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Evaluation of Alternative Groundwater-Withdrawal 
Scenarios on Water Levels in Kingsbury Pond, 
Upper Charles River Basin, Eastern Massachusetts

By Paul M. Barlow, Paul J. Friesz, and Jeffrey R. Barbaro

Abstract
Kingsbury Pond is a glacial kettle pond in the town of 

Norfolk, Massachusetts, in the Mill River Basin, which is part 
of the Upper Charles River Basin in eastern Massachusetts. 
The pond is hydraulically connected to the surrounding 
groundwater-flow system, and water levels in the pond 
fluctuate in response to recharge to the aquifer from precipita-
tion and wastewater return flows through septic systems, to 
withdrawals from the aquifer at nearby wells, and to precipita-
tion directly on the pond surface. Concerns about the effects of 
withdrawals on water levels in the pond prompted an investi-
gation to better understand the hydrology of Kingsbury Pond 
and its response to groundwater withdrawals and to determine 
if withdrawals from wells in Franklin, Mass., can be modi-
fied to simultaneously reduce the effect on water levels in 
the pond and yet meet the water-supply demands of the 
Town of Franklin.

An existing, transient groundwater-flow model of the 
Upper Charles River Basin was modified for this study in the 
area near Kingsbury Pond to improve representation of the 
hydrologic system near the pond. The mean annual water-level 
altitude simulated for the pond for nonpumping conditions 
using the modified model is 136 feet (ft), which falls within 
the range of likely annual pond-altitude fluctuations of 135 
to 140 ft estimated for average hydrologic conditions before 
the beginning of withdrawals at two nearby wells operated by 
the Town of Franklin (wells FR–04 and FR–05). The mean 
annual water-level altitude at the pond decreased by 3.8 ft to 
132.2 ft for simulated mean monthly withdrawal rates at all 
wells within the Upper Charles River Basin from 2010 to 2019 
(referred to as the baseline withdrawal condition).

A groundwater management model that links the 
groundwater-flow model with a mathematical optimization 
method was developed to evaluate the effects of three alterna-
tive groundwater-withdrawal scenarios for the Franklin public-
water system on water levels in Kingsbury Pond. In the first 
scenario, monthly withdrawal rates at wells FR–04 and FR–05 
were increased from the baseline withdrawal rates to their 
maximum authorized rates for all months of the year; all other 
Franklin wells were specified at their baseline withdrawal 

rates. This scenario resulted in a mean annual water-level alti-
tude at the pond of 129.3 ft, or a mean annual decline of 6.7 ft 
compared with nonpumping conditions and a decline of 2.9 ft 
compared with baseline conditions.

The results of the second scenario showed that water 
levels in the pond can be increased relative to 2010–19 condi-
tions while meeting Franklin’s 2010–19 monthly water-supply 
demands if withdrawals at wells FR–04 and FR–05 were 
shifted to other Franklin wells. In this scenario, monthly with-
drawal rates at wells FR–04 and FR–05 were decreased from 
their baseline rates to one-third their maximum practical rates 
for all months of the year; increased withdrawal rates at other 
Franklin wells were determined by the management model. 
The decrease in withdrawal rates at wells FR–04 and FR–05 
resulted in a mean water-level altitude at the pond of 134.1 ft, 
which was equivalent to a 51 percent increase (improvement) 
in the mean annual water level of the pond relative to the 
baseline condition.

A third scenario was done to determine if Franklin’s 
existing water-supply system has the capacity to meet the 
mean annual maximum permitted withdrawal rate of the sys-
tem of 3.45 million gallons per day while maintaining monthly 
withdrawal rates at wells FR–04 and FR–05 at their 2010–19 
rates and water levels in Kingsbury Pond at baseline condi-
tions. The analysis indicated that the capacity of the system 
cannot meet the increased demand during some months of 
the year with withdrawal rates at the two wells fixed at their 
monthly 2010–19 rates; however, the existing system is capa-
ble of meeting about 90 percent of the maximum permitted 
rate (3.10 million gallons per day) by increasing withdrawal 
rates at other Franklin wells above their 2010–19 rates.

Introduction
The Upper Charles River Basin in eastern Massachusetts 

is an important water resource for municipal drinking-water 
supplies, recreation, and aquatic habitat (fig. 1). Public-supply 
wells tap narrow valley-fill aquifers of glacial origin that 
are in direct hydraulic connection with streams and ponds. 
Concerns about the effects of groundwater withdrawals on 
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streamflows and pond levels have resulted in several basin-
wide investigations of the hydrology of the Upper Charles 
River Basin and of the effects of groundwater withdrawals 
on the surface-water resources of the basin (DeSimone and 
others, 2002; Eggleston, 2004; Carlson and others, 2008). 
Of special concern are lowered water levels in Kingsbury 
Pond in the town of Norfolk, Massachusetts, in the Mill River 
Basin, a subbasin of the Upper Charles River Basin (fig. 1). 
This concern prompted a study by the U.S. Geological Survey 
(USGS) in cooperation with the Massachusetts Department of 
Environmental Protection (MassDEP).

Previous investigations have shown that water levels in 
the pond are affected by withdrawals from water-supply wells 
near the pond (Williams, 1967; Bouck, 1998; DeSimone and 
others, 2002). Williams (1967) reported that water levels in 
the pond declined several feet soon after withdrawals began 
in 1964 from a water-supply well about 1,300 feet (ft) from 
the pond and operated by the Town of Franklin (well FR–04; 
fig. 1). The areal extent of the pond was reported to have 
shrunk from 26 to 9 acres in response to the withdrawals, 
leaving many residents without shore frontage or use of their 
docks, boathouses, and other shore facilities (Williams, 1967). 
However, because withdrawals from the well began during the 
same period as the extensive drought of the mid-1960s, it was 
difficult to determine how much of the lowering of the pond 
levels was the result of groundwater withdrawals and how 
much was the result of reduced precipitation.

Three municipal water suppliers withdraw water from 
wells in the Mill River Basin—the Towns of Franklin, 
Norfolk, and Wrentham. Franklin operates three wells in the 
basin, in addition to a well just downgradient from the basin 
and six wells in the Mine Brook Basin, which is west of the 
Mill River Basin (fig. 1). Norfolk operates a single well in 
the Mill River Basin, and Wrentham operates three wells in 
the basin.

Questions and concerns regarding the effects of with-
drawals from well FR–04 and other wells within and near 
the Mill River Basin on water levels in Kingsbury Pond have 
continued to the present time [2023]. To address these ques-
tions and concerns, MassDEP requested the assistance of the 
USGS in developing a better understanding of the hydrology 
of the pond and its response to groundwater withdrawals and 
to determine if withdrawals from the Franklin wells can be 
modified to simultaneously reduce the effect on water levels 
in Kingsbury Pond and meet the water-supply demands of the 
town. These objectives were addressed through an analysis 
of data available for the pond and surrounding aquifer (1) by 
modifying an existing simulation model of the groundwater-
flow system of the Upper Charles River Basin (referred to in 
the remainder of the report as the “groundwater-flow model”), 
initially developed by DeSimone and others (2002) and modi-
fied by Eggleston (2004), to improve representation of the 
hydrologic system near Kingsbury Pond and (2) by develop-
ing a groundwater management model to evaluate alternative 
groundwater-withdrawal scenarios that might be implemented 
to reduce the effects of withdrawals on the pond.

The groundwater management model links the 
groundwater-flow model of the Upper Charles River Basin 
with a mathematical optimization method that was previ-
ously developed and applied to the Upper Charles River 
Basin by DeSimone and others (2002) and Eggleston (2004). 
Groundwater management models that use optimization meth-
ods (commonly referred to in the literature as “optimization 
models”) have been applied extensively in the field of water 
resources since the 1960s (see for example, Gorelick, 1983; 
Yeh, 1992; Wagner, 1995; Ahlfeld and Mulligan, 2000; 
Singh, 2012; and Gorelick and Zheng, 2015). One of the 
primary benefits of optimization models is that they provide 
a framework in which tradeoffs among competing needs for 
water supply, environmental health, and other water uses can 
be evaluated, and the potential management practices that 
meet the competing needs identified.

Purpose and Scope

This report describes (1) the hydrology of 
Kingsbury Pond and the Upper Charles River Basin, (2) modi-
fications made to the groundwater-flow model of the Upper 
Charles River Basin near the pond, (3) the development and 
results of simulations made with the groundwater management 
model, and (4) limitations of the data and modeling analyses. 
The focus of the study is on the Mill River and Mine Brook 
Basins within the Upper Charles River Basin and on hydro-
logic and water-use conditions in the basins during the 10 
years between 2010 and 2019. Documentation and input files 
for the modified groundwater-flow model and management 
model, as well as ancillary datasets developed in support of 
the models, are available in Friesz and others (2023).

Previous Investigations

In addition to the study of Kingsbury Pond by Williams 
(1967), several previous investigations provided information 
on the hydrology and water-management issues of the Upper 
Charles River Basin. Bouck (1998) provided a summary of 
several of the water-supply issues faced by towns in the Upper 
Charles River Basin, including a detailed discussion of the 
hydrology and water-management concerns associated with 
Kingsbury Pond. DeSimone and others (2002) developed a 
groundwater-flow model to simulate groundwater flow in the 
Upper Charles River Basin. The model also simulated inter-
actions between the groundwater-flow system and hydrauli-
cally connected streams, rivers, lakes, and ponds throughout 
the basin. The model was based on a comprehensive study 
of the basin that included compilation and analysis of data 
describing climate, land use, streamflow, base flow, ground-
water and pond levels, water withdrawals, water use, septic 
and wastewater discharge, hydrogeology, and interactions 
between groundwater and surface water. The model developed 
by DeSimone and others (2002) separated the basin into east 
and west models to facilitate solution of the groundwater-flow 
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equations that are the mathematical basis of the model. 
Eggleston (2004) made several modifications to the model of 
DeSimone and others (2002), the most significant of which 
was to combine the active cells in the east and west models 
to form a single model. Eggleston (2004) also modified the 
input recharge array, increased aquifer thickness in some areas 
of the model, and changed the specified aquifer and stream 
stresses to the model. Carlson and others (2008) used the 
model documented in Eggleston (2004) to evaluate the effects 
of projected water-use and land-use changes on streamflow in 
the western areas of the basin.

Groundwater management models for water-resource 
management in the Upper Charles River Basin that use math-
ematical optimization were previously developed by DeSim-
one and others (2002) and Eggleston (2004). DeSimone and 
others (2002) described the development and application of 
a management model for a small part of the study area near 
Populatic and Kingsbury Ponds. Their analysis demonstrated 
that withdrawals from well FR–04 and nearby well FR–05 
(fig. 1), which pump water from the valley-fill aquifers, lower 
water levels in Kingsbury Pond. Eggleston (2004) expanded 
the management-model framework developed by DeSimone 
and others (2002) to the entire basin. The primary focus of 
both studies was the evaluation of water-resource management 
strategies to balance water use and streamflow reductions. 
The studies determined that the most promising strategies to 
increase streamflows and water supplies in the basin include 
wastewater recharge to the aquifer, altered management of 
withdrawal-well schedules, regional water-supply sharing, 
and water conservation. The management models developed 
by DeSimone and others (2002) and Eggleston (2004) were 
based on the well-established mathematical-optimization 
method referred to as the response-matrix method, which was 
also used for this study. The method is described in detail by 
Ahlfeld and Mulligan (2000) and has been used to analyze 
water-resource management alternatives in the nearby Assabet 
River Basin in eastern Massachusetts by DeSimone (2004); 
in several basins in Rhode Island by Barlow and Dickerman 
(2001), Barlow and others (2003), Granato and Barlow (2005), 
and Granato and Walter (2011); and in more recent applica-
tions by Fienen and others (2018) and Danapour and oth-
ers (2021).

Hydrologic Response Coefficients

One of the key components of the analysis methods used 
in this study are hydrologic response coefficients, which are 
defined as the change in the value of a hydrologic-system 
variable (such as a pond or groundwater level) in response to 
a specified rate of stress imposed on the simulated hydrologic 
system. Two types of hydrologic variables and two types of 
hydrologic stresses are evaluated in the study. The hydrologic 
variables are water levels at Kingsbury Pond and rates of 
base flow at several stream locations in the Mill River and 
Mine Brook Basins. The hydrologic stresses imposed on the 

system are groundwater withdrawals from wells and waste-
water return flows from septic systems in unsewered areas 
that receive public-water supplies. Response coefficients are 
calculated for each pair of hydrologic-variable and hydrologic-
stress points of interest, such as the water level in Kingsbury 
Pond in response to pumping at well FR–04. Response 
coefficients were calculated for this study by use of the 
model described in Eggleston (2004) and the updated model 
described in the “Model Updates” section of this report.

Description of Study Area
The Upper Charles River Basin encompasses an area 

of 105 square miles (mi2) in eastern Massachusetts (fig. 1), 
consisting mostly of suburban and semirural communities. 
Thirteen towns are at least partly within the study area, and 
seven of the towns (Bellingham, Franklin, Holliston, Medway, 
Milford, Norfolk, and Wrentham) withdraw groundwater 
within the basin for municipal drinking-water supplies. The 
basin has moderate topographic relief, with land-surface alti-
tudes ranging from about 120 to 550 feet (ft).

