire. 0U1 is the primary source area of tetrachloroethylene (PCE),
and 0U2 is the extended plume area of PCE. PCE was detected in well BR-3; no PCE was detected in well BR-4. ft, feet; msl, mean sea
level; ppb, parts per billion; >, greater than; <, less than.



EXPLANATION

Bedrock geology
Spaulding tonalite
Milford gneiss complex
Milford granite
= Fault

o= QU1 barrier wall

Line of equal concentration for 1,000-pph
of PCE in bedrock

~~__ Drainage ditch

-

Residential well, in bedrock
. Sampled by Harte (2013)

o Previously sampled
Monitoring well, in bedrock

(@) Shallow—Depth <200 ft

(o) Deep—Depth >200 ft

@ Milford Fish Hatchery withdrawal (extraction) well,

FH-5 in unconsolidated aquifer, and identifier
Remedial well, in unconsolidated
aquifer, and identifier (where numbered)
o 0UT well
o 0U2 well—E indicates extraction and | indicates
0U2-1W-1 injection well

Figure 1.—Continued

in the early 1990s. After the discovery of PCE contamination
in groundwater from deep fractures in 2010, an investigation
began in that same year by the U.S. Environmental Protection
Agency (EPA) and the New Hampshire Department of
Environmental Services (NHDES) to assess the potential for
PCE transport from known contaminant locations to the resi-
dential water wells. The U.S. Geological Survey (USGS) and
the EPA entered into an interagency agreement in 2011 and a
cooperative agreement with the NHDES in 2012 to help assess
PCE transport in the crystalline-rock aquifer from known PCE
concentration areas.

Periodic sampling by the EPA and the NHDES from
1996 to 2020 had not detected PCE in groundwater from the
residential water-supply wells. However, part of assessing the
potential for PCE transport involves understanding the move-
ment of groundwater in the crystalline-rock aquifer. One of the
tools for understanding movement of groundwater, particularly
in complex, highly heterogeneous crystalline-rock aquifers, is
numerical modeling of groundwater flow (Harte and Winter,
1995; Tiedeman and others, 1997; Mack, 2009). This report
describes the development of a numerical groundwater-flow
model and summarizes findings from simulations of flow in

Introduction 3

the crystalline-rock aquifer of the Milford area. The model is
called the area-wide model (fig. 2) because it encompasses a
relatively large area (26.5 square miles). By having the model
cover a large area, distal water fluxes that contribute flow

to the residential water-supply wells and the area shown in
figure 1 can be more accurately computed. According to Reilly
and Harbaugh (2004), “The extent of the model is expanded
outward from the area of concern both vertically and hori-
zontally so that the physical extent coincides with physical
features of the groundwater system that can be represented as
boundaries.” Furthermore, fluxes computed by the area-wide
model can be used as input to existing models for the area of
interest to improve simulations and better account for flow
into and out of the bedrock. For this report, the area of interest
refers to the areal extent shown in figure 1, whereas the model
area refers to the larger area covered by the area-wide model.

Hydrogeology

The glaciated northeastern United States in areas under-
lain by crystalline rock is characterized by generally shallow
depths to water (less than 30 ft bls) because the bulk perme-
ability of the bedrock is low and recharge is relatively high
(Harte and Winter, 1995). Bedrock exposures are few. A
mantle of glacial till or recent alluvium overlying the bedrock
in the uplands and stratified-drift deposits commonly overly
the bedrock in the valleys. Flow is primarily through fractures
that were created by a combination of cooling, uplift, and
structural deformity. Nonfractured rock blocks have low (less
than 5 percent) primary porosity (Zhou and others, 2007).
Flow is often proportionally greater at shallower depths (less
than 300 ft bls) than flow at deeper depths in the bedrock;
although highly transmissive fractures at deep depths have
been intercepted by wells. Nevertheless, the transmissivity
of the bedrock is typically several orders of magnitude less
than the overlying unconsolidated sediments. Transmissivities
of crystalline-rock aquifers are typically less than 1,000
feet squared per day (Tiedeman and others, 1997), whereas
transmissivities between 2,500 and 50,000 feet squared per
day have been measured for the stratified-drift aquifers of the
northeast (Randall, 2001).

Surface water and groundwater interactions are an impor-
tant part of the groundwater system in the glaciated northeast-
ern United States. Surface water recharges the groundwater
where upland streams cross permeable deposits in the valleys.
Surface water also can recharge the groundwater where there
are large changes in the bulk permeability of an aquifer in val-
leys (Harte and Kiah, 2009). Groundwater discharges to sur-
face water in uplands and valleys, but particularly in valleys.

In rural areas of the northeast, residential water-supply
wells and monitoring wells open to the crystalline-rock aquifer
intersect multiple fractures over the open interval of the well
(open borehole). Groundwater, therefore, mixes in the bore-
hole from the contribution of groundwater flow from multiple
fractures (Harte, 2013).
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In the model area, most of the uplands above altitudes of
more than 330 ft mean sea level (msl) surrounding OU1 are
served by residential wells set in the crystalline-rock aquifer
(fig. 2). Most residential wells outside the MSGD aquifer are
in the uplands. Yields of residential water wells range from
0.13 to 150 gallons per minute (gal/min) with an average of
approximately 13 gal/min (New Hampshire Department of
Environmental Services, written commun., 2011). The median
well depth for residential water wells is 400 ft bls (an average
of 421 ft bls). Most monitoring wells in OU1 are drilled to
similar depths.

The crystalline-rock aquifer that underlies the model area
consists of tonalite, granite, and gneiss (figs. 1 and 2; Bennett
and others, 2006). Some metapelite strings are present in the
uplands. Burton and Harte (2013) mapped the metapelite
strings in the uplands coincident with a schist unit. Tonalite is
mapped to the west and lies within the higher terrain. Tonalite
is separated from the granite and gneiss to the east in the
Milford-Souhegan River Valley (Bennett and others, 2006;
Burton and Harte, 2013) by the Campbell Hill Fault (figs. 1
and 2). The fault appears to be primarily a normal fault that
also may have a strike slip component (Burton and Harte,
2013). The position of the Campbell Hill fault is shown in
Burton and Harte (2013) approximately 900 ft to the east of
that shown in Bennett and others (2006) and in figure 1.

Fractures are predominantly northeast striking and
steeply inclined (more than 45 degrees [°]; Weston Solutions,
Inc., 2012; Burton and Harte, 2013) and dip to the northwest.
The placement of the area of interest on the western limb of
the Massabesic anticlinorium is likely a major factor in the
number of foliation features and fractures that dip to the north-
west (Burton and Harte, 2013). Water-yielding fractures gener-
ally occur every 30 to 80 ft in a borehole; fractures, whether
water bearing, low permeability, or unconnected, occur every
5 to 10 ft. Although some wells drilled 500 to 600 ft into bed-
rock have negligible water-bearing yield.

Lineaments are linear features seen on the surface of the
Earth with remotely sensed imagery. Lineaments are poten-
tially related to structural features and high-water yielding
zones within the bedrock (Mabee and Hardcastle, 1997).
Lineaments were mapped in the area coincident with the
area-wide model by Clark and others (1997). For the nearby
Pinardville quadrangle (fig. 2), Moore and others (2002)
documented statistical differences in well yield (higher)
with wells along lineaments that coincide with the regional
fracture directions observed at outcrops (primarily trending
north-northeast).

The hydraulic conductivity of the rock is inferred
from residential water well yields reported from driller logs
because of widespread availability of driller logs in the State.
Moore and others (2002) documented relatively high well
yields associated with tonalite rocks in the USGS 7.5-minute
Pinardville quadrangle directly to the northeast of the model
area. They also determined tonalite rocks statewide had rela-
tively high yields. Tonalite rocks extend from the Pinardville

to the Milford quadrangle (fig. 2). The model area comprises
the northern one-half of the Milford quadrangle. Wells in the
gneiss rocks tended to have low yields.

Well yields normalized by the open borehole length of
the well are shown in figure 2. Normalizing yields per open
length provide insight into the bulk, nondirectional, hydraulic
conductivity of the rock. Although not shown, lineaments do
not appear to play a factor in well yield and by association
the hydraulic conductivity of the rock except for the linea-
ments mapped coincident with the Campbell Hill Fault. The
residential water wells north of OU1 appear to have a higher
bulk hydraulic conductivity than other wells. These wells are
proximal to the Campbell Hill fault and the contact between
upland tonalite and valley granite and gneiss.

Harte (2013) sampled several residential wells near OU1
for chemical and isotopic analysis (fig. 1). These residential
well data were used to infer the degree of mixing in bore-
holes and the origin of groundwater recharging the wells.
Residential water well water was determined to have char-
acteristics of being derived from short and long flow path
lengths (Harte, 2013). Long flow paths were hypothesized as
potentially being able to transport PCE given the distances of
residential water wells from contamination areas. However,
several of the wells with water characterized as originating
from long flow paths were adjacent to the hillside where it
was more likely that flow paths came from the western hill-
sides rather than from PCE-contaminated areas to the south
and east.

The surficial aquifer of the Milford quadrangle, which
covers the entire model area, was mapped by Koteff (1970).
The Milford-Souhegan River Valley is directly underlain
by alluvium and glacially derived sand and gravel that in
turn overlie thin, discontinuous glacial till mantling bedrock
(Harte, 2010). The sand and gravel and till units are discontin-
uous, but one of the two is generally present because bedrock
exposure is limited. The highly permeable sand and gravel
ranges from 50 to 130 ft in thickness and constitutes most of
the MSGD aquifer (Harte and Mack, 1992; Harte, 2010). The
horizontal hydraulic conductivity of the most permeable units
was simulated at 450 feet per day (ft/d) in the MSGD aquifer
model by Harte and others (1999). North and south of the
Milford-Souhegan River Valley, the landscape is dominated by
abundant glacial deposits, including till and glacial outwash,
with relatively sparse bedrock outcrops (Koteff, 1970). The
till has a hydraulic conductivity typically less than 10 ft/d
(Harte, 2010).

Remedial Systems

The unconsolidated sediments of the MSGD aquifer have
been undergoing cleanup by a pump and treat method to help
contain and capture the dissolved PCE plume that is associ-
ated with the Savage Municipal Water-Supply Well Superfund
site. Pump and treat cleanup started in 1999 in OUI and in
2004 in OU2 (Gradient Corp., 2011). In addition to the OU1
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per foot of well opening for the area-wide model in the vicinity of the Savage Municipal Water-Supply Well Superfund site, Milford,
New Hampshire. MSGD, Milford-Souhegan glacial-drift.
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pump and treat system, a low permeability, slurry barrier wall
encircles areas of potential PCE source areas in the form of
dense nonaqueous phase liquids or sorbed contaminated sedi-
ments. The barrier wall was installed in late 1998 and sits atop
the bedrock or is keyed several feet into the till. The location
of the barrier wall, OU1 pumping and injection points where
treated effluent is injected back into the aquifer, and selected
OU2 pumping and injection wells are shown in figure 1.

