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CFC
cis-1,2-DCE
DCE
1,2-DCE
DNAPL'S
fog

H3

He

*He
MSGD
MTBE
NTU

ou1

ou2

PCA

PCE

PVC
Rior R
R2

RMSE
TCA

TCE

TOC
trans-1,2-DCE
VC

voC

2-d

3-d

chlorofluorocarbon
cis-1,2-dichloroethene

dichloroethene

1,2-dichloroethene

Dense Non-Aqueous Phase Liquids
organic carbon content

Tritium

Helium

Helium-4

Milford-Souhegan Glacial-Drift aquifer
methyl tert-butyl ether
neophelometric turbidity units
Operable Unit #1 of the Savage Municipal Well Superfund Site
Operable Unit #2 of the Savage Municipal Well Superfund Site
1,1,2,2-tetrachloroethane
tetrachloroethylene

polyvinyl chloride

Retardation factor or coefficient
coefficient of determination

Root mean square error
trichloroethane

trichloroethylene

total organic carbon
trans-1,2-dichloroethene

vinyl chloride

volatile organic compound
two-dimensional

three-dimensional



UNITS OF MEASUREMENT

CCSTPg™! cubic centimeter at standard temperatures and pressures
cm3/gm cubic centimeter per gram
g grams

g/cm3 gram per cubic centimeter
g/min gram per minute

alyr gram per year

in/mo inch per month

L/min liter per minute

mFg million grams

mg/s milligram per second
Mg/yr megagram per year

min minute

mL milliliter

yr year

WELL IDENTIFICATION, ABBREVIATIONS, AND EXPLANATION

Well names used in this report, including appendix 1, are typically designated based on previous
studies. In some cases, well names are designated after the owner’'s name.

Prefix for remedial wells

EW
W
RW
SP

SVE

exterior barrier wall extraction well
interior barrier wall extraction well
recharge wells

air sparge well (used for remedial technology that reduces concentrations
of volatile contaminants adsorbed to soils and dissolved in ground water
in the saturated zone; involves the injection of air into the saturated zone)

soil vapor extraction well (used for remedial technology that reduces
concentrations of volatile contaminants adsorbed to soils in the
unsaturated zone; involves the extraction of air from the unsaturated zone)



Prefix for observation wells

P piezometer

PW, B, MI, and MW observation wells

Suffix for observation wells

DorC deep cluster well
MorB medium cluster well
R bedrock well

SorA shallow cluster well

Lithology abbreviations

c coarse
f fine

m medium
Wx weathered

Statistical functions used in this report

Standard Mean Error = %Z(hm—ho)

Absolute Mean Error = %Z]hm —hy|

where hy = model-computed head,
hy = observed head, and
n = number of observations

Relative concentration= C/C,,
where c = concentration at reported time, and

C/C, = initial concentration at referenced time.



Simulation of Solute Transport of Tetrachloroethylene in
Ground Water of the Glacial-Drift Aquifer at the

Savage Municipal Well Superfund Site,

Milford, New Hampshire, 1960-2000

By Philip T. Harte

Abstract

The Savage Municipal Well Superfund site, named after
theformer municipal water-supply well for thetown of Milford,
isunderlain by a0.5-square mile plume of volatile organic com-
pounds (VOCs), primarily tetrachloroethylene (PCE). The
plume occurs mostly within a highly transmissive sand-and-
gravel unit, but also extends to an underlying till and bedrock
unit. The plume logisticaly is divided into two areas termed
Operable Unit No. 1 (OU1), which contains the primary source
area, and Operable Unit No. 2 (OU2), which is the extended
plume area.

PCE concentrations in excess of 100,000 parts per billion
(ppb) had been detected in the OU1 areain 1995, indicating a
likely Dense Non-Aqueous Phase Liquid (DNAPL) source. In
the fall of 1998, the New Hampshire Department of Environ-
mental Services (NHDES) and the U.S. Environmental Protec-
tion Agency (USEPA) installed aremedial systemin OU1. The
OU1 remedial system includes alow-permeability barrier that
encircles the highest detected concentrations of PCE, and a
series of injection and extraction wells. The barrier primarily
sits atop bedrock and penetrates the full thickness of the sand
and gravel; and in some places, the full thickness of the under-
lying basal till. The sand and gravel unit and the till comprise
the agquifer termed the Milford-Souhegan glacial-drift aquifer
(MSGD).

Two-dimensiona and three-dimensional finite-difference
solute-transport models of the unconsolidated sediments
(MSGD aquifer) were constructed to help eval uate solute-trans-
port processes, assess the effectiveness of remedial activitiesin
OU1, andto help design remedial strategiesin OU2. The solute-
transport models simulate PCE concentrations, and model
results were compared to observed concentrations of PCE. Sim-
ulationswere grouped into the following three time periods; an
historical calibration of the distribution of PCE from theinitial
input (circa 1960) of PCE into the subsurface to the 1990s, a
pre-remedial calibration from 1995 to 1998, and a remedial
(post-barrier wall) calibration from 1998 to 1999. Model results

also were checked against observed PCE concentrations from
May and June 2000 as a post-audit of model performance.

Results of the simulations of the two-dimensional model
for the historical calibration indicate that the model-computed
length of the plume is affected by the retardation factor (retar-
dation). Values of retardation greater than 3 caused the longitu-
dinal length of the computed plume to be too short compared to
the observed plume. A retardation of 2-2.5 produced a reason-
able comparison between computed and observed PCE concen-
trations. Testing of different starting times and rates of mass
input of PCE indicated that the plume reaches a quasi steady-
statedistributionin about 20 yearsregardless of the rate of mass
input or values of the solute-transport parameters (retardation,
dispersion, and irreversible reaction) assigned the model.

Results of the simulations of the three-dimensional model
for the pre-remedial (1995-98) calibration of PCE for the OU2
areaidentified some spatial biases in computed concentrations
that generally were unaffected by changesin retardation. The
computed PCE concentrations exceeded observed concentra-
tions along the northern part of the plume in OU2, where PCE
increases were observed in abedrock well. These results indi-
cate that some PCE in this area may be entering the bedrock,
which is not simulated in the model. Conversely, computed
PCE concentrations were |ess than observed concentrations
along the southern part of the plumein OU2. Because testing of
high (above 4) values of retardation did little to reduce residu-
als, it is concluded that the low computed PCE concentrations
along the southern flank are likely the result of an underestima-
tion of theinitial PCE massin this area or an unaccounted
source of PCE.

Results of the simulations of the three-dimensional model
for the remedial calibration period (1998-99) and post-audit
period (May—June 2000) showed a decline in concentration at
the OU1/OU2 boundary comparable to that observed in the
field. In September 1999, computed PCE concentrations
decreased by 6 percent from initial concentrationsin
December 1998, and observed PCE concentrations decreased
by 10 percent. In May 2000, decreases were 26 and 29 percent
frominitial concentrations for computed and observed PCE,
respectively.
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Introduction

The Savage Municipal Well Superfund site (Savage site),
named after the former municipal water-supply well (the
Savage well) for the town of Milford, N.H., isunderlain by a
0.5-mi? plume of volatile organic compounds (VOCs), contain-
ing primarily tetrachloroethylene (PCE) (figs. 1 and 2). The
VOC plume occurs mostly within ahighly transmissive sand-
and-gravel unit but also extends to an underlying till and bed-
rock unit. The sand-and-gravel unit, part of the Milford-Souhe-
gan glacial-drift aquifer (MSGD), is an important source of
water for aNew Hampshire State Fish Hatchery, supplying
morethan 2 Mgal/d. Before contamination, the aquifer also sup-
plied more than 1 Mgal/d to two municipal water-supply wells
(the Savage well and awell outside of the study ared); however,
use of these wells was discontinued because of high levels of
VOCs.

A discontinued tool manufacturing facility, the OK Tool
facility (also called Operable Unit No. 1 (OU1)), has been iden-
tified as the primary source (HMM Associates, Inc., 1989,
1991) of PCE that lead to the contamination of the Savage well.
The contaminant plume outside of OU1 is designated Operable
Unit No. 2 (OU2), also called the extended plume area.

The State of New Hampshire Department of Environmen-
tal Services (NHDES) and the U.S. Environmental Protection
Agency (USEPA) Region 1 have constructed aremedial system
for the OU1 area(fig. 3). Theremedial system consists of abar-
rier wall, which surrounds the highest concentrations of dis-
solved PCE and most likely some Dense Non-Aqueous Phase
Liquid (DNAPLS), and includes various injection and extrac-
tion wells (vapor and water) to capture and treat the dissolved
contaminant plume. The barrier wall was constructed from July
to November 1998. Remedia operations of wells were tested
from December 1998 to March 1999, but full operation started
in May 1999.

The U.S. Geological Survey (USGS), in cooperation with
the NHDES and the USEPA, Region 1, is studying the solute
transport of VOCs (specifically PCE) in contaminated ground
waters of the unconsolidated sediments of the Savage Munici-
pal Well Superfund site. Specific objectivesinclude:

1. Evaluate effectiveness of remedial operations at the OK
Tool facility (OU1),

2. Helpimprovelong-term (3—10 years) forecasting of PCE
declines in the unconsolidated sediments on the basis of
current remedial operations,

3. ldentify important processes that affect contaminant
transport, and

4. Improve upon long-term (more than 3 years) monitoring
strategies by helping to design a cost-effective
monitoring network.

The construction, calibration, and evaluation of solute-

transport models discussed in this report will address these
project objectives. The solute-transport models also will be

used to assist in the design of additional remedial strategiesin
OU2 by simulation of hypothetical scenarios.

Previous studies by the USGS of the study site include
construction and calibration of two ground-water-flow models
(Harte and others, 1999; Harte and Mack, 1992), eval uation of
effects of ground-water withdrawals on advective transport of
contaminated ground waters (Harte and Willey, 1997), analysis
of PCE trends for pre- and post-barrier conditions (Harte and
others, 2001), and results of amonitoring program of continu-
ous water levels (Brayton and Harte, 2001). The previous
ground-water-flow modeling studies did not examine the
effects of solute-transport properties on the dissolved PCE
transport in ground water.

Purpose and Scope

This report describes the construction, calibration, and
evaluation of solute-transport models of PCE for the Savage
site. Two-dimensional and three-dimensional solute-transport
models of the unconsolidated sediments were constructed and
model results compared to field observations of PCE concentra-
tions. Simulations performed and described in this report cover
threetime periods; an historical caibrationfromtheinitial PCE
input stages (circa 1960) to the 1990s, a pre-remedial calibra-
tion from 1995 to 1998, and aremedial (post-barrier wall) cali-
bration from 1998 to 1999. Because the primary VOC detected
in the study areais PCE, which is oneto three orders of magni-
tude greater than the secondary VOCs—(TCE, and cis-1,2-
DCE), only PCE is simulated.

Description of Study Area

The Savage siteisunderlain by an aquifer previoudly iden-
tified as the MSGD aquifer (Harte and Mack, 1992). The
MSGD aquifer is defined as the entire sequence of unconsoli-
dated sediments overlying the bedrock in the Souhegan River
Valley of Milford, N.H.

Theriver valey slopes gently at 12 ft/mi along the river.
Land-surface elevations range from 230 to 280 ft above NGV D
of 1929. The land drainsto the Souhegan River and its tributar-
ies (fig. 2), including Tucker, Purgatory, Great (not shown on
map), and Hartshorn Brooks, and a number of small, unnamed
streams. A discharge ditch drains processed waters from vari-
ous manufacturing companies in the southwestern part of the
study area.

Land use over the MSGD aquifer is predominantly indus-
trial in the southwestern part, agricultural in the central and
northwestern areas, and residential and commercial el sewhere.
The contaminant plume (fig. 2) underlies alarge agricultural
areain the center of the plume (not shown on any figures) and
abuts a commercial-industrial areato the south.

Current (2001) ground-water withdrawals are primarily
used for commercial and industrial purposes. Withdrawal wells
include two wells for the State Fish Hatchery in the northwest-
ern part of the study area (well numbers 87 and 208, fig. 2) that
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, \_ Area shown in detail in subsequent illustrations
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Figure 1. Location of the Milford-Souhegan glacial-drift aquifer, Savage well, and operable units 1 (OU1) and 2 (0U2) of the
Savage Municipal Well Superfund site, Milford, N.H.
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withdraw more than 2 Mgal/d, adiscontinued well at a private
fish hatchery in the eastern part of the study area (well number
354, fig. 2), and awell for an industrial and manufacturing com-
plex in the southwestern part of the study area (well number
395, fig. 2) that withdraws about 0.25 Mgal/d.

The OK Tool facility (OU1) has been identified as the pri-
mary source areaof VOCs (HMM Associates, Inc., 1989, 1991)
to the Savage well and isin the western part of the site. Solvents
were discharged into the subsurface at this facility for many
years until the early 1980s. Although discharges have ceased,
the underlying contaminant-soaked sediments and immiscible
solvents continued to contaminate ground water flowing east-
erly underneath the siteand created alarge plume (0.5 mi 2) until
abarrier wall was constructed in 1998.

The barrier wall is constructed of low-permeability mate-
rials (bentonite clay) and is designed to contain the highest
concentrations of contaminants. The barrier wall encirclesa
0.008-mi? area and the wall penetrates the full thickness of the
sand and gravel unit and, in some cases the glacial till, and pri-
marily sits atop the bedrock. Various injection and extraction
wells (fig. 3, appendix 1, plates 1 and 2) were constructed to
insure hydraulic isolation and reduce contaminant mass inside
the barrier wall and to capture and treat the contaminants out-
side the barrier wall. Maximum concentrations of PCE, the pri-
mary contaminant, range from 100,000 ppb inside the wall to
10,000 ppb outside the wall (Camp, Dresser, and McKee, Fed-
era Programs, 1995). Secondary VOCs (TCE and cis-1,2-
DCE) concentrations are typically one to two orders of magni-
tude less than those of PCE.

The remedial extraction wellsin OU1 help capture PCE-
contaminated ground water, whereit is sent to aplant for decon-
tamination and injection back into the aquifer. Extraction wells
include soil vapor extraction (SVE) wellsand water wells. SVE
wells are inside the barrier and have been sporadically used
from 1998 to 2000. Ground-water extraction wellsinclude the
IW-1 and IW-2 (fig. 3) inside the barrier. These wells capture
PCD and also maintain inward hydraulic gradients, which
reduce outflow of PCE from the barrier area. Two ground-water
extractionwells (EW-1and EW-2, fig. 3), outside and downgra-
dient of the barrier, are used to capture PCE outside the barrier.
Injection wells include two wells inside on the upgradient side
of the barrier (RW-1 and RW-2, fig. 3). Thesewellsare used to
prevent inflow of clean, uncontaminated waters from outside
the barrier and induce hydraulic gradients within the barrier.
Another injectionwell (RW-3, fig. 3) isoutside on thedowngra-
dient side of the barrier. A recharge gallery, outside the barrier
on the northern flank of the plume (fig. 3), receives the bulk of
the treated water and injects water into the shallow (less than
20 ft) subsurface. Air sparging (SP) wells (SP-1 and SP-2,
fig. 3) areinside the barrier and are used to inject air into the
deep overburden to facilitate transfer of VOCs, adhered onto
soils, into the vapor phase. SP wells were primarily inactive
from 1998 to 2000.

Hydrogeologic Setting

The MSGD aquifer (fig. 1) is defined as the entire
sequence of unsaturated and saturated alluvium, glacial drift,
and other unconsolidated deposits overlying the bedrock sur-
face in the Souhegan River Valley in Milford. The aquifer con-
sistsprimarily of stratified sand and gravel with some basal till,
and isoverlainin places by recent alluvium. The maximum sat-
urated thickness of the aquifer exceeds 80 ft, but generally
ranges from 0 to 60 ft. The aquifer is bounded laterally by till-
covered bedrock uplands.

Two bedrock types have been identified in rock cores
underlying the MSGD aquifer and include a white to pink,
medium to coarse-grained graniteand agray, bictite-rich diorite
gneiss (HMM Associates, Inc., 1989, 1991). Lyons and others
(1997) identified various bedrock formationsin the Milford
areaincluding the Massabesic Gneiss Complex of Late Protero-
zoic Age, an unnamed intrusive gray biotite granite of Permian
Age, and an unnamed biotite quartz diorite of early Devonian
Age (Spaulding Tonalite). A high-angle strike-dlip fault called
the Campbell Hill Fault traverses the areain a southwest-north-
east trend.

Till formsthe basal unit of unconsolidated sediments and
discontinuously overlies bedrock (Harte and Mack, 1992). The
till consistsof asandy to silty matrix. Thetill isthickest (greater
than 20 ft thick) in the westernmost part of the valley.

Stratified-drift deposits represent the most transmissive
units underlying the site. Stratified drift was deposited asice-
contact materials, glacial-lake deposits, fluvial deltas, and out-
wash materials (Koteff, 1970). During the late stages of glacia-
tion, awest to east drainage pattern, similar to present drainage
patterns, caused coarser sediments to be deposited in the west-
ern part of the valley. Specifically, glacia drainage occurred
through the channel occupied by Purgatory Brook and through
the channel occupied by the Souhegan River west of the con-
taminant source area. These glacial-drainage channels trans-
ported coarse-grained sedimentsinto the present day Souhegan
River Valley.

The unconsolidated sediments beneath the site consist of
up to 100-ft-thick deposits of predominantly sand and gravel. In
OU1, lithologic logs show sand-and-gravel sequences areinter-
spersed with discontinuous finer grained sands at depths of
40 ft and 70 ft. Coarse-grained deposits (cobbles and gravels)
occur at the uppermost layer near the water table (at a depth of
6-14 ft), at around 60 ft, and at the base of the unconsolidated
sediments at 90 ft.

The stratigraphy was apparently created by a sequence of
multiple glacial advances. The deep, coarse-grained deposits at
8590 ft below land surface indicate that subglacial meltwater
may have contributed to deep erosion into the bedrock. The
remaining depositsindicate meltwater deposition in theform of
deltas, outwash, and aglacia outburst deposit indicated by the
coarse cobble zone near the uppermost sequence. The extent of
the glacia outburst deposit appearsto be limited to the western
part of the aquifer. Farther east, in the upper strata, the predom-
inant depositional unit is outwash.
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A partially penetrating river, the Souhegan River, bounds
the northwestern part of OU1, and is the mgjor source of
recharge in this area. Farther downstream, the Souhegan River
isadischarge sink for ground water. In areas near the Souhegan
River, the ground-water-flow system responds quickly to vari-
ationsinriver stage, rechargefrom theriver, or infiltration from
precipitation; therefore, the flow system is highly transient.

Ground water flowsto the east at velocities exceeding
3 ft/day in the aquifer. Ground-water-flow directions vary
because of transient hydrologic conditions, which are induced
by oscillationsin river stage and variations in rates of recharge
and discharge. Ground-water-flow velocities are highest
(greater than 1.5 ft/d) in the cobble zone deposit in OU1 and
lowest (lessthan 0.5 ft/d) in the basal till unit throughout the
study area.

The interaction of ground water between the unconsoli-
dated sediments and underlying bedrock is uncertain. In 1999,
the USGS, in cooperation with the NHDES, and USEPA
Region 1, began collecting continuous ground-water levelsin
the bedrock to help improve the characterization of the interac-
tion between ground-water flow in the overlying unconsoli-
dated sediments (overburden) and bedrock. The transmissive
capabilities of the overburden are assumed to exceed that of the
bedrock.

Description and Trends of the Savage Site
Volatile Organic Compound Plume

The geographic extent, constituents, and spatial and tem-
poral trends of the Savage site VOC plume is discussed in this
section. A description of the physical and chemical characteris-
tics of the VOC plumewill help provide arationale for methods
applied to the simulation of the plume.

The first comprehensive analysis of the VOC plume was
donein 1989 (HMM Associates, Inc., 1991) with the sampling
of over 50 wellsin the overburden and underlying bedrock. The
primary VOC detected was PCE with a maximum reported
value of 1,900 ppb. Secondary VOCsincluded TCE, TCA, and
1,2-DCE (1,2-dichloroethene). Maximum concentrations for
the secondary V OCswere one-order lessthan that for PCE. The
distribution of maximum concentrations of PCE from wellsin
the overburden in 1989 is shown in figure 2. Concentrations of
VOCs were generally lessin the bedrock (not shown) in 1989
than in the overburden.

Surface-water sampling of VOCs was limited to adis-
charge ditch that received non-contact industrial water from
manufacturing facilities (see discharge ditch in figure 2) in the
central part of the plume. Detectable VOCsincluded acetone, in
addition to the aforementioned primary and secondary V OCs.
The maximum concentration of any VOC detected was 400 ppb
for acetone.

From 1989 to 1994, the VOC plume shifted north as a
result of decreases in ground-water withdrawals along the
southern flank of the plume and increases in withdrawals along

the northern flank of the plume (Harte and Willey, 1997). The
distribution of the maximum concentration of PCE found at
depth in 1989 and 1994 is shown in figure 4. The 10, 100, and
1,000 ppb contours are farther north in 1994 than in 1989 indi-
cating a shift of the VOC plume to the north.

In 1995, vertical profiling was used to provide an
improved three-dimensional view of the VOC plume (plate 3).
Vertical profiling was conducted using a direct-push method
that provides discrete water-quality samples at predefined inter-
vals. VOC samples were collected at vertical intervals of
5-10 ft at 73 locations. The vertical profiling was donein
transects, typically perpendicular to the principal northeasterly
flow direction of the plume.

The maximum concentration of PCE from the vertical pro-
filing exceeded 100,000 ppb in OU1. In OU2, the maximum
concentration of PCE was 4,250 ppb (Environmental Science
and Engineering, Inc., 1995, 1997). The maximum concentra-
tion of TCE exceeded 1,700 ppb in OU1 and 300 ppb in OU2.
(In 1995, cis-1,2-DCE was analyzed instead of 1,2-DCE asin
1989.) The maximum concentration of cis-1,2-DCE was
1,400 ppb in OU1 and 400 ppb in OU2. The maximum concen-
tration of TCA was 80 ppb in OU1 but exceeded 1,100 ppb in
OU2. The pattern of distribution of TCA in 1995 matched the
distribution of TCA in 1989 and showsthat the likely source of
the high TCA concentrationsis not from OUZ1, but from an area
near the industrial supply well (fig. 2, by well M1-88).

A plot of contours of maximum concentration of PCE
found at depth from the 1995 vertical-profiling survey showsa
low concentration zone (less than 1,000 ppb) within ahigh con-
centration zone (greater than 1,000 ppb) in the middle area of
the agquifer (fig. 5). This feature was not identifiable with the
limited number of samplesfrom wellsused to construct the con-
toursin the 1989 and 1994 maps (fig. 4). Also shownin
figure 5 are graphs of PCE concentrations for selected wells.
These graphs show large declines (up to 3,000 ppb) in PCE at
well MW-17C along the southern edge of the plume, but small
declines at wells along the centerline of the plume. In general,
trends in concentrations of secondary VOCs follow trendsin
PCE concentrations. As reported in Harte and Willey (1997),
largetransverse shiftsin the VOC plume have occurred over the
years because of changesin patterns of ground-water withdraw-
als.

A partia three-dimensional (3-d) view of the distribution
of PCE was constructed by slicing the overburden into discrete
layers. This slicing was done to correspond with layering of a
numerical solute-transport (MOC3D) subgrid constructed for
thisstudy. Sliceswere donein five layerswith ranges of depths
below the water table of 0-15 ft for layer 1, 15-35 ft for layer
2, 35-55 ft for layer 3, and greater than 55 ft for layers 4 and 5.
Layers4 and 5 were combined because of lack of data pointsto
justify simulation with separate layers.

A cross section of model layers with some major
hydrogeologic features is shown in figure 6. Model layersare
subdued reflections of a hypothetical pre-stressed (pre-
developed) water-table surface. The bottommost layer is the
bedrock surface.
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An average PCE concentration was cal cul ated per layer at
vertical-profile points that had more than one sample point
within alayer. Therefore, at each vertical-profile point, just one
value was input into each layer even if several vertical samples
may have been collected. In addition to vertical-profiling
points, concentration data from up to 10 wells per layer were
added to increase data resol ution.

Theinterpolated PCE concentrationsclosely matched (less
than 5 percent difference) the original inputted data concentra-
tion. Exceptionsinclude the OU1 area (in an area contained
within the barrier) and in areas with concentration less than
10 ppb. Thediscrepancy inthe OU1 arearesults from the inabil -
ity of the interpolated surface to match extremely large concen-
tration gradients (areas with concentration differences of one-
order of magnitude). Interpolation was done to create a semi-
continuous surface of PCE concentration data.

The results of the PCE interpolation are shown in
figures 78 as color ranges in concentrations. The areawith
PCE concentrations greater than 1,000 ppb islargest in layer 3
and smallest in layer 1. The 1,000 ppb areain layer 4 is discon-
tinuous because the layer pinches out in the middle of the over-

burden from arisein the underlying bedrock surface. Other-
wise, layer 4 shows the highest concentration of PCE as shown
by the large areain the western part of the plume. Concentra-
tionsin layer 5 were set equal to concentrationsin layer 4
because of alack of datain layer 5 to generate a computer-
generated surface interpolation.

Trendsin PCE and TCE concentrations were analyzed by
comparing concentrations from commonly sampled wells.
Although the location of the longitudinal axis of the plume has
shifted over the last 10 years, comparing changes in individual
well concentrations to changesin the overall concentrations of
the same sampled wells provides some insight into the overall
attenuation of the plume.

Sample statistics are summarized in two tables for three
time periods—1994 (table 1), December 1998 (tables 1 and 2),
and May 1999 (table 2). Statistical datafor 1994 and December
1998 are summarized intable 1, and include morewellsthan are
intable 2. Statistical datafor 1994, December 1998, and May
1999 are summarizedin table 2. Furthermore, dataare separated
into the two operational units OU1 and OU2 in both tables. By
separating the data into these spatial groups, trends in mass
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Table 1. Summary of PCE and TCE concentrations in samples collected between 1994 and December 1998
for commonly sampled wells at the Savage Municipal Well Superfund site, Milford, N.H.

[AIl concentrationsin parts per billion; OU1, operable unit 1; OU2, operable unit 2; PCE, tetrachloroethylene; TCE, trichloroethylene]

0U1 wells 0U2 wells
Statistics (Primary source area) (Extended plume area)
11994 2pecember 1998 11994 2pecember 1998
Volatile organic compound: PCE
Number of samples 6 6 38 38
Mean concentration 1,693 778 379 161
Median concentration 1,715 600 78 47
Standard deviation concentration 1,158 641 604 227
Volatile organic compound: TCE
Number of samples 6 6 32 32
Mean concentration 20 69 27 15
Median concentration 62 79 10 10
Standard deviation concentration 85 57 35 16

1QST Environmental, Inc., 1997.
2Harte and others, 2001; Allise M. deSmet, QST Environmental, Inc., written commun., March 1999.

Table2. Summary of PCE and TCE concentrations in samples collected in 1994, December 1998, and May 1999 for commonly sampled
wells at the Savage Municipal Well Superfund site, Milford, N.H.

[All concentrations in parts per billion; OU1, operable unit 1; OU2, operable unit 2; PCE, tetrachloroethylene; TCE, trichloroethylene]

0U1 wells 0U2 wells
Statistics (Primary source area) (Extended plume area)
1994 2December 1998  May 1999 1994 2December 1998  May 1999

Volatile organic compound: PCE
Number of samples 4 4 4 20 20 20
Mean concentration 1,715 618 578 579 265 264
Median concentration 1,910 505 475 135 110 140
Standard deviation concentration 1,344 584 523 717 264 279

Volatile organic compound: TCE
Number of samples 4 4 4 15 15 15
Mean concentration 81 44 44 44 24 24
Median concentration 60 25 30 31 20 29
Standard deviation concentration 88 53 47 38 18 16

3QST Environmental, Inc., 1997.
“4Harte and others, 2001; Allise M. deSmet, QST Environmental, Inc., written commun., March 1999.
SHarte and others, 2001; Allise M. deSmet, QST Environmental, Inc., written commun., June 1999.



14 Solute Transport of Tetrachloroethylene in Ground Water of the Glacial-Drift Aquifer at the Savage Well Site, Milford, N.H.

input of PCE from the DNAPL source in OU1 can be assessed.
For example, decreases of PCE concentration in OU2 may
result from decreasesin massinput from OU1, changesin atten-
uation in OU2, or both. If changes from mass input are the pri-
mary causes of decreases in PCE concentrations, relatively
similar changes will occur between OU1 and OU2.