The basin extends from the Charles River headwaters to 
approximately 1.5 river-miles downstream from the outlet of 
Populatic Pond; it also includes areas drained by Bogastow 
Brook, which joins the Charles River outside of the study area. 
Mean annual precipitation near the basin averaged 47.3 inches 
per year (in/yr) from 1949 to 2020 based on the data from the 
National Weather Service (NWS) Walpole 2 (station 198757) 
monitoring station in Walpole, Mass., approximately 6.5 miles 
(mi) northeast of Kingsbury Pond (National Oceanic and 
Atmospheric Administration, 2020; location of station not 
shown on any figure). Precipitation is distributed relatively 
uniformly throughout the year.

Groundwater

Groundwater is the primary source of drinking water for 
towns in the basin. Aquifers in the study area comprise thin 
discontinuous sand and gravel units, primarily stratified glacial 
deposits (fig. 1). The aquifers, which occupy shallow valleys 
that trend northwest to southeast, are generally less than 70 ft 
thick with a maximum thickness of 130 ft. The aquifers are 
mostly unconfined and overlie bedrock or low-permeability 
glacial till. Hydraulic conductivity of the aquifers is high, 
ranging from 68 to 247 feet per day (ft/d; DeSimone and 
others, 2002, table 1). Groundwater in the stratified glacial 
deposits generally flows from boundaries with till and bed-
rock uplands through the aquifers in the downstream direc-
tion. Locally, flow is directed towards streams; streams in the 
aquifer areas are predominantly gaining when unaffected by 
pumping and are in close hydraulic connection to the aquifers. 
Stream reaches may be losing under natural conditions near 
upland boundaries where abrupt changes occur in the perme-
ability of the material underlying the streams and water-table 
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altitudes may change rapidly over short distances. Infiltration 
of streamflow also may be induced by withdrawals from 
pumping wells adjacent to streams and ponds. The aquifers 
have low storage capacity because they are thin, unconfined, 
highly conductive, and sparsely distributed. Input to the 
groundwater system is primarily from recharging precipita-
tion, with minor contributions from septic systems, recharging 
streams, and detention basins.

Water Use

Water for public supply in the Upper Charles River 
Basin is withdrawn from 31 wells or well fields in stratified 
glacial aquifers and from two surface-water locations on the 
Charles River in Milford (fig. 1; table 1). In addition, several 
private, large nonmunicipal groundwater and surface-water 
withdrawals in the study area that have maximum permit-
ted withdrawal rates that exceed 0.1 million gallon per day 
(Mgal/d) are registered or permitted under the Massachusetts 
Water-Management Act (M.G.L. c. 21G; Commonwealth of 
Massachusetts, 2023); these include three golf courses and a 
powerplant (fig. 1; table 1). Data on the locations and rates of 
monthly withdrawals from the municipal and nonmunicipal 
sources for 2010 to 2019 for use in this study were obtained 
from MassDEP (Julie Butler, MassDEP, written com-
mun., 2021) and included in Friesz and others (2023).

The number and locations of wells, wellfields, and 
surface-water withdrawal sites during the 2010–19 study were 
nearly identical to those reported in DeSimone and others 
(2002) and Eggleston (2004). However, three wells that were 
identified as proposed in the 1989–98 study became opera-
tional during 2010–19 (wells HL–07, MD–04, and WR–05; 
fig. 1; table 1). The locations of the two surface-water with-
drawals in Milford and the nonmunicipal groundwater with-
drawals did not change between the two study periods.

Total withdrawals for public supply from the wells, 
wellfields, and surface-water sources averaged 8.78 Mgal/d 
from 2010 to 2019 and were about 6 percent less than 
average withdrawals from all public-supply sources dur-
ing 1989–98 (9.35 Mgal/d; DeSimone and others, 2002). 
Withdrawals varied by town, reflecting differences in size and 
population density. Withdrawals during 2010–19 were largest 
within Franklin (2.53 Mgal/d) and Milford (2.51 Mgal/d). 
Some of the water withdrawn for public supply is used con-
sumptively (that is, lost to evapotranspiration by activities 
such as irrigation and lawn watering). DeSimone and others 
(2002) reported that consumptive use in the basin averaged 
about 10 percent of the water withdrawn annually on the basis 
of national estimates provided in Solley and others (1993); 
consumptive use varied seasonally from nearly zero in winter 
months to 30 percent in summer months.

Seven public-supply wells withdraw groundwater within 
the Mill River Basin (fig. 1)—three from wells that are part 
of the Franklin water system (FR–04, FR–05, and FR–09), 
a single well operated by Norfolk (NF–01), and three wells 

operated by Wrentham (WR–03, WR–04, and WR–05). An 
additional well, FR–08, is outside the surface-water drainage 
area of the Mill River Basin but close to Kingsbury Pond. 
Six public-supply wells (FR–01, FR–02, FR–03, FR–06, 
FR–07, and FR–10), all of which are part of the Franklin water 
system, withdraw water within the Mine Brook Basin. Total 
withdrawals from public-supply wells in the Mill River and 
Mine Brook Basins averaged 1.98 and 1.30 Mgal/d, respec-
tively, from 2010 to 2019.

Total mean annual withdrawals by large nonmunicipal 
sources that are registered or permitted under the WMA aver-
aged 0.22 Mgal/d from 2010 to 2019. Water was withdrawn 
at these sources for golf-course irrigation (table 1, various 
country club sources) and power generation (table 1, Northeast 
Energy Association wells).

Water is also withdrawn from the stratified glacial and 
bedrock aquifers in the study area by domestic users and by 
small private suppliers. Water withdrawn from low-yielding 
wells for domestic supply generally is recharged back to the 
aquifer through onsite septic systems, minus consumptive use. 
Consumptive use results in a small net loss of water to the 
aquifer in the areas served by private supply.

Mean monthly total withdrawals from wells in the 
Franklin public-water system ranged from a minimum of 
2.22 Mgal/d (1,538 gal/min) in February to a maximum 
of 3.03 Mgal/d (2,104 gal/min) in July from 2010 to 2019 
(table 2). Withdrawal rates were highest during the months of 
May through September, ranging from 2.74 to 3.03 Mgal/d, 
and lowest during October through April, ranging from 2.22 
to 2.43 Mgal/d. Withdrawal rates were highest every month 
from well FR–04 (table 2), ranging from a minimum of about 
18 percent to a maximum of about 23 percent of total with-
drawals throughout the year (fig. 2). This seasonal pattern 
of higher withdrawals in the late spring through early fall is 
consistent with seasonal withdrawal patterns throughout the 
Upper Charles River Basin, as shown in DeSimone and others 
(2002). Note in table 2 that the mean monthly withdrawals 
from wells FR–01 and FR–02 are equivalent. This is because 
the wells are metered together and withdrawals for each well 
are assumed to be half of the total withdrawal from both wells.

Water is redistributed within the basin by municipal 
water-supply and wastewater disposal systems. Sewer systems 
are used in parts of the basin to transport wastewater to two 
treatment facilities that discharge to the Charles River. Sewer 
systems are extensive in Franklin, Medway, Milford, and 
Millis. Wastewater from Milford is treated and discharged at 
the Milford Wastewater Treatment Facility, and wastewater 
from Bellingham, Franklin, Medway, and Millis is treated 
and discharged at the Charles River Pollution Control District 
facility in Medway (fig. 1). Wastewater discharge from the two 
facilities averaged 8.39 Mgal/d annually from 2010 to 2019 
(3.88 Mgal/d from the Milford Wastewater Treatment Facility 
and 4.51 Mgal/d from the Charles River Pollution Control 
District). Discharge from the two facilities includes infiltration 
of groundwater into sewer lines during periods of seasonally 
high water levels (DeSimone and others, 2002).
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Table 1. Mean annual withdrawal rates from municipal and large nonmunicipal sources in the Upper Charles River Basin in eastern 
Massachusetts from 2010 to 2019.

[Site locations shown in figure 1. Source type: GW, groundwater; SW, surface water. gal/min, gallon per minute; Mgal/d, million gallons per day]

Site identifier Town Source name
Source 

type
Mean annual withdrawal rate

In gal/min In Mgal/d

Municipal withdrawals

BL–05 Bellingham Well no. 5 GW 41 0.06
BL–07 Bellingham Well no. 7 GW 78 0.11
BL–08 Bellingham Well no. 8 GW 145 0.21
BL–12 Bellingham Well no. 12 GW 273 0.39
FR–01 Franklin Well no. 1 GW a165 0.24
FR–02 Franklin Well no. 2 GW a165 0.24
FR–03 Franklin Well no. 3 GW 182 0.26
FR–04 Franklin Well no. 4 GW 380 0.55
FR–05 Franklin Well no. 5 GW 145 0.21
FR–06 Franklin Well no. 6 GW 93 0.13
FR–07 Franklin Well no. 7 GW 162 0.23
FR–08 Franklin Well no. 8 GW 146 0.21
FR–09 Franklin Well no. 9 GW 179 0.26
FR–10 Franklin Well no. 10 GW 142 0.20
HL–01 Holliston Well no. 1 Norfolk St. GW 25 0.04
HL–04 Holliston Well no. 4 Washington St. GW 27 0.04
HL–05 Holliston Well no. 5 Central St. GW 331 0.48
HL–06 Holliston Well no. 6 Brook St. GW 74 0.11
HL–07 Holliston Well no. 7 GW 144 0.21
HL–08 Holliston Well no. 2R Maple St. GW 157 0.23
MD–01 Medway Well no. 1 Populatic St. GW 278 0.40
MD–02 Medway Well no. 2 Oakland St. GW 40 0.06
MD–04 Medway Industrial Park Rd well GW 100 0.14
MD–05 Medway Well no. 5 Village St. GW 209 0.30
MF–02 Milford Clark Island well field GW 228 0.33
MF–05, 09, 10 Milford Godfrey Brook wells GW 111 0.16
MF–07, 08 Milford Dilla St. wells GW 28 0.04
MF–01S Milford Charles River SW 298 0.43
MF–02S Milford Echo Lake SW 1,077 1.55
NF–01 Norfolk Well no. 1 Gold St. GW 182 0.26
WR–03 Wrentham Well no. 3 GW 64 0.09
WR–04 Wrentham Well no. 2 GW 80 0.11
WR–05 Wrentham Lake Pearl well no. 5 GW 344 0.50

Large nonmunicipal withdrawals
NEA–01, 02, 03 Bellingham Northeast Energy Association wells nos. 1, 2, 3 GW 82 0.12
NEA–04, 05 Bellingham Northeast Energy Association wells nos. 4 and 5 GW 0 0.00
GECC–01S Holliston Glen Ellen Country Club SW 20 0.03
FCC–01 Franklin Franklin Country Club well GW 15 0.02
FCC–01S Franklin Franklin Country Club reservoir SW 12 0.02
MGCC–01 Franklin Maplegate Country Club well GW 20 0.03

aMean annual withdrawal rate determined as one half of reported rates for Franklin wells nos. 1 and 2.
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Table 2. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system, from 2010 to 2019.

[Well locations shown in figure 1]

Well identifier
Mean monthly withdrawal rates, in gallons per minute

January February March April May June July August September October November December

FR–01 168 113 60 117 219 221 200 207 215 175 143 143
FR–02 168 113 60 117 219 221 200 207 215 175 143 143
FR–03 170 174 187 189 207 206 200 191 183 159 163 161
FR–04 321 320 358 349 336 417 484 452 437 374 351 358
FR–05 119 146 158 149 158 160 159 145 136 137 142 132
FR–06 68 102 113 122 123 121 148 94 84 43 42 58
FR–07 151 155 149 147 170 178 183 181 166 153 157 150
FR–08 144 127 150 134 139 160 167 149 153 163 139 124
FR–09 150 155 186 203 186 184 206 200 189 167 165 160
FR–10 137 135 135 132 146 162 157 128 154 143 142 136
Total, in gallons per 

minute
1,595 1,538 1,557 1,658 1,903 2,030 2,104 1,953 1,934 1,688 1,587 1,563

Total, in million 
gallons per day

2.30 2.22 2.24 2.39 2.74 2.92 3.03 2.81 2.79 2.43 2.29 2.25
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Figure 2. Graph showing mean monthly withdrawal rates from all wells in the Franklin, Massachusetts, public-water system and from 
well FR–04 from 2010 to 2019.
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Some parts of the basin are unsewered, including parts 
of Franklin and all of Norfolk and Wrentham. In unsewered 
areas, wastewater is recharged to the aquifer as return flow 
through residential and commercial septic systems. The loca-
tions and rates of return flow from septic systems were esti-
mated for the basin using the same approach as that reported 
by DeSimone and others (2002) and Eggleston (2004). Areas 
of septic-system return flow were identified as those receiving 
public water and served by onsite septic systems.

Streamflow and Base Flow

Streamflow in the Upper Charles River Basin is mostly 
unaffected by impoundments or reservoir operations. The only 
actively managed surface-water reservoir is Echo Lake at the 
headwaters of the Charles River in Hopkinton and Milford. 
Other dams in the study area create impoundments that are 
not actively managed for water supply. Low streamflow dur-
ing summer months has been a problem in the study area. 
The months of July through September, when streamflow is 
typically at its lowest, have been the most critical months of 
concern in maintaining healthy aquatic ecosystems (DeSimone 
and others, 2002; Eggleston, 2004).

Three streams in Franklin—Dix, Miscoe, and Shepards 
Brooks (fig. 3)—have been designated as coldwater fish 
resources by the State of Massachusetts. Dix and Miscoe 
Brooks are headwaters to Mine Brook. A coldwater fish 
resource is defined as a stream, river, or tributary used by 
reproducing cold water fish to meet one or more of their life-
history requirements; such streams are particularly sensitive 
habitats in which changes in land and water use can reduce 
the ability of the waters to support trout and other species 
of cold water fish (Massachusetts Division of Fisheries and 
Wildlife, 2021).