Previous and Current Numerical Modeling
Investigations

Several numerical models of flow and transport have
been constructed for the unconsolidated sediments of the
MSGD aquifer (table 1). However, previous models did not
explicitly simulate the underlying crystalline-rock aquifer.
Previous models constructed for the Milford-Souhegan River
Valley included Harte and Mack (1992) and for the western
one-half of the valley that focused on the Savage Municipal
Water-Supply Well Superfund site previous models included
Harte and others (1999). The areal extent of previous mod-
els and the area-wide model of flow are shown in figure 3.
All models use some form of the USGS three-dimensional
finite-difference groundwater-flow model (MODFLOW;
U.S. Geological Survey, 2014).

The areal extent of models is informed by the model-
ing objectives of a study. For previous models, simulations
focused on the MSGD aquifer and the PCE plume contained
therein; the areal and vertical extents were limited to the
unconsolidated sediments in the Milford Souhegan River
Valley (fig. 3; table 1). With the discovery of PCE in deep
fractures in the underlying crystalline-rock aquifer, the need to
understand and quantify flow and transport in the crystalline-
rock aquifer became crucial in the assessment of strategies
for remediation. The area-wide model simulates flow in the
crystalline-rock aquifer and covers a much larger area than
previous models with the goal of improving the computation
of groundwater flow from distal locations to the residential
water wells and the area shown in figure 1. The model is also
aligned with the primary fracture strike direction as mapped
by Burton and Harte (2013).

Model Construction

A finite-difference numerical groundwater flow model
was constructed using the USGS MODFLOW-2005 (ver-
sion 1.10) platform. All model input and output files, from
simulations discussed in this report, are available in Harte and
Watt (2021).

For this model (figs. 2 and 3), the aquifer layers option of
MODFLOW-2005 (Harbaugh, 2005) was used to specify cell
hydraulic properties. The harmonic mean method was used to
specify interblock conductances between cells. Three hydro-
geologic units were simulated with eight model layers: the

sand and gravel unit (stratified drift and recent alluvium; layer
1), the glacial till (layer 2), and the underlying crystalline-rock
aquifer (layers 3 through 8). The crystalline-rock aquifer was
simulated as an equivalent porous medium in as much as the
bulk flow in the rock was simulated by approximating trends
in the distribution of fracture permeability and flow. The

sand and gravel and the till units are discontinuously simu-
lated, but typically one of the two is present because bedrock
exposure is limited. The crystalline-rock aquifer is simulated
as contiguous.

All model layers are simulated with the confined option
of MODFLOW-2005 (specified thickness approximation;
Sheets and others, 2015) to avoid simulating dewatering of
cells in the upland areas (more than 330 ft land surface).
Specifying model layers as confined introduces some inac-
curacy but allows for a quicker model solution. Inaccuracies
result from the inability of cells to be partially saturated.
Partial saturation occurs under unconfined conditions.
Therefore, the bulk transmissivity of cells in the area-wide
model is not saturation dependent. The error is inconsequential
for cells in the lowermost layers but introduces various levels
of inaccuracy for the uppermost active cells. Inaccuracy is
roughly proportional to the ratio of the unsaturated to saturated
thickness multiplied by the total thickness of the cell; further
detail on potential errors can be found in Sheets and others
(2015). Some thin till cells appeared in the simulations as
numerically dewatered.

Simulated Units and Hydraulic Properties

Simulated units include the glacial stratified-drift deposits
(termed sand and gravel in this report), glacial till, and the
underlying bedrock. The areal extent of the sand and gravel
unit was restricted to land surface altitudes less than 330 ft
to match general patterns observed by Koteff (1970) in the
Milford-Souhegan River Valley. The areal extent of the till
was primarily continuous. The areal extent of the bedrock was
simulated as continuous throughout the active model area.
Some sand and gravel units have been mapped by Toppin
(1987) in adjacent river valleys above altitudes of 330 ft;
however, these units are not simulated in the area-wide model
because they are assumed to have negligible effect on flow in
the area of interest (fig. 1).

Each hydrogeologic unit (sand and gravel, till, and
bedrock) was assigned unique hydraulic properties. Simulated
hydraulic properties included hydraulic conductivity (horizon-
tal and vertical hydraulic conductivity), storage coefficient for
transient simulations, and porosity for simulations of advec-
tive transport.

The hydrogeologic units (sand and gravel and till) ini-
tially were specified as horizontally homogeneous. However,
during the calibration process and to better replicate previ-
ously published models of the MSGD, spatial heterogeneity
was introduced into the sand and gravel unit. The horizontal
hydraulic conductivity (k;)of the sand and gravel unit typically
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Table 1. Groundwater flow models for the Milford area, Savage Municipal Water-Supply Well Superfund site, Milford, New Hampshire.

[Model extents shown in figure 3. MODFLOW-88 is from McDonald and Harbaugh (1988); MODFLOW-96 is from Harbaugh and McDonald (1996); MOC3D
is from Konikow and others (1996); MODFLOW-GWT is from Heberton and others (2000) and U.S. Geological Survey (2011); MT3D is from Zheng (1990);
MT3D99 is from Zheng and Wang (1999) and Zheng and others (2001); MODFLOW-2005 is from Harbaugh (2005). OU, operable unit; PCE, tetrachloroeth-
ylene; MODFLOW, modular three-dimensional finite-difference groundwater flow model; MODFLOW-GWT, groundwater transport module of MODFLOW;
MOC3D and MT3D99, three-dimensional method-of-characteristics groundwater flow and solute transport models; MT3D, modular three-dimensional ground-
water solute transport model; NA, not applicable]

Simulated hydrogeologic

Model report Areal extent units Primary objective Model code
Harte and Mack Milford-Souhegan River valley Milford-Souhegan glacial Delineation of capture =~ MODFLOW-88
(1992) drift aquifer zones for the Savage
and Keyes wells
Harte and others Western half of the Milford-Souhegan Western half of Milford- Calibration of ground- MODFLOW-88
(1999) River valley covering the Savage Souhegan glacial drift water flow model
Municipal Water-Supply Well aquifer and simulation of
Superfund site advective transport
of the OU1-OU2
PCE plume
Harte (2004) Western half of the Milford-Souhegan NA Simulation of solute MODFLOW-96,
River valley covering the Savage transport for the MOC3D,
Municipal Water-Supply Well OU1-0OU2 PCE MODFLOW-
Superfund site plume GWT
U.S. Environmental Derivative of the Harte and others NA Simulation of remedial MODFLOW-96 and
Protection (1999) and Harte (2004) models; options for the PCE MT3D
Agency (2002) simulated western half of the plume and OU2 part
Milford-Souhegan River valley of the Savage site
covering the Savage Municipal
Water-Supply Well Superfund site
Gradient Corp. Derivative of the U.S. Environmental NA Simulation of remedial MODFLOW-96 and
(2002) Protection Agency (2002) model; options for the PCE MT3D99
simulated western half of the plume and OU2 part
Milford-Souhegan River valley of the Savage site
covering the Savage Municipal
Water-Supply Well Superfund site
Harte (2012) Western half of the Milford-Souhegan NA Simulation of selected = MODFLOW-96,
River valley covering the Savage remedial operations MOC3D,
Municipal Water-Supply Well for the PCE plume MODFLOW-
Superfund site and OU1-OU2 part GWT

Area-wide model
(this report)

Northern quarter of the Milford quad-
rangle (U.S. Geological Survey,
1:24,000)

Bedrock units of Milford
quadrangle, Milford-
Souhegan glacial drift

aquifer and surrounding
unconsolidated sediments

of the Savage site

Simulation of flow in
the crystalline-rock
aquifer for the sur-
rounding area

MODFLOW-2005
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was set at least one order of magnitude greater than that of
the till, following regional and local hydraulic information on
stratified drift deposits and tills (Toppin, 1987; Melvin and
others, 1992; Harte, 2010). The k;, of the till was initially set
at 3 ft/d, similar to kj, rates for the till in previously published
MSGD aquifer models. The k;, of the bedrock was initially
set at one order of magnitude less than the till (0.3 ft/d) and
initially specified as horizontally homogeneous. Similar to the
sand and gravel unit, spatial heterogeneity was incorporated
into the bedrock during the calibration process for selected
simulations. This spatial heterogeneity was introduced into
model layers of the bedrock by incorporating k, values calcu-
lated from hydraulic testing with straddle packers of bedrock
fractures detected with borehole geophysical logging (Weston
Solutions, Inc., 2012). The k, of the bedrock was assigned
to appropriate model layers based on vertical positioning.
Between bedrock wells, the assigned k; was interpolated by
using a point inverse distance algorithm (Winston, 2009).
Bedrock k,, also was adjusted based on rock type (Bennett and
others, 2006) and the Campbell Hill Fault location (Burton and
Harte, 2013). Bedrock k,, was not adjusted based on mapped
lineaments (Clark and others, 1997) because of the lack of
observable trends between lineament locations and well yield
for the Milford area, excluding lineament features associated
with the Campbell Hill Fault.

The vertical hydraulic conductivity (k,) of the sand
and gravel was set at 0.10 to 0.25 of the k;, respectively, to
account for layered units found in the MSGD aquifer (Harte,
2010). The k, for the till was set the same as the k;, of the
till. The k, for the bedrock layers was initially set equal to
k,. Many of the water-bearing fractures are steeply inclined
(more than 45° slope), which facilitates vertical flow (Weston
Solutions, Inc. 2012). During calibration, the k, of the bed-
rock was increased to a multiple of the k;, to better simulate
inclined fractures.

Simulated Conditions

A long-term average annual preremediation (before
the barrier wall and remedial system were installed in OU1)
period (pre-1998) was simulated under steady-state conditions
(long-term mean simulation). A quasiequilibrium simulated
period, which represents the time before an aquifer test (before
December 6, 2010) but postremediation (after the barrier wall
and remedial system were installed in OU1) period, was simu-
lated also under steady-state conditions (early December 2010
simulation). Finally, a short-term dynamic period representing
an aquifer test that was completed during December 6 and 9,
2010, when pumping of well BR—6 (fig. 1) occurred was simu-
lated under transient conditions (short-pump test simulation).
Results from the December 2010 simulations were used as the
initial conditions for the short-pump test simulations.
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Discretization

The model boundaries and subsequently discretization
is aligned with the principal strike and dip direction of the
fractured rock. Model columns are parallel to strike and rows
parallel to dip direction. The horizontal grid spacing in the
model ranges from 110 to 220 ft in the row direction and 73 to
220 ft in the column direction (fig. 4). The smaller cell sizes
cover the area of interest (fig. 1). The total number of cells
per layer is 36,966 (202 rows by 183 columns), which totals
295,728 cells (8 layers) for the model.