For wells common to the sampled periodsin 1994 and
December 1998, which includes 6 wellsin OU1 and 38 wellsin
OuU2for PCE, and 6 wellsin OU1 and 35 wellsin OU2 for TCE,
the mean PCE concentration decreased by approximately half
in OU1 wells and a similar amount in OU2 wells (table 1) as
measured by the decreases from 1994 to December 1998. The
mean T CE concentration decreased by approximately one-third
in OU1 wells and half in OU2 wells from 1994 to December
1998. The median PCE concentration decreased by two-thirds
in OU1 wellsand lessthan half in OU2 wells. The median TCE
concentrationswerefairly similar (62 (1994) and 79 (1998) ppb
inOU1 and 10 (1994 and 1998) ppb in OU2) for thetwo periods
for both OU1 and OU2. Values of standard deviation werelarg-
est for 1994 and smallest for December 1998 in OU1 and OU2
for PCE and TCE. Thus, on the basis of the changesin mean
concentration in PCE, changes in massinput of PCE from
sourcesin OU1 arethelikely cause of decreases of PCEin OU2
because PCE decreasesin OU1 and OU2 were similar.

For wells common to the sampled periodsin 1994, Decem-
ber 1998, and May 1999, which includes4 wellsin OU1 and 20
wellsin OU2 for PCE, and 4 wellsin OU1 and 15 wellsin OU2
for TCE, the mean PCE concentration decreased by approxi-
mately half from 1994 to December 1998 (table 2). This
decrease was similar with wells common to the two sampled
periods only (table 1). Mean TCE concentrations decreased by
dlightly lessthan half from 1994 to December 1998. In contrast,
there are essentially no changesin mean concentrations of PCE
or TCE from December 1998 to May 1999. Median concentra-
tions of PCE and TCE for OU1 and OU2 follow atrend similar
to mean PCE and TCE concentrations. Values of standard devi-
ation for PCE and TCE concentrations are largest for 1994 and
smallest for December 1998 and May 1999 in OU1 and OU2.

Time trends in the mean concentration of PCE from com-
monly sampled wells were further analyzed by fitting a first-
order exponential equation to concentrations. The first-order
exponential equation is defined as

C=Ce " , D

where
C = concentration, in parts per billion;
C, = initial concentration, in parts per billion;
k = exponential-rate constant;
and

—
1

timein years.

Sampleswere collected during July 1989, December 1994,
July 1996, May 1997, December 1998, and May 1999. Sampled
wells were grouped spatially into the OU1 and OU2 areas.
Commonly sampled wellswere unavailable for all of the above
datesfor OU1 wells (dates missing include December 1998 and
May 1999) and OU2 wells (dates missing include July 1989 and
May 1997).

An exponential rate constant (k) of 0.13 was calculated for
OU1land0.17 for OU2. Although therate constant isgreater for
the OU2 data than for the OU1 data, which indicates a slightly
steeper declinein PCE concentrationsin OU2 than in PCE con-
centrationsin OU1, the two-slope constants are comparable.

In summary, the results of the analyses on timetrendsindi-
catethat, overall, PCE and TCE concentrations declined steeply
between 1989 and 1999 in OU1 and OU2. Most of the decrease
in concentrationsin the entire plume (OU1 and OU2) probably
resultsfrom acorresponding decreasein massinput of PCE and
TCE from the OU1 area.

Description of Processes Affecting Solute
Transport of Tetrachloroethylene

An overview of solute-transport processes affecting PCE
and selected associated VOC compounds is discussed in this
section. Examples of solute transport from other field sites are
included to provide comparisons with the Savage site.

PCE isamember of the chlorinated aliphatic group of
V OCs. Chlorinated ali phatic compounds—PCE, TCE, and their
degradation products like cis-1,2-DCE—are among the most
widely observed contaminants found in shallow ground-water
systems (Chapelle, 1993). Chlorinated ali phatic compounds are
persistent in ground water because of their widespread use in
industry asasolvent, theimproper disposal of these compounds
in the environment, their high solubility and mobility in water,
and their relative recal citrance to degradation. The solubility of
apure product of PCE inwater isrelatively high (150 mg/L) but
lower than a pure product of TCE (1,100 mg/L).

Solutefate and transport processes of PCE are governed by
advection, reversible reactions (retardation and sorption), and
irreversible reactions (degradation and volatilization), disper-
sion, diffusion, and dilution. Advection isthe movement of sol-
ute by bulk ground-water flow. Other chemical and physical
processes affecting solute transport of PCE are discussed in this
section.

The rate of solute transport of PCE is often less than the
averagerate of ground-water flow. These differencesinrate can
be described by the retardation factor (retardation) (Zheng and
Bennett, 1995). The higher the retardation, the slower the trans-
port of the PCE solute will be relative to the bulk or average
movement of ground water. Retardation iscaused by sorption of
solute onto geologic materials. The retardation factor is based
on the principle of alinear isotherm where an instantaneouslin-
ear equilibrium between the sorbed and dissolved concentration
is assumed. In some cases, non-linear or alternate isotherms
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may more appropriately describe the relation of sorbed and dis-
solved concentration. An exampleof an alternateisothermisthe
Langmuir isotherm, which assumes that sorption does not occur
beyond amaximum sorption threshold. L orah and others (1997)
showed that linear isotherms adequately represented the sorbed
and dissolved concentrations of PCA, TCE, and cis-1,2-DCE
under anaerobic 24-hour batch experiments, which indicates a
relatively rapid linear equilibrium relation exists between
sorbed and dissolved concentrations for these compounds. For
this study, PCE is expected to behave similarly.

The amount of PCE sorption will depend on the organic
carbon content (foc) of the subsurface materials, porosity, bulk
density, and the partition coefficient of PCE. Therefore, the
amount of organic carbonisakey factor in quantifying sorption
because the amount of noncarbon sorption istypically low in
saturated materials (Chiou, Henry, U.S. Geologica Survey,
written commun., 2001). The foc and retardation of PCE and
other similar compounds is given in table 3 from a number of
field sites including the Savage site. The average foc from geo-
logic materials underlying the Savage site islower than the foc
from other field sites indicating a tendency for relatively less
retardation at the Savage site.

Degradation of PCE to daughter product (TCE) occurs
from reductive dechlorination but also can occur as aresult of
cometabolism in aerobic environments (McCarty, 1994)
and(or) abiotic degradation. For reductive dechlorination to
occur, asuitable electron donor must be available. The principal
electron donor is native organic carbon but other co-contami-
nants can serve as electron donors. Co-contaminants to chlori-
nated aliphatic compounds include petroleum hydrocarbons
and methanol. The Savage site haslow organic carbon and neg-
ligible co-contaminant compounds. In contrast, reductive
dechlorination is amagjor degradation process of TCE attenua-
tion at the USGS Toxic Waste Study Site at Picatinny Arsenal
in New Jersey and St. Joseph site in Michigan (table 3). At the
Picatinny Arsenal site, anaerobic degradation accounts for 70
percent of the total attenuation of TCE (Imbrigiottaand Ehlke,
1999) and the degradation-rate constant, primarily from anaer-
obic degradation, ishigh (k= -1.82, table 3). Evidence of degra
dation isless clear at the Savage site because of alack of accu-
mulated daughter productsand limited geochemical evidence of
reductive reactions. Geochemical evidence of degradation
includes reduction of electron acceptors such as dissolved oxy-
gen, nitrate, sulfate, and iron (11) within a plume. Ethane or
ethene end products of a complete biodegradation process gen-
erally have not been detected at the Savage site; therefore, the
site can be characterized as an incomplete or limited degraded
plume.

PCE can also volatilize across the water-table surface but
generaly lessthan TCE and some other V OCs because PCE has
arelatively low vapor pressure. Rates of volatilization have
been documented for TCE at the Picatinny Arsena. Volatiliza-
tion accounted for 15 percent of the total attenuation of TCE at
Picatinny Arsenal (Imbrigiotta and Ehlke, 1999).

Dispersion, diffusion, and dilution also are factors affect-
ing PCE solute transport. Dispersion is afunction of the
mechanical tortuosity of geologic materials, variation in veloc-

ity of ground water because of transient recharge and discharge
conditions, and the average velocity of ground water (Goode
and Konikow, 1990). Dispersion is highly correlated with
plume size (Gelhar and others, 1985, 1992). Large plumeswith
high rates and variability of ground-water flow exhibit
increased rates of dispersion. The Savage site is assumed to
have alarge rate of dispersion on the basis of the size of the
plume and rapidity of flow. Diffusion isthe spreading and dilu-
tion of contaminants as a result of molecular diffusion. Diffu-
sion is dependent on contaminant properties and concentration
gradients as described by Fick’s Law. Few examples of field
cases exist that clearly demonstrate diffusion processes where
the plumes are dominated by advection as the principal mecha-
nism of solute transport. Dilution isafunction of contaminants
mixing with uncontaminated waters and tends to be higher at
sites with high ground-water recharge rates. Recharge at the
Savage site is probably comparable to, if not greater than,
recharge at the other siteslisted in table 3.

Thetotality of solute-transport processes can be quantified
by the apparent-loss coefficient. Apparent-loss coefficients
from the decline of VOC concentrations in various plumes are
listed in table 3. The apparent-loss coefficient, also called the
attenuation-rate constant (Wilson and others, 1994), is
described following afirst-order rate equation (table 3). The
apparent-loss coefficient definesthe decline of VOC concentra-
tionsfrom upgradient to downgradient plumelocations and can
be used as a measure of transport and general reactivity of
VOCs.

The apparent-loss coefficient for the Savage site was com-
puted from changes in mass of PCE between two transect lines
of vertical-profiling points that were aligned perpendicular to
the longitudinal direction of transport according to methods
described in Wilson and others (1994). The transect lines are
assumed to intercept the entire width and depth of the plume.
PCE mass was computed from transects installed in 1995
(Camp, Dresser, and McKee, Inc., 1995; and Environmental
Science and Engineering, 1995). Transect lines VP-2000 (in
OU1) and line D (in the middle of the plumein OU2) were cho-
sen to compute PCE mass because of their areal and vertical
coverage (plate 3). PCE mass declined by 25 percent between
thetransect lines. An apparent-loss coefficient of -0.06 per year
(negative indicating a decline) was computed and is equivalent
toahalf-life of 10.5 years; thisrate compares favorably to rates
computed at the Picatinny Arsenal site but islower than rates at
the St. Joseph site (table 3).

A potentially unaccounted-for loss of PCE mass, between
the two measured transect lines, at the Savage site is discharge
of PCE to the bedrock, which would produce a bias (overesti-
mate) in the apparent-loss coefficient because the method
assumes that the entire plume is sampled. Anecdotal evidence
suggeststhereissome PCE dischargeto the bedrock. A bedrock
well (MW-11 cluster, well number 219, plate 1) near line D
(plate 3) showed an increase in PCE concentrations from sam-
pled waters in the mid to late 1990s. Consequently, the com-
puted apparent-loss coefficient for the Savage siteis viewed as
an upper limit value.
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Table 3. Summary of physical and chemical characteristics of select volatile organic compound plumes in North America.

[mi2, square mile; ft/d, foot per day; f,,, mass fraction of geologic material containing organic carbon; Ry retardation coefficient; rate constant (k) = L/time(yrs)
In(c/c,), where ¢ = concentration and ¢, = initial concentration; PCE, tetrachloroethylene; PCA, 1,1,2,2-tetrachloroethane; TCE, trichloroethylene; --, no data;
cis-1,2 DCE, cis-1,2 Dichloroethylene; Apparent loss coefficients same as attenuation rate constants; Z = v,/4, ([1+2X(k/vx)]2 -1)]

Volatl_le . Plume Ground- Apparent-loss 1st order biodegradation-
Sitename  °'92™MC Reference Geolo_glc size wat(_ar Average R coefficients (k) rate constants (Z or k)
' f [ [
com- materials 2 velocity, fy in yoars P
pound ft/d
Savage, N.H. PCE Thisreport Glacial sand 0.5 2 0.0001 25 -0.06 --
and gravel with (method = transect
underlying till comparison from 1995
field data)
Picatinny TCE 1 Glacia sand .05 1 .015 35 -0.016t0-0.036 k =-0.021 to -1.82
Arsenal, N.J. with silt lenses (method = well compar- (method = lab anaerobic
ison dong flow path)  microcosm experiments).
Dover Air PCE 2 Coastal Plain 1 5 -- -- -- ==-0.32
Force Base, sediments (method = Buscheck and
Ddl. Alcantar, 1995).
Aberdeen PCA 3 Peat and clay 2 <1 .02 10 -- k=-161t0-115
Proving wetlands (method = lab anaerobic
Grounds, Md. microcosm experiments).
cis-1,2 - - - 6 - k =-18t0-33
DCE (method = aerobic micro-
€osm experiments).
St. Josephs, TCE 4 Glacial sand 06 12 .001 17 -0.38to0-1.3 = =-0.602
Mich. (method = transect (method = Buscheck and
comparison) Alcantar, 1995).
National PCE 5 Unknown field - -- -- -- -- k =-0.68
synthesis sites
TCE - - - - - k=-04

(method = field and lab
anaerobic experiments).

8 Imbrigiotta and Ehlke (1999).

7 Ellis (1996).

8 Lorah and others (1997).
9 Wilson and others (1994).
10 sgleem (1999).



Simulation of Solute Transport of
Tetrachloroethylene

Solute transport of PCE was simulated by use of the com-
puter code MOC3D (Konikow and others, 1996). MOC3D
solvesthe three-dimensional (3-d) solute-transport equation by
use of method of characteristics. The transport model isinte-
grated with MODFLOW, a 3-d ground-water-flow model
(McDonald and Harbaugh, 1988; Harbaugh and McDonald,
1996a and b). MOC3D uses the velocity fields generated by
MODFLOW to solve for the transport of asingle solute. Selec-
tive runs used the computer codes MODFL OW-96 (Harbaugh
and McDonald, 1996a and b), MODFL OW-2000 (Harbaugh
and others, 2000), and MF2K-GWT (an upgraded version of
MOC3D).

The 3-d solute-transport equation that is solved by
MOC3D describes the accumulation or loss of a solute over
time from advection, dispersion, fluid sources, retardation, and
decay as

aC) I [W(C’ —0)]

i 9%, eR, pe=o0. (3

e, Yiac_ 1o
ot Rfax; eR;ox;

where

= concentration,

= velocity of water,

= retardation factor (linear sorption),
dispersion tensor,

= fluid sourcerrate,

= direction aong x-axis,

= time,

= decay rate,

>~ x0TI <O
I

and

€ = porosity (also used).

As shown previously above, equation 2 simulatesasingle
species(for example, PCE) and cannot simulate the degradation
of asingle speciesinto daughter products. In this study, decay
is used to simulate irreversible reaction processes of degrada-
tion and volatilization of PCE. Dispersion terms and decay are
assumed constant over the area of simulation. Retardation and
porosity can vary by model layer.

Construction of Solute-Transport Models

The finite-difference ground-water-flow model (plate 4),
which was constructed for the western half of the MSGD aqui-
fer (Harte and others, 1999) and covers the Savage site, was
used as abasisfor PCE solute-transport simulations. A detailed
description of the flow model is described in Harte and others
(1999) and limited description is provided in this report.
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The areal extent of the ssmulated ground-water-flow sys-
temistheriver-valley aguifer of the western half of the MSGD
aquifer. The vertical extent or upper and lower boundaries of
theflow model are the water-table surface and bedrock surface,
respectively (fig. 6). The water-table surface is a specified
recharge boundary. The bedrock surfaceisano-flow boundary.
Recharge spatialy is varied to simulate upland recharge from
adjacent hillsides and to simulate ephemeral streams that
recharge the aquifer. Perennial streams are simulated with the
river package of MODFLOW (McDonald and Harbaugh, 1988;
Harbaugh and McDonald, 1996a). All streams are incised par-
tially and are simulated in model layer 1. Wells are simulated
with the well package of MODFLOW. The model grid contains
over 33,000 cellsin five model layers. All model layers slope
parallel to an unstressed (pre-withdrawal) water-table surface
and typically span 5 to 20 ft in thickness. In each model layer,
hydraulic conductivity is grouped into zones of similar values.
Each zoneisassigned aconstant val ue of horizontal and vertical
hydraulic conductivity. Horizontal hydraulic conductivity is
specified directly but vertical is assigned as aratio of the hori-
zontal value. All layers have a minimum of two zones of
hydraulic conductivity. Storage values and porosity are con-
stant within each model layer.

A major consideration in the simulation of solute transport
ismodel-grid size. The solution of solute transport is more sen-
sitiveto grid size and variationsin grid size than the solution of
ground-water flow primarily because numerical dispersion of
solute transport and mass-bal ance computations are affected by
variationsin grid size. The finite-difference grid variesin size
from 50 ft (x-direction) by 25 ft (y-direction) near OU1 to 100
ft (x-direction) by 200 ft (y-direction) away from the VOC
plume (plate 4). Cell sizein the x-direction crosses model col-
umns from southwest to northeast. Cell size in the y-direction
crosses model rows from northwest to southeast. A 50- by 25-ft
cell size spansrows 53 to 140 of themodel. A subgrid, whichis
apart of the flow-model grid, isused in MOC3D to solve for
solutetransport. Two solversin MOC3D, including the original
solver (Konikow and others, 1996), require aconstant grid size.
Most of the simulations of PCE in this report were performed
with asubgrid with cells of uniform size (plate 4). However, an
expanded subgrid spanning from row 23 to 140 also was used
in selected simulations with a recently developed solver
(Heberton and others, 2000).

Solute-Transport Parameters

The solution of the solute-transport equation 2 requires
specification of dispersivity, retardation, decay rates, and
porosity. Values of dispersivity, retardation, and decay (irre-
versible reactions) for the Savage site are discussed in the fol -
lowing subsections. Porosity (total) was specified asauniform
value per model layer; values ranged from 0.3 to 0.35.
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Dispersivity

Dispersivity isafactor used to describe dispersion (spread)
of asolute around the average flow of the solute. Dispersion of
asolute is computed from molecular diffusion, the dispersivity
of the aquifer, and the velocity of ground water in the equation

VvV
Dj; = a‘ijmnﬁ]'FDm' ©)
where
Cijmn = component of the dispersivity ten-
sor (L), afourth rank tensor;
Vp, and Vy, = components of the velocity vector
in the mand n directions,
respectively;
V| = the magnitude of velocity
(Konikow and others, 1996);
and
Dm = effective coefficient of molecular

diffusion.

In this report, dispersivity includes mechanical and
enhanced (additional) dispersivity from transient flow. No
molecular diffusion is simulated. Mechanical dispersivity is
controlled by the grain sorting and tortuosity of the aquifer.
Field measurements of mechanical dispersivity were not made
but assigned on the basis of literature values (Gelhar and others,
1985, 1992). For the observed size of the plume (as measured
by the length of the plume from the source areain OU1 to the
10 ppb contour as of 1995), the longitudinal dispersivity can
range from 18 to 180 ft. The transverse dispersivity istypically
0.1 of the longitudinal dispersivity and the vertical dispersivity
istypically 0.01 of thelongitudinal dispersivity. Theserelations
between plume length, longitudinal dispersivity, and transverse
and vertical dispersivitieswere used to assign parameter values
of dispersivity for the solute-transport simulation of PCE.

Enhanced dispersivity from transient flow is caused by
variationsin velocity of ground water from a steady-state-flow
condition. The combined effect of mechanical dispersivity and
enhanced dispersivity leadsto apparent dispersivity (Goode and
Konikow, 1990). Apparent dispersivity was computed from a
study of seasonal variationsin ground-water flow by use of
advective-transport modeling (data on file at the New Hamp-
shire-Vermont Digtrict office, Pembroke, N.H.). The values
obtained were incorporated into the dispersivity term to help
account for directional variationsin flow that are associated
with seasonal and short term (less than a week) recharge and
discharge conditions. Results showed that the apparent trans-
verse dispersivity can be as much as one-fourth (instead of one-
tenth) of the apparent longitudinal dispersivity.

Retardation

Retardation was cal cul ated on the basis of reported values
of PCE partitioning between sorbed and dissolved states and
carbon content of unconsolidated sediments detected in atest
drilling program for OU1 (Camp, Dresser, and McKee, Inc.,
1996, tables 2 and 3). The retardation factor can be estimated
from the following equation for linear sorption as

Ri = 1+ (ppx Ky)/ n. 4

where
R = retardation factor,
Po = bulk dry mass density of the sediments,
in grams per cubic centimeter;
n = porosity;
and
Kqg = thedistribution coefficient between

sorbed and dissolved state, in cubic
centimeters per gram.

The distribution coefficient (Ky) is determined from the
partition coefficient (K,) and the mass fraction of unconsoli-
dated sediments that consists of organic carbon (f.), as shown
in the equation

Ky = foc(Koo) - (5)

It isassumed in equation 5 that sorption is due only to the
amount of organic carbon found on the surfaces of unconsoli-
dated sediments and is not applicable for low values of f, (less
than 0.0001), where sorption may be controlled by inorganic
mineral surfaces (Zheng and Bennett, 1995, p. 71).

Thef, for the unconsolidated sediments is 0.00062
(approximately 0.001) as determined from the mean f,. from 20
samples (Camp, Dresser, and McKeg, Inc., 1996, tables 2 and
3). Ranges of f,. from several studies are listed in Zheng and
Bennett (1995, tables 9-5, p. 251). From siteswith glaciofluvial
and lacustrine deposits, f,. valuesrangefrom 0.00017 (medium
sand) to 0.01 (silty sand). The value from this study (0.00062)
iswithin these reported ranges.

The K, for PCE asreported by Chiou and others (1979) is
210 cm?/g. Kqc values greater than 210 cm3/g have been
reported in the literature, but avalue of 210 cm®/g was assumed
to be representative of conditionsin the MSGD aquifer
(C.T. Chiou, U.S. Geologica Survey, ora commun., 1998).



The base Ky (most likely value) is0.21 cm3/g, which
is obtained from the relation: Ky =210 cm3/g x (0.001) =
0.21 cm3/g. Substituting the K into the retardation equation 4
and assuming n = 0.3 and p, = 1.86 g/cm3 (both typical values
for materials in the MSGD aquifer); then

Ry = 1+(pyx Ky)/ n = 23, (6)

where an Ry of 2.3 represents the most likely value of Ry for
PCE solute transport at the Savage site.

Irreversible Reactions

Irreversible reactions of PCE, in the form of afirst-order
decay, are used to simulate processes of chemical degradation,
either biotically or abiotically, and volatilization. At the Savage
site, limited degradation (equivalent to alarge decay half-life of
at least 10 years) may occur from aerobic cometabolism or
anaerobic biotransformation of PCE to TCE and then to
DCE—the anaerobic biotransformation process can produce
three isomers of DCE, 1,1-DCE, cis-1,2-DCE, and trans-1,2-
DCE (Weaver, Wilson, and Kampbell, 1997). Transformation
beyond DCE to vinyl chloride, ethane, or ethene has generaly
not been detected at the Savage site as of 2000. Overall, degra-
dation processes are difficult to quantify because of the tran-
sient nature of the plume and lack of data on conservative (nhon-
reactive) tracers to understand trends in contaminant
concentrations. Furthermore, TCE and cis-1,2-DCE are poten-
tially co-contaminants (introduced into the waste stream at the
source area) and not derived (degraded) from PCE.

The simplest, most visible indicator of degradation isthe
relative decrease of parent concentration (PCE) and increasein
daughter concentration (TCE and cis-1,2-DCE) from upgradi-
ent to downgradient areas of the plume. Observations of parent
and daughter concentration ratios from OU1 to downgradient
areasin OU2 show small increases from 0.10 to 0.16 in daugh-
ter products along the northern part of the plume but negligible
changes along the southern part of the plume. The lack of
increasesin relative concentration of daughter compoundsindi-
cates either negligible degradation or similar degradation rates
for al three compounds (PCE, TCE, and cis-1,2-DCE).

The apparent-loss coefficient for the VOC plume at the
Savage site can be used as an upper limit to degradation rates.
An apparent-loss coefficient of -0.06 per year or a half-life of
10.5 years was calculated. With a half-life of 10.5 years, and
conservative travel timesin the plume of 5-15 years (retarded
travel times of 10-30 years), approximately one-fourth of the
PCE mass or approximately 450,000 g (on the basis of 1995
concentrations) could be degraded (maximum degradation rate)
before the plume discharges to theriver.
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Volatilization of PCE occurs from diffusion across the
water table. Estimates of volatilization were assumed to be con-
sistent with thereported ratesof TCE volatilization at the USGS
Toxic Waste Research Site at Picatinny Arsenal, N.J. (Imbri-
giottaand Martin, 1996). That study reported a TCE volatiliza-
tion rate of 0.1 mg/s (0.0036 Mglyr).

Numerical Solvers and Accuracy

Proper solution of numerical models of flow and transport
are important in any simulation. For this study, solution of
ground-water flow was done with the preconditioned conju-
gate-gradient solver (PCG2) (Hill, 1990). The solver calculates
iteration parameters internally within the program instead of
manually being inputted by the user. For all simulations
described in this report, the modified Cholesky method, an
option available in PCG2, was used. Head (water-level) residu-
alswere solved to 0.0001-foot precision.

MODFLOW displaysinformation on volumetric ground-
water-flow budgets in two forms, cumulative volume and volu-
metric rates. The percent discrepancy between inflows and out-
flowsisanindication of numerical accuracy of the solution. The
percent discrepancy for all simulations was from 0 to 0.01 per-
cent.

For solutions without simulation of solute transport (simu-
lations of ground-water flow only), model cellswereallowed to
rewet every 20thiterationif cellswent dry inan earlier iteration.
A description of the rewetting option of MODFLOW is dis-
cussed in McDonald and others (1991). During the steady-state
pre-remedial and transient remedial simulations, atotal of seven
cellswent dry, al located along the northwestern border of the
MSGD aquifer, west of New Hampshire State Fish Hatchery
withdrawal well number 5 (well number 208, fig. 2). Thesecells
remained dry and did not rewet even though the total number of
iterations exceeded 20. For solutions with solute transport that
issimulated in addition to flow, rewetting is not allowed and,
therefore, the cells remain inactive. Because no cells rewetted
for flow solutions, no differencesin results occur with the
rewetting option.

There are three main solution methodsfor MOC3D. These
include (1) an explicit finite-difference method, which isthe
original solution method documented in Konikow and others
(1996); (2) an implicit finite-difference method, called
MOCIMP (Kipp and others, 1998); and (3) ELLAM, animplicit
solution using an integral formulation of conservation of mass
(Heberton and others, 2000). All three solutions use method of
characteristics (MOC) to solvefor the advection term of the sol-
ute-transport equation, but use different methodsto solvefor the
dispersive-diffusive term of the solute-transport equation. The
explicit finite-difference method is the most restrictive because
stability criteriamay limit time increments (discretization) dur-
ing the solution. The implicit methods are unconditionally sta-
ble (MOCIMP and ELLAM). ELLAM allows the inclusion of
variable grid sizes within the domain of the solute-transport
subgrid. A large subgrid with variable grid sizes was used for
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the pre-remedial simulation, which allowed for the simulation
of PCE solute transport toward the two State Fish Hatchery
withdrawal wells. The transport subgrid ranged from row 23 to
140 of theflow grid for the ELLAM solution, and row 53 to 140
for the explicit and MOCIMP solutions.

MOC3D displays cumulative chemical budgets for solute-
transport simulations. The numerical accuracy of the solutionis
determined by the mass residual and percent discrepancy rela-
tiveto the predominant process during the simulation. The mass
residual is determined from the difference between the change
in mass, or theinitial dissolved and sorbed mass minusthefinal
dissolved and sorbed mass, and total massflux fromtheindivid-
ual simulated processes. All ssimulations had a mass residual
lessthan 30,000 g or 0.03 Mg. The percent discrepancy isdeter-
mined, depending on the predominant process during the simu-
lation, either as a (1) function of massinflows, (2) mass out-
flows, or (3) change in mass stored.

Threetypesof simulationswereanalyzedin thisreport; the
historical simulations from 1950 to the early 1990s, the pre-
remedia simulations from 1995 to 1998, and the post-remedial
simulations from 1998 to 2000. The historical and post-reme-
dial simulations were run in transient mode with various stress
periods. The pre-remedial wasrun in steady state with only one
stress period. For the historical simulation, the percent discrep-
ancy wascalculated in relation to massflux into the aquifer. The
percent discrepancies were less than 15 percent. For the pre-
remedia simulation, the percent discrepancy was calculated in
relation to initial mass stored. Percent discrepancies were typi-
cally lessthan 1 percent. For the post-remedial simulation, the
percent discrepancy was cal culated in relation to mass flux out.
Percent discrepancies were typically less than 3 percent, but
during the early time periods of the simulations, some percent
discrepancies exceeded 20 percent. According to Konikow and
others (1996):

“Because the solute-transport equation is more
difficult to solve than the flow equation, the mass-
balance error for a solute is often greater than for the
fluid. Also, because the particles that represent
advection in the method of characteristics are
discrete in nature and because the concentrations
tracked on particles are trand ated to the finite-
difference nodes for the purpose of computing the
mass balance, the mass-balance error will typically
show an oscillatory response over time. However,
thiserror is not a cumulative type of error; itis
usualy largest for the first few time increments and
then tends to balance out over time. Aslong asthe
oscillations remain within a steady range, not
exceeding about +10 percent as a guide, then the
error probably does not represent abias and isnot a
serious problem.”