Base flow, rather than total streamflow, was used in the 
analyses for this study because it is that part of streamflow 
originating from groundwater discharge to streams. Base flow 
does not include direct runoff, which is the part of streamflow 
that increases quickly in response to precipitation. Base flow is 
the component of streamflow that is calculated by the ground-
water model and used in the management formulations.

Mean monthly base flow was estimated for five stream 
sites in the Mill River and Mine Brook Basins from 2001 
through 2020 by use of the approaches described by DeSim-
one and others (2002) and Eggleston (2004). The 2001–20 
period was selected as representative of long-term average 
base flow conditions at the sites. The sites are shown in fig-
ure 3 and referred to as “base flow constraint sites” through-
out the report. Two sites were selected at the confluences of 
Mill River (site MR1) and Mine Brook (site MB2) with the 
Charles River; base flow at these sites is affected by withdraw-
als at all of the wells within each of the respective basins. 
Drainage areas to these two sites are 16.0 mi2 and 15.9 mi2, 
respectively. Two sites were selected at the confluence of the 
headwater tributaries Dix Brook (site DB1) and Miscoe Brook 
(site MC1) with Mine Brook. Drainage areas to these two 

sites are 2.95 mi2 and 2.12 mi2, respectively. The fifth site, 
Mine Brook (site MB1), approximately midway between the 
farthest upstream and downstream points along Mine Brook, 
was selected to determine the effects of withdrawals at the five 
wells in the uppermost reaches of the basin on flow in Mine 
Brook. The drainage area to this site is 10.0 mi2. Sites MR1, 
MB1, and MB2 were also used in the analyses by Eggleston 
(2004); sites MC1 and DB1 are new sites for this study.

The approach used by DeSimone and others (2002) and 
Eggleston (2004) to estimate base flow at the five constraint 
sites is summarized as follows: Base flow was determined 
for the four streamflow partial-record sites shown on fig-
ure 3 by use of the maintenance of variance extension, type 1 
(MOVE.1) method (Hirsch, 1982; Ries and Friesz, 2000). This 
statistical method relates flow statistics at sites with relatively 
short-term flow records (the partial-record sites) to relatively 
long-term flow statistics from nearby streamgages listed in 
DeSimone and others (2002, table 6). The relations between 
the partial-record sites and long-term-record stations used in 
this study were the same as those used in DeSimone and oth-
ers (2002) and Eggleston (2004).

Base flow at the long-term stations for the 
period 2001–20 was calculated by means of the PART 
automated hydrograph-separation method (Rutledge, 1993 
and 1998). Base flow rates estimated for the partial-record 
sites were then apportioned to each of the five constraint 
sites on the basis of the ratio of the drainage area of the 
constraint site to that of a nearby partial-record site, as was 
done in Eggleston (2004, eq. 1). Drainage areas for partial-
record sites 01103235, 01103240, and 01103300 and for 
constraint sites MB1, MB2, and MR1 were obtained from 
Eggleston (2004, table 11); drainage areas for partial-
record site 01103225 and constraint sites DB1 and MC1 
were estimated from the USGS StreamStats application 
(U.S. Geological Survey, 2021). Base flow estimates for the 
Dix Brook constraint site (DB1) were made by use of data 
from the nearby Miscoe Brook partial-record site (01103225); 
those for the Miscoe Brook constraint site (MC1) were 
made by interpolation of base flow estimates made for the 
Miscoe Brook partial-record site and the Mine Brook partial-
record site (01103235) on the basis of the drainage area of 
MC1 relative to those of the two partial-record sites. Base 
flow estimates at downstream constraint sites MB1, MB2, 
and MR1 were made by interpolation of the drainage-area 
ratios for partial-record sites 01103235 and 01103240 for 
sites MB1 and MB2, respectively, and for partial-record 
site 01103300 for MR1.

Base flow estimates calculated for each constraint site 
were then adjusted to account for groundwater withdrawals 
and wastewater return flows. These adjusted flows are referred 
to as “nonpumping” base flow conditions. As described by 
Eggleston (2004), these flows might be referred to as “natu-
ral” except that other human influences such as those posed 
by dams, land-use changes, and infiltration to sewer lines still 
affect the calculated flows. The adjustments were made by 
use of the response coefficients calculated for each base flow 
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constraint site (described later in the report) and water-use 
conditions during the period in which data were collected 
at the partial-record sites (primarily 1989–98); streamflow 
depletions caused by withdrawals were added to the base flow 
rates calculated for “pumping” conditions whereas stream-
flow accretions caused by return flows were subtracted from 
the “pumping” conditions, as was done by Eggleston (2004), 
which provides additional details on the application of the 
response coefficients for calculation of base flow for non-
pumping conditions.

Mean monthly base flow estimated for the five constraint 
sites during 2001–20 for nonpumping conditions is given in 
table 3. Monthly base flow rates estimated in this study for 
the three constraint sites that were also used in the analysis of 
Eggleston (2004)—sites MR1, MB1, and MB2—are similar 
to the base flow rates for nonpumping conditions calculated 
by Eggleston (2004), even though the period of analysis for 
this study (2001–20) differs from that of the previous study 
(1989–98). Base flow rates estimated for the two headwater-
tributary sites (DB1 and MC1) are substantially lower than 
those for the other three sites because of the much smaller 
drainage areas to sites DB1 and MC1 than to the other sites. 
Rates of base flow calculated for all five constraint sites are 
lowest during August. Base flow rates calculated for the two 
headwater-tributary sites are highest during March, whereas 
they are highest during April for the nonheadwater sites. Input 
and output files associated with the estimation of base flow for 
this study are provided in Friesz and others (2023).

Kingsbury Pond Hydrology

The Upper Charles River Basin contains several kettle 
ponds in areas underlain by stratified glacial deposits, includ-
ing Kingsbury Pond in Norfolk (Williams, 1967; DeSimone 
and others, 2002). Kettle ponds form in ice-block depressions 
in glacial outwash that typically are not connected to stream 
networks. Rather, kettle ponds are connected to the local 
groundwater-flow system, receiving groundwater inflows 
along the upgradient boundaries of the ponds and losing 
water along their downgradient boundaries. As focal points 
for groundwater discharge and recharge, kettle ponds cause 

local distortions of the groundwater-flow system but also are 
surface expressions of the water table. Water levels in kettle 
ponds fluctuate seasonally with groundwater levels, rising in 
the spring and falling through the summer to a minimum in 
the fall and winter. Similar to groundwater levels, kettle-pond 
levels may be higher or lower than long-term average levels 
during abnormally wet or dry periods. Pond levels also may 
respond to major precipitation events. Anthropogenic factors 
such as groundwater withdrawals and altered recharge rates in 
developed areas are superimposed on these natural fluctuations 
in pond levels.

The hydrologic budget for a kettle pond comprises inputs 
from groundwater inflows and precipitation on the pond 
surface and losses from pond water outflows and evaporation 
from the pond surface. The groundwater-inflow component 
of the hydrologic budget for Kingsbury Pond is affected by 
groundwater withdrawals and, to a lesser extent, septic-system 
return flows in the area contributing groundwater to the pond. 
Septic-system return flows from residences with public-
water supplies and septic systems typically add water to the 
soil zone and thereby produce a relatively small increase in 
recharge compared with recharge from natural precipitation 
(DeSimone and others, 2002; Barbaro and Zarriello, 2007; 
McCobb and others, 2021). For the Upper Charles River 
Basin as a whole, DeSimone and others (2002) estimated that 
septic-system return flows ranged from 2.2 to 3.2 in/yr in areas 
with low-density residential development (representative of 
the area around Kingsbury Pond), which is about 10 percent 
of the annual recharge rate from natural precipitation over the 
entire basin. Consequently, recharge from septic-system return 
flow has a relatively small effect on the hydrologic budget of 
Kingsbury Pond. Diversion of stormwater falling on imper-
vious surfaces is another potential effect of development on 
recharge, but such diversions are typically negligible in low-
density residential areas such as that around Kingsbury Pond.

Groundwater withdrawals can reduce pond levels either 
by intercepting groundwater that otherwise would discharge 
to the pond or by reversing the hydraulic gradient sufficiently 
to induce direct capture of pond water by the well. The extent 
of the interaction is determined by the hydraulic properties of 
the pond-bottom sediments and surrounding aquifer materi-
als, rates of groundwater withdrawal, the distance of each 

Table 3. Mean monthly and mean annual base flow rates under nonpumping conditions from 2001 to 2020 estimated for base flow 
constraint sites in the Mill River and Mine Brook Basins in eastern Massachusetts.

[Base flow rates are in cubic feet per second; base flow constraint sites shown in figure 3.]

Constraint 
site

Mean monthly base flow rates Annual mean 
base flow rateJanuary February March April May June July August September October November December

DB1 3.34 3.57 5.08 4.98 2.75 1.75 0.74 0.43 0.46 1.12 2.26 3.41 2.49
MC1 4.77 5.09 7.12 7.00 3.98 2.60 1.18 0.72 0.75 1.70 3.28 4.86 3.59
MB1 20.2 20.7 25.7 26.2 18.3 14.1 8.70 6.22 6.27 10.3 15.3 20.0 16.0
MB2 36.4 37.0 48.1 49.5 31.9 23.5 13.1 8.65 8.89 16.2 26.3 36.5 28.0
MR1 36.3 36.7 43.6 44.3 33.2 27.0 17.9 13.1 13.4 20.8 29.1 36.4 29.3
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well to the pond, and the location of each well in relation to 
the area contributing groundwater to the pond. Groundwater-
flow directions in the area of the pond shown in DeSimone 
and others (2002), as well as model simulations, indicated that 
the area contributing groundwater to Kingsbury Pond extends 
mainly to the west and south of the pond and includes water 
draining off the adjacent till uplands; these findings are consis-
tent with the interpretation of Williams (1967). Wells FR–04 
and FR–05 are the nearest to and south of the pond (fig. 1) in 
the upgradient area that contributes groundwater to the pond. 
Consequently, geologic and hydrologic conditions to the south 
and west of the pond have a substantial effect on the response 
of the pond to groundwater withdrawals from the two wells.

Previous studies indicate that the stratified glacial 
deposits near Kingsbury Pond are predominantly permeable, 
containing relatively little clay or other fine-grained material 
(Williams, 1967; DeSimone and others, 2002), which are con-
ditions conducive to good hydraulic connection between the 
pond and the adjacent aquifer. DeSimone and others (2002) 
noted that fine-grained deposits were present near the 
Mill River to the northeast and east of Kingsbury Pond, pos-
sibly creating semiconfined conditions in that area. However, 
because the Mill River is downgradient from wells FR–04 and 
FR–05 and Kingsbury Pond and outside the area that contrib-
utes groundwater to the pond, geologic deposits near the river 
have a lesser effect on pond-aquifer interactions than deposits 
near the two wells and the pond itself. In the Williams (1967) 
investigation of the geologic deposits around Kingsbury Pond, 
lithologic data from 16 boreholes indicated that, whereas the 
area to the east of the pond was underlain chiefly by fine-
grained lake-bottom deposits, the area to the west and south of 
the pond, between the pond and the till uplands, was underlain 
by kame and kame-delta deposits that consist mainly of fine- 
to coarse-grained stratified sand and gravel. On the basis of 
these subsurface data, Williams (1967) concluded that the gla-
cial deposits are sufficiently permeable to allow for a hydrau-
lic connection between the pond and well FR–04. Given the 
distance between the wells and pond (about 1,300 ft for well 
FR–04 and 3,200 ft for well FR–05) and the northeastern slope 
of the water table under nonpumping conditions, interception 
of discharging groundwater rather than induced infiltration 
of pond water is the likely mechanism by which withdrawals 
from the two wells affect pond levels.

Kingsbury Pond was relatively unaffected by ground-
water withdrawals before the installation of well FR–04 
in 1964 (Williams, 1967). The altitude of the water level of 
Kingsbury Pond under nonpumping conditions is uncertain 
because accurate measurements before the early 1960s are 
sparse. However, the expected altitude and interannual range 
of water levels under long-term average conditions can be 
approximated by considering the sporadic measurements 
that are available and other climatic and hydrologic informa-
tion. Williams (1967) cited a surveyed measurement by the 
Division of Waterways of the Massachusetts Department of 
Public Works showing that the pond altitude was 139 ft in 
September 1961. Precipitation data from the Walpole NWS 

station (station no. 198757) were used to determine if pre-
cipitation in 1961 was representative of long-term average 
conditions. Annual precipitation in 1961 was 48.3 in/yr, which 
was similar to the 1949–2020 long-term mean precipitation 
of 47.3 in/yr (minimum of 28.0 in/yr in 1965 and maximum 
of 65.0 in/yr in 2018) at this station. Total monthly precipita-
tion during June through August 1961 (8.83 inches [in.]) was 
2.1 in. less than the 1949–2020 long-term mean for these 
months (10.96 in.). In contrast, 8.86 in. of precipitation was 
recorded in September of 1961, which was 5.17 in. greater 
than the 1949-2020 September mean of 3.69 in. Consequently, 
depending on when the 1961 measurement was taken in rela-
tion to the precipitation events during that month, an altitude 
of 139 ft of the pond surface may be higher than the long-term 
average level for this time of year, when levels are typically 
at their annual lows. This conclusion is consistent with the 
observation by Williams (1967) that the approximate altitude 
of the line of brush and trees around the pond indicated a high-
water level of approximately 140 ft, only one foot above the 
September 1961 level.