The model was constructed with eight model layers
(fig. 5). The sand and gravel unit is assigned to layer 1 at
altitudes less than 330 ft. The thickness of the sand and gravel
unit varies from discontinuous (zero) to more than 100 ft. The
till unit is assigned to layers 1 and 2 at altitudes equal to and
greater than 330 ft. The thickness of the till unit typically var-
ies from 1 to 3 ft in the valley. In some river valleys, the till is
actually absent; for those areas in the model the till is specified
as a thin layer (less than 1 ft) to avoid creating a discontinuity
in simulated layers. Specifying a thin till layer has little effect
on the vertical flow between the sand and gravel unit and the
bedrock because flow is primarily controlled by the hydraulic
properties of the upper bedrock. No adjustment of hydraulic
properties of the till was specified for this condition besides
specifying a thin layer.

The underlying bedrock is assigned to the bottom six
layers. The thickness of the uppermost bedrock layer (model
layer 3) is 30 ft, which represents the maximum length of well
casing penetrating the bedrock; typically, casing is 20 ft long.
The well casing is impermeable, and no residential water-
supply wells are simulated as open to layer 3. Bedrock layers
2 through 5 (model layers 4 through 7) are 100 ft thick. The
lowermost bedrock layer (model layer 8) is 200 ft thick. The
maximum simulated thickness is approximately 800 ft.

Hydrologic Boundaries

The area of the model is larger than the area of interest
so that all lateral model boundaries should have a negligible
effect on groundwater flow in the area of interest (fig. 1).

The capture zones (zones contributing flow) of the residen-
tial water-supply wells to the north of OUT1 likely extend to
the west, into the uplands. The ability to delineate capture
zones would be adversely affected if capture zones intersect
inaccurately assigned lateral boundaries, such as a no-flow
boundary where appreciable flow might occur. If affected by
model lateral boundaries, capture zones might inaccurately
extend farther to the south increasing the likelihood of captur-
ing PCE-contaminated groundwater. Therefore, extending

the model allows for an improved assessment of the potential
capture of PCE-contaminated groundwater by the residential
water-supply wells. Risk susceptibility based on potential cap-
ture of contaminated groundwater by residential water wells
can further inform decision makers on the appropriateness of
certain remedies in reducing risk.
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The upper boundary of the model is a specified-flux
condition to simulate areal recharge. The lowermost boundary
is considered a no-flow boundary based on the hypothesis that
open, hydraulically active fractures below this depth are less
frequent than above this depth and that these deep fractures
do not contribute appreciable flow to the simulated flow
system. In addition, the model assumes that no appreciable
deep underflow from outside the simulated area discharges
or interacts with flow in the model area. The model edges are
also no-flow boundaries except for the southeastern corner of
the model, which is a head-dependent flux boundary for all
model layers (fig. 4). Most model edges are aligned with local
topographic highs where it is hypothesized that the underlying
water table is high, forming a divide, and a subdued reflection
of the topography because of the low bulk permeability of the
bedrock (Harte and Winter, 1995). For the southeast corner
edge boundary, specifying all layers as a head-dependent flux
boundary promotes lateral groundwater flow and reduces
upward discharge from the bedrock to the overlying uncon-
solidated sediments in that area. The actively simulated area
along the southeastern part of the model boundary coincides
with drainages that flow into the Milford-Souhegan River
Valley and adjacent river valleys to the south, therefore some
lateral flow is accounted for in the model.

Streams are a hydraulic boundary. Perennial streams
were simulated with the River package of MODFLOW-2005
(Harbaugh, 2005). Digital stream coverages were obtained
from NH Granit (2012) databases. Stream stage, streambed
altitude (determined from water depth), and conductance
(channel width, length, bed thickness, and hydraulic conduc-
tivity of bed material) were assigned based on previously
collected data (Harte and others, 1997). In general, streams

above an altitude of 330 ft were assigned narrow channels

(5 ft across), shallow depth of water (less than 2 ft), and thin
streambeds (1 ft thick). Conversely, streams below an alti-
tude of 330 ft were assigned wide channels (as much as 60 ft
across), greater depths of water (as much as 4 ft), and thick
streambeds (3 ft thick). The hydraulic conductivity of the
streambed was set at 3 ft/d in most areas based on work by
Harte and others (1999).

Recharge and Groundwater Withdrawals

Areal recharge from precipitation and snowmelt was
specified based on altitude. Where the land surface altitude
was more than 330 ft, recharge was initially set at 0.5 foot
per year (ft/yr). Where the land altitude was less than or
equal to 330 ft, recharge was initially set at 2 ft/yr. Rates of
recharge match published rates from Harte and Winter (1995)
for upland areas and Harte and others (1999) for valleys.
Recharge rates were allowed to vary during calibration for
long-term mean annual and December 2010 simulations but
were constrained in that the valley recharge was at least three
times that of the uplands. For short-pump test simulations,
recharge was applied during the first stress period (steady-
state) but not applied during the subsequent transient stress
periods to match the dry weather conditions immediately
before and during the aquifer test.

Groundwater withdrawals varied based on the period of
the simulation (table 2). For long-term mean annual simula-
tion, groundwater withdrawals were simulated from residential
water-supply wells drilled into the bedrock, withdrawals from
wells at the New Hampshire Fish and Game Department’s
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Table 2. Groundwater withdrawals from simulations of the area-wide model, Savage Municipal Water-Supply Well Superfund site,

Milford, New Hampshire.

[Positive values indicate extraction; negative values indicate injection. gal/min, gallon per minute; OU, operable unit]

Long-term mean annual
steady- state simulation

Steady state simulation
of early December 2010  test of bedrock well BR-6 for

Transient short-term pump

Well (pre-1998) conditions, in gal/ conditions, December 2010 conditions, in
min in gal/min gal/min
Milford Fish Hatchery well FH—4 1,160 1,160 1,160
Milford Fish Hatchery well FH-5 730 730 730
Other commercial well (MI-88) 170 0 0
Private fish hatchery well 50 0 0
Residential water-supply wells! 0.2 0.2 0.2
OUI-IWIA 0 11 11
OUI-IW2A 0 5 5
OUI-EW1 0 39 39
OUI-GALLERY 0 -55 =55
BR-6! 0 0 9
OU2-EW1 0 0 0
OU2-EW2 0 125 125
OU2-EW3 0 100 100
OU2-1W1 0 70 70
OuU2-1W2 0 70 70
OU2-1W3 0 70 70

"Bedrock well.

Milford Fish Hatchery at Milford, N.H., and withdrawals
from several other commercial wells. Rates of withdraw-

als were specified from New Hampshire water use reports
(New Hampshire Department of Environmental Services,
undated; Genevieve Al-Egaily, New Hampshire Department of
Environmental Services, written commun., August 2, 2010),
for commercial wells or estimated from typical per capita
water use amounts for residential water-supply wells (Carolyn
Hayek, U.S. Geological Survey, written commun., 2009).

For the December 2010 simulations, additional groundwater
withdrawals were specified to simulate the operation of reme-
dial wells. For the short-pump test simulations, an additional
groundwater withdrawal was specified for several days to
simulate an aquifer test at well BR—6 inside the OU1 barrier.
The short-pump test simulation uses the starting heads from
the December 2010 simulation.

The average withdrawal for a residential water-supply
well is low (0.2 gal/min; New Hampshire Department of
Environmental Services, written commun., 2011). Each
residential water well was simulated in all model simulations
(table 2). Withdrawal rates represent an average of the cyclical
nature of residential water use. There are 2,220 residential
water wells that have a combined withdrawal of 444 gal/min;
the effect of residential withdrawals is dispersed over a large
area. Returned flows from septic systems were not included
but considered within the margin of error in estimated with-
drawals and indirectly simulated by the recharge parameter in

layer 1 of the model. Groundwater is withdrawn from layers
coincident with the open interval of the well as reported in
well reports. Most residential water-supply wells are open to
bedrock layers 2 and 3 (model layers 4 and 5).

Low-Permeability Barrier

A low-permeability barrier constructed of bentonite clay
penetrates the full thickness of the sand and gravel unit and
partially to fully penetrates the till in OU1 (Harte, 2006).
Where the barrier fully penetrates the till, it sits atop the
bedrock. In some places, the barrier depth exceeds 100 ft from
land surface. The barrier encircles an area of 169,506 square
feet (fig. 1).

The barrier was installed in 1998 and is specified in
December 2010 and short-pump test simulations. The model
simulates the barrier with the Horizontal Flow Barrier pack-
age of MODFLOW-2005 (Hsieh and Freckleton, 1993).

The k;, of the barrier was set at comparable values (0.071 to
0.000046 ft/d) as that simulated in the MSGD aquifer models
(Harte, 2006). The thickness of the barrier was set at 3 ft in the
sand and gravel unit (model layer 1) and at 1 ft in the till unit
(model layer 2) to approximate partial penetration of the bar-
rier into the till at some locations. During calibration, model-
computed head gradients inside the barrier were compared
with observed head gradients to ensure reasonable rates of
simulated flow across the barrier.



Solution of Model

During convergence, some cells that represent thin till
layers (less than 2 ft thick) numerically dewatered and dried
up prematurely, causing the cells to go inactive. Typically, this
occurred on less than 100 cells or 0.03 percent of model cells.
Where the cells numerically dewatered, heads and flows in
adjacent cells were checked to ensure reasonable solutions and
that the premature dewatering did not cause pervasive model
error; none were observed. Additionally, numerical water
budgets (volumetric inflows and outflows) were balanced to
zero, indicating that a good overall numerical solution was
achieved.

The Geometric Multigrid Solver package of
MODFLOW-2005 (Wilson and Naff, 2004) was used to solve
the finite-difference equations for the MODFLOW model.

The Geometric Multigrid Solver package was determined

to be a more robust solver for the automated sensitivity and
parameter estimation routines invoked for this study than other
solvers, such as the Preconditioned Conjugate Gradient solver
(Hill, 1990).

Parameterization

Selected model input was grouped into param-
eters (table 3) to facilitate model calibration and analysis.
Parameterization helps facilitate model calibration, sensitivity
analysis, and parameter estimation (Poeter and others, 2005).

Model Limitations

The spatial heterogeneity of the unconsolidated sedi-
ments (sand and gravel and till units) is oversimplified in
the area-wide model because only two layers are used to
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simulate the unconsolidated sediments. Previous models of
the MSGD aquifer have used multiple hydraulic conductivity
zones and multiple layers to simulate the sand and gravel unit
(Harte, 2012). The area-wide model improves on our ability
to assess fluxes and potential transport (vertical flow) between
the unconsolidated sediments and the underlying bedrock.
However, because of the finer vertical discretization in the
unconsolidated sediments for the previous MSGD aquifer
models and the ability to simulate flow in the bedrock with the
area-wide model, simulation of flow and transport within the
MSGD aquifer should consider the use of dual simulations and
the use of previously developed models of the site in addition
to the new area-wide model (table 1).

Hydraulic boundaries by the southeastern corner of the
model may need additional evaluation to assess the effect of
those boundaries on flow in the system. Because the southeast
corner is not coincident with a topographic high or groundwa-
ter divide, there is uncertainty on the amount of lateral flow
in this area. Specification of a head-dependent boundary for
this area of the model attempts to simulate lateral flow, but
observed rates are unknown. Additional testing could include
a thorough sensitivity analysis of this boundary on simulated
heads and comparison to observed heads.