In the post-remedial simulation, the solute budget of the
early stress periods (time) had relatively large percent discrep-
ancies exceeding 10 percent but due to the small time incre-
ments during those early periods, the relatively large percent

discrepancy was not critical to the reliability of the simulation.
Generally, the early stress periods had timeincrementslessthan
1 month, which constrained the amount of changesin mass. For
example, changes in mass during the early periods of the post-
remedial simulation generally werelessthan 0.005 Mg or 5Kg.

Variousidentical runswere made with multiple solverson
anidentical simulation of remedial conditions. Resultsindicate
that theimplicit solution (MOCIMP) produced the smallest per-
cent discrepancy. After 5-10 years, the MOCIMP solution had
a 0.5-percent discrepancy, the explicit solution had a 2-percent
discrepancy, and ELLAM solution had 11.5-percent discrep-
ancy. For thisreason, the ELLAM solution was not used in the
final remedial simulation.

Evaluation of Solute-Transport Models

Models were calibrated for each of the three simulation
periods: (1) the historical evolution of PCE distribution from
the first introduction of PCE into the MSGD aquifer (approxi-
mately 1960) to the 1990s, (2) apre-remedia system from 1995
to 1998, and (3) aremedial (post barrier) system from 1998 to
2000. Whenever possible, both PCE concentrations and
ground-water heads were used in the calibration if datawere
available.

Historical Simulation

A two-dimensional (2-d) transient solute-transport model
was constructed to simulate the long-term evol ution, from 1950
tothe early 1990s, of the distribution of PCE in the overburden.
A 2-d solute model was used for this period because it allowed
for quick simulation times and provided adequate spatial cover-
age given the lack of vertical information on the plume during
thesimulation period. Plumegrowth issimulated with astarting
PCE mass of zero (no PCE in the overburden) at the start of the
simulation (time = 0) but aconstant rate of PCE input isapplied
to the OU1 area after the start of the simulation. As part of the
calibration process, computed PCE concentrations were com-
pared to the observed PCE concentrations for the year 1989,
when the plume distribution was first mapped in detail.
Although PCE concentrations were calibrated against 1989 val-
ues, it was necessary to calibrate hydraulic head and flow (river
seepage) data against 199495 values because flow data were
unavailable for 1989.

The 2-d transport model utilizesa 2-d flow model that was
simplified from the 3-d flow model constructed by Harte and
others (1999). The hydraulic conductivity of the 2-d model was
computed from the bulk transmissivity of the 3-d model divided
by the saturated thickness of the MSGD aquifer. Within the
plume area, the hydraulic conductivity averages about 150 ft/d.
Other model-input parameters, such as rates of recharge and
head boundaries, were kept the same between the 2-d and 3-d
models. A specific yield of 0.23 (Harte and others, 1999) was
assigned to the model (a secondary storage coefficient is not
simulated inthe 2-d model). Theriver boundary wasadjusted in



the 2-d model from the initial 3-d model because theinitial 2-d
model results showed higher rates of river seepagethan ratesin
the 3-d model. The difference in amounts of river seepageis
caused when a partially penetrating river issimulated in a 2-d
flow model. To decrease river seepage in the 2-d model to
match the 3-d calibrated model, riverbed hydraulic conductance
was decreased to half the value specified in the 3-d model.
The simulated long-term flow conditions used in the his-
torical calibration follows flow conditions described and simu-
lated in Harte and Willey (1997). Flow and transport were sim-
ulated from as early as 1950 to aslate as 1994, and incorporated
thevariable patterns of ground-water withdrawal sin the aquifer
(appendix 2) that led to an increased transverse distribution of
the VOC plumein the MSGD aquifer. The pattern (amount and
distribution) of withdrawals has changed dramatically over the
years aswithdrawal s have increased from the south to the north
side of the Souhegan River. A total of 12 stress periods were
used to simulate the variable rates of withdrawalsin the aquifer.

Ground-Water Flow

Ground-water-head data are unavailable for the historical
calibration. Instead, a simulation of 199495 steady-state con-
ditionswas used as a calibration check of the 2-d model. A list-
ing of key calibration statisticsis given in table 4 for the 2-d
model and previously calibrated 3-d model for the calibrated
flow period (199495 steady-state conditions). Computed flows
and heads are similar to observed flows (river seepage) and
heads. The standard mean error between computed heads and
observed headsis-0.41 ft for the 2-d model and -0.11 ft for the
3-d model. River seepages are also comparable, although out-
flow for the 2-d model isless than the 3-d model.

Advective transport of ground-water particles (15 total)
from three locations in OU1, which were known areas of con-
taminant entry ways into the aquifer (Camp Dresser and
McKee, Inc., 1996), were forward tracked to their final dis-
charge locationsin the 2-d and 3-d models for the 1994-95
steady-state simulation. Results from thistracking indicate that
the advective transport (path and travel times) of the ground-
water particlesissimilar between the 2-d and 3-d modelsfor the
simulated 199495 steady-state flow conditions (table 4). The
direction of transport corresponds to those shown in Harte and
others (1999, fig. 14, p. 29) and shows that particles from the
northernmost input location discharge to the State Fish Hatch-
ery well, and the particles from the two southernmost point
locations discharge to the Souhegan River. The average travel
times of the 15 particles varied by less than 10 percent. How-
ever, the maximum travel times of particlesfrom the 2-d model
are approximately half of the times from the 3-d model. Conse-
quently, the use of the 2-d model in historical calibration will
provide an adequate approximation of the average contaminant
distribution but may overpredict contaminant transport in some
areas of the plume. During calibration, this bias could result in
selection of ahigh retardation factor, so asto slow transport, or
ahighirreversiblereaction rate (decay half-life), so astoinduce
additional loss of solute.
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Table 4. Results of two-dimensional and three-dimensional
steady-state models (ground-water-flow budgets, head residuals,
travel times from advective transport and river seepage) Savage
Municipal Well Superfund site, Milford, N.H.

[All unitsin cubic feet per second unless noted; subbasin river zones shownin
plate 1; --, no data)

Simulated ground-water

budget Observed
Parameter Two- Three- measurement
dimensional dimensional (1988)
model model
Inflow

Recharge 3.30 3.26 --
Eastern general-head .53 .68 --
boundary

Wells 0 0 --
River seepage 357 3.26 --

Outflows

Eastern general-head 0.14 0.09 --
boundary

Wells 418 4,18 --
River seepage 3.08 3.63 --

Ground-water head residuals
(72 wells total)

Absolute mean error, 0.71 0.58 --
infeet

Standard mean error, -41 =11 --
infeet

Travel times from '0U1 wells

Mean, in years 5.22 5.73 --
Maximum, in years 6.07 11.73 --
Minimum, in years 4.36 2.98 --

Subbasin river seepage

Basin (Subbasins shown on plate 1)

2 0.11 0.28 -0.18
3 18 25 .05
4 13 142 158
5 -.62 -.67 -27
6 131 121 -73
7 -.03 -.03 -

8 -.024 -.05 -31
9 -.18 -35 -47

Usee figure 3 for forward tracking locations corresponding to known
contaminant-disposal location.

The model -computed historical ground-water-flow budget
shows that no appreciable storage depletion occurs in the aqui-
fer from increases in ground-water withdrawals; however,
increasesin withdrawal s are augmented by increasesin induced
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river seepage and a reduction in ground-water discharge to the
river. Ground-water withdrawals have increased from negligi-
ble amounts (circa 1960) to 4.5 ft3/sin the 1990s. Asaresult,
river seepage (river recharge) increased from 1to 3.5 ft%/s and
ground-water discharge to rivers decreased from 4.5to 3 ft%/s.
Besides the increased withdrawals, the variationsin patterns of
withdrawal's, which have decreased along the southern part of
the plume and increased along the northern part of the plume
(Harteand Willey, 1997), haveincreased the lateral (transverse)
dispersion of the plume.

Solute Transport

The 2-d solute-transport model is simulated within a sub-
grid of theflow model. The subgrid isfrom rows 53 to 140 and
columns 25 to 170, which corresponds to a uniform grid area
(25 ft by 50 ft) of the flow model. Because the boundaries of the
subgrid are in the flow model, there is no affect on the compu-
tation of ground-water flow. Solute transport out of the subgrid
boundaries also is unaffected. Solute transport into the subgrid
boundary is assigned a background concentration of O ppb.

PCE-contaminant loads were input into the model at the
three locationsin OU1 that match known areas of contaminant
entryways into the aquifer, coinciding with the same point loca-
tions tracked with ground-water particles. Simulated PCE
enters the aquifer with recharge at constant concentrations for
the duration of the simulated period. Therefore, PCE input is
distributed by recharge alone in the source area, which isan
oversimplication because the model does not account for PCE
disbursal by density-driven flow. Fortunately for 2-d transport,
vertical transport is not simulated. Another oversimplification
isthe simulation of all PCE input and contamination from one
facility (OK Tool) in the aquifer. Inputs of contamination from
multiple facilities throughout the southern part of the plume
were possible during the simulated time period; therefore, con-
tamination may be underestimated in the transport model along
the southern part of the plume. Lastly, input and(or) dissolution
of PCE from aseparate phaseliquid (for example, DNAPL) into
asolutein ground water probably occurred at variable rates dur-
ing the simulation period. Uniform rates were assigned in the
model to simplify the analysis.

Solute-transport parameters tested include retardation,
which simulates linear-equilibrium sorption; an irreversible
reaction term (in the form of first-order decay rate), to simulate
processes such as degradation and volatilization; and dispersiv-
ity, which simulates the spreading of the solute around the aver-
age solute transport. Dispersivity includes alongitudinal and
transverse component for the historical 2-d model.

Variousratesof PCE sourceinput were applied to thethree
OU1 locations (fig. 3, known contaminant disposal |ocations)
and computed PCE concentrations were compared to observed
PCE concentrations from wells in the OU1 area (table 5) so as
to determine appropriate rates of PCE mass input for subse-
guent simulations. Adjustments of massinput rateshad thelarg-
est effect on computed concentrations in the OU1 area.

PCE concentrationsin OU1 are highly correlated and sen-
sitive to adjustments in source input rates. The rate of applied
massinput of PCE in OU1 in relation to the mean concentration
of model-computed PCE concentrations at three well locations
(HM-1, M1-63, and cluster wells MW-16 A,B,C) in OU1 is
shownin figure 9. Thethree well sites were selected to provide
sufficient transverse coverage at an optimal downgradient dis-
tance from the input source (approximately 350 ft) so asto
alow for sufficient spreading of PCE concentrations from the
input source. The correlation isextremely strong (coefficient of
determination of 0.97) between theinput rate and the computed
concentration. In contrast, PCE concentrationsin OU1 are less
sensitive to adjustments in other model parameters. Rangesin
the mean computed PCE concentration (17 to 2,874 ppb) from
adjustment ininput ratesfar exceeded rangesin mean computed
concentration (1,263 to 1,876 ppb) from adjustmentsin all other
model parameters. Because of these conditions, the model is
considered well calibrated to mass-input rates.

For the simulationslisted in table 5, all chemical and flow
parameters, except mass input of PCE, were kept constant.
Results show that a constant mass input rate of 1 g/min of PCE
provided the best match between computed and observed con-
centrations of PCE from five wells at three locations near the
boundary between the OU1 and OU2 areas.

Anecdotal information on the use of PCE, both nationally
and locally, was used to constrain simulated time periods. Sim-
ulated starting time periods of PCE input ranged from 1950 to
1960. Use of chlorinated organics as solventsin the United
States began in the mid 1950s (Cohen and Mercer, 1993). Man-
ufacturing operations in the OK Tool facility (OU1) beganin
the late 1940s but expanded in the early 1960s (Richard Goeh-
lert U.S. Environmental Protection Agency, Region 1, written
commun., 1997). Although active PCE disposal in the aquifer
ceased in the mid 1980s, continued dissolution of PCE from a
DNAPL or other source, such as residual liquid, has continued
as a PCE source to the aquifer until the construction of the bar-
rier wall in 1998 encircled the primary source area.

The simulated dissolved mass of PCE reachesastatic level
as aresult of the development of aquasi steady-state system
after 15 to 20 years from the start of PCE input; therefore, the
initial starting date did not affect the results of the 1989 compar-
ison. The longitudinal length of the model-computed plumeis
also insensitive to the start dates tested and shows no increase
inthelength of the plume as measured to the 10 ppb contour for
1989.

Snapshots of simulated plume evolution through time are
shown in figure 10. For this simulation, input starts at 1960
(time=0). In5years, from 1960 to 1965, the 1,000 ppb contour
migrates about 1,000 ft downgradient of the OK Tool facility.
During that time, only the Savage well isin operation. In the
year 1974, the length of the 1,000 ppb contour issimilar to that
observed in 1989. From 1965 to 1974, three additional with-
drawal wellsarein operation (two along the southern part of the
plume and oneto the north). In 1983, prior to cessation of with-
drawal sat the Savagewell, the plume and the 1,000 ppb contour
shiftsfarther southward from the 1974 distribution. In 1989, the
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Table5. Summary of mass inputs of tetrachloroethylene (PCE) for simulated historical runs that test the effects of mass loads of PCE on
computed concentrations in the QU1 part of the Savage Municipal Well Superfund site, Milford, N.H.

[No., number; HIST, historical model; PCE, tetrachloroethylene; g/min, grams per minute; ppb, parts per billion; Mg, megagrams; negative number means that
computed value is less than observed; all solute transport input parameters constant except mass input. Well locations are shown on plate 2]

Difference 1989 Difference Difference
. 1989 1989 Computed mean between 1989 1989 between 1989
Approxi- between 1989 .
Starting mate rate Computed Computed computod concentrationof PCE computed and Computed computed
Model earof  of mass sorbed dissolved dissolved mass atwells (MW16, observed mean length of andobserved
runNo. V&2 . mass of  mass of HM-1, and MI-63) at  (1,330) PCEat  PCE plume, length (5,667)
PCE input  input of PCE and . .
(g/min) PCE, PCE, observed (5.7) downgradientedge  wells MW16, infeet  of PCE plume,
in Mg in Mg . o of source area, HM-1, and MI-63, (to 10 pph) in feet
in Mg . .
in ppb in ppb (to 10 ppb)
HIST 5 1960 0.01 0.15 0.05 -5.65 17 -1,313 2,667 -3,000
HIST 8 1960 A 15 5 -5.6 174 -1,156 4,583 -1,084
HIST 15 1960 1 10. 33 -24 1,250 -80 5,041 -626
HIST 23 1950 1 84 28 -29 1,000 -330 5,041 -626
HIST 17 1960 17 19.7 6.5 .8 2,595 1,265 5,451 -216

3500
= Linear regression line
a000 f ) 1l
» Source input rate +*
R?  Coefficient of determination
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2000

1400

1000 b

MEAN PCE CONCENTRATION, IN PPB

00

I:I T T T T T T T T I
0 0.2 0.4 0.6 0.e 1 1.2 1.4 1.6 1.8

RATE OF MASS INPUT, IN G/MIN

Figure 9. Rate of mass input of tetrachloroethylene (PCE) in OU1 in relation to the mean concentration of model-computed
PCE concentrations from three locations in OU1, Savage Municipal Well Superfund site, Milford, N.H. [Operable unit 1 (QU1),
concentration in parts per billion (ppb), and rate of input in grams per minute (g/min).]
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southernmost extent of the 1,000-ppb contour shifts northward
as withdrawals decrease along the southern part of the plume,
after cessation of withdrawals at the Savage well in 1983, and
after anew high capacity (800 gal/min) withdrawal well (FH-4)
is placed into operation to the north of the plume (fig. 10E).

Calibration of solute-transport parameters of retardation,
dispersivity, and irreversible reaction (first-order decay) was
done by comparing 1989 observed concentrations to model-
computed concentrations of PCE. Focuswas placed on compar-
ing the simulated longitudinal extent of the PCE distribution to
the 1989 observed extent of the PCE distribution. The observed
concentrations at cluster wells, which have individua wells
grouped together with single, short-screened wells (less than
10 ft), were averaged to compare to computed concentrations.
The observed concentrations at single long-screened wells
(morethan 20 ft long) were used asis. Observed concentrations
from singly located short-screened wells also were used if data
from other nearby, more preferable wells were unavailable and
thesingly located short-screened wellswereinstalled more than
10 ft from the water-table surface (usually 20 ft below land sur-
face).

Model-computed concentration gradients from 1,000 to
100 ppb at the leading edge of the plume are sensitive to the
variationstested in retardation (R = 2 to 6) and reaction (decay
half-life of 0 year (no decay can also be expressed asinfinity) to
10 years). These concentration gradients are less sensitive to
dispersivity (longitudinal values from 54 to 180 ft and trans-
verse from 6 to 18 ft).

Maps of the 1,000-ppb PCE-concentration contour for five
model runs, and the 2-d observed maximum 1,000 ppb contour
(HMM Associates, Inc., 1991) show that aretardation of 2.5
produces the best fit between modeled concentrations and
observed concentrations (fig. 11). Simulations were examined
using the same massinput rates and starting time but with vary-
ing values of retardation, irreversible reaction rates (decay half-
life), and dispersivities. Simulations of PCE concentrations
with aretardation of 4 all show a shorter longitudinal length of
the 1,000 ppb contour than the observed average or maximum
contours. Simulations using a retardation of 2.5 best match the
observed distribution. The increase of dispersivity from 54 to
180 ft haslittle effect on the 1,000 ppb contour. In contrast, lon-
gitudinal-profile plots of concentration through a section of the
aquifer (not shown in any figure) show that dispersivity affects
the distribution of PCE for values less than 100 ppb.

M odel -computed concentrations of PCE, from model cells
coinciding with the location of an observed well(s) with avail-
able PCE data, were compared to observed concentrations. A
total of 46 values were compared, and showed that the best
match occurred with alow retardation (R = 2.5), dispersivities
of 54 for thelongitudinal and 12 for the transverse, and low irre-
versiblereaction rate (half-life of 20 yearsand above). The stan-
dard mean errors for the two best simulations were 442 ppb
(half-life of 20 years) and 634 ppb (no decay half-life), respec-
tively. The absolute mean errors were 867 ppb (half-life of
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20 years) and 988 ppb (no decay half-life). The root-mean of
squared residuas (RMS) was 1,566 ppb ((half-life of 20 years)
and 1,712 ppb (no decay half-life).

The solute-transport budget (dissolved and sorbed mass
for the simulation with a half-life of 20 years) for 1988 shows
that 0.02 Mg of PCE discharges out of the subgrid area along
the northern part of the plume, 0.55 Mg dischargesto wells
(industrial wells M1-33, M1-35 aong the southern part of the
plume, fig. 10E), 0.36 Mg dischargesto theriver, and 0.44 Mg
islost by volatilization and degradation. For 1989, 0.03 Mg of
PCE discharges out of the subgrid area on the northern part of
the plume, 0.32 Mg discharges to withdrawal wells (industrial
wells M1-33, MI1-35 along the southern part of the plume),
0.46 Mg discharges to theriver, and 0.56 Mg islost by volatil-
ization (1 percent of 0.56 Mg lost by irreversible reaction) and
degradation (99 percent of the 0.56 Mg lost is by irreversible
reaction). Therefore, from year to year, the solute budget will
vary depending on the patterns and rates of withdrawals and
probably from other stresses such asrecharge and river seepage.

Pre-remedial Simulation

The pre-remedial simulation used the 3-d, steady-state-
flow model described in Harte and others (1999) with the
exceptions described here. The pre-remedial calibration period
was from May 1995 to December 1998, when construction of
the barrier wall was completed in OU1. Hydrologic conditions
during the pre-remedial period were similar to, but slightly dif-
ferent than, the 1994—95 conditions described in Harte and oth-
ers (1999).

Ground-water withdrawal s varied slightly between 1995—
98, and withdrawal s increased from 1994 to 1995 rates. In
199495, ground-water withdrawals included the two State
Fish Hatchery wells (combined withdrawal rate of 3.58 ft3/s),
industrial well M1-88 (0.38 ft3/s), and a private fish hatchery
(0.22 ft3/s). In 1996, withdrawal sincreased at thetwo State Fish
Hatchery wells to 4.19 ft¥/s, stayed the same at the industrial
well M1-88, and were terminated at the private fish hatchery.
The location of withdrawal wellsis shown in figure 2b except
for well M1-88, which isnext towell M1-33 and supersedesthis
well.

The pre-remedial period was simulated as a steady-state-
flow condition; storage changesin the aquifer are assumed neg-
ligible and were not simulated, and stress rates were effectively
constant for the period. The assumption of steady-state condi-
tions appears reasonable because the long-term observation
well MI-18 (fig. 1) had asmall 0.68 ft drop in ground-water lev-
els during the simulated period from May 1995 to December
1998—Iess than a 20 percent difference in the total fluctuation
of thiswell. Model-assigned recharge rates were kept constant
at 1994 rates. M odel-assigned withdrawal s were kept at con-
stant rates of 4.19 ft3/s from the two State Fish Hatchery wells,
0.38 ft¥/s at MI-88, and 0.11 ft/s at the private fish hatchery
well.
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(R, retardation; DL/DT, longitudinal and transverse dispersivity.)

Ground-Water Flow 2.
To improve the model calibration of ground-water flow

and solute transport, additional boring logs and hydraulic con-

ductivity tests from pumped wells were analyzed and modifica- 3

tionswere madeto the 3-d flow model (Harte and others, 1999).
Zones of hydraulic conductivity of the aquifer were adjusted as
part of the model modification, which included the following
changes:

1. Extending the high hydraulic conductivity zonein layer 5
westward on the basis of boringsin OU1,

Extending the high horizontal hydraulic conductivity of
layers 2 and 3 at the State Fish Hatchery area southward
by 100 ft to incorporate the withdrawal well located
closest to the Souhegan River (FH-4, fig. 2), and

Incorporating additional spatial variability of vertical
hydraulic conductivity at and within model hydraulic
conductivity zones (vertical hydraulic conductivities
wereinitially set at a 1:1 ratio with horizontal hydraulic
conductivities in the northwestern areain layers 1 and 2
by the State Fish Hatchery and by cobble zonein layer 1;
elsewhere it was set at a 1:4 ratio under base values.



During the course of model calibration for the pre-reme-
dial and remedial models, alternative hydraulic conductivity
features were tested. These features included:

4. Decreasing horizontal hydraulic conductivity in the
central part of the plumein layer 2 from 250 to 86 ft/d,

5. Testing the effects of varying horizontal hydraulic
conductivity for layer 5 by afactor of 3 (from 5 to 60 ft/d
(base values) to 15 to 180 ft/d), and

6. Decreasing ratios of vertical to horizontal hydraulic
conductivitiesfrom 1:4 to 1:8 in selected areas and layers
of the model.

The test of alternative hydraulic conductivities (numbers
4-6) resulted in small changes in model-computed head for the
1995-98 steady-state simulation, which indicate the model is
insensitive to these modifications for computation of head. VVol-
umetric flow, advective transport, and solute transport are sen-
sitive to the aternative hydraulic conductivities (numbers 4-6)
tested. The computed ground-water-flow budget shows asmall
decrease in river seepage (about 0.4 ft3/s) with adecreasein
horizontal hydraulic conductivity for layer 2 representing the
upper part of the MSGD aquifer. In contrast, the flow budget is
unchanged with an increase in horizontal hydraulic conductiv-
ity for layer 5 representing the lower part of the MSGD aquifer.
Advective and solute-transport calibration showed that calibra-
tion improved with theinclusion in themodel of the alternative
hydraulic conductivitieslisted in numbers4 and 6. Based on the
advective-transport analysis and solute-transport calibration,
model results from simulations including these alternative val-
ues are presented in the following paragraphs.

M odel-computed heads from the steady-state simulation
of 1995-98 were compared to observed heads from December
1998 at 52 wells (all in the OU2 area) to evaluate model fit.
Observed wells were selected for comparison only in the OU2
area because barrier-wall construction in OU1 disrupted heads
locally. The standard mean error is 0.81 ft and the absolute
mean error is 0.93 ft, which indicate an overall positive bias
(computed heads exceed observed heads). December 1998
heads are dlightly less than average heads for the May 1995 to
December 1998 period, asindicated by datafrom the long-term
(1960 to current) water-level observation well MI1-18. In
December 1998, the head at well MI-18 was 255.4 ft and the
average heads for water years 1997 and 1998 were 255.9 and
255.96, respectively. The head at MI1-18 in December 1998
(255.4 ft) ad so was|ower than the head (255.88 ft) from 1994 to
95. Therefore, the apparent positive bias of head residuals for
the December 1998 comparison may be aresult of the observed
December 1998 data set being slightly low for the simulated
period. Nevertheless, the December 1998 data set allows for a
semi-quantitative check against model accuracy for thissimula
tion period, and isthe only extensive water-level data set for the
pre-remedia simulated period.

Head residuals of December 1998 from model layer 3in
the OU2 area are shown in figure 12. Head residuals for the
other model layers follow a similar pattern. Computed heads
exceed observed heads along the southern OU2 area east of
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withdrawal well MI-88. Conversely, computed heads are less
than observed heads in the eastern part of the OU2 area. One
potential cause of relatively high residuals compared to other
areas along the southern area of OU2 may be due to unac-
counted for variations in hydraulic conductivity and(or) pat-
terns of recharge.

M odel-computed heads from model layer 3 (representing
themiddle part of the M SGD aquifer) areshowninfigure 13 for
the steady-state simulation of 1995-98. Heads decrease from
264 ft at OU1 to 242 ft at the eastern edge of the model layer. A
cone of depression isvisible at the State Fish Hatchery with-
drawal wells. Withdrawals here cause adivergence in flow
between ground-water dischargeto thesewellsand dischargeto
the Souhegan River or Purgatory Brook to the east. Withdraw-
als at well MI-88 cause the 260 ft contour to bend to the west.

The model-computed ground-water-flow budget for 1995—
98 shows that ground-water withdrawals are 3.96 ft3/s, river
seepage into the aquifer is 3.49 ft3/s and ground-water dis-
charge to the river is 3.16 ft/s (anet loss of 0.33 ft%/s). A net
inflow of 0.48 ft¥/sis computed at the eastern boundary of the
aquifer. Flow in the aquifer occurs predominantly within the
upper to middle aquifer. The model-computed budget cal cu-
lates 90 percent of the flow occurs within model layers 1
through 3.

Apparent Age of Ground Water

Conventional physical methods, such as measurement of
hydraulic heads and estimation of hydraulic properties, have
limitations for defining ground-water flow. The solution of the
ground-water-flow equation is non-unique because physical
methods cannot determine recharge rates and effects of bound-
ary conditions on flow. Environmental isotopes (natural iso-
topes and anthropogenic tracers) can be used to constrain the
solution of the ground-water-flow equation and provide infor-
mation on flow rates when used in conjunction with physical
methods described earlier.

Ground-water samples from five wellsin OU1 (B95-3,
B95-6, B95-8, MW-16B, and MW-16C; appendix 1, plate 2)
were collected in May 1997, and samples were analyzed for tri-
tium/helium (anthropogenic tracer) concentrationsto determine
the age of sampled waters. Determination of the apparent age of
ground water using tritium (3H) in combination with its decay
product tritogenic helium (3He) isreferred to as the tritium-
helium isotope-dating method. High concentrations of tritium
were introduced into the atmosphere from fusion-bomb testing
inthe 1950s and 1960s with a peak concentration in 1963. Sam-
ples also were analyzed for chlorofluorocarbons (compounds
produced as arefrigerant); however, interference of contami-
nated waters from the solvent plume inhibited accurate age dat-
ing by this method.

Sampling methods for these environmental isotopes were
similar to those described in Harte and others (2001, p. 20) for
bladder-pump samples, with the exception of the specific bottle
type used for each type of isotope. The bladder pump was
placed at the midpoint of thewell screens. Water was evacuated
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Figure 12. Head residuals (differences) between model-computed heads from steady-state simulation of 1995-98
conditions and observed heads from December 1998 for model layer 3, Milford-Souhegan glacial-drift aquifer, Savage
Municipal Well Superfund site, Milford, N.H.
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at rates of generally 1 L/min to prevent drawdown in the sam-
pled wells. Water-quality field parameters (specific conduc-
tance, pH, dissolved oxygen, and water temperature) were
monitored for stability to help ensure a static source of water to
the well. A minimum of one wellbore volume of water was
evacuated prior to collecting environmental -isotope samples.
Samples for tritium/helium were collected in a copper tube iso-
lated from the atmosphere. Tritium/helium concentrations and
apparent ageswere analyzed according to methods described by
Schlosser and others (1988).