Measured water-level data are not available to deter-
mine the average water-level range in Kingsbury Pond under 
nonpumping conditions, but an expected range can be approxi-
mated by considering the annual range in water levels in wells 
in similar topographic and hydrologic settings. This approxi-
mation is consistent with the observation that kettle-pond 
levels fluctuate with the local water table. Interannual ranges 
in water levels in 36 USGS observation wells completed in 
stratified drift and located in valley topographic settings were 
analyzed by using groundwater-level data in the National 
Water Information System (NWIS) database (U.S. Geological 
Survey, 2022). Periods of record for these wells ranged 
from 19 to 68 years, with a median of 55 years. Mean annual 
ranges in water levels were computed for each well for the 
period of record. Mean annual ranges for the 36 wells in 
this setting ranged from a maximum of 4.3 ft to a minimum 
of 1.1 ft, with an overall mean of the mean ranges of 2.5 ft. 
Assuming these groundwater-level data are representative 
of water levels of Kingsbury Pond, the annual range in pond 
level under nonpumping conditions likely was from 1 to 4 ft 
based on the groundwater-level dataset. Furthermore, consid-
ering the surveyed prepumping water-level data and observa-
tions from Williams (1967), pond altitudes likely fluctuated in 
the broad range of 135 to 140 ft during years that did not devi-
ate substantially from average hydrologic conditions. As noted 
above, natural variability caused by wet and dry conditions 
may cause pond levels to rise above or fall below the approxi-
mate range for average conditions in any given year.

The relations among Kingsbury Pond levels, groundwater 
withdrawals, and climatic conditions can be evaluated quali-
tatively by considering the period 2001–07, when the USGS 
operated a water-level recorder on the pond and monthly 
withdrawal rates for wells FR–04 and FR–05 are available 
(fig 4). Discrete pond-level measurements made in 1999 and 
2000 are also shown on figure 4. Annual precipitation at the 
Walpole NWS station averaged 50.3 in. for 2001–07 compared 
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with the long-term 1949–2020 mean of 47.3 in. Annual 
precipitation ranged from a low of 42.9 in. (2001) to a high 
of 59.3 in. (2005); the years 2003, 2005, and 2006 were the 
wettest during this period (fig. 4A). Monthly precipitation for 
the 2001–07 period was highly variable, ranging from 0.35 in. 
(March 2006) to 14.1 in. (October 2005). Annual withdraw-
als from well FR–05 were relatively constant, ranging from a 
minimum annual mean of 165 gal/min (2002) to 214 gal/min 
(2001; fig. 4B). In contrast, annual withdrawals from well 
FR–04 were more variable, ranging from a minimum annual 
mean of 288 gal/min (2006) to a maximum annual mean of 
461 gal/min (2001). Annual withdrawals from well FR–04 
generally declined during 2001–07. Monthly withdrawal rates 
from both wells varied seasonally, but variability was more 
pronounced at well FR–04 than at well FR–05. The highest 
withdrawal rates were typically during the summer months.

Pond levels were recorded continuously from 
October 29, 2000, through October 23, 2007 (fig. 4C). Pond-
level altitudes were in the range of 126 to 137 ft from 2001 
to 2007, with a minimum level of 126.3 ft (November 5, 2002) 
and a maximum level of 136.9 ft (July 7, 2006). The mean 
altitude of the pond during the period was 131.0 ft. Water lev-
els exhibited a seasonal pattern, increasing during the spring, 
peaking during early to midsummer, and then declining to a 
minimum during late fall or winter. Annual water-level ranges 
for this period fluctuated from 1.6 (2002) to 6.4 ft (2003), with 
a mean annual range of 4.7 ft. This mean exceeds the mean 
annual groundwater-level range of 2.5 ft in similar hydrologic 
settings, as discussed above, and may reflect the combined 
effects of natural variability and groundwater withdrawals 
on pond-level ranges. Mean annual pond levels were lowest 
in 2002 and generally increased from 2001 through 2007.

Comparison of the precipitation, groundwater with-
drawal, and pond-level data for 2001–07 indicated that pond 
levels generally were lower during years with higher annual 
mean withdrawal rates at well FR–4, particularly during the 
early part of the period (fig. 4). However, annual precipita-
tion also varied throughout the period, and the low pond level 
in 2002 may have resulted in part from relatively low precipi-
tation in 2001 (42.9 in.) followed by near average precipitation 
in 2002 (48.6 in.). Annual mean precipitation also was near 
average for years 1999, 2000, and 2004. Annual mean pond 
levels were higher during the latter part of the period, when 
annual mean withdrawals at well FR–04 were lower, but pre-
cipitation also was higher during this period, with 2005 (59.3 
in.) and 2006 (55.6 in.) having the highest annual precipitation 
for the period. An assessment of the effects of groundwater 
withdrawals on pond levels by visual inspection of the graphed 
data is complicated further by the relatively high variability 
in monthly precipitation, withdrawal rates, and pond levels 
(fig. 4) and by the time lag between changes in withdrawal 
rates and responses at the pond. For example, the decline in 
pond levels from midsummer through fall may be caused in 
part by a lagged response to high summer withdrawal rates at 
well FR–04, but pond levels also decrease in response to natu-
ral hydrologic factors. Thus, the effect of withdrawals is not 

evident solely by visual inspection of measured withdrawal 
rates and water levels. Overall, data for 2001–07 show consid-
erable variability in pond levels, with altitudes ranging from 
126 to 137 ft, and that the effects of withdrawals from wells 
FR–04 and FR–05 are obscured by natural variability resulting 
from climatic conditions and seasonal fluctuations.

Groundwater-Flow Model
A groundwater-flow model of the upper Charles River 

Basin was initially developed by DeSimone and others (2002) 
to simulate the flow within the surficial deposits and ground-
water interactions with surface water in the basin. Although 
the model was subsequently modified by Eggleston (2004), 
the modifications resulted in only minimal changes to water 
levels and base flows simulated in the earlier model. The 
model developed by DeSimone and others (2002) is referred 
to herein as the 2002 model and that by Eggleston (2004) as 
the 2004 model. For the study in this report, the 2004 model 
was further modified in the lower Mill River Basin part of the 
study area to refine representation of the hydrologic system 
and the match between observed and simulated pond and 
groundwater levels near Kingsbury Pond (fig. 5). The updated 
model, which is referred to herein as the modified model, was 
then used to recalculate several of the hydrologic response 
coefficients for use in the management model.

Overview of Original Models

Groundwater levels, pond levels, and base flows are 
simulated in the stratified glacial deposits of the basin using 
the MODFLOW–2000 computer software (McDonald and 
Harbaugh, 1988; Harbaugh and others, 2000). Groundwater 
flow from thin surficial deposits along the valley edges and 
uplands bordering the valleys is incorporated into the model 
by adding base flow and groundwater inflow from these 
deposits as specified flow along the edge of the active model 
(that is, the area of the model in which groundwater flow and 
groundwater/surface-water interactions are simulated). Rates 
of inflow from upland areas were calculated on the basis of 
recharge rates to these areas as described in DeSimone and 
others (2002, p. 36). Groundwater flow within the valley-fill 
deposits is simulated in two model layers, each having a uni-
formly spaced grid of cells with length and width dimensions 
of 200 ft by 200 ft. The two layers extend vertically from the 
simulated water table to the bedrock surface.

The models simulate processes of groundwater recharge, 
groundwater flow, water withdrawals from groundwater and 
surface water, and interactions between the groundwater 
system and surface water (streams, rivers, lakes, and ponds). 
An effective rate of recharge is specified to each cell in the 
top layer of the model. This rate is equal to the difference 
between the sum of infiltration of precipitation, irrigation, and 
septic-system return flow and the sum of evapotranspiration 
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from the water table and consumptive use. Recharge rates 
from precipitation vary spatially across the simulated area and 
are a function of surficial geology and land use (DeSimone 
and others, 2002; Eggleston, 2004). Recharge rates specified 
in the models range from 10.7 in/yr for areas of commercial 
land use to 38.0 in/yr for areas of high-density residential land 
use with wastewater return flow. The area-weighted rate of 
recharge over the entire basin is 22.5 in/yr (DeSimone and oth-
ers, 2002). Effluent from the treatment facilities that received 
wastewater from sewered areas is simulated as discharge 
directly to streams.

Calibrated values of horizontal hydraulic conductivity of 
the aquifer range from 70 to 290 feet per day (ft/d) across the 
entire model domain and are 180 and 185 ft/d in the immedi-
ate vicinity of Kingsbury Pond. Calibrated values of vertical 
hydraulic conductivity of the aquifer range from 5 to 70 ft/d 
across the model domain. A uniform value of specific yield of 
the aquifer of 0.28 was specified in most areas of the model 
domain except for a few areas along the Mill River, where 
values of 0.15 and 0.2 were specified.

Ponds were simulated as active areas of the model to 
allow simulated pond levels to change with changing stresses 
in the aquifer (DeSimone and others, 2002). Ponds were simu-
lated as areas of the top layer of the model having very high 
horizontal and vertical hydraulic conductivity (10,000 ft/d) 
and a specific yield of 1.0 (100 percent porosity). The high 
hydraulic conductivity values result in little or no change in 
simulated water levels across the pond areas (DeSimone and 
others, 2002).

The original models were developed to simulate char-
acteristics of the mean annual hydrologic cycle by use of 
12 monthly stress periods. Mean annual hydrologic conditions 
were defined as the mean condition during each month of 
the 1989–98 period. These monthly stresses included recharge 
rates, water withdrawals, and wastewater effluent. The total 
simulation period consisted of five annual cycles; this was 
done to ensure that enough time has elapsed to achieve a con-
dition of dynamic equilibrium in which simulated water levels 
and base flows do not change on an annual basis in the fifth 
year of simulation. This final year of the simulation is then 
used to represent hydrologic conditions over an average year.

Model Updates

Relatively minor modifications were made to the 2004 
model in the lower Mill River Basin in the area extending 
from the Charles River to just north of Bush Pond, including 
Kingsbury Pond. The modification process consisted of a sen-
sitivity analysis to evaluate the effects of varying the specified 
thickness of Kingsbury Pond and specified values of horizon-
tal hydraulic conductivity and specific yield of the aquifer near 
the pond on water levels in the pond and groundwater levels 
near the pond. The sensitivity analysis involved the manual 
testing of several alternative values of these parameters and 
evaluating how water levels at Kingsbury Pond and ground-
water levels at three nearby observation wells responded to 

those changes in the parameter values. One of the observation 
wells was upgradient from the pond (well NNW109), one 
downgradient from the pond (well NNW103), and one near 
the Charles River (well NNW108; fig. 5).

Results of the sensitivity analysis indicated that pond and 
groundwater levels were most sensitive to aquifer horizontal 
hydraulic conductivity. A lower specified value of horizontal 
hydraulic conductivity of 70 ft/d, compared with the original 
model values of 180 to 185 ft/d, improved the fit of simulated 
to observed water levels. This value of horizontal hydraulic 
conductivity is similar to the 70- to 100-ft/d range of values 
specified in the Bogastow River Basin, which is north of the 
Charles River and Mill River Basin. In addition, DeSimone 
and others (2002) reported values of horizontal hydraulic con-
ductivity of 95 and 120 ft/d determined at two potential water-
supply well sites in the lower Mill River Basin near Kingsbury 
Pond on the basis of aquifer tests at those sites for durations 
of 17 and 23 days, respectively. Because aquifer tests made to 
determine the suitability of a site for water-supply develop-
ment are typically completed in the most transmissive parts 
of an aquifer, these two values may represent the high end of 
horizontal hydraulic conductivity in this part of the study area, 
further supporting the value of 70 ft/day determined through 
the sensitivity analysis.

Hydrographs of simulated water levels for 
Kingsbury Pond and the three observation wells near the 
Pond indicated the quality of the improvement to the model 
in response to the modified value of hydraulic conductiv-
ity (fig. 6). As was done by Eggleston (2004), water-level 
fluctuations were shown relative to the simulated monthly 
water-level altitudes for model calculated values and, for the 
observed water levels at Kingsbury Pond and the three wells, 
relative to the average of measured water levels during water 
year 2000. DeSimone and others (2002) reported that water 
levels measured in 2000 approximated long-term conditions, 
which is consistent with data presented in figure 4 that indicate 
that mean annual precipitation for 2000 was near average. 
The magnitudes of the annual water-level fluctuations simu-
lated by the 2004 and modified models for the pond and for 
three observation wells are similar, and adequately match 
the magnitudes of the hydrographs of observed water levels. 
The hydrographs also indicated that modifications made to 
the model improved the timing of the seasonal fluctuations 
at Kingsbury Pond and at the two observation wells nearest 
to the pond (wells NNW103 and NNW109) relative to the 
2000 data by shifting the maximum (and for Kingsbury Pond, 
the minimum) water levels forward by 1 month. Because 
hydraulic conductivity is one of the properties that determine 
an aquifer’s hydraulic response-time constant (Domenico and 
Schwartz, 1990; Alley and others, 2002), changes made to the 
value of hydraulic conductivity near the pond affect the timing 
of water-level fluctuations in the pond and aquifer. Simulated 
base flow at the partial-record measurement site (01103300) 
was nearly identical to that calculated by the 2004 model and 
is not shown on figure 6.
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Groundwater Management Model
A groundwater management model was developed to 

evaluate alternative groundwater-withdrawal scenarios for the 
Franklin public-water system for the purpose of maintaining 
minimum desired water levels at Kingsbury Pond while meet-
ing the town’s water-supply needs, water-supply operational 
constraints, and minimum base flow requirements. The model 
is based on a mathematical optimization method that has been 
widely applied in the field of groundwater management—the 
response-matrix method. Development of the groundwater 
management model consisted of two steps: formulation of the 
components of the management problem followed by solution 
of the problem by use of the response-matrix method.