The model simulates the fractured bedrock as an equiva-
lent porous medium continuum. For scales of several hundred
feet, this approach can provide reasonable results in many set-
tings. For scales less than several hundred feet, the area-wide
model will likely not provide the detail needed to simulate
discrete fracture networks.

Scenario testing of the model where several simula-
tions of hypothetical changes in hydraulic stress or in fracture
patterns, as adjusted in the model through changes in trends
in bulk hydraulic conductivity, were done to gain insight on
potential responses of the groundwater flow system. Model
output reflects one possible deterministic outcome, and other
outcomes may also occur.
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Table 3. Model parameters used for the area-wide model, Savage Municipal Water-Supply Well Superfund site, Milford,

New Hampshire.

Parameter name Description Comments
HYKLI1 Horizontal hydraulic conductivity of sand and gravel aquifer in
layer 1 of model; equal to and below a land surface altitude of
330 feet
HYKLB Horizontal hydraulic conductivity for layer two of bedrock (layer 4
of model; this parameter is decreased for the valley area using a
second parameter called “kneg_upp”)
HKTILL Horizontal hydraulic conductivity of till in layer 2
HK1 UP Horizontal hydraulic conductivity of layer 1 for till above a land
surface altitude of 330 feet
HANI Parl Horizontal anisotropy as a ratio of row-to-column direction for the
bedrock
VK ParL1 Vertical hydraulic conductivity of sand and gravel aquifer in layer
1 of model
HANI PAR2 Horizontal anisotropy as a ratio of row-to-column direction for the
unconsolidated sediments
HKBED UP Horizontal hydraulic conductivity of uppermost bedrock layer
(layer 3 of model; this parameter is decreased for the valley area
using a second parameter called kneg_upp)
VK PAR2 Vertical hydraulic conductivity of till in layer 2
VK _PAR3 Vertical hydraulic conductivity of uppermost bedrock (layer 3 of
model)
VK _PAR4 Vertical hydraulic conductivity of bedrock layers 4, 5, and 6 (lay-
ers 6, 7, and 8 of model)
vk parl_up Vertical hydraulic conductivity of till in layer 1
HK B4 Horizontal hydraulic conductivity of bedrock layer 4 (layer 6 of
model)
HK B567 Horizontal hydraulic conductivity of bedrock layers 5 and 6 (lay-
ers 7 and 8 of model)
HK B3 Horizontal hydraulic conductivity of bedrock layer 3 (layer 5 of
model)
K CHF Horizontal hydraulic conductivity of a zone for all bedrock layers =~ The Campbell Hill Fault is mapped by Bennett
near the Campbell Hill Fault and others (2006) and Burton and Harte
(2013)
K1 _cobble Horizontal hydraulic conductivity of a zone for sand and gravel Zone delineated by Harte and others (1999)
unit by OU1
K1 _FH2 Horizontal hydraulic conductivity of a zone for sand and gravel Zone delineated by Harte and others (1999)
unit by the Milford Fish Hatchery wells
stor_bedp Storage coefficient in bedrock Constant storage coefficient for the bedrock for
all layers
stor_sandp Storage coefficient in sand and gravel Constant storage coefficient for the sand and
gravel and the till in upland areas in layer
one; because the dewatered part of the cell is
small relative to the total saturated thickness
of the cell, an average storage coefficient value
between a specific yield and traditional storage
coefficient for confined aquifers is used
stor_tillp Storage coefficient in till Constant storage coefficient for the till in layer
two of model
SR F1 Riverbed conductance for the stream reach of the Souhegan River  This reach of the aquifer is particularly perme-

by OU1

able (Harte and Kiah, 2009)
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Table 3. Model parameters used for the area-wide model, Savage Municipal Water-Supply Well Superfund site, Milford,

New Hampshire.—Continued

Parameter name Description Comments

SR F2 Riverbed conductance for the stream reach of the Souhegan River ~ Seepage data from Harte and others (1997)
by OU2

SR FH Riverbed conductance for the stream tributary by the Milford Fish
Hatchery

RECH MULT Recharge rate applied to the valley areas equal to and below a land
surface altitude of 330 feet

RECH_UP Recharge rate applied to upland areas of the model above a land
surface altitude of 330 feet

RCH_barpar Recharge rate applied to inside area of barrier in OU1

Model Calibration

Several calibration datasets were used for the simulated
hydrologic conditions (steady-state long-term mean annual
and December 2010 simulations and transient short-pump test
simulations). However, some datasets were reused in several
simulations because of a lack of temporal data. For example,
water levels for residential water wells from driller reports
were included in both sets of steady-state long-term mean
annual and December 2010 simulations because only one
value was typically available from the time of drilling of the
well. River seepage data from Harte and others (1997) were
used for the long-term mean annual and December 2010 simu-
lations, although hydrologic conditions at the time the river
seepage data were collected better match the long-term mean
annual simulations more so than the December 2010 simula-
tions. Water levels from monitoring wells where temporal data
were available were used to represent the appropriate time of
simulation—1998 for long-term mean annual simulations and
2010 for December 2010 simulations. The transient dataset
included aquifer test results and drawdown data from monitor-
ing wells in the vicinity of the pumping well (BR—6) for the
short-pump test simulation.

Calibration initially proceeded from steady-state to
transient simulations. Subsequently, iterative calibration
was done between the December 2010 and short-pump test
simulations to better isolate the effects that the differences in
data and conditions had on parameter estimates and sensi-
tivities. Calibration was completed with a combination of
inverse modeling using nonlinear regression (automated)
using UCODE 2005 (Poeter and others, 2005) and trial and
error procedures. The automated calibration was helpful for
sensitivity analysis and parameter estimation of selected
parameters, particularly bulk adjustments of hydraulic con-
ductivity of the bedrock. As the model evolved from a simple
homogeneous and isotropic representation of the bedrock to a
complex heterogeneous and anisotropic representation of the
bedrock with a corresponding increase in the number of model
parameters from 11 to more than 20, it became necessary to
refine solutions of parameter estimates based on results of the

sensitivity analysis. Automated calibration of selected, highly
sensitive parameters proved efficient because it reduced the
solution time and the likelihood of unrealistic parameter esti-
mates from insensitive parameters. New hypotheses on flow,
including alternate conceptualizations of parameters, were
tested through trial and error.

Numerical weights on observations were applied based
on a relative ranking procedure (highest weights to the most
reliable observations). Water levels measured from monitoring
wells were ranked with higher weights than water levels from
residential water wells because of the relative inaccuracy of
water-level measurements from drill records and the lack of
contemporaneous measurements following methods described
by Mack (2009). River seepage data (Harte and others, 1997)
were initially applied to the highest weights. However, reason-
able parameter estimates could not be achieved with weights
from river seepage observations ranked higher than heads
from monitoring wells. Unreasonable parameter estimates
using high weights from river seepage observations is partly
attributed to the small areal coverage of the river seepage data
(limited to the MSGD aquifer) relative to head coverage from
residential water levels as well as the relative lack of heteroge-
neity specified in the area-wide model for the sand and gravel
unit. Harte and others (1999) indicate that heterogeneity of
the MSGD aquifer played a substantial role on patterns of
river seepage. When the weights from river seepage data were
ranked comparable to weights from selected heads (monitor-
ing wells), solution time was reduced, and parameter estimates
were within ranges from published studies (Harte and
others, 1999).

Sensitivity Analysis of Parameters

Understanding the sensitivity of model parameters as
related to field observation is important to gage the relative
effect of parameter adjustments to model results and model fit.
UCODE_2005 (Poeter and others, 2005) allows for automated
sensitivity evaluation. A particularly useful sensitivity analysis
is the ranking of parameter importance associated with the
observed dataset based on the composite scaled sensitivities
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(CSS). The CSS value reflects the total amount of informa-
tion provided by the observations for the estimation of one
parameter (Hill and Tiedeman, 2007). A high CSS value
means that the information provided by the observations gives
more confidence that the parameter can be estimated than a
low CSS value.

The horizontal anisotropy of the bedrock is the best-
informed parameter (most sensitive) as measured by the CSS
in the ability of the model to replicate results (match simulated
transient heads to observed heads) from the short-pump test
simulations. A CSS graph (fig. 6) from a typical example of
a short-pump test simulation shows that the HANI PAR1
parameter (table 3) is ranked the highest in its ability to
affect model results and replicate transient head data from
the observed data associated with the short-pump test simula-
tion. Observed drawdowns from the short-pump test simula-
tion show a strong preferred northeast to southwest pattern
that aligns with the predominant strike direction of the rock
(Burton and Harte, 2013). Recharge is the most informed
parameter for the calibration of model-computed heads to
observed heads from residential water wells because heads
from the residential water wells are spread over the model
domain and recharge controls heads, particularly in upland
areas. The k, of the middle to deep layers of the bedrock is
important for model fit to the short-pump test simulation
because of the preponderance of water levels from the middle
to deep bedrock layers. The storage coefficient of the bedrock
is ranked the seventh most informed parameter overall, but in
terms of model fit to the short-pump test simulation, storage
coefficient is equally as important as the k; of the middle to
deep bedrock layers. Because the residential water levels and
some of the other water-level data represent one value in time,
those data have no effect on the storage coefficient parameter.
The least informed parameters are the k, of the upper units
(sand and gravel and till units), which indicate parameter esti-
mation of the k, for this model cannot be solved.

The steady-state December 2010 simulation includes
observations from river seepage (Harte and others, 1997).
Valley recharge (parameter RECH_MULT) has the high-
est CSS indicating that valley recharge is the most informed
parameter by the river observations used in this simulation.
Figure 7 shows an example of typical CSS results from a
steady-state December 2010 simulation. Upland recharge
(parameter RECH_UP) and bedrock anisotropy (parameter
HANI Parl) are the most informed by residential heads
(water levels).

Calibration Results

There are three simulation sets in this report (long-term
mean annual, December 2010, and short-pump test). In dis-
cussing the simulation, different parameter variations are pre-
sented other than the calibrated version in order to highlight
parameter sensitivity. The calibrated version per simulation

set is always referred to as the calibrated simulation or base
simulation for either long-term mean annual, December 2010,
and short-pump test (Harte and Watt, 2021).

The long-term mean annual simulations were prelimi-
nary in nature and focused on bulk adjustments of hydraulic
properties (k;, k,), recharge, and river properties (stage, bed,
and hydraulic conductance). Layers were kept homogeneous,
horizontally isotropic, and vertically anisotropic. Results from
the long-term mean annual calibrated model indicate that
model-computed heads are slightly higher than observed heads
at low altitudes but slightly lower than observed heads at high
altitudes (fig. 8). The automated calibration yielded a residual
mean head difference (observed minus model-computed
heads) of —6.3 ft, a median head difference of —1.4 ft, and an
absolute mean head difference of 30.6 ft. Parameter estimation
computed a k;, of 0.154 ft/d for the uppermost bedrock layer
and 0.0038 ft/d for the lowermost bedrock layers. Confidence
intervals for both values are large (infinity), suggesting high
uncertainty in parameter estimation.