The apparent ages of ground water that are derived from
the tritium/helium concentration; the decay half-life of tritium;
and the accuracy of measurement, in years, since the sampled
water recharged the ground-water system are provided in
table 6. Ages ranged from 1 to 6 years. The oldest dated waters
were from MW-16C and the youngest from B95-6. The accu-
racy of dated watersis approximately athird of ayear. Concen-
trations of 3H ranged from 8.5 (B95-8) to 10.1 (MW-16C) tri-
tium units (TU). Concentrations of 2He ranged from 0.51
(B95-6) to 3.96 (MW-16C) TU. Concentrations of helium-4
(*He), which is derived from sources other than radiogenic
decay of 3H, ranged from 5.28 x 108 ccSTPg! (B95-6) to
8.65 x 108 ccSTPg ! (B95-3). Helium-4 is composed partly of
terrigenic helium that is derived from degassing of the mantle
(bedrock). The percent of terrigenic helium is high (35.2) at
B95-3 and (18.9) B95-8 (table 6) and is probably caused by the
water samples from these wells being taken near the bedrock
surface and by the absence of athick (10 ft or greater) till layer
that would restrict gas movement from the bedrock.

Information on well screen, sample intake position of the
bladder pump, sample-intake layer, and the corresponding
model layer(s) of the well screen (well-screen layer) are listed
intable 6. Most screens span morethan one model layer (except
B95-8), whereas the sample intake is a discrete point within a
model layer. Thisinformation isimportant to understand poten-
tial sources of water, flow rates, and ages.

Comparison with Model-Computed Ground-Water Ages

M odel-computed advective transport and time-of-travel
were compared to apparent ground-water ages estimated by
environmental isotopes. Computed ages were determined by
backward tracking particles from the model cell where the well
islocated to their initial entry into the saturated ground-water-
flow system; typically this representsthe water-table surface or
river cell. Particles were tracked with MODPATH (Pollock,
1994), which uses an advective-transport algorithm and
ground-water flow computed from MODFLOW. Dispersion
facilitates mixing of waters and increases the variation in
tracked ages but is not included in the transport algorithm and
model computation of age. Sixty-four particles were tracked
fromonecdll (the cell containing thewell). The number of cells
(or layers) tracked depended on the well-screen length.

Model simulationswere of steady-state conditions typical
of the 1995-98 period. Hydrologic conditionsin the OU1 area
are assumed to be fairly constant from 1997 (when samples

were collected) back to 1988. All apparent ages generally fall
into this time span. The ranges of apparent ages, generally
greater than 1 year and less than 9 years, indicate that a steady-
state model simulation can adequately approximate flow condi-
tions because (1) the long-term variations (those affected by cli-
matic and ground-water recharge changes and(or) major with-
drawal changesin the aquifer) would be negligible for the OU1
area during this 1- to 9-year time span, and (2) short-term tran-
sients (those affected by seasonal variations) would besmall for
periods greater than 1 year.

Two sets of model-computed ages are provided in appen-
dix 4. Mean ground-water ages are calculated from the compu-
tation of particles placed in (1) specific model layersthat corre-
sponded to the sample-intake layer, and (2) from model layers
that corresponded to the entire screen interval. Particlestracked
from the screen interval typically cover two model layers; there-
fore, the reported computed ageisthe mean age of 128 particles
(64 per layer). In contrast, particles tracked from the sample
intake cover only one model layer and the reported computed
age is the mean age of 64 particles. The two sets of mean ages
are used to evaluate the potential effect of vertical flow in the
well during sampling. Vertical flow during sampling would
induce waters to be derived from potentially the entire screen
length rather than a specific intake depth.

The mean model-computed age from the discrete sample
intake layer is older than the mean age from the screen layer(s)
at wells B95-3 and B95-6, is the same age for well B95-8
(because the well is screened in only one layer), and is younger
for wells MW-16B and MW-16C (appendix 4). The relation of
mean ages computed for the sample intake layer and that of the
screen layer is based on the differences in assigned horizontal
hydraulic conductivity per model layer. For example, the hori-
zontal hydraulic conductivity of the sample intake layer isless
than the total screen layer(s) horizontal hydraulic conductivity
at wells B95-3 and B95-6. Therefore, the computed mean age
of the sampleintake layer is older than the computed mean age
of the entire screen layer because the screen layer incorporates
alayer above that has a high horizontal hydraulic conductivity.
Conversely, at wells MW-16B and MW-16C, the horizontal
hydraulic conductivity of the entire screen layer(s) isless than
the horizontal hydraulic conductivity of the sampleintake layer
and, as aresult, the computed mean age for the sample intake
layer isyounger than the computed mean age for the entire
screen layer.

Anexampleof thevertical distribution of model-computed
ages for individual particles, the mean particle age per layer,
and the apparent agesis shown in figure 14 for two wells:
B95-3 and B95-6. The vertical profile of individual particle
agesiscurvilinear at well B95-3 but shows an abrupt increase
at well B95-6 (fig. 14). This abrupt increase correspondsto a
large decrease (more than one-order of magnitude) in horizontal
hydraulic conductivity from layer 2to 3. At well B95-3, the dif-
ference in horizontal hydraulic conductivity from layers 3 to 4
islessthan amultiple of 3, and, thus, the profileisfairly
smooth.



Table 6.

Savage Municipal Well Superfund site, Milford, N.H.

Information on wells sampled in May 1997 for tritium-helium isotope and tritium-helium concentrations, Milford-Souhegan glacial-drift aquifer in the QU1 part of the

[All wellsinstalled in glacial-drift aquifer; Apparent age in years since water particle entered the ground-water system; 3H, tritium; TU, tritium units; ccSTPg™L, cubic centimeters per gram at standard temperature
and pressure; 3He, Helium-3; “He, Helium-4; >, greater than]

Well information Model layers Isotope information
Top of well  Bottom of - Depth to Depth to till I-_\pparent age, Accuracy, Accuracy of N
screen well screen  bedrock Layer of Layersof inyearsfrom . .o o 4y Terrigenic
below land . . inyears of Tritium tritium, 1 3 He, in g
Well below land below land below land sample  screen titium/helium L 3 He, TU 1 He, in
surface, . . . tritium/ [°H],TU  standard ccSTPg
surface, surface, surface, in feet intake interval analysis helium deviation TU percent
in feet in feet in feet (May 1997)
B95-3 61.5 715 86.0 Not detected 4 34 2.69 0.33 9.48 0.19 1.53 8.65E-08 35.20
B95-6 415 51.5 >62 50.0 3 2-3 .92 .33 9.70 19 51 528E-08 .00
B95-8 72.0 82.0 88.0 85.0 4 4 4.90 .34 8.50 19 268  6.97E-08 18.90
MW-16B 39.6 49.6 875 84.0 2 2-3 2.37 .30 9.40 .20 132  6.23E-08 .60
MW-16C 73.2 83.2 87.5 84.0 4 4-5 5.94 .30 10.10 .20 3.96 5.96E-08 10.90
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Figure 14. Comparison of model-computed ages in relation to apparent ages for (A) wells B95-6 and (B) B95-3 showing
discrete ages of individual particles and mean age per model layer from simulation of 1995-98 steady-state conditions and
apparent age from tritium-helium concentrations in May 1997 samples, Milford-Souhegan glacial-drift aquifer, in the QU1
part of the Savage Municipal Well Superfund site, Milford, N.H.

A statistical summary of model-computed ages from six
model simulationsisincluded in appendix 4. The statistical
summary includes the mean value of the tracked particle ages
and the minimum and maximum ages. The simulations were
used to analyze the effects of alternative horizontal hydraulic
conductivitiesin layers 2 and 5 and vertical anisotropy in
selected model layers (a summary of assigned model input is
given in appendix 3). Porosity also wasvaried inlayers2 and 4
for one simulation (appendix 4). Computed mean ages are older
for simulations with the porosity set at 0.35 for layers 2 and 4
because the porosity term in the advective-transport tracking

algorithm is used in the denominator to cal culate a ground-
water velocity.

At wells B95-6, B95-8, and MW-16C, the difference
between minimum and maximum ground-water ages of discrete
particlesislarge and the range brackets the apparent age of sam-
ples from these wells (appendix 4). Thus, modificationsto
model input were not needed to improve calibration for hydrau-
lic characteristics affecting these wells. Model-input modifica-
tions were necessary to help match computed ages with appar-
ent ages for wells MW-16B and B95-3, where discrete particle
ages did not bracket apparent ages.



The pre-remedial calibration analysis of particle agesindi-
cates that a decrease of horizontal hydraulic conductivity from
200 ft/dto 86 ft/dinlayer 2 improvesthe match between model-
computed and apparent ages. Age matching also isimproved if
vertical anisotropy is reduced in selected model layers. The
final calibrated-model (run 125, appendixes 3 and 4) results
show that computed mean ages from the screen interval and
sample-intake layer bracket the apparent age at well MW-16C,
are close to the apparent age at well MW-16B, are older at
B95-6, and younger by about 25 percent at well B95-8, and
50 percent at well B95-3. At well B95-3, the difference between
computed mean age and apparent age is large and attributed to
alocalized fine-grained layer that is not adequately approxi-
mated in the model. Although the computed mean ages
(1.16 yearsfor the screen interval and 1.66 years for the
sample-intake layer) are less at B95-3 than the apparent age
(2.69 years), some individual particle ages approach the appar-
ent age.

Solute Transport

The solute transport of PCE was solved for the pre-reme-
dial simulation with the ELLAM solver (Heberton and others,
2000), which allows for the use of a grid with nonuniform cell
sizesin transport solutions. The use of this solver allowed the
transport domain (subgrid) to be extended north to row 23 from
row 53 (plate 4) and, therefore, include transport to the State
Fish Hatchery wells. All five model layers are simulated.

Final values for the solute-transport parameters used for
the pre-remedial simulation included aretardation of 2 inlayers
1,3,and5and 2.5inlayers2 and 4. Longitudinal and transverse
dispersivities were 54 and 12 ft, respectively. Vertical disper-
sivity was 0.1 of the transverse or 1.2 ft or 0.02 of the longitu-
dinal value of 54 ft. Gelhar and others (1992), in their study of
field-scale dispersivities, show ranges of longitudinal dispersiv-
ity from 15 to 1,500 ft, horizontal transverse dispersivity from
3to 150 ft, and vertical dispersivity from 0.001 to 1.0 ft for a
plume the size of that at the Savage site.

Degradation was not simulated in the pre-remedial calibra-
tion, unlike the historical calibration period, for three reasons.
First, the historical calibration showed small degradation rates
(half-life of about 20 years) that would have aminimal effect
during the 1995-98 calibration. The pre-remedial model cali-
bration would be relatively insensitive to this factor because
less than 10 percent of the plume could be degraded in a
3.5-year period (50 percent in a 20-year period). Second, the
199598 field data show no accumulation of secondary daugh-
ter productsin the OU2 area, and concentrations of TCE and
cis-1,2-DCE are consistently about one-tenth that of PCE con-
centrations. Lastly, concentrations of compounds such asvinyl
chloride, ethane, or ethene, which would indicate complete deg-
radation of PCE in the plume, are generally bel ow detection lev-
els. Low levelsindicate the degradation cyclein the Savage site
plume isincomplete.

Volatilization acrossthewater-tabl e surface wassimul ated
by assigning a small irreversible reaction rate (decay rate) of
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6.0e13t06.0e'1L, whichisequivalent to ahalf-liferanging from
36,600 to 360 years. Rates of volatilization were not measured
for this study but taken from findings from studies of aVOC
plumeat the USGS Toxic Waste Study Site at Picatinny Arsenal
in New Jersey.

Theinitia starting mass of PCE from June 1995 wasinput
into the solute-transport model (figs. 6 and 7). A detailed
description of the plume and the interpolation process used to
generate the initial PCE mass is discussed in the “ Description
and Trends of the Savage Site Volatile Organic Compound
Plume” section of this report. The total sorbed and dissolved
starting mass is estimated to be 4.57 Mg; the dissolved starting
massis 2.06 Mg. The total mass (sorbed and dissolved) isa
function of the assigned values of retardation per model layer.

No growth of the PCE massisassumed to occur during the
simulated period. This assumption is not fully valid because
some additional mass of PCE enters the dissolved phase from
dissolution of the DNAPL that is present in the OU1 area.
Because the model does not explicitly simulate this condition,
some error is introduced into the simulation. Therefore, model-
computed PCE concentrations are only compared to measured
concentrations at the OU2 wells, which are all about 1,500 ft
east of the contaminant source in OU1.

Results from the calibrated simulation (model run r125,
appendix 3) show that model -computed PCE concentrationsare
comparable to the observed PCE concentrations in most areas
of OU2. The summary statistics of computed PCE to observed
PCE for OU2 wells (46 wells) for December 1998 indicate that
the standard mean error is 27 ppb, the absolute mean error is
121 ppb, and the root-mean square error (RMSE) is 229 ppb. A
plot of computed and observed PCE concentrationsis shownin
figure 15. Results beyond one standard deviation are labeled.
Wells with a positive bias (computed concentrations exceed
observed concentrations), ranked in descending difference,
include MW-11B, MW-11A, MW-101B, MW-10B, MW-10A,
MI-8, and MW-101A. Wells with a negative bias (computed
concentrationsare lessthan observed concentrations), rankedin
descending difference, include MW-20B, MW-13A, and MW-
101C.

Wells MW-11A and B are on the northern flank of the
plume (plate 1) and indicate atendency of the model to overpre-
dict concentrations in this area. Well MW-20B is in the south-
ern part of the plume and acomparison of computed to observed
PCE concentrations indicates a tendency of the model to under-
predict concentrations at thislocation. The differences between
computed and observed PCE at MW-10 and MW-101 clusters
can be attributed to the model overmixing PCE vertically and
underpredicting the vertical stratification of PCE. When inte-
grated over the full thickness of the aquifer (from a2-d horizon-
tal perspective), the computed PCE concentrations at MW-10
and MW-101 clusters are comparable to observed concentra-
tions.

The solute-transport budget for the pre-remedial simula-
tion period shows that most of the PCE massis being dis-
charged to theriver at arate of 0.32 Mg/yr, or 97 percent of the
total loss of PCE mass. No active remedial wellswere operating
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Figure 15. Comparison of model-computed and observed tetrachloroethylene (PCE) concentrations, December 1998, in the
0U1 part of the Savage Municipal Well Superfund site, Milford, N.H. (Concentration in parts per billion [ppb]. Well locations

shown on plate 1.)

during the pre-remedial period but some PCE mass

(0.01 Mglyr) iscaptured by withdrawal s at the State Fish Hatch-
ery wells (FH-4 and FH-5, fig. 2). Maximum model-computed
PCE concentrations at FH-4 were 7 ppb and at FH-5 were

14 ppb. Observed concentrations of PCE were 3 ppb at FH-4
and non-detectable (less than 2 ppb) at FH-5. Thus, the model
dlightly overpredicts PCE transport to the FH-5 well, and under-
predicts to the FH-4 well. Loss of PCE mass from irreversible
reactions (to simulate volatilization) is small (0.00075 Mg/yr).
Negligible amounts of PCE mass are being transported beyond
the subgrid boundary because the subgrid boundary was
extended north to row 23 (two rows north of FH-5 well) from
row 53 (plate 4) for the pre-remedia simulations.

The model-computed PCE mass decrease (sorbed and dis-
solved) isabout 0.32 Mg/yr for the pre-remedial simulation. An
independent calculation of PCE-mass decrease from 1995 to
1998, on the basis of trends in observed PCE concentrations,
indicates that about 0.25 Mg of PCE islost per year. These esti-
mates are comparable, considering that the observed data could
be affected by some mass input of PCE from dissolution of
DNAPLSs, which would decrease the rate of declinein observed
PCE mass.

Remedial Simulation

The remedial calibration was examined with the 3-d flow
model that was used in the pre-remedia calibration, with mod-
ifications as discussed in the following paragraphs. Aquifer-
storage propertieswereincorporated into the remedial model to
simulate transient ground-water-flow conditions resulting from
variable rates of recharge, storage, and withdrawals that
occurred during the remedial calibration period. The model for
the remedia calibration also includes hydraulic and solute-
transport parameters that approximate features caused by the
incorporation of the barrier wall and the remedial extraction and
injection wells.

Theremedial calibration period wasfrom December 1998,
which coincideswith the compl etion of the barrier wall in OU1,
to October 1999. This period was characterized by large
decreases in PCE concentrations outside of the barrier wall in
OU1 asaresult of source containment (Harte and others, 2001).
Hydrol ogic conditionsfrom December 1998 to September 1999
were marked by dightly below average ground-water levels
(Brayton and Harte, 2001). In September 1999, alarge storm
producing over 9 in. of rain caused large increasesin water lev-
els (Brayton and Harte, 2001).



Withdrawals were fairly constant for the nonremedial
wells during this remediation period and were approximately
4.58 ft3/s, about 0.4 ft3/s greater than the pre-remedial rates as
aresult of increasesin 1999 at the State Fish Hatchery well
FH-4 closest to theriver (fig. 2, plate 1). Withdrawals began
sporadically for remedial wells (both extraction and injection)
in OU1 during April 1999, but remained fairly constant from
May 1999 to October 1999. Information on rates of remedial
operation, as reported in May 1999, isgiven in table 7. A net
extraction of 9.6 gal/min of water from inside the barrier was
discharged outside the barrier through the recharge gallery
(table 7, fig. 3).

The estimated average recharge rate from infiltration of
precipitation inside the barrier is 1.75 gal/min (Brayton and
Harte, 2001). Brayton and Harte (2001) showed that recharge
rates inside the barrier area decreased by as much a half from
pre-construction periods because of the addition of a semi-
conical, land-surface cap during barrier-wall construction.

The ground-water budget for inside the barrier wall is
summarized as follows:

Net extraction = direct recharge + bedrock upflow +
net storage change + inflow/outflow net flux through the barrier wall,

)

Table 7.
site, Milford, N.H.
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9.6gal/min = 1.75gal/min + 7.4gal/min + net storage change + (8)
netinflow/outflow through the barrier wall,
and
0.45gal/min = net storage change + netinflow/outflow through the ( 9)

barrier wall.

Thetransient remedial model solvesfor theright-hand side
of equation 9. Theresidual ground-water budget during periods
of net extraction inside the barrier (the 9.6 gal/min net extrac-
tion rate minus the estimated recharge rate of 1.75 gal/min) is
7.85 gal/min and consists of upflow from the bedrock, a net
change in aquifer storage, and net inflow/outflow of ground-
water flow through or under (between the bottom of the barrier
and the underlying bedrock) the barrier wall. The principal
source of ground water inside the barrier wall during remedial
operations is probably upflow of ground water from the bed-
rock.

Upflow from the bedrock is qualitatively identifiable as
measured from vertical-head gradients at cluster wellsinside
thewall (data on file at the New Hampshire-Vermont District
office, Pembroke, N.H.). The direction of vertical-head gradi-
ents reverses from extraction at interior wells (IW1 and IW2).

Rates of extraction and injection for remedial wells in OU1 as reported in May 1999, Savage Municipal Well Superfund

[No., number; gal/min, gallons per minute; ft3/s, cubic feet per second; to convert gal/min to ft3/s, multi ply by 0.00223; --, no data]

Rate of extraction

Location with e Rate of
Well No. used or injection, .
s respect to . . extraction or
Well name in this report . . in gal/min s Comments
(plate 2) barrier wall in (negativeindicates injection,
ou1 L in ft¥/s
injection)
IW-1 567 Inside 10.0 0.02
IW-2 568 Inside 9.0 .02
RW-1 569 Inside -4.7 -.01
RW-2 570 Inside -4.68 -.01
SVE-1-6 574-579 Inside 0 0 Soil vapor extraction wells No. 1-6;
not simulated in model.
SP-1-2 572-573 Inside 0 0 Sparging wellsNo. 1-2; not simulated
in model.
EW-1 565 Outside 25.0 .056
EW-2 566 Outside 24.8 .055
Recharge gallery - Outside -59.4 -13
RW-3 571 Outside 0 0
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Before extraction, primarily downward vertical-head gradients
are present from the overburden to bedrock. During extraction,
upward vertical-head gradients are present from the bedrock to
the overburden on the downgradient side of theinsidewall area.
Water levelsin bedrock inside the barrier decreased during net
extraction, indicating a hydraulic connection between the over-
burden and bedrock. To simulate upflow from the bedrock, a
series of injection wells were added to the model at the base of
the overburden because the bedrock is not simulated in the
model. A total rate of 7.4 gal/min was used based on calcula-
tions of ground-water flow budget. The relatively large amount
of bedrock upflow inside the barrier has consequencesfor reme-
diation by reducing the operating time of the SVE wells, and
consequently, the mass of PCE removed.

Overburden storage changes are assumed to contribute less
tothe net water extracted insidethe barrier than upflow from the
bedrock. From the last week of May to the last week of Junein
1999, precipitation waslessthan 0.2 in., resulting in negligible
recharge to the overburden inside the barrier, yet ground-water
levels at well B95-9 (inside the barrier) decreased by only
0.8 ft. The total contribution from storage for this period is
estimated to be less than 1.2 gal/min. The change in storage
was computed by multiplying the areainside the wall
(2,230, 272 ft2) by the effective ground-water level decrease of
0.8 ft (measured at well B95-9), and using an estimated specific
yield of 0.23 (Harte and others, 1999).

The amount of inflow and outflow either through or under
thebarrier isalso considered asmall part of thewater budget for
the interior wall area. An analysis of ground-water levels pre-
and post-barrier construction shows that ground-water levels
insidethebarrier are poorly correlated with water level soutside
the barrier; suggesting large amounts of inflow/outflow through
or under the barrier are unlikely.

The remedial simulation is subdivided into seven stress
periods of different lengths of time that correspond to periods
with unique stresses. Within each stress period, rates of
recharge and withdrawal s are constant. Rates of recharge, how-
ever, varied between the model ed stress periodsto approximate
ground-water-flow conditions for the remedial calibration
period. The relative percent difference in recharge rates were
spatially maintained and ratesinside the barrier were 50 percent
of ratesoutsidethe barrier. Recharge rateswere varied based on
seasonal trends in recharge efficiency or the percentage of
direct precipitation that recharges the aquifer as discussed in
Harte and others (1999). Recharge efficiency is high (as much
as 90 percent of precipitation recharges the aquifer) during peri-
odsof negligibleevapotranspiration. Recharge efficiency islow
(aslittle as 25 percent of precipitation recharges the aquifer)
during periods of high evapotranspiration in the summer. The
average steady-state recharge rate used in the historical and pre-
remedial models was about 26.2 infyr or 2.18 in/mo. The
monthly recharge rates assigned to the remedial model from
December 1998 to August 1999 ranged from alow of
0.63 in/mo in July 1999 to a high of 2.18 in/mo in April 1999.
In September 1999, 6.9 in/mo of recharge was assighed because
of alarge amount of precipitation (over 9in.).

The MODFLOW Horizontal-Flow Barrier Package (HFB)
(Hsieh and Freckleton, 1993) is used to simulate the barrier for
theremedial simulation. Thewall was set at ahydraulic conduc-
tivity value of 5.06°% cmi/s or 1.64e™%° ft/s based on reported
permeability tests of the barrier slurry (Peter J. Borowiec,
Camp, Dresser, and McKee, Inc., written commun., 1998). The
barrier-wall thicknessis 3 ft and extends from above the water
table to the bedrock or till surface. The ARGUS MODFLOW
GUI (Winston, 2000) was used to assign barrier-wall hydraulic
properties to model cells for the remedial simulations.

Starting conditions utilized asteady-state head solution for
May 1999. May 1999 heads are an adequate approximation of
average annual heads for water year 1999. A steady-state solu-
tion of heads from December 1998 was not used for initial con-
ditions because the wall was just installed and extraction wells
were not operating inside the barrier. A steady-state solution
under these conditions would produce artificially high heads
inside the wall. Instead, a steady-state solution for May 1999
conditions, including operation of interior-wall extraction
wells, was used for initial heads.

Ground-Water Flow

The evaluation and calibration of ground-water flow for
the remedial period included the comparison of transient
model-computed heads to observed heads over time. Data sets
used for the comparison included manual water-level measure-
ments from May 1999, August 1999, and September 1999; and
continuous measurements from selected continuously moni-
tored water-level wells.

Head residualsare generally small (standard mean error of
lessthan 1 ft) between the model-computed and observed heads
for May 1999, but residuals are greater in some areas. Summary
statistics of head residuals from 115 observation wellsin OU1
and OU2 indicate computed heads are, on average, slightly
greater than observed heads (the standard mean error is 0.36 ft
and the absolute mean error is 0.92 ft). The pattern of head
residualsin the OU2 areafor the remedia simulation issimilar
to that shown infigure 11 for the pre-remedial simulation. Head
residuals are less for OU2 wells than for OU1 wells, with a
standard mean error of 0.03 ft and 0.68 ft, respectively, and an
absolute mean error of 0.88 ft and 0.98 ft, respectively. Head
residuals are greatest for the areainside the interior barrier
within OU1 (a standard mean error of 2.33 ft and an absolute
mean error of 2.33 ft) and indicate aslow response to simulated
extraction at wellsIW1 and IW2 that started in May 1999. How-
ever, comparison of computed and observed heads for well
B95-9 (located inside the barrier) shows that head residuals
decrease from ahigh of 2.42 ft in May 1999 to less than 0.20 ft
in August 1999.

Trends in model-computed heads compare favorably to
trends in observed heads. An exampleis provided in figure 16
for observation well PW-1D, which is about 20 ft from well
EW1 (fig. 3). The decrease in computed and observed headsis
about 0.5 ft from early May 1999 to late June 1999 because of
extraction at EW1 (extraction rate of 25 gal/min) and EW?2
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Figure 16. Model-computed and observed heads from April to September 1999 for well PW-1D, Milford-Souhegan glacial-drift

aquifer, in the OU1 part of the Savage Municipal Well Superfund site, Milford, N.H.

(similar rate of extraction). Computed heads exceed observed
headsby about 1 ftinlate August 1999 (fig. 16). A likely reason
why computed head decreases were underpredicted in late
August 1999 is that the simulation may overestimate recharge
from river leakage. This overestimation is because river-stage
values were not adjusted during the remedial simulation period
and model river-stage values were assigned average stage val-
ues. Conversely, computed head rises are less than observed
head risesin late September of 1999 after 9 in. of precipitation
fell and river stage increased.

A map of model-computed heads for August 1999 shows
thetendency of the model to overpredict headsby about 1 ft (see
point valuesin figure 17). However, computed flow patterns
correctly reproduce observed flow patterns and show aninward
gradient (from outside the barrier to inside the barrier) on the
downgradient side of the barrier. On the outside, upgradient
side of the barrier, the steep head gradients (caused by theriver)
tend to insureinward gradientsinto the barrier for both the com-
puted and observed heads. On the outside, downgradient side of
the barrier, the extraction of ground water at wells EW1 and
EW?2 causes dlight curvature of heads toward these wells (see
model contoursin figure 17). Inside the barrier, extraction at
wells IW1 and IW2 causes a uniform decrease of heads and the
barrier appearsto be effectively encapsulating the flow system
asindicated by the flat hydraulic gradient inside the barrier and
the absence of circular cones of depression for the two interior
extraction wells (IW1 and IW2, fig. 17).

A map of model-computed heads for September 1999
(fig. 18) comparesfavorably to observed head values (see point

vauesinfig. 18) except for theinside of the barrier where com-
puted heads are lower than observed heads. As aresult, com-
puted flow patternsincorrectly reproduce observed flow pat-
terns and the model shows an inward gradient on the
downgradient side of the barrier. Possible reasonsfor the model
underpredicting risesininterior headsisthat the numerical time
discretization istoo coarse to adequately simulate the high
recharge in this month, or that the simulation underestimates
recharge inside the barrier during the September high-recharge
event (model-assigned recharge rates were spatially varied;
ratesinsidethebarrier were half of therates outsidethe barrier).

The computed ground-water-flow budget for August and
September 1999 shows that over thistime frame large varia-
tionsin rates of storage, river leakage, and recharge can occur
in the aquifer and that these rates can vary appreciably from
steady-state rates. The flow budget for the 2 monthsis shown
in figure 19. During August 1999, alow recharge period
(.37 ft3/s), the simulated source of ground water is derived pri-
marily from river seepage (5.25 ft3/s) and small amounts from
storage (0.28 ft3/s). Ground-water dischargeto theriver isrela
tively low (2.85 ft3/s), yielding a net loss of river seepage of
2.4 t3s. Duri ng September 1999, a high recharge period
(10.09 ft3/s), river seepage into the aquifer decreasesto
3.87 ft¥/sand large amounts of ground water goes into storage
(5.28 ft3/s). Ground-water discharge to theriver increasesto
4.40 ft3/s, yielding a net gain of river seepage of 0.53 ft3/sfor
September. In contrast, the computed ground-water-flow bud-
get for the steady-state pre-remedial simulation shows a net
river seepage loss of 0.32 ft3/s.