The approaches used to formulate and solve the manage-
ment model closely follow those used by DeSimone and oth-
ers (2002) and Eggleston (2004) for the Upper Charles River 
Basin; by DeSimone (2004) for the Assabet River Basin; and 
by Barlow and Dickerman (2001), Barlow and others (2003), 
Granato and Barlow (2005), and Granato and Walter (2011) 
for basins in Rhode Island. For brevity, most of the mathemati-
cal details of the management model presented in the previous 
studies are not repeated here; the reader is referred to those 
studies for additional descriptions of the formulation and solu-
tion approaches.

Formulation of the Management Model

Formulation of an optimization (management) model 
refers to the process of defining the goals of the water-resource 
management problem mathematically in terms of a set of deci-
sion variables, an objective function, and a set of constraints. 
The overall goal of the formulation is to maintain minimum 
desired water levels at Kingsbury Pond while still meeting the 
monthly demands of the Franklin public-water supply system.

The decision variables are the unknowns of the man-
agement problem; their values are determined by solution 
of the model. For this study, two types of decision variables 
were defined: monthly rates of groundwater withdrawal at 
the Franklin public-supply wells and monthly rates of septic-
system return flow in unsewered areas in the Mill River and 
Mine Brook Basins. Much of the management formulation 
is focused on the groundwater-withdrawal decision vari-
ables; decision variables for the septic-system return flows 
are included to ensure that their influence on pond levels 
and streamflow are accounted for in the model. The rates 
of groundwater withdrawals and septic-system return flows 
determined by the management model are functionally linked 
to each other by a set of constraints (described in “8. Balance 
in the rates of withdrawals and return flows”) to ensure that 
withdrawals and return flows are balanced.

Mathematically, an objective function is written in terms 
of maximizing or minimizing a specified function of the 
decision variables. In this study, a single objective function 

was used for all model formulations, which was to maximize 
the total rate of annual groundwater withdrawal from the 
Franklin wells.

The value of the objective function and of each of the 
decision variables is limited by one or more of the constraints 
that are specified in the management formulation. The set 
of constraints that were specified for this study were deter-
mined in consultation with MassDEP. Typically, only a few 
of the specified constraints will be found to determine (that 
is, constrain) the values of the objective function and decision 
variables in the solution of the management model; these are 
referred to as the “binding” constraints of the model. Those 
constraints that do not affect the solution are referred to as 
“nonbinding” constraints. The set of constraints specified in 
the model consisted of the following components:

1. Minimum water levels at Kingsbury Pond.—Several 
initial scenarios of the management model were done in which 
the values specified for the minimum monthly water levels at 
Kingsbury Pond were varied from one scenario to the next. 
One of the scenarios required a 50 percent increase (improve-
ment) in the monthly water levels at the pond compared with 
the water levels at the pond resulting from the 2010–19 with-
drawal conditions. Because this increase was similar to the 
51 percent increase reported for scenario 2 (described below), 
however, the decision was made to not include the 50 percent 
increase scenario in this report. For all the scenarios reported 
here, constraints on minimum water levels at the pond were 
specified in terms of the maximum allowable declines in water 
levels from the simulated nonpumping condition. These speci-
fied constraints did not affect the values of the decision vari-
ables calculated by the management model for the scenarios 
reported here (that is, they were nonbinding constraints).

2.  Specified monthly demands on the Franklin public-
water system.—Twelve constraints were specified to require 
that the sum of the withdrawal rates for each month from 
the 10 Franklin wells was equal to the demand on the water 
system each month. The values of the monthly demands speci-
fied in the management model are described in each of the 
scenarios in the next section of the report.

3.  Minimum and maximum withdrawal rates for 
Franklin wells FR–01, FR–02, FR–03, FR–06, FR–07, and 
FR–08.—The minimum and maximum withdrawal rates 
specified for wells FR–01, FR–02, FR–03, FR–06, FR–07, 
and FR–08 were based on the maximum practical withdrawal 
rate reported for each well by the Town of Franklin. Although 
maximum authorized withdrawal rates are established for 
each well by MassDEP, in practice, the maximum practical 
withdrawal rate of a well is generally lower than the autho-
rized rate owing to water level drawdowns near well screens, 
potential clogging of screens, and the effects of pumping on 
nearby streams. Maximum practical withdrawal rates for the 
wells provided by the Town of Franklin are listed with the 
maximum authorized withdrawal rates in table 4. Note that the 
maximum practical withdrawal rate for well FR–01 is lower 
than some of the actual withdrawal rates from the well dur-
ing 2010–19 shown in table 2. This is due to the assumption 
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Table 4. Mean annual, peak monthly, maximum practical, and maximum authorized withdrawal rates for wells in the Franklin, 
Massachusetts, public-water system from 2010 to 2019.

[Location of wells shown on figure 1. Withdrawal rates are in gallons per minute (gal/min). no., number; —, not applicable]

Well 
identifier

Source name
Mean annual 

withdrawal rate
Peak monthly 

withdrawal rate
Month of 

peak
Maximum practical 

withdrawal rate
Maximum authorized 

withdrawal rate

FR–01 Well no. 1 a330 a442 June 150 325
FR–02 Well no. 2 — — — 350 500
FR–03 Well no. 3 182 207 May 320 350
FR–04 Well no. 4 380 484 July 600 640
FR–05 Well no. 5 145 160 June 300 347
FR–06 Well no. 6 b68 c148 July 250 500
FR–07 Well no. 7 162 183 July 280 400
FR–08 Well no. 8 146 167 July 243 243
FR–09 Well no. 9 179 206 July 250 350
FR–10 Well no. 10 142 162 June 250 350

aMean annual withdrawal rate reported for Franklin wells nos. 1 and 2.
bMean annual withdrawal rate for 2010–15 was 106 gal/min.
cPeak monthly withdrawal rate for 2010–2015 was 213 gal/min in July.

made previously that the values reported in table 2 are equal to 
half of the total withdrawal rate from wells FR–01 and FR–02; 
in some months, half of the total withdrawal rate from the two 
wells exceeded the practical limit of well FR–01. Also note 
that the maximum practical withdrawal rate for well FR–08 
was set to its maximum authorized withdrawal rate instead 
of its recent (2010–19) practical rate. This was done because 
the original well has been replaced with a new well and the 
assumption was made that the yield of the new well will be 
substantially greater than the 2010–19 practical rate.

The maximum withdrawal rate specified for each well 
in the management model was set to the well’s maximum 
practical withdrawal rate (table 4). The minimum withdrawal 
rate was set to 20 percent of each well’s maximum practical 
withdrawal rate. This rate is slightly lower than the approxi-
mate mean of the average minimum monthly withdrawal rate 
for the Franklin wells during 2010–19 and is equivalent to the 
total withdrawals for about 5 hours each day from each well at 
the well’s maximum practical withdrawal rate.

4.  Specified withdrawal rates for Franklin wells FR–04, 
FR–05, FR–09, and FR–10.—Monthly withdrawal rates were 
specified in the management model for four of the Franklin 
wells and, therefore, not determined as part of the model solu-
tion. Withdrawal rates specified for wells FR–04 and FR–05 
are described for each of the three scenarios in the “Evaluation 
of Alternative Groundwater-Withdrawal Scenarios” section of 
this report.

Well FR–09 is outside the active area of the model 
domain, thus the effects of withdrawals from the well on the 
hydrologic system cannot be determined. However, monthly 
withdrawal rates from the well were incorporated into the 
management model indirectly by subtracting them from the 

mean monthly demands on the Franklin public-water sys-
tem (described below). Finally, monthly withdrawal rates at 
well FR–10 were maintained at their 2010–19 monthly rates 
because the well is completed in a thin part of the alluvial 
aquifer, which limits the available drawdown at the well, par-
ticularly in summer months.

5.  Specified withdrawal rates at other municipal 
and nonmunicipal wells in the Mill River and Mine Brook 
Basins.—Monthly withdrawal rates were specified in the 
management model for five municipal and nonmunicipal wells 
that are not operated by the Town of Franklin but whose with-
drawals affect the hydrologic system. These are wells NF–01, 
WR–03, WR–04, and WR–05 in the Mill River Basin and well 
MGCC–01 in the Mine Brook Basin (fig. 1). Monthly with-
drawal rates for these wells were specified at their 2010–19 
mean rates.

6.  Constraints on withdrawal rates to limit effects on 
headwater streams in Mine Brook Basin.—To limit the effect 
of withdrawals on the two headwaters streams in Mine Brook 
Basin that have been designated as coldwater fish resources 
(Dix and Miscoe Brooks), 12 constraints were specified to 
require that the sum of the withdrawal rates for each month 
from wells FR–01, FR–02, and FR–07 in the lower part of 
Mine Brook Basin must be greater than or equal to the sum 
of the withdrawal rates for each month from wells FR–03, 
FR–06, and FR–10 in the upper part of the basin.

7.  Minimum base flow requirements.—Minimum 
monthly base flow requirements were specified at the five 
base flow constraint sites (fig. 3) in terms of the maximum 
rates of allowable base flow depletion at each site. Allowable 
base flow depletion is defined as the difference between the 
natural base flow rate at the site and a minimum specified base 
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flow rate. Because Massachusetts does not have a regulatory 
minimum streamflow (or base flow) requirement specific to 
the base flow constraint sites in the modeled area (Julie Butler, 
MassDEP, written commun., November 16, 2021), the rates 
were specified so that they had no effect on the solution of the 
management model (that is, they were nonbinding constraints). 
The constraints were included in the model so that the effects 
of withdrawals and septic-system return flows on base flow 
at each of the constraint sites could be calculated directly as 
part of the solution of the management model. Minimum base 
flow requirements of 0.35 cubic foot per second per square 
mile ([ft3/s]/mi2) were used for stream sites along the main 
stems of Mine Brook and Mill River. This value was selected 
because preliminary runs of the management model indicated 
that the value resulted in the constraints being nonbinding; 
the value is similar to that of 0.41 [ft3/s]/mi2 used in manage-
ment alternatives evaluated for the Upper Charles River Basin 
by Eggleston (2004). Because of the low natural flows in the 
headwater streams, Dix and Miscoe Brooks, a minimum value 
of zero was used so that the rate of allowable depletion was 
equivalent to the calculated natural flow rate (table 3).

8.  Balance in the rates of withdrawals and return 
flows.—As was done by Eggleston (2004), constraints were 
added to the management model to ensure that the rates of 
septic-system return flow within unsewered areas of Franklin, 
Norfolk, and Wrentham were applied in proportion to the rates 
of water withdrawn from the hydrologic system each month 
by wells within each of the water-supply systems.

Solution of the Management Model

The management model was solved by use of the 
response-matrix method. Implementation of the method 
requires calculation of hydrologic response coefficients, 
which, as defined previously, represent the change in the value 
of a simulated hydrologic variable in response to a specified 
rate of stress imposed on the simulated hydrologic system. 
Mathematically, a response coefficient r for hydrologic vari-
able HV in month t at constraint site j to a stress Q imposed for 
one month at site i is as follows:

   r  j,i,t    =  
H  V  j,i,t  

 _  Q  i  
   , (1)

where
 r is the response coefficient;
 j is the location of the hydrologic variable;
 i is the location of the hydrologic stress;
 t is the month of the hydrologic response;
 HV is the hydrologic variable; and
 Q is the stress rate.

Hydrologic response coefficients at each constraint 
site were calculated by use of both the 2004 and modified 
groundwater-flow models following procedures described 
by DeSimone and others (2002) and Eggleston (2004). 
Hydrologic stresses imposed on the system were groundwater 

withdrawals from public-supply wells and wastewater return 
flows from septic systems in unsewered areas that receive 
public-water supplies from Franklin, Norfolk, and Wrentham. 
The response coefficients were determined in a series of simu-
lations in which a stress rate was imposed at a single location 
for a single month (month 1); at the end of the month, the 
stress was discontinued. The resulting simulated changes to 
water levels at Kingsbury Pond and base flows at the base flow 
constraints sites (fig. 3) were quantified and used to calcu-
late response coefficients according to equation 1, beginning 
in month 1 and continuing into subsequent months until the 
response of the hydrologic variable approximately equaled 
zero (as the system returned to its unstressed condition).

Response coefficients for groundwater withdrawals 
were determined by use of both models. The modified model 
was used to calculate hydrologic response coefficients for 
changes in water levels at Kingsbury Pond, rates of base 
flow at base flow constraint site MR1 in the Mill River Basin 
where the original model was updated, and rates of base 
flow at the two new base flow constraint sites DB1 and MC1 
in the Mine Brook Basin that were not part of the study of 
Eggleston (2004). Because the original model was not updated 
in the Mine Brook Basin, response coefficients calculated by 
Eggleston (2004) for base flow at sites MB1 and MB2 were 
used in this study.