The high uncertainty indicates that additional observation
data are needed to constrain parameter estimation and improve
the calibration. Parameters from the calibrated model of the
long-term mean annual simulations were initially used as
input into models of the December 2010 and short-pump test
simulations and additional head data were incorporated into
the December 2010 simulation. Further, to help the calibration,
various levels of heterogeneity and anisotropy were evalu-
ated in a series of simulations to minimize the bias in model-
computed heads at high altitudes, as shown by the residuals.
The following discussion describes the changes to the short-
pump test and December 2010 simulations to evaluate differ-
ent parameter complexities and improve calibration.

Parameters from the calibrated model of the long-term
mean annual simulations were initially used as input into
models of the December 2010 and short-pump test simula-
tions. The initial parameter estimates from the calibrated
model for the long-term mean annual simulations were used
in the short-pump test simulation (called “isotropic, layered
homogeneous”; table 4). Heterogeneity was incorporated into
the model by interpolating hydraulic conductivities, calculated
from the packer hydraulic tests (Weston Solutions, Inc., 2010)
between wells.

Head residuals (observed minus model-computed heads)
for horizontal isotropic conditions, either layered homoge-
neous or heterogeneous, are large (table 4). When horizontal
anisotropy in k, was incorporated into the model at a ratio of
20:1 (short-pump test-anisotropic heterogeneous simulation)
in the row () to column (x) direction to approximate prefer-
ential flow along the prevalent fracture strike, head residuals
greatly decreased. Head residuals changed by relatively small
amounts when incorporating heterogeneity into the model
from the packer hydraulic test data. Results of the short-pump
test simulations indicate that horizontal anisotropy is one of
the most important parameters controlling flow in the bedrock.
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Figure 6. Graph showing composite scaled sensitives (CSS) of parameters to observation datasets for the transient short-term pump
test simulation (SPT) of December 2010, area-wide model, Savage Municipal Water-Supply Superfund site, Milford, New Hampshire.
Parameters are listed in table 3. theads, transient heads from monitoring wells; oheads, steady-state heads from observation wells
(unconsolidated aquifer); mheads, steady-state heads from bedrock monitoring wells; heads, steady-state heads from residential
water wells.
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Figure 7. Graph showing composite scaled sensitives (CSS) of parameters to observation datasets for the steady-state simulation
of early December 2010 (D2010). Parameters are listed in table 3. mheads, steady-state heads from bedrock monitoring wells; oheads,
steady-state heads from observation wells (unconsolidated aquifer); heads, steady-state heads from residential water wells; riv_f4,
weight applied to streamflows at Hartshorn Brook; riv_f3, weight applied to streamflows near the Milford Fish Hatchery withdrawal
wells; riv_f2, weight applied to streamflows at Tucker Brook; RIV_flows, weight applied to streamflows on the Souhegan River by P2
and main stem (MS) 2, and by tributary 1, explanation of parameter names provided in table 3; river reaches are shown on figure 1.1.
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Table 4. Comparison of model-computed and observed heads from selected bedrock wells for the short-term pump test at the Savage
Municipal Water-Supply Well Superfund site, Milford, New Hampshire.

BR-6 BR-5 BR-2 BR-1 BR-3 BR-4
Condition
Fracture description Pump well Along dip Updip Updip Along strike Along strike
Distance from well BR-6, in feet 0 183 225 590 230 1,707
Observed head, in feet above mean sea level 1.4 259.24 258.03 260.03 240.33 261.39
Isotropic, layered
Model-computed head, in feet above mean sea level ~ —756.78 200.27 219.72 257.41 254.17 255.41
Difference (observed minus model), in feet 758.18 58.97 38.31 2.62 —13.84 5.98
Anisotropic, layered
Model-computed head, in feet above mean sea level =25 230.12 253.03 259.16 258.82 258.21
Difference (observed minus model), in feet 26.4 29.1 5 0.9 -18.5 32
Isotropic, heterogeneous
Model-computed head, in feet above mean sea level —401.4 233.29 225.87 256.05 256.9 256.5
Difference (observed minus model), in feet 402.8 25.95 32.16 3.98 -16.57 4.89
Anisotropic, heterogeneous

Model-computed head, in feet above mean sea level 50.16 245.44 252.38 258.73 258.69 257.52
Difference (observed minus model), in feet -48.76 13.8 5.65 1.3 -18.36 3.87

Anisotropy ratios of 10:1 and 20:1 (y to x direction)
produce an elongated potentiometric head contour that extends
to the northeast as a result of withdrawals at well BR—6. The
heads are shown in figure 94 for the contour at 240 ft altitude
above msl for model layer 4 (bedrock layer 2) at the end of
short-pump test simulation (simulations identified in table 4
as isotropic and homogeneous, and anisotropic and hetero-
geneous). The 240-ft contour is a representative contour that
illustrates the variations in model-computed heads when
compared with results from multiple simulations. Simulations
presented highlight differences between isotropic and aniso-
tropic conditions. Model-computed heads from other model
layers (layers 5, 6, and 7) show greater drawdown than the
other layers and model-computed heads show that simulated
heads vary based on the k, for those layers. The observed
heads, where water levels were measured, are labeled next to
the monitoring well (fig. 94).

Iterative calibration between the short-pump test and
December 2010 simulations indicated that, at an anisotropy
of 20:1 ratio (y to x direction), head residuals were larger
than using a 10:1 ratio for the December 2010 simulations
alone. The final calibrated model for the December 2010 and
short-pump test simulations, which uses an anisotropy of
10:1, shows that, at the end of the short-pump test simulation,
a groundwater divide forms near bedrock well BR—1. At the
divide, flow diverges to the west back to the withdrawal well
(BR-6) and to the east following the valley-wide direction of
flow (fig. 9B). The location of the divide is beneficial in that
it contains contaminants in the bedrock underlying OU1 from
lateral transport to the east. The distribution of observed heads
also corroborates that a divide forms in this area.

The calibrated results with a fully anisotropic hetero-
geneous model for the December 2010 simulation show an
improvement in model fit (fig. 10) and less altitudinal bias
compared with the long-term mean annual simulation (fig. 8).
Model-computed heads in the December 2010 simulation
match observed heads better at high altitudes (more than
700 ft above msl) unlike the long-term mean annual simula-
tion. The automated calibration yielded a mean head difference
(between observed and model-computed heads) of 14.5 ft, a
median head difference of 3.7 ft, and an absolute mean head
difference of 34.1 ft.

Model-computed river seepage in the December 2010
simulation model matches well (relative percent difference
of —2; table 5) with the observed river seepage for the second
reach of the main stem (MS2) of the Souhegan River (app. 1).
Model-computed river seepages for several tributaries match
poorly (table 5). Less weight was applied in matching simu-
lated to observed river seepages for the tributaries because of
smaller flows.

Parameters were estimated using a multiplicative fac-
tor to the heterogeneity distribution derived from the packer
hydraulic test (Weston Solutions, Inc., 2010) and adjusted
for rock type and altitude. The k, in areas underlying land
surface altitudes more than 330 ft was set less than the k; less
than 330 ft. The range in kj, specified in the final models for
December 2010 (and short-pump test) simulations is provided
in table 6.

The uncertainty in parameter estimates are generally
large (several orders of magnitude), indicating that model
reliability could be improved with additional transient head
and seepage data. In particular, river seepage data in upland
areas would provide considerable leverage to constrain
model parameterization.
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Table 5. River seepage of selected stream reaches from the calibrated model for steady-state simulation of early December 2010
conditions, Savage Municipal Water-Supply Well Superfund site, Milford, New Hampshire.

Abbreviated Stream name Obse:rved value, Model- c_omputed Difference, cI:?lItZtg::edIi]f?:r-
reach name in ft3/d" value, in ft3/d in ft3/d ence
P2 1 Souhegan River by P2 95,040 42,958.11 52,081.89 75
TUCK 1 Tucker Brook 146,880 —88,799.8 235,679.8 812
FISH 1 Milford Fish Hatchery tributary 114,048 41,525.77 72,522.23 93
HARTI1 1 Hartshorn Brook 0 —175.554 175.554 -200
TRIB1 1 Tributary 1 59,616 119.0421 59,496.96 199
MS2 1 Souhegan River main stem 2 —172,800 -177,413 4,613.406 -2
'From Harte and others (1997).
Table 6. Final horizontal hydraulic conductivity for the area-wide Model-computed potentiometric heads in the bedrock for
model, December 2010 steady-state conditions, Savage Municipal  the calibrated December 2010 simulation model range from
Water-Supply Well Superfund site, Milford, New Hampshire. approximately less than 240 ft to more than 810 ft above msl
(fig. 11). In the Milford-Souhegan River Valley, the potentio-
Horizontal hydraulic metric heads in the bedrock follow a similar pattern as do the
Unit or model layer conductivity, in ft/d heads in the MSGD aquifer as identified by Harte and others
Minimum Maximum  (1997). The head residuals are visible in figure 11 as a range
Sand (valley) and till (uplands), layer | 3 287 gf c.ol.ors at wells with availgblc.e water-level data; spatial bias
) is visible as a clustering of similar colors. Some clusters of
Till, layer 2 3 3 .. . e . .
similar colors occur in several areas, indicating head residuals
Upper bedrock, layer 3 9.11x10%  9.78x10"! differ by a similar amount; additional spatial parameterization
Bedrock 2, model layer 4 9.11x105  2.53x10! of the bedrock k, could be incorporated into the model to help
Bedrock 3, model layer 5 5.83x10°5 2.82x102 improve calibration. An area with large head residual occurs at
Bedrock 4, model layer 6 216x105  4.15%102 the southeastern corner ofthq model (fig. 11). ‘
Bedrock 5, model layers 7 and § 3.05x104  3.92x103 Model-computed heads in the valley for the calibrated

December 2010 simulation model tend to be slightly higher
than observed heads by 3 to 5 ft. Given that model-computed
river seepage for the main-stem Souhegan River matches
observed seepage, which is indicative that simulated rates of
recharge in the valley are reasonable, it is possible that the
hydraulic conductivity of the bedrock and unconsolidated
sediments could be further refined in the valley to improve
the calibration.
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Figure 11. Map showing model-computed potentiometric-head contours from bedrock layer 2 (model layer 4) of the calibrated
steady-state simulation of early December 2010 (D2010) conditions and head residuals from observations, Savage Municipal
Water-Supply Superfund site, Milford, New Hampshire. 0U1 is the primary source area of tetrachloroethylene (PCE) and 0U2 is the
extended plume area of PCE for the Savage Municipal Water-Supply Well Superfund site.
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Figure 11.—Continued

Model Testing

The model parameters were tested by simulating a second
aquifer test of well BR—6 that was completed in April 2013
(Weston Solutions, Inc., 2013). The pump rates were similar to
those from the short-pump test simulation, but the April 2013
test lasted several more days (total test time 9.5 days). The
April 2013 aquifer test (called the extended test) was simu-
lated using parameters from the calibrated short-pump test
simulation model. For the extended test, simulated drawdowns
stabilized and did not further decrease, similar to observed
drawdowns from monitoring wells. The primary lesson
learned about the flow system from the extended test is that
the storage properties of the bedrock and adjacent boundary
conditions appear to be reasonably approximated in the area-
wide model. A storage coefficient of 0.00009 was used for all
bedrock layers. Storage coefficients of 0.03 and 0.003 were
used for the sand and gravel and the till units, respectively.
The specified storage coefficient for the sand and gravel unit
represents a thickness—based, proportionally averaged value
between specific yield and storage coefficient, which is com-
parable to values reported in Harte (1997).