38

Solute Transport of Tetrachloroethylene in Ground Water of the Glacial-Drift Aquifer at the Savage Well Site, Milford, N.H.

974,500 975,000 975,500 976,000 976,500
T T T T
126,000 |- 7]
125,500 ‘ ]
—
- 258.74 "557%5
u
Rechargde gallefy
el 258.97)
258.81°\. %900 S
u
O EW1 256.72
125,000 ® 55790
O Ew2
u
256.98
1 1

Base from U.S. Geological Survey digital raster graphics (DRG)

0 0.1 MILE
Milford, N.H. topographic quadrangle, 1:24,000-scale, 1968, photorevised 1985 } ; ]
New Hampshire state plane coordinate system 0 0.1 KILOMETER
EXPLANATION
— 260 — Contour of model-computed heads, in feet

above NGVD1929. Contour interval 1 foot

------ Barrier wall
Direction of simulated ground-water flow
—> Direction of observed ground-water flow

® 256.98 Observed head, in feet above NGVD 1929

OEW1  Well and name
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drift aquifer, Savage Municipal Well Superfund site, Milford, N.H. [Storage out means an increase of storage into the aquifer.]

Solute Transport

The three-dimensional solute-transport remedial model is
simulated in a subgrid of the flow model that spans from rows
53 to0 140 and columns 25 to 170, corresponding to a uniform
grid area (25 ft by 50 ft) of theflow model. All fivemodel layers
are simulated.

Theinitial PCE concentrations were determined by adjust-
ing the 1995 PCE concentrations for layers 1-5 on the basis of
changes in coincident-sampled wells between 1995 and 1998.
This method was chosen because 1995 conditionsincluded the
most detailed profiling of PCE concentrations in the overbur-
den. Changes in PCE concentrations of commonly sampled
wells between 1995 and 1998 were compared to compute PCE
ratios at wells and produce spatially variable ratios of concen-
trations of PCE. Finally, the spatially variable ratios and the
starting 1995 PCE concentrations were multiplied to obtain the
starting 1998 conditions. The bulk change from 1995 to 1998
(December) in the estimated dissolved massis2.1to 1.2 Mg.
The bulk change in sorbed massis 3.4 to 1.5 Mg; assuming a

retardation of 2 (layers 1, 3, 5) and 2.5 (layers2 and 4). Thereis
no additional source of contaminant simulated for the remedial
conditions other than the starting initial (1998) PCE concentra-
tions.

The model simplifiesvariousflow and transport processes
inside the barrier. VVapor wells, which are inside the barrier and
were operating sporadically during the remedial simulation
period, cannot be simulated with this model. This omission
introduces an error in estimating the rate of PCE mass removal
(clean up) by underpredicting clean-up rates because attenua-
tion from the vapor phase is not simulated. In contrast, a sepa-
rate immiscible source also is not simulated inside the barrier.
This omission produces the opposite effect by overpredicting
PCE mass removal (clean-up) rates inside the barrier. To acer-
tain extent, the effects of omitting vapor wellsand input sources
in the model offset the computed PCE concentrations.

Theinitial valuesfor the solute-transport parameters used
for the remedia similation period were obtained from the pre-
remedial solute-transport simulations. A retardation of 2 to 2.5
was set for moddl layers 1, 3, 5, and 2 and 4, respectively. Parts



of layers 2 and 4 contain intervals of fine sand and would have
slower flow and transport compared to the other layers. Longi-
tudinal and transverse dispersivities were set at 54 and 12 ft,
respectively. Vertical dispersivity was set at 0.1 (1.2 ft) of the
transverse dispersivity (12 ft) or 0.02 of the longitudinal disper-
sivity (54 ft). Degradation was not simulated; however, asinthe
pre-remedia simulation model, volatilization was simulated.
Testing of alternate hydraulic conductivities, dispersivities, and
retardation in remedial simulations indicated that the values
obtained from the pre-remedial calibration produced the best
calibration.

M odel -computed concentrations of PCE were compared to
observed PCE concentrations from wellsin the OU1 and OU2
areas for the remedial calibration period (December 1998 to
September 1999). Statistics are listed for differences between
computed and observed PCE (residuals), and the relative con-
centration of PCE (PCE concentration at time x (referenced
time) divided by theinitial PCE concentration) (table 8). Use of
avariety of statistical measurements, such asrelative concentra-
tion, helps characterize model performance. For example, mea-
surements of differences (residuals) identify areas of the model
with either large relative differences (standard mean error) or
large absol ute differences (absolute mean error). The use of rel-
ative concentrations as a statistical measure identifies areas of
the model where computed trends (PCE changes) disagree with
observed trends. Trendsin PCE concentrations were analyzed
further by plotting computed and observed PCE concentrations
for the remedial calibration period.

M odel-computed and observed PCE concentrations are
spatially divided into two areasfor comparison: OU1 and OU2.
In OU1, comparisons are subdivided into wellsinside and out-
side the barrier. The steep concentration gradients inside the
barrier make the computed and observed concentration compar-
isons difficult; therefore, such comparisons were not made.
WEells that are excluded from the analysis because they are
inside the barrier include B95-8, B95-9, PW-10, PW-5, and
PW-6 clusters (plate 2).

Several other factors discussed previously also complicate
the comparison of computed and observed PCE concentrations.
The high degree of vertical variation of PCE in some areas of
the aquifer create a difficulty when comparing concentrations
between a 20-ft-thick cell and the 10-ft-long screened well. In
OU1, some (approximately 8 wells) deep wellsare hybrid wells
(screened in both the overburden and bedrock) and, therefore,
the reliability of the observed PCE concentration in represent-
ing the PCE concentration of the overburden is uncertain.

M odel -computed PCE concentrationsaregenerally greater
than observed PCE concentrations for September 1999in OU1.
The standard mean error is 232 ppb and the absolute mean error
is330 ppb at 17 OU1 wells outside the barrier (table 8). PCE
residual concentrations for the upper and middle model layers
(layers 1-3 of the model) are generally satisfactory (PCE resid-
uals less than 100 ppb or differences between computed and
observed PCE less than 50 percent). Computed PCE concentra-
tions for the lowest model layers (4 and 5) compare poorly at
several wells(B95-15, PW-13M, and PW-14M) but satisfactory
at other wells.
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A comparison of relative concentrations of PCE indicates
that decreases in observed concentrations exceeded those of
model-computed concentrations (table 8). The median relative
concentrations are 0.59 and 0.81 for the observed and com-
puted, respectively. The comparisonisslightly skewed because
three shallow wells (PW-12S, PW-13S, and MW-16A) with rel-
atively low initial concentrations had computed concentrations
that increased by several factors (2 to 9 timestheinitial concen-
trations), thereby affecting the summary statistics of mean and
median computations of relative concentrations. If the three
shallow wells are excluded, computed and observed PCE
decreases are comparable. A likely cause of the overestimation
in computed concentrationsin shallow wellsisalocalized over-
estimation of vertical hydraulic conductivity or vertical disper-
sivity in the shallow model layers (1 and 2).

Graphs of model-computed concentrations of PCE were
generated and val ues compared to observed PCE concentrations
for selected, geographically distributed wellsin OU1 (figs. 20—
21). Concentrations of TCE, cis-1,2-DCE, TCE, and cis-1,2-
DCE were included to ensure that secondary contaminants,
which potentially are formed from the degradation of PCE, are
not being accumulated in the overburden. Accumulation of
TCE and cis-1,2-DCE concentrations would indicate that a
sequential simulation of contaminantsis needed in the model.
At most overburden wells, observed data show no accumulation
of TCE or cis-1,2-DCE.

The similarity of time trends between computed and
observed PCE concentrations is satisfactory at most wells. At
well B95-13 (fig. 20a), near extraction wells EW-1 and EW-2,
decreases in computed PCE closely match observed PCE con-
centrations. Secondary contaminants, TCE and cis-1,2-DCE,
show similar downward trends as PCE and indicate that these
contaminantsare not accumulating. At well PW-13M (fig. 20b),
at the OU1-0OU2 boundary (fig. 3), computed PCE concentra-
tions exceed those of observed PCE concentrations but trends
aresimilar. At well PW-14M (fig. 214), at the OU1-OU2
boundary, computed PCE concentrations exceeded observed
PCE concentrations but both concentrations had similar down-
ward trends; the computed rel ative PCE concentrationis 1.0 and
the observed relative PCE concentrationis 0.88. A highrelative
concentration indicates a small decreasein PCE concentrations
from December 1998 to September 1999. At well MW-16B
(fig. 21), also at the OU1-0OU2 boundary, computed PCE
concentrations increase slightly but observed PCE concentra-
tions remain static.

Differences in model-computed and observed PCE con-
centrations are evenly distributed around zero for the 19 OU2
areawells (table 9). The standard mean error is-12 ppb, which
indicates that the model computes, on average, similar PCE
concentrationsto those observedinthefield. The absolute mean
error is 200 ppb. The largest differenceis at well MW-20B
(-574 ppb). At wells MW-13A and MW-101C, differences are
also large, but are likely caused by differencesin vertical distri-
bution of PCE. Computed PCE concentrations are lower
(-520 ppb) than observed at shallow cluster well MW-13A, but
higher (444 ppb) than observed at deep cluster well MW13B
and the overall difference at thislocation is small (-76 ppb).



Table 8. Differences between model-computed tetrachloroethylene (PCE) concentrations and observed PCE concentrations for September 1999 in OU1, Savage Municipal Well
Superfund Site, Milford, N.H.

[All concentrations are in parts per billion (ppb); negative difference means observed PCE greater than model-computed PCE; wells ranked by observed PCE concentration, September 1999; --, no data; C = PCE

from September 1999; Co = PCE from December 1998. Well locations are shown on plate 2.]

Concentration of PCE

Relative PCE change in concentration

Observed c:nr:::tl(; d C/Co
Well Well Easting, Northing, 1, ey | Decem-  Septem- | Septem- e?llt::aefrt;r Model het[v’v'gﬁ.:e;ﬁﬁeu.
name number Sta.te Planar Sta.te Planar layer ber ber ber Septem- computed Observed computed and Comments
in feet in feet 1998 1999 1999
ber 1999 observed
PW-12S 555 975432.0 125281.0 2 10 21 58 37 4.49 2.10 2.39
PW-13S 559 975682.0 125294.0 2 94 41 109 68 9.51 44 9.08
MW-16A 233 975671.2 124863.1 1 60 58 376 318 244 .99 1.45 Observed PCE from October 1999.
B95-15 409 975254.0 125149.4 5 410 82 496 414 .65 .20 .45
PW-13M 560 975682.1 125294.1 4 560 120 615 495 48 21 .26
MW-16B 321 975671.0 124868.6 3 310 320 421 101 2.58 1.03 1.55
PW12D 557 975432.2 125281.2 5 700 380 589 209 .62 54 .07
PW12M 556 975437.2 125255.7 4 700 410 292 -118 31 .58 -.28 Observed PCE from October 1999.
PwW2s 532 975245.0 124965.0 2 1,400 530 1,087 557 .75 .38 37
PW-14S 562 975765.0 125085.0 2 950 640 1,050 410 114 .67 .46
B95-13 408 975490.6 125002.0 4 2,000 690 1,236 546 .52 .35 17
MW-16C 344 975678.1 124877.1 4 1,500 860 671 -189 .63 57 .06
PW2M 533 975245.1 124965.1 3 1,600 950 962 12 .62 .59 .03
PW2D 534 975245.2 124965.2 5 1,700 1,000 1,613 613 1.00 .59 41
PW-14M 563 975765.1 125085.1 4 1,250 1,100 2,041 941 .99 .88 A1
PW-13D 561 975682.2 125294.2 5 1,100 1,000 1,055 55 .81 91 -.28 Observed PCE from October 1999.
PW-14D 564 975765.2 125085.2 5 1,750 2,700 2,179 -521 1.06 1.54 -.49
Stan- 232 1.68 0.74 0.93
dard
Mean
Error
Absolute 330 - - -
Mean
Error
Median 209 0.81 0.59 0.26
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Figure 20. Model-computed tetrachloroethylene (PCE) concentrations and observed concentrations for
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Figure 21. Model-computed tetrachloroethylene (PCE) concentrations and observed concentrations for

PCE, trichloroethylene (TCE), and cis-1,2-dichloroethylene (cis-DCE) for wells (A) PW-14M, and (B) MW-16B
in the OU1 part of the Savage Municipal Well Superfund site, Milford, N.H. (Concentrations in parts per bil-
lion (ppb) and well locations shown on figure 3.)



Table 9. Differences between model-computed tetrachloroethylene (PCE) concentrations and observed PCE concentrations for September 1999 in 0U2, Savage Municipal Well
Superfund Site, Milford, N.H.

[All concentrations are in parts per billion (ppb); negative difference means observed PCE greater than model-computed PCE; wells ranked by observed PCE concentration, September 1999; --, no date; C = PCE
from September 1999; Co = PCE from December 1998. Well locations are shown on plate 2.]

Concentration of PCE

Relative PCE change in concentration

Observed coMr:::tl‘; d C/Co
Well Easting, Northing, Model | December September September Difference for Model Difference between
Well name State Planar  State Planar September Observed model-computed Comments
number . . layer 1998 1999 1999 computed
in feet in feet 1999 and observed
MW-101A 580 975981.9 125600.9 1 20 61 60 4.03 0.04 3.99
MW20A 264 977472.9 124629.1 2 11 128 119 11.09 .82 10.27
MW-101B 581 975984.5 125594.2 3 20 10 317 307 27.95 .50 27.45
MWwW9C 217 976503.3 124473.6 5 21 18 44 26 .81 .86 -.04
MW21C 330 979001.5 124474.0 3 20 18 0 -18 . - - Initial model-computed
PCE equal to zero.

MW9oB 352 976503.6 124479.1 3 44 34 18 -16 122 a7 45
MWO9A 351 976502.9 124485.8 2 50 37 16 -21 .75 74 .01
MW11B 319 976435.2 125885.3 4 41 39 233 194 6.34 .95 5.39
MW11A 318 976433.3 125888.7 2 87 67 155 88 1.13 a7 .36
MW10A 316 976221.5 124928.6 2 42 70 135 65 213 1.67 46
MW10B 317 976218.5 124928.4 3 82 85 200 115 194 1.04 91
MW14B 341 978696.6 125651.1 3 500 240 497 257 .92 48 44
MI-8 22 976549.9 125251.5 1 280 260 371 111 - .93 --
MW13B 221 977300.6 125081.1 3 430 370 814 444 1.50 .86 .64
MW14A 349 978695.9 125654.9 2 495 520 283 -237 .70 1.05 -.35
MW10C 218 976215.0 124930.6 5 320 570 340 -230 .89 178 -.90
MW20B 328 977476.1 124622.3 3 860 700 126 -574 .10 .81 =71
MW13A 308 977298.8 125084.8 2 850 1,100 580 -520 .55 1.29 -75
MW-101C 582 975985.1 125588.7 5 970 1,200 796 -404 1.48 1.24 .25

Standard -12 3.74 0.92 2.82

Mean Error
Absolute 200 - - -
Mean Error
Median 60 122 0.86 0.44
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46 Solute Transport of Tetrachloroethylene in Ground Water of the Glacial-Drift Aquifer at the Savage Well Site, Milford, N.H.

At the MW-101 cluster, the overall difference also is small
(-37 ppb), but computed PCE concentrations are higher than
observed concentrations for the shallow cluster wells
(MW-101A, difference of 60 ppb; and MW-101B, difference of
307 ppb) and lower than observed for the deep well (MW-101C,
difference of -404 ppb).

Relative PCE changes for OU2 wells show that at some
wells model-computed PCE concentrations increased and
observed PCE concentrations decreased. The median computed
relative concentration is 1.22 but the median observed relative
concentration is 0.86. Large relative changes in computed con-
centrations occurred at MW-11B (6.34) and MW-101B (27.95)
and result from vertically overmixing PCE concentrationsinthe
model simulation.

Graphs of model-computed PCE were generated and com-
pared to observed PCE concentrations for selected, geographi-
cally distributed wellsin the OU2 area (figs. 22—23). These
graphs also include plots of observed concentrations of TCE
and total DCE or cis-1,2-DCE (concentrations of total DCE and
cis-1,2-DCE are similar at the Savage site). At ailmost all over-
burden wells, observed data show no accumulation of TCE, and
cis-1,2-DCE or total DCE.

Model-computed PCE trends compare favorably (similar
trends) with observed PCE trends at wells MW-101C (along
northern part of the plume) and MW-14A (at the leading edge
of the plume; fig. 23). At wells MW-11B and MW-20B, com-
puted PCE concentrations compare poorly (dissimilar trends)
with observed PCE concentrations (fig. 22). Although com-
puted PCE increases by an order of magnitude at MW-11B,
along the northern edge of the plume, observed PCE concentra-
tions show no apparent trend. At MW-20B, aong the southern
edge of the plume, computed PCE concentrations decrease by
an order of magnitude, and observed concentrations decrease
much less.

The effects of specifying a high retardation in model sim-
ulation were tested to evaluate if an improved fit could be
obtained at MW-20B and the MW-11 cluster. Increasing retar-
dation (globally) to avalue of 6 (from 2to 2.5) had anegligible
effect at these locations; indicating that factors other than retar-
dation may bethe causefor thelargeresidual concentrations. At
the MW-11 cluster, relatively large increases in observed PCE
concentrations (by afactor of 10) have been measured in the
bedrock (MW-11R), indicating the possibility of PCE transport
from the overburden to the bedrock, which is not smulated in
the model. At MW-20B, it appears that theinitial starting mass
assigned to the model isless than the actual PCE massin the
field and(or) other sources of PCE may be present near the
southern part of the plume that would contribute to the slow
decrease in observed concentrations at MW-20B. Differences
between computed and observed PCE concentrationsalso could
be caused by small inaccuraciesin the simulated flowpaths near
MW-20B because the well is along the southern edge of the
plume, where large concentration gradients are present.

The solute-transport budget for the remedial period indi-
cates that the remedia extraction wellsin OU1 capture a
decreasing amount of PCE mass over time as the amount of
remaining PCE mass (residual mass) in OU1 also decreases.
The simulated PCE mass captured by the OU1 extraction wells
decreasesfrom arate of 0.25 Mg/yr in May 1999 (the beginning
of operation) to 0.16 Mg/yr in September 1999. Thevariationin
mass of PCE discharging to the Souhegan River is primarily a
function of transient hydrologic conditions rather than a
decreasing residual PCE mass. The simulated rate of PCE mass
discharged to riversvaried little from May 1999 (arate of
0.26 Mg/yr) to August 1999 (arate of 0.24 Mg/yr), when the
applied recharge ranged from 0.63 to 2.18 in/mo. In September
1999, PCE mass discharge increased to arate of 0.33 Mg/yr as
aresult of increased recharge to the agquifer (arecharge rate of
6.9 in/mo) that accelerated transport and discharge of PCE at
the leading edge of the plume where it discharges to the Souhe-
gan River. PCE mass being attenuated from volatilization
ranged from arate of 6.4 x 10*M g/yr in May 1999 to
5.9 x 10 Mglyr in September 1999. PCE mass discharging
past the subgrid boundary ranged from 0.210 Mg/yr in May
1999 to 0.20 Mg/yr in August 1999. In September 1999, PCE
mass discharging past the subgrid boundary increased to arate
of 0.25 Mg/yr asaresult of increased rechargeto the aquifer and
accelerated transport of PCE.

The alternative hydraulic conductivities tested in the
model resulted in small changes to the solute-transport budget.
Increasing horizontal hydraulic conductivitiesin layer 5by a
factor of 3 resulted in dlightly less mass (about 1 percent
change) being captured by OU1 extraction wellsand more mass
discharging to the river. Conversely, decreasing horizontal
hydraulic conductivitiesin layer 2 had the opposite effect.

The alternative hydraulic conductivities tested in the
model resulted in increased PCE residuals for layer 5 but
decreased residualsfor layer 2. Increasing horizontal hydraulic
conductivitiesin layer 5 by afactor of 3 resulted in the model
overpredicting decreases in PCE concentrations. The model
sensitivity to the alternate hydraulic conductivities were spa-
tially dependent. Wells at the OU1/OU2 boundary were sensi-
tiveto the hydraulic conductivitiestested, but wells closet to the
barrier were less sensitive because of (1) the slow velocity zone
that is created by the downgradient shadow of the barrier, and
(2) atendency of the model to overestimate solute transport
across the barrier.

Testing of variations in retardation showed that model-
computed PCE concentrations are less sensitiveto variationsin
retardation than hydraulic conductivity. The ratio of relative
concentrations (current/initial) at wells along the OU1/0OU2
boundary changed by 5 percent (afactor of only 0.05) when a
retardation value of 6 wasassigned instead of the baseline value
of 2-2.5. In contrast, tested variationsin hydraulic conductivity
resulted in a20-percent (afactor of 0.20) changein relative con-
centrations for the same wells.
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Figure 22. Model-computed tetrachloroethylene (PCE) concentrations and observed concentrations for
PCE, trichloroethylene (TCE), and cis-1,2-dichloroethylene (cis-DCE) for wells (A) MW-20B, and (B) MW-11B
in the OU2 part of the Savage Municipal Well Superfund site, Milford, N.H. (Concentrations in parts per bil-
lion (ppb) and well locations shown on figure 3.)
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Figure 23. Model-computed tetrachloroethylene (PCE) concentrations and observed concentrations for
PCE, trichloroethylene (TCE), and cis-1,2-dichloroethylene (cis-DCE) for wells (A) MW-14A, and (B) MW-
101C in the 0U2 part of the Savage Municipal Well Superfund site, Milford, N.H. (Concentrations in parts
per hillion (ppb) and well locations shown on figure 3.)



Analysis of Extended Time Period

The calibrated remedial model was used in asimulation of
an extended time period beyond September 1999 (the end of the
remedial calibration period) to compare computed PCE concen-
trations against observed PCE concentrations from 2000. This
check helped to assessthe performance of the calibrated model.
Computed PCE concentrations were compared to concentra-
tionsfrom two sampling datesin 2000, and included wellsin the
OU1 (May) and OU2 (June) aress.

Differences between model-computed and observed PCE
concentrations for 23 OU1 wellsin May 2000 are provided in
table 10. Wells are tabulated in order of ascending observed
concentration. Statistics listed include standard mean error,
absolute mean error, and the relative concentrations of PCE
(PCE concentration at time x (referenced time) divided by the
initial PCE concentration).

For the extended time period, model -computed PCE con-
centrations generally exceed observed PCE concentrations. The
standard mean error is 228 ppb (on average, computed concen-
trations are greater than observed concentrations) and the abso-
lute mean error is 323 ppb. All but three wells have computed
concentrations that exceed observed concentrations.

Differences in PCE concentrations are large (greater than
+500 ppb) at seven wells—PW-14M, PW-14D, PW-2S, PW-
2M, PW-2D, PW-1D, and B95-13. Most of these wells are
installed in the deep part of the overburden (layers 4 and 5)
where PCE concentrations arethe highest. Threewellsare close
to the barrier (PW-2S, PW-2M, PW-2D, fig. 3). Well PW-2Sis
the only shallow well with alarge residual error. The observed
relative concentration at PW-2S decreased to 0.02 and the
model -computed relative concentration decreased to 0.51.
Because thiswell is directly outside and downgradient of the
barrier, thislarge discrepancy indicates that the model is either
overestimating PCE transport through the barrier and(or) under-
estimating therate of flushing by relatively “clean” water onthe
outside of the barrier.

The PW-13 and PW-14 clusters are important observation
wells becausethey are at the downgradient edge of OU1 (fig. 3)
and measure the amount of solutetransport of PCE to OU2. The
relative computed PCE concentrations show slightly more of a
decrease at wells PW-13D (0.67) and PW-14D (1.02) than the
relative observed PCE concentrations (PW-13D (1.0) and PW-
14D (1.54)).

Differences in model-computed and observed PCE con-
centrations for 34 extended plume area (OU2) wellsin June
2000 are provided in table 11. The standard mean error is
-19 ppb and indicates that observed concentrations slightly
exceed computed concentrations. The absolute mean error is
158 ppb. The median differenceis -3 ppb.

Although there are large differences between model-
computed and observed PCE concentrations at somewells, PCE
trends match at many wells. For example, at well MW-101C,
the observed concentration is 546 ppb higher than the computed
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concentration (table 11). However, the changein PCE issimilar
between computed (1.41) and observed (1.34) relative concen-
tration. The similarity in computed and observed trends at other
wellsis evident by the agreement in median relative PCE con-
centrations (computed 1.1; and observed 0.9). Nevertheless,
there are some wells where the PCE trends do not match,

such aswells MW-10C, MW-13B, and MW-14B. At two
(MW-101C and MW-14B) of the three wells, observed concen-
trationsin June 2000 exceeded those in December 1998. These
increases may be the result of short-term variations in concen-
trations or long-term trends not adequately represented in the
simulation.

Computed and observed decreases in PCE concentrations
over timewere analyzed to help assessmodel fit at the boundary
between OU1 and OU2, akey area of the plume. Changesin
PCE concentrationsin this area are indicative of changesin
rates of PCE mass entering OU2. PCE decreases were tabul ated
asarelative concentration, which is computed from the ratio of
the concentration of PCE at time x (referenced time) over the
initial concentration of PCE in December 1998. Asagross mea
sure of decreasing concentrations, the average decrease over
time was computed from the average of theindividual relative
concentrations of these wells for each sampling date. The
observed average rel ative concentration was computed from the
individual relative concentrations of wells at the OU1/0OU2
boundary—PW-13, PW-14, and MW-16 clusters. The com-
puted average relative concentration was computed from the
individual relative concentrations of model cells corresponding
to these wells.

In general, decreases in model-computed PCE concentra-
tions compare favorably with observed decreases at the OUL/
OU2 boundary. For May 2000, the average relative concentra-
tionswere 0.74 (computed) and 0.71 (observed). For September
1999, the averagerel ative concentrationswere 0.94 (computed)
and 0.90 (observed). Therefore, the trends in computed and
observed concentrations are being maintained over time.

The overall decrease in PCE concentrations at the OUL/
OU2 boundary, as measured at well clusters PW-13, PW-14,
and MW-16, also was investigated by Harte and others (2001).
Thefollowing exponential equation 10 (Harte and others, 2001,
p. 44) described the decreases from remedial activities for
observed PCE concentration as

0.43t

C/C, = 1.06e , (209
where
t = years,
C = observed current PCE concentration at
timet,
and
C, = observed initial (December 1998) PCE

concentration.



Table 10. Differences between model-computed tetrachloroethylene (PCE) concentrations and observed PCE concentrations for May 2000 in OU1, Savage Municipal
Well Superfund Site, Milford, N.H.

[AIl concentrations are in parts per billion (ppb); negative difference means observed PCE greater than model-computed PCE; wells ranked by observed PCE concentration, May 2000; --, no data;
C = PCE from May 2000; Co = PCE from December 1998. Well locations are shown on plate 2.]

Concentration of PCE

Relative PCE change in concentration

Observed c:"“‘l’::t'e y C/Co
o oo o ooon Wodsoer | Decombr 1998 Wayzon | Mayzmo | PRl [ Mot g e ettt
PW-3S 536 975059.0 125239.0 2 2 2 35 33 0.57 1.00 -0.43
B95-12 407 975343.8 124724.7 3 2 2 70 68 29.30 1.00 28.30
PW-3D 537 975059.1 125239.1 5 2 2 50 48 - 1.00 -
PW-12S 555 975432.0 125281.0 2 10 2 53 51 4.10 21 3.89
B95-15 409 975254.0 125149.4 5 410 12 399 387 .53 .03 .50
PW2s 532 975245.0 124965.0 2 1,400 27 738 711 51 .02 49
MW-16A 233 975671.2 124863.1 1 60 38 260 222 1.68 .63 1.05
PW12M 556 975437.2 125255.7 4 700 41 190 149 .20 .06 14
MW-16B 321 975671.0 124868.6 3 310 51 384 333 235 .16 2.19
PW-13M 560 975682.1 125294.1 4 560 71 370 299 .29 A3 .16
PW-13S 559 975682.0 125294.0 2 94 89 124 35 10.78 .95 9.83
B95-13 408 975490.6 125002.0 4 2,000 100 612 512 .26 .05 21
PW12D 557 975432.2 125281.2 5 700 190 392 202 41 27 14
PW2M 533 975245.1 124965.1 3 1,600 210 814 604 .52 13 .39
PW-14S 562 975765.0 125085.0 2 950 230 640 410 .69 24 45
PW-1D 531 975507.1 125011.0 5 2,400 320 1,012 692 42 13 .29
MW-16C 344 975678.1 124877.1 4 1,500 380 525 145 .50 .25 .24
MI-32 46 975247.2 124933.7 3 700 435 590 155 46 .62 -.16
PW-1S 530 975498.5 125008.0 2 3,000 540 264 -276 12 .18 -.06
PW-14M 563 975765.1 125085.1 4 1,250 730 1,414 684 .69 .58 .10
PW2D 534 975245.2 124965.2 5 1,700 1,000 1,603 603 .99 .59 41
PW-13D 561 975682.2 125294.2 5 1,100 1,100 874 -226 .67 1.00 -.33
PW-14D 564 975765.2 125085.2 5 1,750 2,700 2,107 -593 1.02 154 -.52
Standard 228 2.6 05 21
Mean Error
Absolute 323 -- -- --
Mean Error
Median 202 0.5 0.3 0.3

05
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Table 11. Differences between model-computed tetrachloroethylene (PCE) concentrations and observed PCE concentrations for June 2000 in 0U2, Savage Municipal

Well Superfund Site, Milford, N.H.