Response coefficients calculated by the groundwater-flow 
models for withdrawals simulated at several of the Franklin 
wells are shown in figure 7. The response coefficients indicate 
substantial variability in the timing, duration, and effect of 
withdrawals on the declines in water level at Kingsbury Pond 
(fig. 7A) and reductions in base flow at the base flow constraint 
sites (fig. 7B–F). This variability is caused by several factors, 
including the distance of each well from the pond or nearby 
streams, the geometry and hydraulic properties of the aquifer, 
and the hydraulic properties of the pond bottom and stream-
beds (Barlow and Leake, 2012). The distance of each well 
from Kingsbury Pond or from each of the base flow constraint 
sites is a particularly important factor. For example, because 
well FR–04 is closer to Kingsbury Pond than is well FR–05, 
the overall effect on the pond level of withdrawing water at 
well FR–04 is much greater than that of withdrawing water at 
well FR–05 (fig. 7A). Response coefficients calculated for all 
months for wells NF–01 and FR–08, which are further from 
Kingsbury Pond than are wells FR–04 and FR–05 (fig. 3), 
were all less than or equal to 0.004 ft; these small values 
reflect numerical errors in the calculations of the groundwater-
flow model, such as rounding errors, rather than any simu-
lated effects of withdrawals on Kingsbury Pond water levels. 
Response coefficients were not calculated for well FR–09, 
which is outside of the model domain.

Response coefficients for septic-system return flows were 
determined by use of the updated model. Simulated return 
flows were applied to model cells in areas receiving public-
water supply and having private septic systems at rates that 
were based on population density and time of year. In contrast 
to groundwater withdrawals, septic-system return flows result 
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Figure 7. Graphs showing simulated response coefficients for A, Kingsbury Pond and at base flow constraint sites B, Mill River MR1, 
C, Miscoe Brook MC1, D, Dix Brook DB1, E, Mine Brook MB1, and F, Mine Brook MB2 in the Mill River and Mine Brook study area in 
eastern Massachusetts. Response coefficients are the changes in water level at Kingsbury Pond or change in base flow at the base 
flow constraint site for a unit withdrawal rate at each simulated well. Well locations, base flow constraint sites, and Kingsbury Pond are 
shown on figure 3.
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Figure 7.—Continued

in increases in streamflow and pond levels. Septic-system 
return flows within Norfolk were the only return flows that 
affect water levels at Kingsbury Pond; their effects on pond 
levels are much smaller than groundwater withdrawals at 
either well FR–04 or well FR–05. The effect of septic-system 
return flows on pond levels are about 7 percent of those 
from withdrawals at wells FR–04 and FR–05 for the simu-
lated 2010–19 withdrawal and return-flow conditions.

The basis of the response-matrix method is the assump-
tion that changes in water levels at Kingsbury Pond and in the 
rates of base flow at the base flow constraint sites are linear 
functions of the simulated rates of groundwater withdrawals at 
each of the wells and septic-system return flows in unsewered 
areas that receive public-water supplies. By assuming linear-
ity, it is possible to determine the total water-level change at 
Kingsbury Pond and the total change in the rate of base flow 
at each of the base flow constraint sites by summation of the 
individual water-level and base flow changes caused by each 
well or return flow.

Nonlinearities in the response of the hydrologic sys-
tem to simulated stresses can be caused by a number of 
factors, including the unconfined nature of the aquifer and 
head-dependent boundary conditions at simulated streams 
(Ahlfeld and Mulligan, 2000; Barlow and Dickerman, 2001). 
The assumption of linearity has been tested for the Upper 
Charles River Basin by DeSimone and others (2002) and 
Eggleston (2004), following procedures also used by Barlow 
and Dickerman (2001), DeSimone (2004), and Granato and 
Barlow (2005) for basins of southern New England in which 
the hydrogeology is similar to that of the Upper Charles River 

Basin. Eggleston (2004) tested the assumption of linearity by 
calculating response coefficients for each well in four simula-
tions with different combinations of groundwater withdrawal 
rates, time of year, and recharge conditions. The tests were 
designed to evaluate the response of the hydrologic system 
to both the high and low ends of the range of possible stress 
values. Eggleston (2004) found the response coefficients to 
be similar for the four different tests and, consistent with the 
other studies in similar settings, the assumption of linearity 
was found to be acceptable. This study used the same simula-
tion condition that Eggleston (2004) used to calculate response 
coefficients for each well. All response coefficients calculated 
for each hydrologic stress at each constraint site are provided 
in Friesz and others (2023).

The calculated hydrologic response coefficients are the 
link between the groundwater-flow models of the hydro-
logic system and the groundwater management model and 
are incorporated into the management model through the 
constraints specified for minimum water levels at Kingsbury 
Pond and minimum base flow requirements at the base flow 
constraint sites. The mathematical basis for incorporating the 
response coefficients into the management model is described 
in detail by Ahlfeld and Mulligan (2000) and in applications 
of the approach described by Barlow and Dickerman (2001), 
DeSimone and others (2002), Barlow and others (2003), 
Eggleston (2004), Granato and Barlow (2005), and Granato 
and Walter (2011). The LINGO linear-programming computer 
software (Schrage, 2015; LINDO Systems, 2021) was used to 
solve each of the specific groundwater management scenarios.
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Evaluation of Alternative 
Groundwater-Withdrawal Scenarios

Three alternative groundwater-withdrawal scenarios, 
which represent a range of withdrawal conditions for wells 
FR–04 and FR–05 and of water-supply demands for the town 
of Franklin, were simulated in this study. The scenarios were 
developed in consultation with staff at MassDEP and the 
Franklin Department of Public Works. Note, however, that 
the engineering and operational viability of these scenarios 
to meet Franklin’s public-water-supply needs were not fully 
identified; therefore, certain simulated pumping rates may not 
be feasible for the town.

The results of each scenario are compared with the results 
of simulations of withdrawal conditions that occurred in the 
Upper Charles River Basin during 2010–19 (referred to as 
“baseline conditions”) and to simulated nonpumping condi-
tions in the basin. Mean monthly withdrawal rates speci-
fied for the 10 Franklin wells for the baseline conditions are 
listed in table 5. The withdrawal rates are identical to those 
listed in table 2 with exception of the withdrawal rates for 
well FR–06. Because of water-quality issues at well FR–06 
during 2016–19, which have since been resolved, withdrawal 
rates at well FR–06 were specified at mean monthly rates 
during 2010–15, which are more representative of long-term 
average conditions at the well than those during the entire 
2010–19 period. Nonpumping conditions were simulated by 
setting withdrawal rates to zero at all wells within the basin. 
The updated model of the basin was used for the simulations.

Mean monthly water levels for Kingsbury Pond calcu-
lated for the baseline and nonpumping conditions are shown 
in figure 8. Simulated mean monthly water-level altitudes 

for the pond for nonpumping conditions range from 133.9 ft 
in November to 138.2 ft in May, with a mean annual level 
of 136.0 ft and annual range of 4.3 ft. This simulated mean 
annual water-level altitude falls within the range of 135 to 
140 ft estimated for the pond for average hydrologic condi-
tions before the beginning of withdrawals from wells FR–04 
and FR–05 presented earlier in the report. Water-level alti-
tudes simulated for the pond for the 2010–19 baseline with-
drawal rates range from 130.0 ft in November to 134.6 ft in 
May (a 4.6 ft annual range), with a mean annual altitude of 
132.2 ft. This simulated mean annual altitude is close to the 
mean altitude of 131.0 ft measured during 2001–07, and the 
annual water-level range of 4.6 ft is nearly equal to the mean 
annual water-level range of 4.7 ft measured at the pond dur-
ing 2001–07. Water levels at the pond were lowered from 3.6 
to 4.0 ft compared with those for the nonpumping conditions, 
with an average monthly decline of 3.8 ft. Water-level declines 
were lowest (3.6 ft) during May and June and highest (4.0 ft) 
from October through December following the period of larg-
est combined withdrawal rates at wells FR–04 and FR–05 dur-
ing June through September. Overall, water levels simulated 
for the pond for the baseline and nonpumping conditions are 
in good agreement with information about the pond hydrology 
provided by Williams (1967) and the water-level data col-
lected during 2001–07.

Mean monthly and mean annual calculated rates of base 
flow at the five base flow constraint locations for 2010–19 
withdrawal rates (table 6) are reduced compared with those 
for nonpumping conditions at the wells (table 3). Mean 
annual declines range from about 0.4 ft3/s at the two head-
water tributaries to Mine Brook (Dix Brook, site DB1, and 
Miscoe Brook, site MC1) to about 0.8 ft3/s and 1.9 ft3/s at the 
two basin outflow locations from the Mill River (site MR1) 
and Mine Brook (site MB2), respectively.

Table 5. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system under simulated 2010–19 
baseline conditions.

[Withdrawal rates for well FR–06 are mean monthly rates from 2010 to 2015; withdrawal rates are in gallons per minute unless otherwise noted. Well locations 
shown in figure 1]

Well 
identifier

January February March April May June July August September October November December

FR–01 168 113 60 117 219 221 200 207 215 175 143 143
FR–02 168 113 60 117 219 221 200 207 215 175 143 143
FR–03 170 174 187 189 207 206 200 191 183 159 163 161
FR–04 321 320 358 349 336 417 484 452 437 374 351 358
FR–05 119 146 158 149 158 160 159 145 136 137 142 132
FR–06 106 170 189 203 196 166 213 149 140 71 70 96
FR–07 151 155 149 147 170 178 183 181 166 153 157 150
FR–08 144 127 150 134 139 160 167 149 153 163 139 124
FR–09 150 155 186 203 186 184 206 200 189 167 165 160
FR–10 137 135 135 132 146 162 157 128 154 143 142 136
Total, in gallons per 

minute
1,634 1,606 1,632 1,739 1,975 2,075 2,169 2,008 1,991 1,716 1,615 1,601

Total, in million 
gallons per minute

2.36 2.32 2.36 2.51 2.85 3 3.13 2.9 2.87 2.48 2.33 2.31
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Figure 8. Graph showing simulated water-level altitudes at Kingsbury Pond in the Upper Charles River Basin in eastern Massachusetts 
for nonpumping conditions, for withdrawals specified at mean monthly rates from 2010 to 2019 (baseline conditions), and for 
withdrawals at wells FR–04 and FR–05 in Franklin, Massachusetts, specified at maximum authorized rates (scenario 1 withdrawal rates).

Table 6. Mean monthly and mean annual base flow rates calculated for base flow constraint sites in the Mill River and Mine Brook 
Basins, Massachusetts, under 2010–19 pumping (baseline) conditions.

[Base flow rates are in cubic feet per second; base flow constraint locations shown in figure 3]

Constraint 
site

Mean monthly base flow rate Annual 
base 

flow rateJanuary February March April May June July August September October November December

DB1 3.03 3.26 4.76 4.65 2.36 1.33 0.32 0.05 0.12 0.79 1.94 3.10 2.14
MC1 4.48 4.77 6.79 6.66 3.58 2.20 0.77 0.32 0.41 1.35 2.97 4.56 3.24
MB1 18.8 19.3 24.3 24.8 16.6 12.4 6.87 4.48 4.60 8.76 13.9 18.7 14.5
MB2 34.7 35.3 46.4 47.8 30.0 21.4 10.9 6.50 6.85 14.4 24.6 34.9 26.1
MR1 35.5 35.9 42.8 43.7 32.4 26.1 16.9 12.0 12.5 19.9 28.3 35.6 28.5

Scenario 1: Withdrawal Rates at Franklin 
Wells FR–04 and FR–05 Specified at Maximum 
Authorized Rates

In the first scenario, withdrawal rates at wells FR–04 and 
FR–05 in the Mill River Basin were specified at their maxi-
mum authorized rates for all months of the year (640 gal/min 
for well FR–04 and 347 gal/min for well FR–05; table 4); 
withdrawals at all other wells were specified at the 2010–19 
baseline rates. This scenario was done to determine the effect 
on Kingsbury Pond and Mill River that could be anticipated 
if these two wells were pumped at their maximum authorized 
rates while one or more of the other wells in the Franklin sys-
tem were removed from service.

Mean monthly water-level altitudes for Kingsbury 
Pond while wells FR–04 and FR–05 were being pumped at 
their maximum authorized withdrawal rates were lower than 
those for nonpumping conditions at the wells by 6.6 to 6.8 ft, 
with a mean monthly decline of 6.7 ft, which corresponds 
to a mean annual pond level altitude of 129.3 ft (fig. 8). 
Water-level declines were least (6.6 ft) for all months except 
November and December, during which declines were 6.8 ft. 
Mean annual base flow calculated at the Mill River constraint 
location (site MR1) declined by an additional 0.8 ft3/s (to 
27.7 ft3/s; table 7) for this scenario compared with the mean 
annual base flow calculated at the site for baseline withdrawal 
conditions (28.5 ft3/s; table 6).
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Table 7. Mean monthly and mean annual base flow rates calculated for base flow constraint sites in the Mill River and Mine Brook 
Basins, Massachusetts, with maximum authorized withdrawal rates at wells FR–04 and FR–05 for scenario 1.