As part of the extended test at well BR—6, unique tracers
were applied to adjacent bedrock monitoring wells (BR-2,
BR-3, BR-12, and MW-2R; fig. 9) to identify transport
pathways to well BR—6 (Weston Solutions, Inc., 2013).

Emplacement of unique tracers at each of the four spiked wells
allowed for the ability to identify the transport and origin of
the tracer. Tracers were detected in pumped waters at well
BR-6 from all wells except well MW-2R, which is a shallow-
bedrock well across the river from well BR—6. A range of
velocities was calculated from first arrival times reported by
Weston Solutions, Inc. (2013). Velocities are faster oblique to
fracture strike or parallel to fracture strike than orthogonal to
fracture strike (updip; table 7).

Horizontal hydraulic conductivities (k;) were calculated
based on the following one-dimensional equation based on
Darcy’s law and substitution of velocities from tracer arrivals:

L T (M

k, is horizontal hydraulic conductivity
v 1is velocity,
/ is gradient, and

n  1is effective porosity of rock.

Bulk k, and discrete fracture k,, were calculated by
using bulk rock and fracture specific porosities, respectively
(table 7). The bulk rock porosity integrates unfractured and
fractured volumes of the rock. A bulk rock porosity of 0.001
is equivalent to a 1/8-inch fracture aperture (approximately
0.01 ft) opening every 10 ft of rock thickness. A fracture
porosity accounts for the fracture only, and a porosity of 0.5
assumes that the fracture surface is not perfectly planar and
that some parts of the fracture surfaces are in contact with one
another. To bracket estimated k,, from diffuse flow (bulk rock)
and fracture flow, both porosities are specified. For arrival
time through flow in a fracture, a calculated k, based on equa-
tion 1 must be higher than a k; derived from an arrival time
through the bulk rock.

The k, values estimated from tracer velocities for the
bulk rock are comparable to the higher range of k,, values
in the model for bedrock layer 2 (table 6). The similarity
between high values of model-derived k; and tracer estimates
of k,, is reasonable given that first arrivals of tracers will be
controlled by the k, of high k, zones in the rock and suggests
that the calibrated model provides reasonable estimates of k..
The maximum k; estimated from packer hydraulic test data
(Weston Solutions, Inc., 2013) identified the most permeable
fractures at well BR-2 (0.34 ft/d per ft of rock) compared with
wells BR—12 (0.16 ft/d per ft of rock) and BR-3 (0.03 ft/d
per ft of rock). However, the connectivity of the fractures is
such that well BR—6 preferentially withdraws groundwater
along the prevalent strike (northeastern) direction toward well
BR-3. The k;, values estimated from tracer velocities assuming
flow in fractures are much higher than estimates of k;, for the
bulk rock (table 7).
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Table 7. Tracer first arrival times and calculated hydraulic parameters from adjacent bedrock monitoring wells from the April 2013
aquifer test at well BR—6, Savage Municipal Water-Supply Well Superfund site, Milford, New Hampshire.

[—, no data]
Well BR-6 BR-12 BR-2 BR-3 MW-2R
Fracture description Pump well Oblique Updip Along strike  Along strike
Distance from well BR-6, in feet 0 680 225 230 —
Arrival time, in days — 4 3.6 0.8 None
Velocity, in feet per day — 170 62 277 —
Observed gradient, in feet per foot of distance! — 1.08 1.14 1.04 —
Estimated bulk porosity 0.001 0.001 0.001 0.001 —
Estimated fracture porosity 0.5 0.5 0.5 0.5 —
Diffuse estimated bulk rock horizontal hydraulic conductivity, in — 0.16 0.05 0.28 —
feet per day
Fracture estimated horizontal hydraulic conductivity, in feet per day — 78.7 27.3 138.2 —

I0bserved gradient uses 2010 pump test results.

Flow Path Analysis Simulations

Advective transport was simulated for the calibrated
December 2010 model (base) and other modifications of the
December 2010 model as described below, including selected
parameter adjustments based on parameter uncertainty,
hydrologic conditions such as recharge, and various scenarios
such as changes in remedial operations. Advective transport is
derived from the average interstitial flow of groundwater and
does not include processes of dispersion, retardation, or matrix
diffusion that affect PCE transport. The particle-tracking post-
processing software MODPATH (Pollock, 1994) was used.

The area-wide model approximates the bulk hydraulic
properties of the fractured bedrock through an equivalent
porous media representation. Discrete fracture connectiv-
ity is not simulated but implicitly incorporated into the bulk
properties of the model. Advective transport (in the form
of pathlines generated from models) is controlled by heads,
bulk hydraulic properties, and porosity (which affects veloc-
ity). The model approximates transport because it does not
explicitly simulate discrete fractures. Therefore, pathlines
can be viewed as potential pathways dependent on fracture
connectivity. Tetrachloroethylene (PCE) solute transport that
follows the advective transport trajectory could be attenuated
to low concentrations before the pathlines terminate at their
final discharge location. Consequently, the pathlines presented
in this report represent the maximum potential extent of PCE
transport for that specified simulation.

Advective transport is simulated by forward track-
ing particles (points specified within the groundwater-flow
model) from areas of contaminated bedrock layers (all
bedrock layers). The extent of the contaminated bedrock lay-
ers is based on the 1,000-microgram per liter (ug/L) con-
tour value of PCE concentrations (fig. 1; Weston Solutions,
Inc., 2010; Burton and Harte, 2013, fig. 1). Particles were

placed along the 1,000-pg/L contour value and forward
tracked in December 2010 simulations (December 2010
calibrated model and variations thereof) to generate the
model-computed pathlines.

Porosity was kept uniform within each modeled unit.
Porosity of the sand and gravel and till was kept at 0.3 and the
bedrock at 0.00000254. This low porosity for the bedrock was
based on a fracture frequency of one fracture every 16 ft and
estimated aperture of 0.039-inch of fractures divided by the
bedrock thickness. Porosity affects velocity calculations only.

Particles are allowed to terminate at their final discharge
location regardless of travel times. Travel times are difficult
to quantify in fractured systems using an equivalent porous
medium approach because of differences in advective trans-
port in fractures and the bulk rock.

Pathlines from particle tracking are projected onto a
two-dimensional surface from all model layers for the base
December 2010 model (fig. 12, at back of report) and modi-
fications to the December 2010 model for parameter/scenario
evaluations. Path line illustrations for parameter and scenario
evaluations are shown in figures 13 through 17 (at back of
report). The calibrated December 2010 model is termed
the base case for advective transport of particles. Pathlines
are color coded to show their final discharge location (end-
point) per model layer. For the base case (fig. 12, at back of
report) and for the other scenario evaluations (figs. 13—17,
at back of report), the observed extent of the PCE plume in
the bedrock, as mapped to the 5 pg/L concentration contour
by Weston Solutions Inc. (2015), is shown as a reference.
Model-computed pathlines within the observed extent are
interpreted as more likely to occur than pathlines outside the
observed extent.

The base case shows most pathlines travel in the crys-
talline rock and upwardly discharge near the Milford Fish
Hatchery withdrawal wells in the MSGD aquifer (fig. 12, at
back of report). A few pathlines (not visible) are captured by
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extraction of the existing OU1 remedial wells in the MSGD
aquifer. All pathlines discharge to extraction wells in layer one
of the model. The combination of preferred anisotropy in the
northeastern direction in the bedrock and large withdrawals

at the Milford Fish Hatchery withdrawal wells in the MSGD
aquifer (table 2) creates a preferential transport to areas by the
Milford Fish Hatchery withdrawal wells. In contrast, advective
and solute transport of PCE in the MSGD aquifer indicates a
predominantly easterly path and less pathlines discharge to the
Milford Fish Hatchery withdrawal wells from the OU1 area
(Harte and others, 1999; Harte, 2004). The observed PCE in
the bedrock also shows an easterly transport pathway sug-
gesting several alternate pathways including (1) a possible
west-east fracture network, (2) alternate PCE source areas, and
(3) communication and transport between the bedrock and the
MSGD aquifer.

Alternative Conceptualization of the
Crystalline-Rock Aquifer

Fracture length is an important control on flow in the
bedrock aquifer and is an unknown variable. Fractures that
truncate without intersecting an adjacent fracture would result
in low permeability zones with little flow. To simulate finite
fracture length, a simplified adjustment was made to the model
where the anisotropy in the model was decreased by a factor
of 100 for every 20th model row, or approximately 1,400 ft
over the area-wide model. Simulated pathlines (not shown)
moved to the northeast as in the base case but in a convex
pattern, coinciding with the low anisotropy row where the
fracture was hypothesized to terminate. At fracture terminal
locations, pathlines moved upward, which would ultimately
result in additional upward discharge to the sand and gravel
and till units at fracture terminal locations and a correspond-
ing decrease in groundwater flow in the bedrock. It is likely
that many fractures terminate at cross-cutting connections with
other fractures, which would cause sharp angular pathlines to
form instead of upflow. Nevertheless, this simplified modifica-
tion helps illustrate the importance of fracture lengths on flow.

Horizontal anisotropy, as shown in simulations of short-
pump test, is a major control on flow in the crystalline-rock
aquifer. Simulations with and without anisotropy show a
distinctly different pattern of pathlines (figs. 12 and 13, at
back of report). Without anisotropy, many pathlines discharge
to tributaries to the Souhegan River farther east in the valley
(fig. 13, at back of report) than in the base case (fig. 12, at
back of report).

Changes in Hydrologic Conditions

Adjusting recharge rates by £50 percent from the base
case has a small effect on pathlines (not shown) that were for-
ward tracked from PCE-contaminated areas underlying OU1.
The general path line trajectory and patterns look similar to the
base case, particularly for the high recharge model. However,

low recharge causes some pathlines to move to the west by
100 ft, which puts the projection of the pathlines for the low
recharge simulation closer to some residential water wells
than pathlines for the base case. Recharge from the upland
areas west of the residential water wells is likely an important
control on limiting the northwestern transport of contaminated
PCE from OUI.

Changes in Well Withdrawals

Several simulations were completed where well with-
drawals were adjusted based on potential future scenarios.
Scenarios included increased residential development and
withdrawals at new residential water-supply wells, cessation
of withdrawals at the Milford Fish Hatchery withdrawal wells,
increase in withdrawals at OU2 (OU2-EW1 well), termina-
tion of remedial operation in OU1 and OU2, and initiation of a
pump and treat remedy in the crystalline-rock aquifer under-
lying OUI.