[All concentrations are in parts per billion (ppb); negative difference means observed PCE greater than model-computed PCE; wells ranked by observed PCE concentration, May 2000; --, no data;
C = PCE from June 2000; Co = PCE from December 1998; u means non-detect. Well locations shown on plate 2.]

Concentration of PCE

Relative PCE change in concentration

Observed Model-computed C/Co

Walmme I S o Mot | st 1m0 oz | oz | Ol | Mol g Ol e ot
MW32A 296 981366.6 125490.0 1 1 0.4 0 0 -- -- --
MI-4 165 978596.4 124892.5 3 -- .8 0 -1 -- -- --
MwW34 281 979987.0 126490.7 1 2 ul 8 -- -- -- --
MW22A 293 981102.3 126204.0 2 3 ul 7 -- -- -- --
MW22B 294 981098.7 126201.3 3 2 ul 0 -- -- -- --
MW32B 297 981369.8 125487.1 2 1 ul 0 -- -- -- --
FH-10 975988.3 127199.9 3 - ul 23 - - - -
MW-19A 326 977289.2 1241232 2 -- u2 1 -- -- -- --
FH-14 975867.0 126592.8 2 -- u2 23 -- -- -- --
MW-101A 580 975981.9 125600.9 1 20 3 85 82 5.61 0.15 5.46
MI-11 24 979580.1 125310.7 3 4 6 13 7 5.32 1.50 3.82
MW20A 264 977472.9 124629.1 2 11 8 53 45 4.62 .73 3.90
MW-101B 581 975984.5 125594.2 3 20 10 298 288 26.24 .50 25.74
Mw21C 330 979001.5 124474.0 3 20 18 0 -18 -- .90 --
MwWoC 217 976503.3 124473.6 5 21 21 27 6 51 1.00 -.49
MW11B 319 976435.2 125885.3 3 41 29 486 457 13.24 71 12.54
MWO9A 351 976502.9 124485.8 2 50 30 12 -18 54 .60 -.06
MW9oB 352 976503.6 124479.1 3 44 30 14 -16 .96 .68 .28
MW11A 318 976433.3 125888.7 2 87 37 279 242 2.03 43 161
MW10A 316 976221.5 124928.6 2 42 44 125 81 1.96 1.05 .92
MW24A 255 977644.9 126373.3 2 110 51 71 20 19 46 =27
MI-7 21 978642.4 125263.6 1 110 120 117 -3 22.89 1.09 21.80
MW24B 333 977649.7 126372.3 2 420 130 71 -59 .19 31 -12
FH-27 89 978957.5 126176.8 3 120 140 102 -38 21 117 -.95
MW10B 317 976218.5 124928.4 3 82 140 172 32 1.67 1.71 -.04
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Table 11.

Differences between model-computed tetrachloroethylene (PCE) concentrations and observed PCE concentrations for June 2000 in 0U2, Savage Municipal
Well Superfund Site, Milford, N.H.—Continued

[All concentrations are in parts per billion (ppb); negative difference means observed PCE greater than model-computed PCE; wells ranked by observed PCE concentration, May 2000; --, no data;
C = PCE from June 2000; Co = PCE from December 1998; u means non-detect. Well locations shown on plate 2.]

Concentration of PCE

Relative PCE change in concentration

Observed Model-computed C/Co
Walvame e o o, Mol esembartom a0 | ez | Ot [ et gusneg P bt et
MI-12 25 979476.4 125858.7 3 170 160 82 -78 0.48 0.94 -0.46
MI-8 22 976549.9 125251.5 1 280 180 359 179 125 .64 .61
MW14A 349 978695.9 125654.9 2 495 410 292 -118 72 .83 -11
MW20B 328 977476.1 124622.3 3 860 590 46 -544 .04 .69 -.65
MW14B 341 978696.6 125651.1 3 500 630 404 -226 .75 1.26 -51
MW10C 218 976215.0 124930.6 5 320 680 274 -407 71 213 -141
MW13B 221 977300.6 125081.1 3 430 280 710 430 131 1.88 -57
MW13A 308 977298.8 125084.8 2 850 810 500 -310 A7 .95 -48
MW-101C 582 975985.1 125588.7 5 970 1,300 755 -546 141 134 .07
Standard Mean -19 3.89 0.90 2.99
Error
Absolute Mean 158 -- -- --
Error
Median -1 1.10 0.83 0.01
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Subseguent sampling rounds and additional PCE datafrom
these samewells haveyielded an updated rate constant of -0.26.
This revised-rate constant is approximately double that of the
observed pre-remedial rate constant of -0.13.

Computed decreases of PCE concentration from corre-
sponding model cells at the OU1/OU2 boundary produced a
similar rate constant. Exponential equation 11 describes
decreases for model-computed PCE concentration as

Cm/ Cm, = e 2", (11)
where
t = years,
Cm = model-computed current PCE concentra-
tion at timet,
and
Cm, = model-computed initial (December 1998)

PCE concentration.

The similar rate constant values indicate comparable
decreases in PCE concentrations are projected for computed
and observed PCE concentrations. For example, the observed
PCE trend at t = 10 yearsis 0.08 of theinitial concentration and
the computed PCE trend is 0.12.

Enhancements to the Remedial Model

Simulation results from the remedial period indicate that
the model-computed PCE concentrations outside and near the
eastern side of the barrier (downgradient of the valley-wide
flow system) generally exceeded observed PCE concentrations.
In contrast, PCE concentrationsin the field show steep concen-
tration gradients across the low-permeability barrier because of
the containment of PCE mass, the slow transport of PCE across
the barrier wall, and flushing of the PCE plume outside the bar-
rier by relatively “clean” (low PCE concentration) water.
Results of computed PCE solute transport across barriersin
generalized hypothetical scenariosidentified that MOC3D was
overestimating dispersive transport across barriers (Konikow
and others, 2001). A revision to the MOC3D code was written
to more accurately simul ate dispersive transport across | ow-per-
meability barriers when simulating low-permeability features
with the HFB Package of MODFLOW. Therevision, called the
concentration with HFB Package (CHFB; Hornberger and oth-
ers, 2002), alows for unique values of dispersivity, which are
independent of aquifer dispersivities, to be assigned to the bar-
rier itself.

An enhancement to the remedial model was done by incor-
porating use of the CHFB Package into the simulation of the
remedial calibration period. A unique value of dispersivity was
assigned to the barrier to improve the simulation of PCE solute
transport across the barrier. A barrier dispersivity value of 0.1
of the aquifer dispersivity was used assuming that the hydraulic
properties of the barrier are many orders of magnitude lessthan
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the MSGD aguifer. All other model parametersfor the new sim-
ulation (run 101i, appendix 3) were kept similar to the cali-
brated model (model run 126, appendix 3).

PCE concentrations were recomputed using the enhanced
remedial model (with use of the CHFB Package) and checked
against OU1 observed PCE concentrations for September 1999
and May 2000. Model-computed concentrations are slightly
lessthan the concentrations from the simulation without the use
of the CHFB Package and indicate that the original model over-
estimated the dispersivetransport of PCE acrossthebarrier. The
standard mean error for the enhanced model is 214 ppb using
computed and observed PCE concentrations for September
1999 at 17 OU1 wells outside the barrier (table 12). In compar-
ison, the standard mean error was 232 ppb for the original
model (table 8). The largest improvement between simulations
was for well B95-15, at which computed PCE concentration
decreased from 496 to 421 ppb; compared to the observed PCE
concentration of 82 ppb. For May 2000, the differences between
simulations in computed PCE concentrations from wells
affected by transport across the barrier are greater than for Sep-
tember 1999. At well B95-15, computed PCE concentrations
for May 2000 at well B95-15 decreased from 399 ppb (without
use of the CHFB Package, table 10) to 267 ppb (with use of the
CHFB Package, not shown in any table).

M odel-computed decreases in PCE concentrations over
time, corresponding to model cells for well clusters PW-13,
PW-14, and MW-16 (fig. 3) at the OU1/OU2 boundary,
decreased further with use of the CHFB Package. The revised
rate constant that describes computed decreases at the OUL/
OU2 boundary is-0.23 with the use of CHFB and -0.21 (equa-
tion 11) without use of CHFB. The computed PCE decrease at
t=10yearsis0.10 of theinitial concentration with use of CHFB
and 0.12 without use of CHFB. The observed decrease was 0.08
of theinitia concentration. Because computed PCE concentra-
tions at the OU1/OU2 boundary are affected by differencesin
transport across the barrier (as determined with the use of the
CHFB Packagein the enhanced model), simulated extraction of
wells EW-1 and EW-2 (fig. 3) does not capture all of the PCE
transport across the barrier.

Theimproved simulation of PCE masstransport acrossthe
barrier should improve long-term (greater than 5 years) predic-
tions of aquifer remediation. Model computations beyond
5 years show a greater difference between simulations with the
CHFB Package than without the CHFB Package (not shown in
report).

During the 1v2 years of remedia operations, PCE concen-
trations have decreased appreciably (50 percent) outside the
barrier in OU1. Model-computed PCE concentrations for layer
3 (middle layer) for December 1998 and May 2000 are shown
in figure 24. Concentrations exceeding 1,000 ppb outside the
barrier in OU1 are limited to the area near the PW-14 cluster
(fig. 24b), whereas concentrations are still above 2,000 ppb
inside the barrier.



Table 12. Differences between model-computed tetrachloroethylene (PCE) concentrations and observed PCE concentrations for September 1999 in 0U1, Savage Municipal Well
Superfund Site, Milford, N.H.

[All concentrations are in parts per billion (ppb); negative difference means observed PCE greater than model-computed PCE; wells ranked by observed PCE concentration, May 2000; --, no data; C = PCE from
September 1999; Co = PCE from December 1998. Well locations shown on plate 2.]

s

Concentration of PCE Relative PCE change in concentration
Observed c:nn?;ﬂt; d C/Co
Easting, Northing, Difference Difference
Well Well Model | December  September | September for Model between model-
name number Sta_te Planar Sta_te Planar layer 1998 1999 1999 September computed Observed computed and Comments
in feet in feet
1999 observed
PW-12S 555 975432.0 125281.0 2 10 21 37 16 2.82 2.10 0.72
PW-13S 559 975682.0 125294.0 2 9 41 103 62 8.67 44 8.24
MW-16A 233 975671.2 124863.1 1 60 58 354 296 2.27 .99 1.28 Observed PCE from
October 1999.
B95-15 409 975254.0 125149.4 5 410 82 421 339 .55 .20 .35
PW-13M 560 975682.1 125294.1 4 560 120 647 527 .50 21 .29
MW-16B 321 975671.0 124868.6 3 310 320 410 90 2.48 1.03 145
PW12D 557 975432.2 125281.2 5 700 380 558 178 .58 .54 .04
PW12M 556 975437.2 125255.7 4 700 410 239 -171 .25 .58 -.28 Observed PCE from
October 1999.
PW2S 532 975245.0 124965.0 2 1,400 530 1,105 575 .76 .38 .38
PW-14S 562 975765.0 125085.0 2 950 640 1,010 370 1.09 .67 42
B95-13 408 975490.6 125002.0 4 2,000 690 1,261 571 .53 .35 .18
MW-16C 344 975678.1 124877.1 4 1,500 860 692 -168 .65 .57 .08
PW2M 533 975245.1 124965.1 3 1,600 950 942 -8 .62 .59 .02
PW2D 534 975245.2 124965.2 5 1,700 1,000 1,617 617 1.00 .59 41
PW-14M 563 975765.1 125085.1 4 1,250 1,100 1,964 864 .95 .88 .07
PW-13D 561 975682.2 125294.2 5 1,100 1,000 1,058 58 .82 91 -.28 Observed PCE from
October 1999.
PW-14D 564 975765.2 125085.2 5 1,750 2,700 2,114 -586 1.02 154 -.52
Standard 214 150 0.74 0.76
Mean
Error
Absolute 324 - -- -
Mean
Error
Median 178 0.82 0.59 0.29
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Figure 24. Model-computed tetrachloroethylene (PCE) concentrations for layer 3 for (A) December
1998, and for (B) May 2000 in the OU1 part of the Savage Municipal Well Superfund site, Milford, N.H.
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Calibration of Final Solute-Transport Model

The enhanced remedial model with use of the CHFB Pack-
age providesthe best fit to observed field conditions. Trendsin
computed PCE concentrations generally match observed PCE
concentrations; however, various deficiencies were noted and
included atendency of the model to vertically mix PCE concen-
trationsto a greater extent than found in observed vertical dis-
tributions of PCE. This mixing indicates some reduction in ver-
tical anisotropy or vertical dispersivity may be warranted.
Estimates of PCE mass a ong the southern edge of the plume of
OU2 indicate that the starting mass was underestimated or that
unknown sources of PCE exist. PCE solute transport along the
northern edge of the plumein OU2 is overestimated. Observed
PCE concentrations increased in the bedrock at thislocation,
indicating some solute transport of PCE to the bedrock may
occur that is not simulated in the model.

Summary and Conclusions

The U.S. Geological Survey (USGS), in cooperation with
the New Hampshire Department of Environmental Services
(NHDES) and the U.S. Environmental Protection Agency
(USEPA), Region 1, is studying the solute transport of volatile
organic compounds (VOCs), specifically tetracholoroethylene
(PCE), in contaminated ground waters of the unconsolidated
sedimentsat the Savage Municipa Well Superfund site (Savage
site). The Savage site, named after the former municipal water-
supply well for the town of Milford, is underlain by alarge
0.5-mi? plume of VOCs. The plumeislogistically divided into
two areascalled Operable Unit No. 1 (OU1), which containsthe
primary source area, and Operable Unit No. 2 (OU2), whichis
defined as the extended plume area.

Two-dimensiona and three-dimensional finite-difference
solute-transport models of the unconsolidated sediments were
constructed to help eval uate solute-transport processes, assess
the effectiveness of remedial activitiesin OU1, and to help
design remedial strategies for OU2. The solute-transport mod-
els simulate PCE concentrations and model results were com-
pared to observed concentrations of PCE. Simulationsincluded
historical calibrations of the distribution of PCE fromitsinitial
input (circa 1960) into the subsurface until the 1990s, a pre-
remedial calibrationfrom 1995-98, and aremedial (post-barrier
wall) calibration from 1998-99. Model results also were
checked against observed PCE concentrations from May and
June 2000.

The VOC plume at the Savage site is dominated by advec-
tive transport because of the relatively high hydraulic conduc-
tivity of the Milford-Souhegan glacial-drift (MSGD) aquifer.
The M SGD aquifer containsan upper cobble zonein OU1, sand
and gravel units, some fine sands, and abasal till layer. The
plume also extends into the underlying bedrock. The primary
VOC is PCE. Secondary VOCs include tricholoroethylene
(TCE) and cis-1,2-dichloroethylene (cis-1,2-DCE); both com-
pounds are present at about 0.1 to 0.001 of the concentration of

PCE. TCE and cis-1,2-DCE a so can be degradation products of
PCE. Because of alack of electron donors, namely carbon, deg-
radation of PCE appearsto be spatially limited and at low rates
(degradation half lives greater than 10 years). Therefore, appre-
ciable downgradient increasesin TCE and cis-1,2-DCE, rela-
tive to PCE, have not been observed. The estimated dissolved
mass of PCE has decreased from approximately 3.0 Mg in 1989
to2.2Mgin1995and 1.2 Mgin 1998. The cause of thedecrease
in the dissolved PCE mass is believed to be a decrease in mass
input from a Dense Non-Aqueous Phase Liquid (DNAPL)
source, because PCE concentration decreases observed at wells
near the source were similar to decreases at wells farther
removed.

Inthefall of 1998, aremedial system wasinstalled by
NHDES and USEPA at the site of aformer tool manufacturing
facility (the OK Tool facility). This part of the Savage site,
called OU1, had PCE concentrations in excess of 100,000 ppb
in 1995, indicating alikely DNAPL source. The OU1 remedial
system includes alow-permeability barrier wall that encircles
the highest concentrations of PCE, and a series of injection and
extraction wells. The barrier primarily sits atop bedrock and
penetratesthefull thickness of the sand and gravel, and, in some
places, the full thickness of the underlying basal till.

A numerical solute-transport-model code called MOC3D
was used to simulate solute transport of PCE. The solute-trans-
port model solves the three-dimensional solute-transport equa-
tion by use of the method of characteristics and is integrated
with MODFLOW, which is used to generate ground-water
velocity fields. Thethree-dimensional solute-transport equation
describes the change in concentration of solute over timeasa
function of advection, dispersion, retardation, sources, and irre-
versible reaction. Simulated transport parameters included con-
taminant massinput (for the historical calibration period only),
dispersivity, retardation (linear), and irreversible reaction rate
(exponentia decay). A previously published ground-water-
flow model of the plume areawas used as input to the solute-
transport model.

Thehistorical calibration (1960-94) used asimplified two-
dimensiona model to simulate the evolution of the distribution
of PCE. PCE mass input was simulated by specifying adis-
solved input of PCE at model cellsnear suspected DNAPL loca-
tionsin OU1. Results of thiscalibration indicate that the model-
computed length of the plumeis controlled by the model-retar-
dation parameter. Values of retardation greater than 3 caused
the longitudinal length of the computed plume to be too short
compared to the observed plume. PCE transport rates of about
0.5 ft/d were required to reproduce the observed plume length
(about 1 mi). A retardation of 2 produced areasonable compar-
ison between computed and observed PCE concentrations.
Testing of different initial PCE input times showed little differ-
ence between starting in 1950 (the earliest potential start of PCE
contamination in the aquifer) and starting in 1960. In either
case, the plume reaches a quasi steady-state distribution in
about 20 years. Although not simulated in the pre-remedial and
remedial calibration periods, massinput of PCE was estimated
at arate of 1 g/min fromaDNAPL sourcein the OU1 area.



The pre-remedial calibration period (1995-98) used a
three-dimensional model and focused on calibrating to
observed PCE concentrations at wellsin OU2. The model is
vertically discretized into five model layersto represent strati-
graphic trendsin the MSGD aquifer. A starting dissolved PCE
mass of 2.06 Mg (4.57 Mg total (sorbed and dissolved mass))
was specified. No additional mass input of PCE was specified.
The model aso was calibrated for advective transport by com-
paring computed advective ground-water agesto apparent ages
of water samples collected from wellsin the OU1 area. Sample
water ages were determined by analyses of tritium-helium con-
centrations. A decreasein horizontal and vertical hydraulic con-
ductivity in model layer 2 (shallow aguifer) helped reduce dif-
ferences and improve model fit between computed ground-
water agesand apparent ground-water agesfrom tritium-helium
concentrations.

Mode resultsfrom thefinal pre-remedial calibration had a
residual standard mean error of 27 ppb from 46 wellsdistributed
throughout OU2 and screened in each of the five model layers.
Spatial biases were observed. The computed PCE concentra-
tions were greater than observed PCE concentrations along the
northern part of the plume. PCE concentration increasesin a
bedrock well along the northern flank indicate that some PCE
transport to the north may be entering the bedrock, which is not
simulated in the model. In contrast, computed PCE concentra-
tionswere lessthan observed concentrations a ong the southern
part of the plume. This differenceislikely the result of an
underestimation of the initial PCE massin this area or an unac-
counted source of PCE because testing of high retardation val-
ues did little to reduce residuals. Differences also could be
caused by small inaccuracies in the simulated flowpaths
because large-concentration gradients occur a ong the southern
part of the plume. The computed rate of PCE mass decrease for
OU1 and OU2 is about 0.32 Mg/yr under pre-remedial condi-
tions. Most of this decrease is attained through discharge of
PCE solute to the Souhegan River.

The remedial calibration period (1998-99) used a three-
dimensional model that focused on observed PCE concentra-
tionsinwellsin OUL. Theinitial starting mass of dissolved PCE
was 1.2 Mg. No additional massinput was specified. An addi-
tional goal of the remedial calibration wasto reproduce ground-
water-head (water-level) patterns caused by the addition of the
barrier wall in OU1 and operation of remedial wells, and to
reproduce PCE concentrations in the exterior barrier area of
OUL1. The addition of the barrier wall and operation of remedial
wells caused flow patternsin OU1 to change. Furthermore, the
flow system was highly affected by transient processes (varia-
tionsin temporal rates of recharge) in the aquifer in OU1.

An objective of the remedia operationin OU1 isto main-
tain inward hydraulic head gradients across the barrier so asto
prevent outward migration of PCE. Variations in rates of
recharge, however, caused observed head gradients over the
short term (days) to change from inward to outward across the
barrier even though remedial wells were operating. In general,
the model-computed heads reproduced observed heads except
for September 1999, when the computed heads inside the bar-
rier did not rise sufficiently to cause an outward head gradient,
as observed in the field. The inadegquacy of the model to repro-
duce this observed pattern may be caused by atoo coarse
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numerical time discretization or an underestimation of recharge
inside the barrier.

M odel-computed PCE concentrations for the remedial cal-
ibration generally were higher than observed. The standard
mean error, computed for September 1999 using 17 wellsin
OU1 outside the barrier wall, was 232 ppb, indicating apositive
residual bias. September 1999 was 9 months after the barrier
wall was installed and 4 months after the start-up of remedial
wells. Computed concentrations near the barrier did not repro-
ducethe steep concentration gradient (high PCE concentrations
inside the barrier and low PCE concentrations outside the bar-
rier) observed in thefield. A post audit of model performance
compared computed and observed PCE concentrationsfor May
2000. Resultsindicated that residual sincreased near the barrier.
Application of an enhancement to the numerical model called
the Concentration with the Horizontal-Flow Barrier (CHFB)
Package, however, resulted in computed concentration gradi-
ents that were steeper than those computed without the use of
the CHFB Package. The steep observed concentration gradients
are an excellent indicator that the barrier is preventing outward
transport of PCE.

The overall decrease of PCE concentrations at the OU1/
OU2 boundary, as measured at wells at the downgradient edge
of OU1, were compared to computed decreases to evaluate the
capacity of the model to reproduce observed trendsin animpor-
tant area of the plume. A first-order exponentia equation was
fit to the observed and computed trends in PCE. The observed
exponential rate constant was -0.26 and the computed rate con-
stant was -0.23. Results indicate that model-computed
decreases in PCE concentration were comparable to the
observed.

The rate of computed PCE mass decrease for OU1 and
OU2 isabout 0.50 Mg/yr under remedia conditions. Thisrate
is approximately twicethat of the pre-remedial conditions. The
remedial wellsin OU1 account for about ahalf of the total PCE
mass decrease per year as of 1999-2000, and discharge of PCE
solute to the Souhegan River accounts for the other half.

The final solute-transport parameters used in the model
contained a retardation factor of 2 for model layers 1, 3, and 5;
and 2.5 for layers 2 and 4 that contain some fine sand layers.
Dispersivity was set at 54 ft in the longitudinal and 12 ft in the
transverse. A vertical dispersivity of 1.2 ft was used; however,
thisrate could be lowered and may help with further calibration
efforts. Volatilization was simulated in the model for remedial
conditions at an exponential decay rate of 6.0e'1 per year.
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.

[All unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?:::r;':' Altitudeof opening opening refusal bedrock
Well name Easting Northing measure- land below below below below
number ment point measure-  curface land land land land
ment point
surface  surface  surface surface
108 - 969797.7 115772.4 -- - - - - - -
106 - 969943.6 115997.7 - - - - - - -
105 - 972221.4 119573.1 -- - - - - - -
367 M261942 973138.9 124764.6 -- - - - - - -
63 - 973226.9 124779.4 -- - 282.4 - - - -
391 WLR-1 973834.4 124843.1 282.80 shelter - - - - -
586  WLR-1 staff 973834.4 124843.1 269.21 SG - - - - -
383 P1-SG1 974066.3 124879.1 268.91 BOLT - - - - -
HEAD
384 P1-SG2 974066.9 124878.4 271.89 BOLT - - - - -
HEAD
335 P-1 974088.3 124847.5 279.26 shelter 276.6 13.9 14.9 - -
99 B4 974211.6 124942.2 -- - 270.0 - 54.5 545 -
102 B9 974212.3 125172.5 -- - 275.3 - - - -
100 B6 974327.4 125036.1 -- - 269.0 - - 26.2 -
98 B3 974360.1 124970.2 - - 269.3 - 33.8 33.8 -
103 B11 974370.3 125169.7 -- - 275.0 - - - -
234 MW-28 974374.9 124929.3 275.53 TSC 275.6 5 15 - -
101 B8 974392.9 125051.0 -- - 269.7 - 26 - -
30 MI-19 974416.4 124870.3 277.42 TPVC 275.6 65 80 - 63.5
31 MI-20 974416.4 124870.3 277.40 TPVC 275.6 10 40 - 63.5
104 B12 974471.9 125190.8 -- - 275.4 - - - -
97 B1 974473.7 125037.5 - -- 269.9 - 43 43 -
32 MI-20A 974565.1 124758.4 - TPVC 274.7 - 14.8 - -
33 MI-21 974566.7 125043.3 275.31 TSC 272.1 15 40 - 53
235 MW-27 974627.7 125049.4 275.64 RIM 273.8 5 15 - -
494  VP1010 974662.1 125064.6 -- - - - - - -
118 - 974663.4 1171511 -- - - - - - -
401 B95-06 974669.0 124826.0 272.12 TPVC 272.8 415 51.5 - -
244 RW6 974672.7 126362.0 -- - - - - - -
500 VP1016 974686.8 124998.9 -- - - - - - -
400 B95-05 974688.2 125027.7 275.10 TPVC 273.1 37 47 - 735
489  VP1004 974688.3 124902.7 -- - - - - - -
34 MI-21A 974696.4 124790.3 272.61 TPVC 2725 - - - -
547 PW-7S 974747.6 124900.1 275.84 TPVC 273.2 32.72 42.72 - -
548 PW-7M 974748.6 124890.1 275.84 TPVC 273.6 53.29 63.29 - -
569 RW-1 974751.8 125000.5 267.19 TSC 273.7 31.65 41.65 - -
495  VP1011 974753.9 125052.5 -- - - - - - -

488 VP1003 974764.9 124838.3 -- -- -- -- -- -- --
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Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;

VENT = vent hole at pump]