[Base flow rates are in cubic feet per second; base flow constraint sites shown in figure 3]

Constraint 
site

Mean monthly base flow rate for scenario 1 Annual 
base 

flow rateJanuary February March April May June July August September October November December

DB1 3.05 3.28 4.77 4.67 2.36 1.33 0.32 0.05 0.13 0.81 1.96 3.10 2.15
MC1 4.49 4.79 6.80 6.67 3.59 2.20 0.77 0.32 0.42 1.36 2.98 4.58 3.25
MB1 18.9 19.4 24.4 24.9 16.7 12.5 6.89 4.50 4.65 8.83 14.0 18.8 14.5
MB2 34.8 35.4 46.6 47.9 30.1 21.5 11.0 6.54 6.92 14.5 24.7 35.0 26.2
MR1 34.8 35.1 42.0 42.9 31.6 25.2 16.1 11.2 11.8 19.2 27.5 34.9 27.7

Scenario 2: Withdrawal Rates at Franklin Wells 
FR–04 and FR–05 Specified at One-Third of Their 
Maximum Practical Rates

The primary objective of the second scenario was to shift 
withdrawals away from wells FR–04 and FR–05 to the extent 
practicable (while still meeting the 2010–19 water-supply 
demands for Franklin) and to evaluate the resulting effects on 
water levels in Kingsbury Pond. Simulated withdrawal rates 
at wells FR–04 and FR–05 were intended to approximate the 
minimum rates at which the two wells could possibly operate. 
Discussions with the Franklin Department of Public Works 
indicated that engineering constraints prevented the shutoff of 
either well for substantial periods. To identify potentially fea-
sible minimum withdrawal rates for the two wells, withdrawal 
records for each well and the withdrawal rates relative to each 
well’s maximum practical withdrawal rate were evaluated in 
the following steps:

1. MassDEP and the USGS evaluated the minimum 
monthly withdrawal rates from wells FR–04 and 
FR–05 using data available in the electronic record of 
Franklin’s annual statistical reports, which spanned 
12 years (2009–20). Annual statistical reports include 
monthly withdrawal rates for each public water-supply 
source. For each well, MassDEP identified the mini-
mum monthly rate in each of the 12 annual statistical 
reports and calculated the mean of those 12 monthly 
minimums. The result was 226 gal/min for well FR–04 
and 81 gal/min for well FR–05. These mean values 
provide an approximate indication of the minimum rates 
at which the two wells have historically operated for 
at least a month at a time. Note that longer operational 
times (such as a full season or year) at these rates may 
not be feasible.

2. The maximum practical withdrawal rates at wells 
FR–04 and FR–05 (approximately 600 and 300 gal/min, 
respectively; table 4) were also considered in select-
ing the minimum withdrawal rates for this scenario. 
One-third of each well’s practical withdrawal limit was 
selected as a reasonable estimate of a practical minimum 
rate, or 200 gal/min for well FR–04 and 100 gal/min for 

well FR–05. Because these rates are similar to the mean 
minimum monthly rates based on the 12-year with-
drawal records for the wells, they were selected for use 
in the scenario. That is, withdrawal rates of 200 gal/min 
for well FR–04 and 100 gal/min for well FR–05, or a 
combined withdrawal rate of 300 gal/min for the two 
wells, were specified for the wells for all months of the 
year. The combined withdrawal rate of 300 gal/min is 
225 gal/min less than the mean monthly withdrawal rate 
at the two wells of 525 gal/min during 2010–19 (table 4).

The management model was used in a two-step process 
to evaluate optimal withdrawal schedules at the remaining 
Franklin wells in concert with the reduced withdrawal rates 
specified at wells FR–04 and FR–05. In both steps, monthly 
withdrawal rates also were specified for well FR–10 (at the 
well’s 2010–19 mean monthly withdrawal rates) for the reason 
given in the description of constraint set 4 (“4. Specified 
withdrawal rates for Franklin wells FR–04, FR–05, FR–09, 
and FR–10”) in the “Formulation of the Management Model” 
section of this report.

In the first step, the management model was used to 
determine an initial set of monthly withdrawal rates at wells 
in the Mine Brook Basin (wells FR–01, FR–02, FR–03, 
FR–06, and FR–07); that is, monthly withdrawal rates for 
these five wells were not specified in the management model, 
but instead were determined by solution of the management 
model. Withdrawal rates determined for these wells were 
constrained by specified maximum rates equal to the maxi-
mum practical withdrawal rate of each well (table 4) and by 
specified minimum rates equal to 20 percent of each well’s 
maximum practical withdrawal rate. Withdrawal rates for 
wells FR–08 and FR–09, which are outside of the Mine Brook 
Basin, were not determined by the model; their withdrawal 
rates were specified in the model. Monthly withdrawal rates 
for well FR–08 were specified at the well’s maximum practical 
withdrawal rate (243 gal/min; table 4); monthly withdrawal 
rates for well FR–09 were specified at the well’s 2010–19 
mean monthly withdrawal rates (table 5). Other components 
of the formulation for this step of the scenario are described 
in the “Formulation of the Management Model” section of 
this report.
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The results of this step of the scenario are listed in 
table 8. Note that the total monthly withdrawal rates from all 
10 wells determined by or specified in the management model 
are equivalent (within small rounding errors) to rates simu-
lated for the 2010–19 baseline conditions (table 5). Each of 
the withdrawal rates given in table 8 is shown as a percentage 
of the well’s maximum practical withdrawal rate in table 9. 
The values listed in table 9 indicate a wide range of variability 
among the wells each month and among the monthly rates for 
certain wells. In order to achieve more stability (that is, less 
variability) in the withdrawal rates at each well and to more 
evenly distribute the collective demand among wells that do 
not affect Kingsbury Pond, the decision was made to use a 
consistent value of the percentage of the maximum practical 
withdrawal rate for each month at wells FR–01 through FR–03 
and wells FR–06 through FR–09 (that is, all wells other than 
FR–04, FR–05, and FR–10). The value selected was the mean 
value of the sum of the withdrawal rates each month at wells 
FR–01 through FR–03 and wells FR–06 through FR–09 
(listed in the last row of table 8) as a percentage of the sum 
of the maximum practical withdrawal rate at the seven wells 
(1,843 gal/min). These values, which are listed in the bottom 
row of table 9 and in table 10, reflect the seasonality of water 
demand in the town; that is, total withdrawal rates at these 
seven wells (as a percentage of the total maximum practi-
cal withdrawal rates of the wells) are lowest from November 
through March, increase from April through June, peak in July, 
and then decrease from August through October.

Monthly withdrawal rates that correspond to the percent-
age of each well’s maximum practical withdrawal rate listed 
in table 10 are listed in table 11; these withdrawal rates were 
specified in the management model in the second step of the 
scenario. Note that the total monthly withdrawal rates from 
all wells, as well as the sum of withdrawals from wells FR–01 

through FR–03 and wells FR–06 through FR–09, for this 
second step, which are listed in the last two rows of table 11, 
are equivalent (within small rounding errors) to those for the 
first step of the scenario, which are listed in the last two rows 
of table 8. The management model was then re-run with the 
updated withdrawal rates (table 11) to determine the effects 
of the withdrawals on water levels in Kingsbury Pond and on 
base flow at the base flow constraint sites.

Mean monthly water-level altitudes calculated for 
Kingsbury Pond for this scenario are increased relative to 
those for the 2010–19 baseline conditions because of the 
reduced withdrawal rates at wells FR–04 and FR–05 for this 
scenario compared with the baseline conditions (fig. 9). Mean 
monthly altitudes are increased by an average of 1.9 ft during 
the year (to a mean annual water-level altitude of the pond 
of 134.1 ft), which is a 51 percent increase compared with 
the declines for the 2010–19 baseline conditions. Compared 
with the nonpumping condition, the mean monthly decline 
decreased from 3.8 ft for the baseline conditions to 1.9 ft for 
this scenario.

Mean monthly and mean annual calculated rates of base 
flow at the five base flow constraint locations for the scenario 
are listed in table 12. Because of the reduced withdrawal rates 
at wells FR–04 and FR–05, base flow in the Mill River is 
increased relative to those under baseline conditions, with a 
mean monthly increase of about 0.4 ft3/s at base flow con-
straint site MR1. However, because withdrawal rates in the 
Mine Brook Basin are increased for this scenario relative 
to those under the 2010–19 baseline conditions by a mean 
monthly rate of 185 gal/min, the mean annual rate of stream 
base flow is reduced at constraint sites in the Mine Brook 
Basin, by a minimum of 0.02 ft3/s at constraint site DB1 to 
a maximum of 0.37 ft3/s at constraint site MB2, which is the 
outflow point from the basin.

Table 8. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system determined by or specified in 
the management model in the first step of scenario 2.

[Well locations shown in figure 1. ID, identifier]

Well ID
Mean monthly withdrawal rate, in gallons per minute

January February March April May June July August September October November December

FR–01 150 30 150 150 150 45 82 150 150 98 150 150
FR–02 266 350 227 292 350 350 350 204 350 350 350 244
FR–03 285 64 64 314 320 264 305 256 320 312 64 265
FR–04 200 200 200 200 200 200 200 200 200 200 200 200
FR–05 100 100 100 100 100 100 100 100 100 100 100 100
FR–06 50 50 50 50 50 250 250 250 157 50 147 50
FR–07 56 280 280 56 233 280 280 280 130 56 56 56
FR–08 243 243 243 243 243 243 243 243 243 243 243 243
FR–09 150 155 186 203 186 184 206 200 189 167 165 160
FR–10 137 135 135 132 146 162 157 128 154 143 142 136
Total, all wells 1,637 1,607 1,635 1,740 1,979 2,078 2,173 2,011 1,993 1,718 1,617 1,604
Total, subset of wellsa 1,200 1,172 1,200 1,308 1,532 1,616 1,716 1,583 1,539 1,276 1,175 1,168

aTotal for all wells other than FR–04, FR–05, and FR–10.
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Table 9. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system determined by or specified in 
the management model in the first step of scenario 2, as a percentage of each well's maximum practical withdrawal rate.

[Well locations shown in figure 1. ID, identifier]

Well ID
Percentage of maximum practical withdrawal rate

January February March April May June July August September October November December

FR–01 100.0 20.0 100.0 100.0 99.9 30.0 54.7 99.9 99.9 65.3 100.0 100.0
FR–02 76.0 100.0 64.9 83.4 100.0 100.0 100.0 58.3 100.0 100.0 100.0 69.7
FR–03 89.1 20.0 20.0 98.1 100.0 82.5 95.3 80.0 100.0 97.5 20.0 82.8
FR–04 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3
FR–05 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3
FR–06 20.0 20.0 20.0 20.0 20.0 100.0 100.0 100.0 62.8 20.0 58.8 20.0
FR–07 20.0 100.0 100.0 20.0 83.2 100.0 100.0 100.0 46.4 20.0 20.0 20.0
FR–08 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
FR–09 59.8 62.0 74.5 81.2 74.5 73.7 82.3 80.0 75.7 66.7 66.1 64.1
FR–10 54.9 53.9 53.9 53.0 58.5 64.6 62.8 51.3 61.4 57.1 56.7 54.4
Mean, subset of wellsa 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4

aMean value of sum of withdrawal rates for all wells other than FR–04, FR–05, and FR–10 as percentage of the maximum practical withdrawal rates at the 
wells (1,843 gal/min)

Table 10. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system specified in the 
management model in the second step of scenario 2, as a percentage of each well's maximum practical withdrawal rate.

[Well locations shown in figure 1. ID, identifier]

Well ID
Percentage of maximum practical withdrawal rate

January February March April May June July August September October November December

FR–01 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4
FR–02 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4
FR–03 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4
FR–04 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3
FR–05 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3
FR–06 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4
FR–07 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4
FR–08 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4
FR–09 65.1 63.6 65.1 71.0 83.1 87.7 93.1 85.9 83.5 69.2 63.8 63.4
FR–10 54.9 53.9 53.9 53.0 58.5 64.6 62.8 51.3 61.4 57.1 56.7 54.4
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Table 11. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system specified in the 
management model in the second step of scenario 2.

[Well locations shown in figure 1. ID, identifier]

Well ID
Mean monthly withdrawal rate, in gallons per minute

January February March April May June July August September October November December

FR–01 98 95 98 107 125 132 140 129 125 104 96 95
FR–02 228 223 228 249 291 307 326 301 292 242 223 222
FR–03 208 204 208 227 266 281 298 275 267 221 204 203
FR–04 200 200 200 200 200 200 200 200 200 200 200 200
FR–05 100 100 100 100 100 100 100 100 100 100 100 100
FR–06 163 159 163 178 208 219 233 215 209 173 160 159
FR–07 182 178 182 199 233 246 261 241 234 194 179 178
FR–08 158 155 158 173 202 213 226 209 203 168 155 154
FR–09 163 159 163 178 208 219 233 215 209 173 160 159
FR–10 137 135 135 132 146 162 157 128 154 143 142 136
Total, all wells 1,637 1,607 1,634 1,741 1,978 2,078 2,173 2,012 1,992 1,718 1,618 1,604
Total, subset of wellsa 1,200 1,172 1,200 1,309 1,532 1,616 1,716 1,583 1,539 1,275 1,176 1,168

aTotal for all wells other than FR–04, FR–05, and FR–10.
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Figure 9. Graph showing simulated water-level altitudes at Kingsbury Pond in the Upper Charles River Basin in eastern Massachusetts 
for conditions of no withdrawals, withdrawals specified at mean monthly rates from 2010 to 2019 (baseline conditions), and withdrawals 
at wells FR–04 and FR–05 in Franklin, Massachusetts, specified at one-third of maximum practical rates at Franklin wells for scenario 2.
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Table 12. Mean monthly and mean annual base flow rates calculated for base flow constraint sites in the Mill River and Mine Brook 
Basins, Massachusetts, for scenario 2.