The addition of new residential water-supply wells north
and near the river affects advective transport of PCE con-
taminants. A scenario where four new hypothetical residential
water wells were added to the base case was completed to rep-
resent the potential expansion of housing in that area (fig. 14,
at back of report). The wells were simulated to depths of 400 ft
bls and withdrawals were specified at rates similar to other
residential water wells. For this scenario, some of the pathlines
forward-tracked from contaminated areas discharge to the
hypothetical residential water wells. The remaining pathlines
either discharge to the Milford Fish Hatchery withdrawal wells
or discharge to the remedial wells in OU1. Depending on the
proportion of noncontaminated to contaminated PCE ground-
water discharging to the hypothetical residential water wells,
PCE concentrations in some wells could exceed maximum
contaminant levels.

The hypothetical cessation of withdrawals at the Milford
Fish Hatchery withdrawal wells (as of 2013 withdrawals
were approximately 1,800 gal/min) causes some pathlines to
discharge farther north toward residential water wells in the
bedrock. Some pathlines discharge near tributaries to the north
near high-yielding residential water wells in this area, whereas
others discharge to the Souhegan River to the east (fig. 15, at
back of report). A few pathlines discharge to remedial extrac-
tion wells in OU2. The overall pattern of pathlines is complex
and is affected by multiple hydrologic sinks (withdrawal wells
and discharge to rivers).

The hypothetical termination of remedial injections and
extractions at OU1 and OU2 has a small effect on pathlines
(not shown). For this scenario, pathlines show similar move-
ment as in the base case excluding the pathlines that discharge
to the Milford Fish Hatchery withdrawal wells, which for-
merly were captured by OU1 remedial extraction wells in the
base case.

Increasing the rates of extraction at remedial wells in
OU2 at EW-1 from 0 to 125 gal/min causes some pathlines
to discharge to OU2 extraction wells (EW—1 and EW-2).



Further, it has a ripple effect and causes a decrease in flow
velocities by the Milford Fish Hatchery withdrawal wells that
allows the partial capture of pathlines at one of the residential
water wells (fig. 16, at back of report). However, it should be
noted that the interception of one particle pathline to a single
residential well is viewed as not strongly supportive of a major
shift in flow but rather a minor shift in flow.

The addition of well BR—6 as a long-term (to steady-state
conditions) withdrawal well captures almost all pathlines from
the contaminated area (fig. 17, at back of report). Pathlines
track back toward well BR—6 and no pathlines discharge to
the north. Few pathlines discharge to the OU1 remedial wells
inside the barrier, instead pathlines are captured by extraction
at well BR—6. Results of this simulation indicate that continu-
ous withdrawals at well BR—6 could be effective in preventing
or reducing the transport of PCE contamination in the bedrock.

Tetrachloroethylene Transport

PCE transport was simulated to understand the potential
effects of flow interactions with the bedrock on PCE concen-
trations in the MSGD aquifer. PCE transport was simulated
with the MSGD model (Harte, 2012), using the Eulerian-
Lagrangian localized adjoint method (ELLAM) algorithm for
the three-dimensional method-of-characteristics groundwater
flow and transport model (MOC3D; Heberton and others,
2000; Konikow and others, 1996) and fluxes apportioned from
the area-wide model (calibrated December 2010 model) across
the bedrock surface. Fluxes were applied following methods
described by Banta and others (2008). Appendix 2 includes
additional information on procedures used to apportion flux
from the area-wide model to the MSGD-aquifer model. The
ability to incorporate fluxes from the area-wide model (called
parent model) into the smaller MSGD aquifer model (called
target model) allows for a more realistic representation of
flow in the basal part of the MSGD aquifer near the bed-
rock surface.

The MSGD-aquifer model simulates the solute trans-
port of a single species, in the case of this model it is PCE.
Dissolved and sorbed mass are accounted for in the model. A
detailed explanation of the MSGD-aquifer model and solute
transport processes can be found in Harte (2004, 2012). The
base simulation case from Harte (2012, table 4) was rerun
for this study with the addition of flow across the bedrock
surface as computed by the parent model and assigned to the
target model. The base model in Harte (2012) was based on
proposed, operational, pump-and-treat rates for OU1 and OU2
following conditions described by Harte (2004).

The MSGD model and simulation uses the PCE concen-
tration in 1998 as the starting plume condition and simulates
approximately 20 years of PCE attenuation without additional
PCE source terms, such as the dissolution of dense nonaque-
ous phase liquids. Starting conditions in late 1998 are con-
temporaneous with the installation of the barrier wall. Sources
of PCE, outside the barrier wall within the MSGD aquifer in
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OU1 have not been identified to date based on decreases in
PCE concentrations at monitoring wells outside the barrier
wall (Weston Solutions, Inc., 2014). Therefore, based on con-
tainment of PCE sources, the MSGD-aquifer model satisfacto-
rily reproduces the dissolved, disconnected PCE plume outside
the barrier wall. Inside the barrier wall, PCE concentrations
are not decreasing (PCE sources are likely present), thus

the model should not be used to simulate conditions inside

the barrier.

Two simulations were completed with potential end-
member PCE concentrations. A PCE concentration of 0 pg/L
was assigned to represent upflow of clean groundwater
discharging from the bedrock to the basal part of the MSGD
aquifer. Another simulation was completed with a PCE
concentration of 100 ug/L in the basal part of the MSGD
aquifer to represent contaminated groundwater. An upper
bedrock groundwater concentration of 100 pg/L is representa-
tive of PCE concentrations from the upper bedrock (Weston
Solutions, Inc., 2012). The purpose of assigning a 0-ug/L PCE
concentration (and load) was to help assess the effect of the
mixing of clean water on PCE attenuation in the basal parts of
the MSGD aquifer.

Simulated upflow and downflow across the bedrock sur-
face to the active regions of the MSGD aquifer total 0.07 cubic
foot per second (ft’/s) and 0.15 ft3/s, respectively. Therefore,
the interaction with the bedrock represents a net loss to the
MSGD aquifer of 0.08 ft*/s. In comparison, recharge to the
MSGD aquifer is 3.3 ft¥/s; the net loss of the MSGD to the
bedrock represents approximately 3 percent of recharge. Flow
across the bedrock surface is volumetrically small relative to
other parts of the MSGD water budget. Transport of PCE in
the MSGD aquifer is slightly affected by bedrock upflow. The
effect of bedrock upflow on PCE transport is particularly small
when the PCE plume is relatively large and concentrations
high (large mass) in the MSGD aquifer.

Figure 18 shows the changes in mass (dissolved and
sorbed) of the PCE plume in the MSGD aquifer over time for
the two end-member simulations. The amount of sorbed mass
exceeds the dissolved mass because the retardation factor
used in the model ranges from 2 to 2.5; a retardation factor of
1 means no retardation and little accumulation of PCE onto
sorbed phases. The mass of PCE decreases because of attenua-
tion of the plume primarily from capture of PCE by the reme-
dial extraction wells in OU1 and OU2, and discharge of PCE
to the Souhegan River. Before year 10 from the start of simu-
lation (2008), the effect of contaminated bedrock water on the
MSGD aquifer is not visible (fig. 18). However, after 2008, a
divergence in the computed PCE mass is visible. Given that
bedrock upflow (0.07 ft3/s) represents approximately 1 percent
of the total inflow (7.7 ft3/s) into the aquifer, the potential load
of PCE is low. By 2017 (the end of the simulation) when PCE
mass in the MSGD aquifer is small (less than 66.14 pounds
[30 kilograms]), the effect of PCE load from contaminated
bedrock upflow results in twice the PCE mass in the MSGD
aquifer as the simulation assuming no PCE load from bed-
rock upflow.
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Figure 18. Graph showing mass of tetrachloroethylene (PCE) concentrations (dissolved and sorbed) in the Milford-Souhegan
glacial-drift (MSGD) aquifer for simulations of a transport model with and without contaminated PCE from flow across the bedrock
surface, as calculated from the area-wide model, Savage Municipal Water-Supply Superfund site, Milford, New Hampshire. Simulations
based on Harte (2012, table 4); PCE assigned to the MSGD aquifer model from fluxes apportioned from the area-wide model and
assigned PCE concentrations.

Bedrock upflow with contaminated PCE causes a small Further work can be done to examine the spatiotem-
tailing effect in PCE concentrations in the MSGD aquifer. poral differences in PCE concentrations from the inclusion
High concentrations (more than 1,000 ppb) of PCE in the of bedrock flow across the bedrock surface, including an
bedrock will cause additional PCE mass to enter the MSGD examination of linkages between the models for different
aquifer. The effect of PCE transport and PCE load from the hydrologic conditions. The procedures and utilities generated
bedrock to the MSGD aquifer is likely less than the contri- by this study and discussed in appendix 2 will help expedite
bution of mass from the till because of high retardation and further analysis.

sorbed mass in the till (Harte, 2012).



Findings

Simulation of groundwater flow with the area-wide
model demonstrates the complex interaction between uplands
(more than 330 ft) and valleys in the Milford-Souhegan River
Valley. Hillsides adjacent to OU1 affect flow to the residential
water wells. The residential water wells also are affected by
groundwater flow in the MSGD aquifer. Large withdrawals
at the Milford Fish Hatchery withdrawal wells capture a large
volume of flow in the bedrock and MSGD aquifer.

Automated calibration results indicate that the model
is underconstrained by observed data. To help with under-
constrained parameters, selected parameters were eliminated
primarily based on CSS rankings (low ranks eliminated).
However, additional parameter reductions could be done in the
future by eliminating highly correlated parameters using the
pcc (parameter correlation coefficients) function of UCODE.
The uncertainty of parameters in the model is generally
large (several orders of magnitude) except for parameters
affected by the aquifer test at well BR—6 (short-pump test)
and from river seepage data in the valley areas. River seep-
age data in upland areas would help refine recharge rates in
the uplands and reduce the level of uncertainty in bedrock
hydraulic properties.

Calibration of the aquifer test for well BR—6 identified a
strong (approximately 10:1) anisotropy in the north-northeast-
ern direction (approximately 15° from true north). Reasonable
calibration results were achieved as seen from the simulated
cone of depression, which generally matches the observed
pattern. Model results also implicitly suggest that the flow sys-
tem can be approximated with an equivalent porous medium
approach for matching of bulk flow in the bedrock. Ranges
of model-estimated k; (0.00002 to 0.98 ft/d) were compa-
rable with estimates of bulk rock k;, (0.05 to 0.28 ft/d) from
observed tracer tests collected during an extended aquifer test
at well BR—6 in 2013. Connectivity or preferred anisotropy in
the bedrock appears to be more important than heterogeneity.
At well BR-6, withdrawals preferentially captured ground-
water along the strike of the predominant fracture set and
foliation despite a higher k; in a well located updip than wells
along the preferential fracture strike. The possibility exists that
fractures in the updip direction crop out at the bedrock surface
or are truncated by other features.