_ Descrip- ) Top _of Bott0|?1 of Depthto Depthto
Well _ ) Altitude of tion of Altitudeof opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point measure- — urface land land land land
ment point surface  surface surface surface
490  VP1005 974782.9 125005.6 -- - - - - - -
524  SMF 974794.1 124896.8 -- - - - - - -
570 RW-2 974799.4 124838.7 267.15 TSC 2734 22.04 32.04 - -
405 B95-10 974816.7 124997.5 274.68 TPVC 272.1 61 66 - -
520 SMB 974819.0 124876.1 -- - - - - - -
120 - 974826.1 117243.0 -- - - - - - -
410 B95-16 974827.3 124995.7 274.48 TPVC 272.0 10 20 - -
577 SVE-4 974828.7 124901.9 -- - 274.0 12.66 27.66 - -
622 - 974829.0 124902.3 272.94 TPVC - - - - -
623  inel-hcw 974831.2 124882.0 270.38 TPVC - 17 62 - -
624  ine-hcsw 974832.1 124859.2 270.38 TPVC - - - - -
621  inel-hcnw 974832.2 124907.7 270.82 TPVC - - - - -
498  VP1014 974834.1 125154.4 -- - - - - - -
496  VP1012 974838.8 125051.6 -- - - - - - -
619  inel-wi 974840.9 124882.1 270.50 TPVC - 15 62.5 - 62
613  ine-nwp 974842.1 124906.2 270.29 TPVC - 15 62.5 - 59
616  ind-swp 974842.6 124858.7 270.49 TPVC - 15 62.5 - --
493  VP1008 974843.1 124868.1 -- - - - - - -
578 SVE-5 974846.8 125001.1 -- - 274.8 7.87 23.87 - -
399 B95-04 974848.7 125108.9 -- - 270.4 - - - 69
620  inel-hcn 974856.2 124917.1 271.09 TPVC - - - - -
549 PW-8M 974856.2 125140.4 276.05 TPVC 273.3 31.37 41.37 - -
612 INEL-NCP 974857.0 124907.4 270.89 TPVC - 15 62 - 60
611 INEL-CI 974857.1 124882.2 270.40 TPVC - 15 62 - 63.8
550 PW-9M 974857.5 125165.4 275.56 TPVC 2725 31.88 41.88 - -
615  ine-scp 974857.9 124856.8 270.31 TPVC - - - - -
625  inel-hcs 974858.5 124846.4 270.47 TPVC - 17 62 - -
525  SMG 974859.6 124928.1 -- - - - - - -
521 SMC 974860.0 124883.3 - - - - - - -
522 SMD 974860.0 124898.9 -- - - - - - -
523  SME 974860.0 124868.5 -- - - - - - -
526  SMH 974860.0 124852.9 -- - - - - - -
527  SMI 974860.0 124891.3 -- - - - - - -
528  SMJ 974860.0 124838.5 -- - - - - - -
529  SMK 974860.0 124824.5 - - - - - - -
519 SMA 974862.6 124913.3 -- - - - - - -
245 RW3 974864.4 126779.8 -- - -2.0 111 420 - -
579  SVE-6 974870.3 125128.9 -- - 273.7 12.39 27.39 - -
487  VP1002 974871.8 124748.3 -- - - - - - -
618  ine-ei 974872.8 124882.9 270.69 TPVC - 15 62 - -
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitude of opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land

point surface  surface surface surface
614  inel-nep 974873.1 124906.4 271.16 TPVC - 15 62.5 - 59
617  ine-sep 974873.6 124858.0 270.78 TPVC - - - - -
628  inel-hcne 974883.2 124906.6 271.67 TPVC - - - - -
627  inel-hce 974883.3 124883.0 270.51 TPVC - - - - -
626  inel-hcse 974883.5 124858.0 270.31 TPVC - - - - -

572  SP-1 974885.1 124935.8 266.58 TSC 2745 60.66 65.66 - 66.8
50 MI-36 974900.8 123429.2 270.51 TPVC 269.9 - 125 - -
573  SP-2 974910.9 125063.9 266.57 TSC 275.3 59.71 64.71 - -
402 B95-07 974914.3 124802.5 273.64 TPVC 2717 46 56 - 58
492  VP1007 974916.6 125089.2 -- - - - - - -
499  VP1015 974917.1 125191.6 -- - - - - - -
209 MW-1C 974922.8 122726.7 281.28 TPVC 279.5 51.1 61.1 - 62
491  VP1006 974922.8 124990.3 -- - - - - - -
309 MW-1B 974926.7 122718.3 281.38 TPVC 279.5 354 454 - -
574  SVE-1 974927.1 124888.1 -- - 275.0 8.37 23.36 - -
307 MW-1A 974929.8 122712.2 281.26 TPVC 279.7 5 17 - -
575  SVE-2 974946.5 124988.0 -- - 276.3 9.41 24.41 - -
497  VP1013 974958.5 125128.4 -- - - - - - -
43 MI-28 974962.8 124603.6 271.85 TPVC 270.3 35 55) 56 -
539 PW-4D 974963.8 124756.7 274.49 TOC 272.0 62 72 - 70
576  SVE-3 974966.9 125106.6 -- - 2734 12.34 27.34 - -
406 B95-11 974969.1 124987.0 274.58 TPVC 2724 73 78 - 80
486  VP1001 974973.9 124781.0 -- - - - - - -
538 PW-4M 974974.7 124756.4 273.81 TPVC 2718 31.87 41.87 - -
36 MI-22A 974976.6 125182.6 -- - 270.1 - 117 - -
411 B95-17 974980.4 124985.1 274.50 TPVC 272.1 40 50 - -
398 B95-03 974985.3 125214.8 274.44 TPVC 269.7 61.5 715 - 86
543 PW-6S 975004.8 124942.1 279.12 TOC 276.7 23.63 33.63 - -
544  PW-6M 975005.4 124932.2 279.10 TPVC 276.4 40.39 50.39 - -
545 PW-6D 975014.3 124943.8 279.01 TOC 277.0 87.6 97.6 - 94
546 PW-6R 975015.9 124934.2 278.58 TOC 276.3 101.04 111.04 - 95
501  VP2001 975032.6 125199.6 -- - - - - - -
403 B95-08 975035.4 124825.8 276.26 TPVC 270.1 72 82 - 88
385 P2-SG1 975037.3 125304.6 262.62 BOLT - - - - -

HEAD

568 IW-2 975037.8 125068.4 268.44 TSC 277.0 67.8 87.8 - --
404  B95-09 975039.8 124825.6 273.07 TPVC 270.3 10 20 - -
386 P2-SG2 975040.9 125298.9 260.11 SG2 - - - - -
387 P2-SG3 975043.9 125294.6 260.11 SG3 - - - - -

388 P2-SG4 975045.6 125284.0 260.11 SG4 -- -- -- -- --
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Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;

VENT = vent hole at pump]

_ Descrip- ) Top _of Bott0|?1 of Depthto Depthto
Well _ ) Altitude of tion of Altitudeof opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point measure- — urface land land land land
ment point surface  surface surface surface
38 MI-24 975050.2 124966.3 272.63 TPVC 269.8 10 85 - 96
503  VP2003 975053.1 125046.1 -- - - - - - -
504  VP2004 975053.1 124962.3 -- - - - - - -
35 MI-22 975053.7 1251235 278.75 TPVC 269.1 99 114 - o7
37 MI-23 975053.7 1251235 278.75 TPVC 269.1 10 75 - %
506  VP2006 975054.5 125003.6 -- - - - - - -
502  VP2002 975054.8 125116.5 -- - - - - - -
537 PW-3D 975056.3 125240.1 272.38 TPVC 269.8 84.85 94.85 945
507  VP2007 975060.1 124892.2 -- - - - - - -
42 MI-27 975064.8 124731.3 272.58 TSC 269.9 13 78 - 88
536 PW-3S 975065.3 125235.5 272.39 TPVC 269.8 19.76 29.76 - -
419  AO8 975081.1 124581.5 - - - - - - -
505  VP2005 975088.4 124827.3 -- - - - - - -
40 MI-25 975089.2 124821.7 272.18 TPVC 269.3 101.8 111 - 105
41 MI-26 975089.2 124821.7 27131 TPVC 269.3 8 88 - 105
39 MI-24A 975092.1 124891.9 -- - 272.0 - 14 - -
336 P-2 975100.9 125281.9 271.79 shelter 268.6 17 18 - --
567 IW-1 975105.4 124871.1 269.91 TSC 272.4 73.75  103.75 103.75
52 MI-38 975116.9 123948.1 -- - 270.0 - - - -
397 B95-02 975120.7 125077.4 -- - 269.7 - - - 99.8
551 PW-10M 975142.3 125124.8 276.47 TPVC 274.0 50.15 60.15 - -
119 - 975143.4 117530.1 -- - - - - - -
508  VP2008 975143.9 124858.0 -- - - - - - -
311 MW-2R 975145.0 125587.7 267.67 TSC 266.2 134 164 - 1155
310 MW-2A 975148.9 125591.3 269.32 TPVC 266.6 29 39 - -
552 PW-10D 975149.6 125118.0 276.53 TPVC 273.8 9471 104.71 - -
210 MW-2B 975151.8 125599.9 269.19 TSC 266.4 70.7 80.7 - -
122 Ww-125 975152.7 129134.8 -- - 269.0 -- -- - --
571 RW-3 975168.5 124805.8 268.79 TSC 270.0 18.45 28.45 - --
226 MW-25 975168.9 123046.5 273.12 TPVC 270.5 4 12 - -
554  PW-11D 975172.4 125172.1 272.62 TOC 269.7 9311 10311 - 101
396 B95-01 975177.4 124917.1 -- - 269.8 - - - 107
553 PW-11M 975180.9 125167.0 272.45 TOC 269.9 46.4 56.4 - -
509  VP3002 975183.2 125171.2 -- - - - - - -
512  VP3005 975197.6 124894.6 - - - - - - -
540 PW-5M 975198.9 124963.3 275.88 TPVC 273.0 52.4 62.4 - -
225 MW-26 975206.2 123141.4 27111 TPVC 268.7 3 13 - -
541 PW-5D 975206.8 124969.2 275.13 TPVC 2725 97.83  107.83 - 106.5
542 PW-5R 975206.9 124959.1 275.31 TPVC 2725 122.76  132.76 - 106
510  VP3003 975217.8 125071.9 -- - - - - - -
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitude of opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land
point surface  surface surface surface
366 MW-30 975228.8 125893.3 267.96 TSC - - - - -
511  VP3004 975233.4 124979.3 -- - - - - - -
46 MI-32 975247.2 124933.7 273.88 shelter 270.2 30 75 - 95
57 MOW-63 975248.2 125062.1 -- - 270.0 53 62 65 --
409 B95-15 975254.0 125149.4 268.23 TSC 269.6 85 95 -- 96.5
535 PW-2R 975254.7 124973.6 273.27 TPVC 268.9 11393  133.93 - 102
534  PW-2D 975255.1 124963.5 273.34 TPVC 269.7 96.17  106.17 - 102
532 PW-2S 975264.3 124962.1 271.04 TPVC 268.5 19.62 29.62 - -
533 PW-2M 975264.5 124972.7 270.54 TPVC 268.4 49.83 59.83 - -
418  A07 975266.9 124527.1 -- - - - - - -
191 MOA-38 975295.4 125590.6 -- - 270.0 - - 14 -
51 MI-37 975299.5 123330.9 272.60 TPVC 270.4 - 125 - -
347 MW-4R 975299.9 123581.5 268.47 TSC 266.4 64 98 - 45
212 MW-4B 975303.5 123583.8 268.59 TPVC 266.7 458 55.8 - 432
171 MI-29 975306.9 123808.1 269.93 TPVC 268.5 315 51.5 51.5 -
312 MW-4A 975307.9 123586.4 268.34 TPVC 266.5 19.7 29.7 - -
513  VP3006 975313.6 124781.6 - - - - - - -
407 B95-12 975343.8 124724.7 272.32 TSC 269.5 55 60 - 76
66 - 975354.0 124548.9 -- - 270.0 - - - -
299 HM-1 975363.0 125252.3 269.05 TSC 269.2 3 83 - -
514  VP4001 975384.6 125246.0 -- - - - - - -
247 RW1 975397.4 127471.0 -- - -2.0 59 340 - -
417  A06 975407.3 124511.0 -- - - - - - -
340 SP-10 975407.8 126569.5 263.92 - 262.4 1 6 - -
213 MW-5B 975408.3 123982.6 269.61 TPVC 267.6 50.4 60.4 - 61.35
313 MW-5A 975414.6 123981.8 269.71 TPVC 267.6 28 38 - -
248 RW2 975425.1 127514.8 -- - - - - - -
555 PW-12S 975427.3 125256.4 267.75 TOC 265.7 18.1 28.1 - -
557 PW-12D 975427.9 125266.2 267.68 TOC 265.7 87 97 - --
556 PW-12M 975437.2 125255.7 268.06 TOC 265.8 57.8 68 - -
558 PW-12R 975437.6 125267.4 267.78 TOC 265.7 1139 134 - 100
408 B95-13 975490.6 125002.0 266.35 TSC 267.0 60 65 - 90.5
249  Cassarino 9754914 127480.1 -- - 267.9 - 125 - -
566 EW-2 975492.9 124936.3 265.81 TSC 267.1 51.22 81.22 - 815
530 PW-1S 975498.5 125008.0 266.91 TOC 267.0 26.02 36.02 -
531 PW-1D 975507.1 125011.0 266.76 TOC 266.9 84.48 94.48 - 94
214 MW-6B 975521.2 124486.8 268.95 TPVC 267.1 56.8 66.8 - 69.4
348 MW-6A 975521.4 124481.8 269.11 TPVC 267.0 8 20 - -
565 EW-1 975535.2 125046.1 265.09 TSC 266.9 63.55 93.55 - -

416  AO5 975549.3  124477.4 - - - - - - -
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Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

67

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

_ Descrip- ) Top _of Bott0|?1 of Depthto Depthto
Well _ ) Altitude of tion of Altitudeof opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point measure- — urface land land land land
ment point surface  surface surface surface
189 MOA-35 975554.9 125804.9 -- - 265.2 - - 12 -
153 MOW-38 975574.2 128320.7 -- - 262.7 30 40 41 -
517  VP4004 975598.7 124960.9 -- - - - - - -
515  VP4002 975598.9 125229.8 -- - - - - - -
377  3ftHitchPW1 975608.9 124010.1 -- - - - - - -
376 2ftHitchPW1 975620.1 124005.9 -- - - - - - -
516  VP4003 975631.1 125083.4 -- - - - - - -
203 MI-63 975636.8 125076.6 267.75 TSC 265.1 24 64 - -
194  MOW-58 975647.0 125574.5 -- - 268.7 54 63 76 -
47 MI-33 975651.3 124011.3 26590 WELLCVR 268.0 50 60 60 -
380 HitchwIHs 975651.6 124010.8 -- - - - - - -
415  A04 975663.9 124453.7 - - - - - - -
345 MW-16R 975670.8 124875.2 268.96 TSC 266.5 100 138 - 87.5
321 MW-16B 975671.0 124868.6 269.84 TPVC 267.6 39.6 49.6 - -
233 MW-16A 975671.2 124863.1 269.98 TPVC 2675 16.9 26.9 - -
344  MW-16C 975678.1 124877.1 269.73 TPVC 267.4 73.2 83.2 - 87.5
561 PW-13D 975691.7 125297.7 269.58 TOC 267.6 94.3 104.35 - 103
559 PW-13S 975692.0 125287.5 269.75 TOC 267.7 20.3 30.3 - -
560 PW-13M 975699.9 125292.8 269.95 TOC 267.9 59.8 70 - -
518  VP4006 975711.6 124809.1 -- - - - - - -
86 FH-130BS 975717.7 126524.2 269.03 TPVC 260.0 33 43 - -
190 MOA-37 975737.6 126314.6 -- - 260.0 - - 13 -
562 PW-14S 975756.4 125094.6 268.77 TOC 266.8 20.03 30.03 - -
563 PW-14M 975757.3 125104.2 268.89 TOC 266.8 60 70 - -
564  PW-14D 975764.9 125098.0 268.94 TOC 266.8 10271  112.71 - 1115
414  AO3 975766.3 124433.6 -- - - - - - -
79 - 975782.3 119504.9 -- - 350.0 - - - -
45 MI-31 975786.4 124591.9 267.23 TPVC 266.1 36 54 - -
331 MW-23B 975802.8 125947.1 267.40 TPVC 265.3 48 58 - -
381 MW23-SG1 975803.8 125915.3 261.09 BOLT - - - - -
HEAD
382 MW23-SG2 975805.7 125912.7 265.52 usgs disc - - - - -
95 FH85-8A 975813.9 126532.9 -- - 260.0 20 26 - -
430  C09 975816.7 125270.9 -- - - - - - -
324 MW-18B 975824.1 124279.1 270.30 TPVC 268.0 72 82 - 82
231 MW-18A 975824.8 124273.4 269.78 TPVC 267.9 445 54.5 - -
61 MI-47 975825.5 125094.2 -- - 270.0 - - - -
413 A02 975826.8 124285.6 -- - - - - - -
48 MI-34 975833.6 122797.6 278.84 TPVC 278.8 - 17.7 - -
237 MW-23A 975835.1 125944.3 267.51 TPVC 265.4 20 30 - -
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitude of opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land
point surface  surface surface surface
188 MOA-25 975839.7 125937.0 -- - 262.0 50 60 72 -
332 MW-23C 975840.8 125954.0 267.34 TPVC 265.3 84.3 94.3 - 106
412 A0l 975851.3 124173.6 -- - - - - - -
87 FH-14 975867.0 126592.8 263.53 VENT 262.2 32 42 - -
44 MI-30 975877.3 124347.0 269.35 TPVC 265.7 27 72 75 -
59 MI-45 975909.3 125772.4 -- - 264.9 - - - -
228 MW-3 975915.6 123237.1 270.54 TPVC 268.7 115 215 - 215
80 - 975917.3 119166.0 -- - - - - - -
431  C10 975918.7 125457.1 -- - - - - - -
429  C08 975946.1 125071.3 -- - - - - - -
432 C11 975949.1 125669.0 -- - - - - - -
60 MI-46 975970.8 125598.0 - - 267.3 - - - -
580 MW-101A 975981.9 125600.9 266.55 TPVC - 9 19 - -
581 MW-101B 975984.5 125594.2 266.33 TPVC - 45 55 - -
582 MW-101C 975985.1 125588.7 265.73 TSC - 93 103 102.9 102.9
422 BO4 975987.0 124364.6 -- - - - - - -
208 FH-10(PUMP) 975988.3 127199.9 267.89 TINRSC 268.0 50 65 -- --
301 FH-11 975989.9 127199.8 268.08 TSC 267.4 - 62 - -
240 FH-10(OBS) 975991.4 127198.4 268.01 TSC 267.3 58 63 - -
242 FH-9 975997.3 127233.1 269.83 TSC 268.3 - 52 - -
84  #226inSurv 975999.6 127234.7 262.51 TSC 261.7 51 66 - 60
428  CO7 976004.9 124868.5 -- - - - - - -
421 B03 976012.1 124285.5 -- - - - - - -
442 D11 976033.8 126246.6 - - - - - - -
420 B02 976040.8 124216.3 -- - - - - - -
68 - 976054.9 124695.2 -- - 267.9 - - - -
589  SB-02 976069.8 125390.7 -- - 266.0 - - 104. -
64 -- 976086.6 124426.6 -- - 265.3 - - - -
427  C06 976100.7 124649.9 -- - - - - - -
69 - 976146.7 124676.0 -- - 266.3 - - - -
588  SB-01 976165.9 125868.3 -- - 263.4 - - 945 -
426  CO05 976169.6 124514.3 -- - - - - - -
425  C03 976190.0 124344.9 -- - - - - - -
322 MW-17B 976212.0 124755.5 265.67 TPVC 264.6 52.4 62.4 - -
323 MW-17C 976212.8 124757.9 265.27 TPVC 264.7 85 95 - 99.3
218 MW-10C 976215.0 124930.6 264.74 TPVC 262.8 815 91.5 - 91.6
258 MW-17A 976216.5 124754.0 265.66 TPVC 264.4 19.8 29.8 - -
317 MW-10B 976218.5 124928.4 263.55 TPVC 262.2 44 54 - -
316 MW-10A 976221.5 124928.6 263.77 TPVC 262.2 19 29 - -

424 C02 976230.6 124189.2 - -- -- -- -- -- --
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Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitudeof opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land

point surface  surface surface surface
26 MI-15 976242.8 123624.9 265.17 TSC 264.7 - - - -
169 MI-9 976255.7 125936.0 265.05 TCONC 263.8 - - - -
423  CO01 976256.1 124044.3 -- - - - - - -

215 MW-7B 976263.3 123908.4 264.29 TPVC 262.5 45.6 55.6 - 58.6
314 MW-7A 976267.6 123912.6 264.40 TPVC 262.3 32 132 - -
71 - 976275.6 124553.6 -- - 264.0 - - - -
339 SP9 976276.6 126593.0 261.16 - 259.4 15 6.5 - -
70 - 976282.6 124669.8 -- - 264.1 - - - -
364 - 976295.6 125521.0 264.93 - 262.5 - - - -
441 D10 976363.6 126104.4 -- - - - - - -
250 SPz-1 976415.4 128176.9 259.17 TPVC 257.4 2 7 - -
318 MW-11A 976433.3 125888.7 262.78 TPVC 260.9 20.5 305 - -
219 MW-11R 976435.0 125881.6 262.47 TINRSC 261.0 70 100.5 - 65
319 MW-11B 976435.2 125885.3 262.83 TPVC 261.0 52.3 64.3 - 65
590  SB-03 976500.1 124641.6 -- - 262.5 - - 90.5 -
351 MW-9A 976502.9 124485.8 267.76 TPVC 266.1 30.7 40.7 - -
217 MW-9C 976503.3 124473.6 268.09 TPVC 266.3 79 20 - 9
352 MW-9B 976503.6 124479.1 267.87 TPVC 266.1 58.2 68.2 - -
121 - 976507.9 117660.4 -- - - - - - -
591  SB-04 976509.5 125564.3 -- - 262.6 - - 63. -
315 MW-8A 976511.8 124151.8 263.91 TPVC 262.0 45 16.5 - -
216 MW-8B 976524.9 1241514 263.80 TPVC 261.8 57 67 - 90
22 MI-8 976549.9 125251.5 264.93 TINRSC 262.6 - 135 - --
440 D08 976551.7 125609.5 - - - - - - -
196 MOW-65 976555.4 126488.7 -- - 260.0 54 62 73 -
62 MI-48 976556.3 124678.9 -- TCONC 264.1 - - - -
49 MI-35 976578.5 124150.8 263.20 PWMC 262.2 - 55 - -
443 D21 976616.5 125429.2 -- - - - - - -
154  MOW-32 976679.8 124466.7 -- - 261.8 6 16 20 -
439 D07 976690.2 125251.6 -- - - - - - -
202 MOW-19 976722.5 125725.6 -- - 260.8 - - - -
438 D06 976751.4 125088.4 -- - - - - - -
592  SB-05(MW-102) 976774.8 125063.3 -- - 259.7 - - 73. -
252 SP-6 976792.4 126621.2 261.05 TPVC 260.0 3 8 - -
27 MI-16 976813.6 123543.9 - - 269.1 - - - -
437 D05 976816.8 124924.6 -- - - - - - -
195 MOW-64 976832.4 126380.5 -- - 260.0 41 49 76 -
111 - 976843.4 115878.6 -- - - - - - -
369 FHwoods 976854.1 127069.3 266.46 TSC 266.1 - - - -
593  SB-06 976863.6 124649.0 -- - 262.1 - - 83. -
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitude of opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land
point surface  surface surface surface
436 D04 976926.2 124651.9 -- - - - - - -
85 FH-15 976951.6 126886.4 26572 AHPUMP  265.1 18 38 - -
435 D03 976969.2 124522.3 -- - - - - - -
65 P-03 976979.6 124880.4 263.27 TSC 261.3 - - - -
117 - 977035.0 115723.0 -- - - - - - -
434 D02 977047.1 124350.6 -- - - - - - -
262 MW-29 977125.3 124080.3 260.90 TPVC 261.0 25 125 - -
594  SB-07(MW-103) 977151.7 125420.8 -- - 259.3 - - 65. -
598  SB-11(MW-106) 977167.8 124510.3 -- - 259.2 - - 60. -
88 FH-16 977174.8 126706.3 262.99 - 261.0 - - - -
433 D01 977181.0 123965.6 -- - - - - - -
193 MOW-15 977255.8 127892.7 - - 260.0 - - - -
304 SP5 977271.9 126837.8 257.07 - 255.3 25 75 - -
326 MW-19A 977289.2 124123.2 263.68 TPVC 261.6 235 335 - -
327 MW-19B 977294.8 124124.8 263.44 TPVC 260.9 39 49 30 35
308 MW-13A 977298.8 125084.8 258.04 TPVC 257.9 23.9 33.9 -- -
221 MW-13B 977300.6 125081.1 259.35 TPVC 257.9 48 58 - 64
600 ESE-PZA1 977301.3 125087.4 260.06 - 2574 10 15 - -
599 ESE-EWA 977303.1 125074.5 260.79 - 2575 36.4 51.7 - -
602 ESE-PZA3 977314.0 124043.9 260.12 - 258.0 44.75 49.75 55.5 -
601 ESE-PZA2 977317.0 125042.6 260.14 - 2575 10 15 - -
604  ESE-PZA5 977354.8 125204.7 261.45 - 258.8 45 55 -- -
603 ESE-PZA4 977358.8 125206.6 261.59 - 258.9 10 15 - -
172 MI-40 977391.3 124739.2 257.40 TPVC 256.1 - - - -
72 MI-62 977408.8 125554.8 -- - 260.0 17 58 60.58 -
453 E10 977468.0 126394.4 -- - - - - - -
264  MW-20A 977472.9 124629.1 263.23 TPVC 260.8 15.2 25.2 - -
328 MW-20B 977476.1 124622.3 263.03 TPVC 260.7 35 45 - 475
58 MI-44 977514.1 125199.4 260.60 TPVC 259.2 - 20 - --
454  Ell 977542.1 126522.2 -- - - - - - -
251  SP-7 977551.4 127255.9 258.66 TPVC 258.2 45 9.5 - -
54 MI-41 977561.6 124774.2 260.12 TPVC 258.7 - 20 - -
55 MI-42 977567.3 124958.1 258.51 TPVC 257.2 - 20 - -
452 E09 977575.0 126168.8 -- - - - - - -
56 MI-43 977583.8 125123.0 258.82 TPVC 257.3 - 20 - -
170 MI-14 977619.8 123760.4 -- - 260.0 - - - -
29 MI-18 977625.4 123963.1 264.34 TCONC 262.7 - - - -
255 MW-24A 977644.9 126373.3 259.67 TPVC 257.1 195 295 - -
333 MW-24B 977649.7 126372.3 259.39 TPVC 256.8 31 41 - 405

201 MOW-26 977661.4 122551.6 = == 260.0 = == 14 =
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitudeof opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land

point surface  surface surface surface
200 MOW-25 977668.8 122997.3 -- - 259.7 - - 4 -
596  SB-09(MW-104) 977680.2 125910.9 -- - 256.6 - - 35. -
451 EO8 977698.5 125714.6 -- - - - - - -
450 EQ7 977768.1 125414.4 -- - - - - - -

595  SB-08 977779.6 124359.9 -- - 260.9 - - 40.
449 E06 977852.8 125221.0 -- - - - - - -
597  SB-10(MW-105) 977857.0 125286.7 -- - 257.7 - - 63. -
448 EO5 977928.1 125053.3 -- - - - - - -
267 SP-4 977995.7 127200.0 258.63 - 257.1 25 75 - -
447 EO04 978005.2 124898.1 -- - - - - - -
446 EO3 978112.3 124704.9 -- - - - - - -
220 MW-12A 978133.3 124280.7 265.96 TPVC 264.0 25 35 - -
320 MW-12B 978134.3 124287.4 265.61 TPVC 264.0 56 66 - 66
444  EO1 978145.9 124145.0 -- - - - - - -
445 EO2 978218.4 124455.1 -- - - - - - -
268  SP-3 978256.8 126568.9 256.30 -- 255.3 45 9.5 - -
337 WLR4 978297.6 125583.7 257.38 shelter 251.3 4 5 - -
78 MOA-4 978318.2 124603.5 -- - 249.5 33 38 54 -
478 LOIR 978397.0 126271.5 -- - - - - - -
368 BMc821934 978403.9 123964.9 -- - - - - - -
128  Savagewsdll 978473.2 124848.0 -- - 261.0 35 45 - -
465  G13 978584.8 126507.3 -- - - - - - -
165 MI-4 978596.4 124892.5 257.49 TSC 255.0 39 49 - -
477 LO1 978613.0 126138.0 - - - - - - -
270 P-9B 978624.0 126015.8 255.01 - 252.6 9.2 10.2 - -
269 P-9A 978624.2 126009.9 254.73 - 253.1 7 8 - -
21 MI-7 978642.4 125263.6 256.68 TSC 253.2 - 31 - -
164  MI-3 978692.7 124915.0 257.28 TSC 2545 44 49 - -
349 MW-14A 978695.9 125654.9 254.85 TSC 253.4 19 29 - --
222 MW-14R 978696.0 125647.0 255.50 TINRSC 253.8 73 110 - 60
341 MW-14B 978696.6 125651.1 255.14 TSC 253.3 50 60 - 60
353 FH-17 978711.3 127671.8 272.44 BOLT - - - - -
HEAD

167 MI-6 978717.1 124918.6 255.66 TSC 255.1 - - - -
166 MI-5 978717.7 124920.5 255.89 TSC 255.2 39 49 - -
305 FH-18 978724.8 126549.2 255.01 - - - - - -
464  Gl2 978791.4 126327.7 -- - - - - - -
163 MI-2 978827.6 124764.7 253.94 TSC 252.9 42 47 - -
168 MI-6A 978830.1 124812.8 -- - 259.5 - - - -