Advective transport from areas with known PCE con-
tamination by OU1 indicate a preferential transport aligned
with the anisotropy of the bedrock. The preferential trans-
port may be enhanced by withdrawals from the Milford Fish
Hatchery withdrawal wells in the MSGD aquifer. Although
the Milford Fish Hatchery withdrawal wells capture some
PCE-contaminated groundwater in many simulations, large
withdrawals from the Milford Fish Hatchery withdrawal
wells enhance dilution of contaminated groundwater with
uncontaminated groundwater. Detection of PCE from pumped
waters has not occurred at the well closest to the Souhegan
River since 2006 but occurred sporadically before that date,
based on samples collected by the NHDES (New Hampshire
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Department of Environmental Services, written commun.,
2006, 2020). The combination of terminating or decreasing
withdrawals at Milford Fish Hatchery withdrawal wells, and
the additional extraction at OU2 remediation wells may cause
an easterly transport of some pathlines.

The linkages established between the area-wide model
and the previously developed MSGD aquifer model allow for
an improved assessment of PCE transport in the basal parts of
the MSGD. The simulations that evaluated the linkage of mod-
els showed that bedrock upflow is a small percentage (1 per-
cent) of potential inflow into the MSGD aquifer. However, the
PCE load from bedrock upflow to the MSGD aquifer could
cause a small tailing effect in PCE concentrations and con-
tribute to prolonging the attenuation of the PCE plume in the
MSGD aquifer. Compared to potential variations in retardation
factors of the till, the effect of bedrock upflow to the contribu-
tion of PCE mass in the MSGD aquifer is likely to be signifi-
cantly less. Further simulations would be helpful to assess the
effect that bedrock upflow and downflow have on PCE mass
in the MSGD aquifer; particularly, the inclusion of alternative
spatiotemporal patterns of PCE concentrations in simulations.

Implication on the Vulnerability of
Residential Water-Supply Wells

Advective transport modeling simulations show that, with
the configuration of residential houses and companion resi-
dential water-supply wells, as of 2016, capture of PCE by resi-
dential water wells appears unlikely for hydrologic conditions
typical of 2010. However, simulations also show that adding
additional houses and withdrawals from new residential water
wells could affect PCE transport. Groundwater withdrawals
at other adjacent wells, such as the Milford Fish Hatchery
withdrawal wells, could affect advective transport near OU1.
Therefore, the potential for future changes in withdrawals
should be taken into consideration in the remedial assessment
of the site. The development of the area-wide model and link-
ages established with the MSGD aquifer model should help
facilitate any assessments of remediation for the site.

Although not a focus of this study, short (seasonal) and
long-term (climatic) changes in hydrologic conditions such
as recharge from climate change and variations in streamflow
could have an effect on PCE transport. Uniform adjustments
in recharge indicated small changes in advective transport,
but spatiotemporal (nonuniform) variations may have unfore-
seen effects.

Summary

In 2010, tetrachloroethylene (PCE), a chlorinated volatile
organic compound, was detected in groundwater from deep
(more than 300 feet [ft] below land surface) fractures in
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monitoring wells tapping a crystalline-rock aquifer beneath
operable unit 1 (OU1) of the Savage Municipal Water-Supply
Well Superfund site. Operable units define remedial areas

of contaminant concern. OU1 is in the western part of the
Milford-Souhegan River Valley. Tetrachloroethylene contami-
nation was previously detected in the overlying glacial sand
and gravel deposits and basal till, hereafter referred to as the
Milford-Souhegan glacial-drift (MSGD) aquifer, in OU1 and
OU2 (western part of the Milford-Souhegan River Valley).
Thirty to 40 residential water-supply wells are in close prox-
imity (0.25 mile north) from the PCE-contaminated moni-
toring wells. Some of the residential water-supply wells are
likely installed in similar rock types and formation as those of
the monitoring wells. Periodic sampling of residential water-
supply wells by the U.S. Environmental Protection Agency
and New Hampshire Department of Environmental Services
has never detected PCE in groundwater from the residential
water-supply wells from the beginning of sampling in 1996 to
the present [2020].

Part of assessing the potential for PCE transport involves
understanding the movement of groundwater in the crystalline-
rock aquifer. One of the tools in understanding movement of
groundwater, particularly in complex, highly heterogeneous
crystalline-rock aquifers, is the development of numerical
models of flow. A numerical groundwater flow model was
developed to assess groundwater flow in the crystalline-rock
aquifer of the Milford area. The model is called the area-
wide model because it encompasses a relatively large area
(26.5 square miles). The model consists of 36,966 cells in each
of the 8 layers (295,728 total cells) and simulates uncon-
solidated sediments and approximately 700 feet of the upper
bedrock. The model was calibrated by automatic parameter
estimation and selective trial and error procedures. Calibration
to a short-term pump test in the bedrock yielded a strong,
preferential anisotropy of approximately 10:1 in a northeast
(row) direction. Model-estimated hydraulic conductivity of the
bedrock ranged from 0.000091 to 0.98 ft/d.

Simulations with the area-wide model show that with the
2016 configuration of residential water-supply wells, capture
of PCE by the residential water wells appears unlikely for
annual hydrologic conditions typical of 2010 based on steady-
state, advective transport modeling. However, simulations also
indicate that adding residential water wells to the north of the
PCE-contaminated monitoring wells could affect the transport
of PCE. Groundwater withdrawals at other adjacent wells in
the overlying MSGD aquifer could affect advective transport
in the crystalline-rock aquifer. Therefore, the potential for
future changes in withdrawals in the area, as well as changes
in hydrologic conditions including recharge and streamflow,
should be considered in the remedial assessment process. The
development of the area-wide model and linkages established
by this study with the previously developed MSGD aquifer
models will help facilitate the development of remedial strate-
gies for this Superfund site.
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Map showing maximum potential pathlines forward tracked from areas with contaminated groundwater, calibrated model,
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Figure 13. Map showing maximum potential pathlines forward tracked from areas with contaminated groundwater from a simulation
with no anisotropy specified in the crystalline-rock aquifer for the steady-state simulation of early December 2010 (D2010) conditions,
area-wide model, Savage Municipal Water-Supply Superfund site, Milford, New Hampshire. PCE > 1,000 ppb, tetrachloroethylene
greater than 1,000 parts per billion.
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Figure 14. Map showing maximum potential pathlines forward tracked from areas with contaminated groundwater from a
simulation with the addition of hypothetical residential water-supply wells for the steady-state simulation of early December 2010
(D2010) conditions, area-wide model, Savage Municipal Water-Supply Superfund site, Milford, New Hampshire. PCE > 1,000 ppb,
tetrachloroethylene greater than 1,000 parts per billion.
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Figure 15. Map showing maximum potential pathlines forward tracked from areas with contaminated groundwater from a simulation
with the hypothetical termination of withdrawals at Milford Fish Hatchery withdrawal wells for the steady-state simulation of early
December 2010 (D2010) conditions, area-wide model, Savage Municipal Water-Supply Superfund site, Milford, New Hampshire. PCE >
1,000 ppb, tetrachloroethylene greater than 1,000 parts per billion.
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Figure 16. Map showing maximum potential pathlines forward tracked from areas with contaminated groundwater from a simulation
with increase withdrawals at well OU2-EW1 for early December 2010 (D2010) conditions, area-wide model, Savage Municipal
Water-Supply Superfund site, Milford, New Hampshire. PCE > 1,000 ppb, tetrachloroethylene greater than 1,000 parts per billion; 0U2—

EWT1, extraction well 1 for 0U2 remedial system.
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Map showing maximum potential pathlines forward tracked from areas with contaminated groundwater from a simulation

with a continuous withdrawal at well BR—6 for early December 2010 (D2010) conditions, area-wide model, Savage Municipal
Water-Supply Superfund site, Milford, New Hampshire. PCE > 1,000 ppb, tetrachloroethylene greater than 1,000 parts per hillion.
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Appendix 1. Wells and Stream Segments Used in the Area-Wide Model,
Savage Municipal Water-Supply Well Superfund Site, Milford, New Hampshire
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Figure 1.1. Map showing selected wells and stream segments used in the area-wide model, Savage Municipal Water-Supply Well
Superfund site, Milford, New Hampshire. U1, operable unit 1, 0U2, operable unit 2.



Appendix 2 45

Appendix 2. Flux Linkage Between the Area-Wide Model and the
Milford-Souhegan Glacial Drift Aquifer Model, Savage Municipal Water-Supply
Well Superfund Site in Milford, New Hampshire

Results from the area-wide model for the Savage
Municipal Water-Supply Well Superfund site in Milford,

New Hampshire, can be used to more realistically account for
flow in simulations of tetrachloroethylene (PCE) transport in
the Milford-Souhegan glacial drift (MSGD) aquifer model
(Harte, 2004, 2012). Linkages between the two models are
dynamic and dependent on simulated conditions for both mod-
els. Hydrologic conditions for both models should be the same
to allow for apportioning flow between the two models.

For overlapping cells (fig. 2.1), fluxes from the area-wide
model are apportioned to the MSGD aquifer model based on
area-weighted flow calculations similar to methods described
by Banta and others (2008). Specifically, flow from the lower
face of the overlapping cells between layers 2 and 3 from
the “cbc” file (Harte and Watt, 2021) of the area-wide model
(the area that represents the bedrock surface interface in the
area model) are extracted using a utility from ModelMuse
(Winston, 2009). The extracted flows are then transferred
over to the MSGD aquifer model using linkages created in
several Microsoft Excel spreadsheets and Visual Basic (VBA)
programs for this study. Specific procedures can be found in
the ancillary directory in the model archive data release (Harte
and Watt, 2021).



Groundwater Flow in the Crystalline-Rock Aquifer, Savage Municipal Water-Supply Well Superfund Site

46

974,800

974,500

974,200

973,900

973,600

973,300

1

Vi

\

nagl|

T

-'<IV <]

e A AT e
A ] /\

frasrstis Gy et
VA iR sy

)

Dl, vV VO
..-s—%_‘bg.ﬂmr.-t,.“

i-.M» gks—!.v
T

e
g T
]

LA ) =1 y ‘
A e e e
A T Y VI e S g
it e e e S
v aeS i By A‘<.'
Y —
A

ﬂms_._.ﬁ____«,..—.%-fvy y ISy A»l‘i'
....ﬁﬁtﬂ._ﬁ_«ﬁmi-»«hm&ﬂf‘»"
A e A i A
Wivsr: gAY = ‘l."
e g A
e A =1 —
i e
A

400 FEET

110 METERS

200
|

o —

EXPLANATION
[ ] MSGD aquifer model (Harte, 2012)

[ ] Area-wide model

122,400 [~

121,600 [~

55

I
0

Figure 2.1. Map showing overlay of model cells for the area-wide model and the Milford-Souhegan glacial drift aquifer model, Savage

Municipal Water-Supply Well Superfund site, Milford, New Hampshire.
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