273 HP-1 978832.7 125303.4 25451 2523 1 6 -- --
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitude of opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land
point surface  surface surface surface
302 FH-19 978898.8 126408.4 256.17 TSC - - - - -
375  nearFH19 978900.7 126413.0 -- - - - - - -
96 FH1974 978905.3 126519.5 -- - 2545 - - - -
94  FH-21 978928.6 126400.6 251.63 TPVC 252.1 21 26 - -
0 FH-22 978953.0 126400.0 255.10 TPVC 253.1 24 29 - -
271 P-15 978953.7 126170.9 252.08 TPVC 251.4 7 8 - -
463  Gl1 978953.7 126217.3 -- - - - - - -
89 FH-27 978957.5 126176.8 251.45 TPVC 251.3 36 41 - -
379 FH27-SG2 978965.0 126143.6 245.48 SG2 - - - - -
362 USGS-DISK 978965.1 126138.8 250.02 - - - - - -
378 FH27-SG1 978965.1 126137.3 248.05 BOLT - - - - -
HEAD
334 MW-31 978979.1 126191.9 251.87 TSC 250.1 60 273 - 49
329 MW-21B 979001.2 124469.8 261.77 TPVC 259.3 20 30 - -
278 MW-21A 979001.3 124463.6 261.27 TPVC 259.2 38 138 - -
330 MW-21C 979001.5 124474.0 261.34 TPVC 259.4 44.1 54.1 - 63.75
93 FH-23 979002.6 126401.5 253.70 TPVC 252.0 22 25 - -
74  MOW-35 979010.1 124641.8 -- - 260.0 -- -- 59 --
91 FH-24 979035.9 126403.9 253.27 TPVC 251.6 24 29 - -
466 HO2 979042.0 126437.2 -- - - - - - -
306 MW-33 979070.9 126468.1 254,52 TSC 251.8 415 51.5 - 52.5
274  HP-2 979099.7 125374.2 253.24 - 251.0 15 6.5 - -
374  FH-26 979100.8 126405.4 254.35 TPVC - - - - -
92 FH-25 979102.5 126406.5 254.04 TSC 252.1 23 28 - --
482 NO1 979147.8 126556.0 -- - - - - - -
462  GI10 979160.1 126039.3 - - - - - - -
73 MI-64 979161.5 123887.2 -- - 259.9 - - - -
608 ESE-PZB3 979199.6 126069.1 256.26 - 254.1 115 16.5 61 -
609 ESE-PZB4 979201.8 126071.2 256.21 - 254.3 45 50 - -
606 ESE-PZB1 979246.9 126084.3 256.72 - 254.3 12 17 - -
607 ESE-PZB2 979248.4 126086.4 256.98 -- 254.3 50 55 - -
605 ESE-EWB 979262.3 126082.9 256.10 - 254.0 38.9 56 - -
479 LO2 979290.6 126300.6 -- - - - - - -
275 HP-3 979343.9 125403.5 253.53 - 251.1 15 6.5 - -
461  GO09 979440.9 125972.7 -- - - - - - -
610 ESE-PZB5 979442.6 125971.7 253.81 - 251.7 10 15 - -
276 P-10 979466.8 125859.0 252.70 - 250.4 7.5 85 - -
460  GO08 979474.7 125812.3 -- - - - - - -
459  GO7 979475.0 125626.0 -- - - - - - -

25 MI1-12 979476.4 125858.7 253.26 TSC 2515 43 49 50 --
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Appendix 1 3

Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

_ Descrip- ) Top _of Bott0|?1 of Depthto Depthto
Well _ ) Altitude of tion of Altitudeof opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point measure- — urface land land land land
ment point surface  surface surface surface
480 LO3 979520.8 126351.7 -- - - - - - -
24 MI-11 979580.1 125310.7 25452 TSC 252.1 40 56 63 -
455  GO3 979635.0 124972.0 -- - - - - - -
458  GO06 979635.0 125491.7 -- - - - - - -
23 MI-10 979677.4 124853.9 255.12 TPVC 252.2 44 47 - 58.5
277 P-11 979689.2 126100.9 25454 - 252.5 7.5 85 - -
481 LO4 979734.1 126310.9 -- - - - - - -
457  GO05 979735.0 125352.0 -- - - - - - -
456  G04 979755.0 125132.0 -- - - - - - -
483 NO2 979767.2 126623.0 -- - - - - - -
279  SP-2 979817.2 126368.5 251.94 TPVC 249.9 1 6 - -
67 - 979957.1 124233.7 - - 250.0 - - - -
280 P-16 979986.6 126500.0 260.43 TPVC 258.3 12 13 - -
281 MW-34 979987.0 126490.7 260.91 TPVC 258.5 95 195 - 20.5
14  RFW-1 980111.6 123484.1 -- - 255.7 8 28 28 -
283 P-17B 980124.1 126110.1 253.66 - 252.6 12 13 - --
282 P-17A 980125.1 126109.1 252.54 - 250.6 8 9 - -
17 RFW-4 980142.7 124069.5 252.15 - 251.6 6 16 16 -
18 PA-1 980332.1 123667.2 -- - 255.1 - 8.7 - -
19 PA-2 980334.7 123737.3 -- - 254.9 - 8.7 - -
361 P-12 980380.2 125709.4 252.03 - 252.0 9 10 - -
20 PA-3 980388.4 123703.1 -- - 255.3 - 7.8 - --
15 RFW-2 980419.4 123831.6 253.87 - 253.8 10 35 35 -
16 RFW-3 980457.3 124035.2 25351 - 2535 13 43 43 -
284 RWA4 980479.8 126905.0 280.08 - 278.3 - 23 - -
474  KO2 980485.2 126513.0 -- - - - - - -
393 WLR-S5 980644.9 126283.6 254.27 shelter - - - - -
585  WLR-5 rebar 980644.9 126283.6 245.24 top rebar - - - - -
285  SPz-2 980666.6 126449.9 252.23 TPVC 250.2 35 85 - -
475 K04 980675.5 126332.7 -- - - - - - -
468  JO3 980935.1 124692.0 -- - - - - - -
467  J02 980936.7 124496.2 -- - - - - - -
476 K06 981000.1 126333.8 -- - - - - - -
288 FH-28 981031.7 126543.6 248.85 TSC 248.1 - 23 - -
290 SP-18 981032.5 126481.6 250.17 - 248.2 45 75 - -
289 FH-29 981063.3 126519.2 250.07 TSC 247.8 - 339 - -
294  MW-22B 981098.7 126201.3 252.77 TPVC 250.1 335 435 - 47
293 MW-22A 981102.3 126204.0 252.52 TPVC 250.2 138 23.8 - -
292 FH-30 981104.8 126341.0 250.69 TSC 248.3 - 23 - -
287 RW9 981114.8 127599.2 271.45 - 270.4 - 22 - -
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Appendix 1. Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;
VENT = vent hole at pump]

Topof Bottomof Depthto Depthto

Well _ ) Altitude of Dt?::r;':- Altitude of opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point ::I:sur?' surface land land land land
point surface  surface surface surface
360 - 981136.4 126667.9 251.03 TSC 247.1 - 345 - -
359 FH-? 981138.8 126516.3 249.86 TSC 2485 - 24.8 - -
127 HAYWOOD 981163.8 124370.3 -- - 256.3 - - -
358 - 981191.1 126524.6 250.03 TSC 247.2 - 20.5 - -
354  PFHprodwell 981195.6 126601.6 251.68 - 249.2 30 40 - -
356 - 981217.3 126573.6 250.05 - 2474 - - - -
357 - 981218.6 126572.1 249.97 - 2474 - - - -
473 Jo8 981224.7 125972.8 -- - - - - - -
291  SP-11 981256.9 126375.4 249.67 - 247.7 85 95 - -
472 JO7 981307.1 125716.7 -- - - - - - -
173 H12-71 981352.5 124815.3 -- - 250.0 36 36 - 36
296 MW-32A 981366.6 125490.0 250.46 TPVC 2479 7 17 - -
471 JO6 981367.5 125313.4 -- - - - - - -
297 MW-32B 981369.8 125487.1 251.23 TPVC 248.3 318 41.8 - 435
470  JO5 981370.2 125136.7 -- - - - - - -
469  Jo4 981371.5 124939.3 - - - - - - -
174  H11-71 981478.2 125561.4 -- - 241.6 25 35 -- 39
175 H9-71 981665.1 126217.4 -- - 250.8 20 25 - 285
180 H5-71 981751.4 126415.0 -- - 250.5 23 28 - 31
295 P-13 981806.6 126346.1 250.84 - 248.3 7.5 85 - -
179 H10-71 981819.4 126331.6 -- - 250.9 18 28 - 34
390  SG(outcrop) 981834.5 126399.5 239.39 SG -- -- - -- --
484  PO1 981838.2 124649.8 -- - - - - - -
178 H7-71 981841.0 125953.9 - - 246.9 15 15 - 15
338 P-14 981843.1 124952.7 248.69 - 246.7 7 8 - -
176 H8-71 981881.9 126202.3 -- - 250.0 20 25 - 32
177 H6-71 981885.6 126032.0 -- - 249.5 16 16 - 16
485 P02 981887.1 125105.9 - - - - - - -
342 MW-15B 982001.4 125914.5 258.61 TPVC 257.0 294 36.4 - 275
223 MW-15A 982006.4 125915.3 258.53 TPVC 256.8 125 275 - -
83 - 982062.2 125393.9 -- - 240.9 - - - -
82 - 982214.8 125347.6 -- - 240.0 - - - 23
107 - 982412.5 131350.5 -- - 349.2 - - - -
109 - 982510.9 130710.2 -- - 349.3 - - - -
123 GW-01S 982781.1 127851.5 - - 256.1 6 16 - -
124  GW-01D 982862.3 127876.4 -- - 256.5 60 70 - 56
197 MOW-66 982904.6 124297.2 -- - 252.8 27 33 37 -
125 GW-01M 982953.4 127904.3 -- - 256.7 30 40 - -
198 MOW-67 983164.5 124318.2 -- - 249.8 37 43 45 -
155  GW-02S 983400.8 127487.9 -- - 255.1 6 16 - -
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Information on wells and vertical profile points, Savage Municipal Well Superfund site, Milford, N.H.—Continued

Appendix 1 15

[AIl unitsin feet; horizontal datum based on 2,000-foot grid New Hampshire State Planar coordinate system North American Datum 1983; vertical datum based
on feet above NGV D 1929; depth in feet below land surface; well name descriptions on page ix; some wells not shown on plate 1; -- no data; wells sorted by east-
ing location; Description of measurement point: TSC = top of steel casing; TPV C = top of polyvinyl chloride pipe; shelter = top of shelter floor; SG = staff gage;
SG2 = second staff gage; SG3 = third staff gage; SG4 = fourth staff gage; TCONC = top of concrete; RIM = rim of manhole cover; BOLT HEAD = top of bolt;
WELLCVR = well cover; TINRSC = top of inner steel casing; AHPUMP = air line reading at pump; top rebar = top of rebar pipe; usgs disc = top of usgs disc;

VENT = vent hole at pump]

_ Descrip- ) Top _of Bott0|?1 of Depthto Depthto
Well _ ) Altitude of tion of Altitudeof opening opening refusal bedrock
Well name Easting Northing  measure- land below below below below
number ment point measure- — urface land land land land

ment point surface  surface surface surface
199 MOW-68 983417.4 124322.2 -- - 245.0 36 42 53 -
157 GW-04S 983770.6 127239.5 -- - 255.6 54 154 - -
192 - 984005.2 123305.5 -- - 266.7 - - - 12
158  GW-05S 984189.9 127055.1 -- - 264.2 7 17 - -
156  GW-03S 984191.2 126042.6 -- - 252.4 84 184 - -
204 MI-13 984325.5 123765.2 251.42 - 249.6 12 18 33 -
150 LW-02S 984495.9 124860.8 24591 - 2434 4 14 - -
148 LW-01M 984856.9 125418.5 -- - 265.1 426 52.6 - -
149 LW-01S 984856.9 125419.5 -- - 265.2 25.6 35.6 - -
151 LW-03S 984876.2 124673.4 250.44 - 250.0 9 19 - --
152 LW-04S 985003.8 124625.3 246.46 - 244.8 5 15 - -
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Appendix 2

Information on historical withdrawals from pre-1960 to December 1988, and simulated stress periods for historical calibration,
Savage Municipal Well Superfund site, Milford, N.H.
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Appendix 2. Information on historical withdrawals from pre-1960
to December 1988, and simulated stress periods for historical cali-
bration, Savage Municipal Well Superfund site, Milford, N.H.

[<, less than; --, unknown; to convert withdrawals to millions of gallons per
day, multiply by 0.646; Table modified from Harte and Willey (1997)]

Total Percent of withdrawals
Simulation time  withdrawals,
period in cubic feet  North of the South of the
persecond Souhegan River Souhegan River

Pre-1960 <0.1 -- -
1960-1964 .32 0 100
19651970 .88 0 100
1971-1973 2.21 60 40
September 1974— 2.30 50 50
January 1976

October 1976— 2.82 60 40
January 1983

February 1983— 2.16 62 38
September 1986

October 1986— 3.16 74 26
December 1987

January 1988— 4.38 81 19
December 1988

Reference

Harte, P.T., and Willey, R.E., 1997, Effects of historical with-
drawals on advective transport of contaminated ground
watersin aglacia-drift aquifer, Milford, New Hampshire:
U.S. Geological Survey Fact Sheet FS 162-97, 6 p.
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Appendix 3

Summary of selected model runs for historical, pre-remedial, and remedial simulations, Savage Municipal Well Superfund site,
Milford, N.H.



Appendix 3. Explanation of abbreviations and codes used

Base = standard values used for parameters

O = O values similar to that as reported in Harte (1999; see references)
M = values adjusted from that reported in Harte (1999; see references)
AVG = Two dimensional bulk average from three-dimensional model reported in Harte (1999; see references)
3F = Values multiplied by a factor of three

VR = ratio values vary spatially

mz = middle zone of layer

MI = mass input

IRR = irreversible reaction rate

NS = Not simulated

TV = Time variable rate during simulation

11 =layer 1
12 = layer 2
I3 = layer 3
14 = layer 4
I5 = layer 5

ft/d = feet per day

cfs = cubic feet per second

mFg = millions of grams

gm/min = grams per minute

V = volatilization only simulated

Dg+V = degradation and volatilization simulated

SS = steady state simulation

SPY = specific yield

SC = storage coefficient

K = horizontal hydraulic conductivity

Kn = horizontal hydraulic conductivity for layer n,(2,3,4,5,etc.)
VKn = vertical hydraulic conductivity for layer n,(2,3,4,5,etc.)
HA = horizontal anistropy

RIV = river data set

RCH = recharge

R = retardation

D = dispersivity

CHFB = MODFLOW Ground-Water Transport package to compute Concentrations across Hydraulic Flow Boundaries

"H'N ‘PAOIIN “@MS |19 abeaes ay) Je 1ajinby 1ig-je1ae|g ay) jo 13)ep\ punolg ul auajAylaciojyoesya] jo podsues] aynjos (g



Appendix 3. Summary of selected model runs for historical, pre-remedial, and remedial simulations, Savage Municipal Well Superfund site, Milford, N.H.

Source of
PCE, begin
date in year | Degradation
Major Initial PCE | and rate of | /volatilizatio
Model run | parameter = Recharge jection Porosity, Storage |Retardation, mass, in PCE input, n, decay
Simulation number tested rate, in cfs | rates, in cfs F Vertical as a ratio of horizontal ratio perti ici Di in feet mFg in gm/min function
Longitudi | Transvers
Layer one |Layertwo |Layer three |Layer four |Layer five Layer one | Layertwo | Layer three | Layer four | Layer five nal e Vertical
Dg+V:2.2E-
5 MI 33 TV AVG NS 0.3 0.23 4 60 6 NS 0 1960(0.01) 9
Dg+V:2.2E-
8 MI 33 v AVG NS 03 023 4 60 6 NS 0 1960(0.1) 9
Dg+V;2.2E-
9 MI 33 TV AVG NS 0.3 0.23 4 60 6 NS 0 1960(1.0) 9
Dg+V:2.2E-
10 MI 33 v AVG NS 03 023 4 60 6 NS 0 1950(1.0) 9
11 IRR 33 TV AVG NS 03 023 4 60 6 NS 0 1950(1.0) 0
12 IRR 33 TV AVG NS 03 023 0 0 0 NS 0 1950(1.0) 0
Dg+V;2.2E-
E 13 R 33 TV AVG NS 03 0.23 2 54 12 NS 0 1960(1.0) 9
k- Dg+V2.2E-
E 14 R 33 TV AVG NS 03 023 25 54 12 NS 0 1960(0.75) 9
@ Dg+V:2.2E-
E 15 R 33 vV AVG NS 0.3 0.23 4 60 6 NS 0 1960(1.0) 9
S Dg+V:2.2E-
=z 16 K, D, MI 33 v Two-fold increase of AVG NS 03 023 4 180 18 NS 0 1960(2.0) 9
Dg+V;2.2E-
17 MI 33 TV AVG NS 03 0.23 4 180 18 NS 0 1960(1.7) 9
18 IRR 33 TV AVG NS 0.3 0.23 25 54 12 NS 0 1960(1.0) 0
Dg+V;1L1E-
19 Best fit 33 TV AVG NS 03 0.23 25 54 12 NS 0 1960(1.0) 9
Dg+V;1.1E-
21 R 33 vV AVG NS 0.3 0.23 4 54 12 NS 0 1960(1.0) 9
Dg+V;1.1E-
22 D 33 TV AVG NS 03 023 4 180 18 NS 0 1960(1.0) 9
Dg+V;2.2E-
23 MI 33 TV AVG NS 0.3 0.23 4 54 12 NS 0 1950(1.0) 9
0.3; also
O; rate of M:; VR, 1to | M; VR, 1 to tested 0.35 12
R8le K3 325 3.96(0) |0 M M o M; + 3F 174 174 M; 1/4 M; 1/4 M; 1/4 and 14 Ss Flow only
O; rate of M; + 3F, M; VR, 1to| M; VR, 1 to
R84e HA 3.25 3.96(0) |O;+0.75HA M; + 0.75HA M; + 0.75HA O; + 0.75HA |0.75HA 1/4 1/4 M: 1/4 M: 1/4 M; 1/4 0.3 Ss Flow only
0.3; also
191 (same as O rate of M;: + mz at M; VR, 172 | M; VR, 1/2 tested 0.35
rbw95e) K2 3.25 3.96(0) |0 86 fu/d M o M: + 3F to 1/8 to 1/8 M; 1/4 M; 1/4 M; 1/4 for 12 and 14 SS Flow only
0.3; also
O; rate of M; +mz at M; VR, 1/5 | M; VR, 1/5 tested 0.35
92 VK1,2,3 3.25 3.96(0) |0 86 fud M o M: + 3F to 1720 to 1720 M; 1/4 M; 1/4 M; 1/4 for 12 and 14 SS Flow only
0.3; also
O; rate of M; +mz at M; VR, 1/5 | M; VR, 1/5 tested 0.35
193 VK123 3.25 3.96(0) |0 86 fud M o M: + 3F to 1720 to 1720 M: 120 M: 1/4 M: 1/4 for 12 and 14 SS Flow only
- 0.3; also
_5 1120 (same O:; rate of M; + mz at M; VR, 172 M; VR, 1/2 tested 0.35
~: as r100e) BASE 3.25 3.96(0) |0 86 fud M o M to 1/8 to 1/8 M: 1/4 M: 1/4 M: 1/4 for 12 and 14 SS Flow onl,
g 2inll, 13,15;
= O; rate of M; + mz at M; VR, I to | M; VR, 172 2.5in12 and
;?: R85e K2 325 3.96(0) |0 150 ft/d M o M; + 3F 174 to 1/8 M; 1/4 M; 1/4 M; 1/4 0.3 Ss 14 54 12 1.2 4.57 mFg No V; 6e-13
5 M; + mz at 2in1L1315:
5 O; rate of 100 fv/d, M; + 3F, M: VR, 1to | M; VR, 1/2 2.5in12 and
~ R86e HA K2 3.25 3.96(0) |[O:;+0.5HA |0.5HA M: +0.5HA |O;+0.5HA |0.5HA 1/4 to 1/8 M: 1/4 M: 1/4 M: 1/4 03 SS 14 54 12 12 4.57 mFg No V; 6e-12
M; + mz at 2inll, 13,15;
O; rate of 100 ft/d, M; + 3F, M; VR, I'to | M; VR, 172 25in12,3in
R87e R 3.25 3.96(0) |0;+0.5HA |0.5HA M; + 0.5SHA |O; +0.5SHA |0.5SHA 174 to 1/8 M; 1/4 M; 1/4 M; 1/4 0.3 SS 14 54 12 1.2 4.57 mFg No V; 6e-12

¢ xipuaddy
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2in11,13,15;
R89 (same O; rate of M; VR, 1to | M; VR, 1 to 2.5in12 and
asr8le) K3 3.25 3.96(0) M M; + 3F 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 03 SS 14 54 12 12 4.57 mFg No V; 6e-12
2inlL,13,15;
O; rate of M: VR, 1to | M; VR, 1 to 2.5in12 and
R94e RIV 3.25 3.96(0) M M: + 3F 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 03 SS 14 54 12 1.2 4.57 mFg No V; 6e-12
Decreased 2in1L13,15;
R95e (same from O to M; + mz at M: VR, 1/2 | M: VR, 1/2 2.5in12 and
as 191e for k) RCH 3.13 3.96(0) 86 ft/d M; + 3F to 1/8 to 1/8 M; 1/4 M; 1/4 M; 1/4 03 SS 14 54 12 12 4.57 mFg No V; 6e-12
2inlL,13,15;
R100e (same O; rate of M; + mz at M: VR, 1/2 | M: VR, 1/2 2.5in12 and
as r120e) BASE 3.25 3.96(0) 86 ft/d M to 1/8 to 1/8 M; 1/4 M; 1/4 M; 1/4 03 SS 14 54 12 1.2 4.57 mFg No V; 6e-12
2in11,13,15;
O rate of M; +mz at M; VR, I'to | M; VR, 1/2 | M; VR, 1/2 2.5in12 and
R125e BASE 3.25 3.96(0) 86 ft/d M 1/4 to 1/8 to 1/8 M; 1/4 M; 1/4 03 SS 14 54 12 12 4.57 mFg No V; 6e-12
2inlL,13,15;
M; VR, 1to| M: VR, 1 to 0.23(SPY)- | 2.5in 12 and
391 K5 TV TV(TV) M M 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 03 0.0003(SC) 14 54 12 1.2 No V; 6e-13
2in11,13,15;
M; VR, 1to| M; VR, 1 to 0.23(SPY)- | 2.5in12 and
40 K5 TV TV(TV) M M; + 3F 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 03 0.0003(SC) 14 54 12 12 No V; 6e-13
M:; VR, 1to| M: VR, 1 to 0.23(SPY)-
45 K5 TV TV(TV) M M 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 0.3 0.0003(SC) Flow only
M; VR, 1to| M; VR, 1 to 0.23(SPY)-
46 K5 TV TV(TV) M M; + 3F 1/4 /4 M; /4 M; /4 M; 1/4 03 0.0003(SC) Flow onl,
g 2inlL,13,15;
g M; VR, 1to| M: VR, 1 to 0.23(SPY)- | 2.5in 12 and
E 73 K5 TV TV(TV) M M: + 3F 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 03 0.0003(SC) 14 54 12 1.2 3.47 mFg No V; 6e-13
7] 2in11,13,15;
E M; + mz at M; VR, 1to| M; VR, 1 to 0.23(SPY)- | 2.5in 12 and
E 73b(102) K2,K5 TV TV(TV) 86 ft/d M 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 03 0.0003(SC) 14 54 12 12 3.47 mFg No V; 6e-13
& 2in 111315
CHFB,K2,K M: + mz at M; VR, 1to| M; VR, 1/2 | M; VR, 1/2 0.23(SPY)- | 2.5in 12 and
101i 5 TV TV(TV) 86 ft/d M 1/4 to 1/8 to 1/8 M; 1/4 M; 1/4 0.3 0.0003(SC) 14 54 12 1.2 3.47 mFg No V; 6e-13
2in11,13,15;
M: + mz at M; VR, 1to| M; VR, 1/2 | M; VR, 1/2 0.23(SPY)- | 2.5in 12 and
1261 K2,K5 TV TV(TV) 86 ft/d M 1/4 to 1/8 to 1/8 M; 1/4 M; 1/4 0.3 0.0003(SC) 14 54 12 12 3.47 mFg No V; 6e-13
2in1L,13,15;
M: + mz at M; VR, 1to| M: VR, 1 to 0.23(SPY)- | 2.5in 12 and
90 CHFB,K5 TV TV(TV) 86 ft/d M: + 3F 1/4 1/4 M: 1/4 M: 1/4 M: 1/4 0.3 0.0003(SC) 14 54 12 1.2 3.47 mFg No V; 6e-13
M; VR, 1to| M; VR, 1 to 0.23(SPY)-
79 R TV TV(TV) M M; + 3F 1/4 1/4 M; 1/4 M; 1/4 M; 1/4 0.3 0.0003(SC) 6 54 12 1.2 9.38 mFg No V; 6e-13
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Appendix 4

a. Summary of model-computed ages from discrete particles backward tracked from screen interval layer(s), steady-state simulation
of 1995-98 conditions, Milford-Souhegan glacial-drift aquifer, Milford, N.H.

b. Summary of model-computed ages from discrete particles backward tracked from sample intake layer, steady-state simulation of
1995-98 conditions, Milford-Souhegan glacial-drift aquifer, Milford, N.H.



Appendix 4a. Summary of model-computed ages from discrete particles backward tracked from screen interval layer(s), steady-state simulation of 1995-98 conditions, Milford-Souhegan glacial-drift aquifer, Milford, N.H.

[All ages in years since water particle entered the ground-water system; Nonuniform porosity = porosity 0.3 in layers 1,3, and 5, and 0.35 in layers 2 and 4]

Apparent  Uniform porosity (0.3) Nonuniform porosity Nonuniform porosity Nonuniform porosity Nonuniform porosity Nonuniform porosity Nonuniform porosity
Well ages Model run 81 Model run 81 Model run 91 Model run 92 Model run 93 Model run 120 Model run 125
inii i Mean il i Mean il i Mean il i Mean il i Mean il Mean il Mean
B95-3 2.69 0.19 113 0.51 0.21 128 0.56 0.30 152 0.65 0.32 194 0.77 0.33 1.88 0.76 111 119 116 110 120 116
B95-6 0.92 0.32 12.24 5.04 0.37 12.28 5.09 0.77 12.44 5.13 0.69 12.29 4.43 0.69 1231 511 132 178 156 135 178 157
B95-8 4.9 0.88 10.66 1.42 0.97 10.76 153 155 10.38 217 1.49 6.62 2.38 151 9.18 2.87 212 11.03 273 214 11.48 2.99
MW-16B 237 0.68 1.70 119 0.69 1.80 1.30 0.72 2.04 1.48 0.71 191 143 0.71 192 1.42 132 270 212 132 272 214
MW-16C 5.94 1.69 23.41 8.16 1.81 23.73 8.44 171 23.44 8.48 171 20.35 8.30 1.70 23.86 10.23 2.32 36.90 14.19 2.33 31.61 13.19
Appendix 4b. Summary of model-computed ages from discrete particles backward tracked from sample intake layer, steady-state simulation of 1995-98 conditions, Milford-Souhegan Glacial-Drift aquifer, Milford, N.H.
[All ages in years since water particle entered the ground-water system; Nonuniform porosity = porosity 0.3 in layers 1,3, and 5, and 0.35 in layers 2 and 4]
Apparent  Uniform porosity (0.3) Nonuniform porosity Nonuniform porosity Nonuniform porosity Nonuniform porosity Nonuniform porosity Nonuniform porosity
Well ages Model run 81 Model run 81 Model run 91 Model run 92 Model run 93 Model run 120 Model run 125
inil i Mean inil i Mean inil i Mean inil i Mean inil d Mean inil il Mean inil Mean
B95-3 2.69 0.44 113 0.74 0.47 1.28 0.83 0.50 1.52 0.92 0.58 1.94 113 0.58 1.88 1.13 1.26 2.36 1.68 1.25 232 1.66
B95-6 0.92 6.91 12.24 9.68 6.96 12.28 9.72 2.55 12.44 9.23 2.04 12.29 7.87 2.05 12.31 7.90 3.04 13.59 10.19 3.26 13.62 10.31
B95-8 4.9 0.88 10.66 1.42 0.97 10.76 1.53 1.55 10.38 217 1.49 6.62 2.38 151 9.18 2.87 212 11.03 273 214 11.48 2.99
MW-16B 2.37 0.68 1.16 0.94 0.69 131 1.03 0.72 1.61 1.07 0.71 1.50 1.05 0.71 1.47 1.04 1.32 2.36 173 1.32 243 175
MW-16C 5.94 1.69 2.96 217 1.81 3.39 242 171 4.02 2.76 171 4.06 2.63 1.70 4.13 267 232 4.70 3.37 2.33 4.74 3.42
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