[Base flow rates are in cubic feet per second; base flow constraint sites shown in figure 3]

Constraint 
site

Mean monthly base flow rate for scenario 2 Annual 
base flow 

rateJanuary February March April May June July August September October November December

DB1 3.00 3.25 4.76 4.65 2.36 1.32 0.30 0.03 0.09 0.76 1.91 3.08 2.13
MC1 4.36 4.69 6.72 6.60 3.50 2.09 0.64 0.17 0.25 1.20 2.83 4.44 3.12
MB1 18.5 19.0 24.0 24.6 16.4 12.1 6.56 4.11 4.23 8.36 13.5 18.3 14.1
MB2 34.3 35.0 46.2 47.5 29.7 21.1 10.5 6.02 6.36 13.8 24.1 34.5 25.7
MR1 35.9 36.3 43.2 44.1 32.8 26.5 17.3 12.5 13.0 20.4 28.7 36.1 28.9

Scenario 3: Mean Annual Demand for Franklin 
Water-Supply System Specified at Maximum 
Permitted Rate

The objective of this scenario was to determine if 
Franklin’s existing water-supply system has the capacity 
to increase the total withdrawal rates required to meet the 
2010–19 mean annual demand of 2.62 Mgal/d to the mean 
annual maximum permitted withdrawal rate of 3.45 Mgal/d, 
while maintaining withdrawal rates at wells FR–04 and 
FR–05 at their 2010–19 monthly rates. This was accomplished 
by increasing each of the specified monthly water-supply 
demands in the management model from its 2010–19 rate 
to the maximum permitted rate in proportion to each 
month’s 2010–19 rate relative to the mean annual maximum 
permitted rate of 3.45 Mgal/d (table 13).

The management model was used to determine monthly 
withdrawal rates at six wells: FR–01, FR–02, FR–03, FR–06, 
FR–07, and FR–08. Withdrawal rates determined for these 
wells were constrained by specified maximum rates equal to 
the maximum practical withdrawal rate of each well (table 4) 
and by specified minimum rates equal to 20 percent of each 
well’s maximum practical withdrawal rate. Withdrawal rates 
for wells FR–09 and FR–10 were specified in the model at 
their 2010–19 mean monthly withdrawal rates (table 5). Other 
components of the formulation for this scenario are described 
in the “Formulation of the Management Model” section of 
this report.

As was done for management scenario 2, the optimal 
withdrawal rates at each well were determined in two steps. In 
the first step, the management model was used to determine 
an initial set of withdrawal rates at the six wells at the simu-
lated monthly maximum permitted demands. That formula-
tion was found to be infeasible, however, because monthly 
demands could not be met during all months of the year except 
March, November, and December. In other words, the capac-
ity of the town’s existing water-supply system is insufficient 
to meet the mean annual maximum permitted withdrawal 
rate of 3.45 Mgal/d. A second formulation was then done in 

Table 13. Mean monthly, simulated maximum permitted, and 
90 percent of simulated maximum permitted demands for the 
Franklin, Massachusetts, public-water system for management 
scenario 3.

[Demand values are in million gallons per day]

Month

Mean 
monthly 
demand 
2010–19

Simulated 
maximum 
permitted 
demand

90 percent of 
simulated maximum 
permitted demand

January 2.36 3.10 2.79
February 2.32 3.05 2.74
March 2.36 3.10 2.79
April 2.51 3.31 2.97
May 2.85 3.75 3.37
June 3.00 3.94 3.54
July 3.13 4.12 3.70
August 2.90 3.82 3.43
September 2.87 3.78 3.40
October 2.48 3.26 2.93
November 2.33 3.07 2.76
December 2.31 3.04 2.73
Mean annual 2.62 3.45 3.10

which the monthly demands were reduced to 95 percent of the 
maximum permitted demands, but this formulation was also 
found to be infeasible because monthly demands could not be 
met from May through September. In a third formulation, the 
monthly demands were reduced to 90 percent of the maximum 
permitted demands (to a mean annual demand of 3.10 Mgal/d; 
table 13), which resulted in a feasible solution.

The results of this step of the scenario are listed in 
table 14. Total monthly withdrawal rates from all 10 wells are 
listed in the next to last row of table 14 in gallons per minute 
and in table 13 in million gallons per day. Mean annual with-
drawal rates from wells FR–04 and FR–05 in the Mill River 
Basin were unchanged from the baseline (2010–19) conditions 
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Table 14. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system determined by or specified 
in the management model in the first step of scenario 3.

[Well locations shown in figure 1. ID, identifier]

Well ID
Mean monthly withdrawal rate, in gallons per minute

January February March April May June July August September October November December

FR–01 150 30 150 150 150 101 150 150 150 30 150 150
FR–02 350 350 350 350 350 350 350 350 350 247 350 350
FR–03 320 64 64 320 320 320 320 320 320 320 64 320
FR–04 321 320 358 349 336 417 484 452 437 374 351 358
FR–05 119 146 158 149 158 160 159 145 136 137 142 132
FR–06 50 183 50 50 174 250 250 250 204 95 250 50
FR–07 280 280 242 280 280 280 280 280 178 280 253 196
FR–08 63 243 243 81 243 243 218 107 243 243 49 49
FR–09 150 155 186 203 186 184 206 200 189 167 165 160
FR–10 137 135 135 132 146 162 157 128 154 143 142 136
Total, all wells 1,939 1,905 1,936 2,064 2,343 2,467 2,574 2,382 2,361 2,035 1,916 1,901
Total, subset of wellsa 1,363 1,305 1,285 1,434 1,703 1,728 1,774 1,657 1,634 1,382 1,281 1,275

aTotal for all wells other than FR–04, FR–05, and FR–10.

for this formulation (525 gal/min); however, mean annual 
withdrawal rates from the six wells in the Mine Brook Basin 
(FR–01, FR–02, FR–03, FR–06, FR–07, and FR–10) increased 
by a mean monthly rate of 266 gal/min (from 964 gal/min 
for the baseline conditions to 1,230 gal/min for this formula-
tion) to meet the increased monthly demands. Each calculated 
withdrawal rate is listed as a percentage of the well’s maxi-
mum practical withdrawal rate in table 15. Note that five of 
the six wells in the Mine Brook Basin (FR–01, FR–02, FR–03, 
FR–06, and FR–07) were pumped at 100 percent of their 
maximum practical withdrawal rates during July and August 
to meet the specified demands.

As was done for scenario 2, the mean value of the sum 
of the withdrawal rates each month at all wells except FR–04, 
FR–05, and FR–10 (shown in the last row of table 14), as a 
percentage of the sum of the maximum practical withdrawal 
rate at the wells (1,843 gal/min), which are shown in the 
bottom row of table 15 and in table 16, were used to deter-
mine withdrawal rates specified in the model for wells FR–01 
through FR–03 and FR–06 through FR–09 in the second step 

of the process; withdrawal rates specified for all wells in the 
second step are shown in table 17. The management model 
was then re-run with the updated withdrawal rates (table 17) 
to determine the effects of the withdrawals on water levels 
in Kingsbury Pond and base flow at the base flow con-
straint sites.

Mean monthly water-level altitudes calculated for 
Kingsbury Pond and mean annual rates of base flow at 
the Mill River constraint site (MR1) for this scenario are 
unchanged from the baseline conditions (fig. 8; table 18; 
within small rounding errors) because withdrawal rates at 
wells FR–04 and FR–05, the only Franklin wells that affect 
base flow at MR1, are the same as those for the baseline con-
ditions. Because withdrawal rates in the Mine Brook Basin are 
increased for this scenario compared with the 2010–19 base-
line condition by a mean monthly rate of 266 gal/min, rates of 
stream base flow are reduced at the four base flow constraint 
sites in the Mine Brook Basin by a maximum of about 0.5 ft3/s 
at the basin-outflow constraint site (MB2).



30  Groundwater-Withdrawal Scenarios for Kingsbury Pond, Upper Charles River Basin, Eastern Massachusetts

Table 15. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system determined by or specified 
in the management model in the first step of scenario 3, as a percentage of each well's maximum practical withdrawal rate.

[Well locations shown in figure 1. ID, identifier]

Well ID
Percentage of maximum practical withdrawal rate

January February March April May June July August September October November December

FR–01 100 20 100 100 100 67 100 100 100 20 100 100
FR–02 100 100 100 100 100 100 100 100 100 71 100 100
FR–03 100 20 20 100 100 100 100 100 100 100 20 100
FR–04 53 53 60 58 56 70 81 75 73 62 58 60
FR–05 40 49 53 50 53 53 53 48 45 46 47 44
FR–06 20 73 20 20 70 100 100 100 82 38 100 20
FR–07 100 100 86 100 100 100 100 100 64 100 90 70
FR–08 26 100 100 33 100 100 90 44 100 100 20 20
FR–09 60 62 74 81 74 74 82 80 76 67 66 64
FR–10 55 54 54 53 59 65 63 51 61 57 57 54
Mean, subset of wellsa 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2

aMean value of sum of withdrawal rates for all wells other than FR–04, FR–05, and FR–10 as percentage of the maximum practical withdrawal rates at the 
wells (1,843 gal/min).

Table 16. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system specified in the 
management model in the second step of scenario 3, as a percentage of each well's maximum practical withdrawal rate.

[Well locations shown in figure 1. ID, identifier]

Well ID
Percentage of maximum practical withdrawal rate

January February March April May June July August September October November December

FR–01 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2
FR–02 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2
FR–03 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2
FR–04 53.5 53.3 59.7 58.2 56.0 69.6 80.7 75.3 72.8 62.3 58.5 59.6
FR–05 39.5 48.6 52.6 49.5 52.5 53.4 53.0 48.2 45.5 45.7 47.2 43.9
FR–06 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2
FR–07 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2
FR–08 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2
FR–09 73.9 70.8 69.7 77.8 92.4 93.8 96.2 89.9 88.7 75.0 69.5 69.2
FR–10 54.9 53.9 53.9 53.0 58.5 64.6 62.8 51.3 61.4 57.1 56.7 54.4
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Table 17. Mean monthly withdrawal rates from wells in the Franklin, Massachusetts, public-water system specified in the 
management model in the second step of scenario 3.

[Well locations shown in figure 1. ID, identifier]

Well ID
Mean monthly withdrawal rate, in gallons per minute

January February March April May June July August September October November December

FR–01 111 106 105 117 139 141 144 135 133 113 104 104
FR–02 259 248 244 272 323 328 337 315 310 263 243 242
FR–03 236 227 223 249 296 300 308 288 284 240 222 221
FR–04 321 320 358 349 336 417 484 452 437 374 351 358
FR–05 119 146 158 149 158 160 159 145 136 137 142 132
FR–06 185 177 174 195 231 235 241 225 222 188 174 173
FR–07 207 198 195 218 259 263 269 252 248 210 195 194
FR–08 180 172 169 189 225 228 234 218 216 182 169 168
FR–09 185 177 174 195 231 235 241 225 222 188 174 173
FR–10 137 135 135 132 146 162 157 128 154 143 142 136
Total, all wells 1,939 1,905 1,936 2,064 2,343 2,468 2,573 2,382 2,361 2,036 1,915 1,901
Total, subset of wellsa 1,362 1,305 1,285 1,434 1,703 1,729 1,773 1,657 1,635 1,382 1,281 1,275

aTotal for all wells other than FR–04, FR–05, and FR–10.

Table 18. Mean monthly and mean annual base flow rates calculated for base flow constraint sites in the Mill River and Mine Brook 
Basins, Massachusetts, for scenario 3.

[Base flow rates are in cubic feet per second; base flow constraint sites shown in figure 3.]

Constraint 
site

Mean monthly base flow rate for scenario 3 Annual 
base 

flow rateJanuary February March April May June July August September October November December

DB1 3.01 3.25 4.76 4.66 2.34 1.31 0.29 0.03 0.10 0.76 1.91 3.08 2.12
MC1 4.33 4.64 6.69 6.56 3.45 2.05 0.60 0.14 0.23 1.17 2.80 4.41 3.09
MB1 18.4 18.9 23.9 24.5 16.3 12.0 6.46 4.01 4.15 8.27 13.4 18.2 14.0
MB2 34.2 34.8 46.0 47.4 29.5 20.9 10.4 5.89 6.25 13.7 24.0 34.3 25.6
MR1 35.6 36.0 42.8 43.8 32.4 26.1 17.0 12.1 12.6 20.0 28.4 35.7 28.5
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Limitations of Analysis
The results of this study are subject to several assump-

tions and limitations, including the availability of data for 
Kingsbury Pond and surrounding aquifer, accuracy of the 
groundwater-flow models for the Upper Charles River Basin 
and of response coefficients calculated by the models, and 
use of the response-matrix method to solve the groundwater 
management model. Many of these assumptions and limi-
tations have been described previously by DeSimone and 
others (2002) and Eggleston (2004) for the Upper Charles 
River Basin studies and for similar groundwater management 
modeling studies completed by Barlow and Dickerman (2001) 
and Granato and Barlow (2005) in Rhode Island.

Observations and measurements of the water levels 
in Kingsbury Pond before the completion and operation of 
well FR–04 in 1964 are sparse. Because of this lack of data, 
the altitude and average annual range of pond water levels 
under nonpumping conditions was estimated from the few 
observations by Williams (1967) and from ranges in water 
levels measured in wells in stratified glacial deposits across 
Massachusetts. This analysis provides reasonable estimates 
of the upper and lower bounds on the average annual water-
level range, but in the absence of direct observations at the 
pond, the actual prepumping water-level altitude and range 
remains uncertain.

Observations of streamflow are available for only a few 
sites in the basin, and direct measurements of base flow are 
limited to those made during dry periods of extended stream-
flow recession. Because of these limitations of available data, 
mean monthly rates of base flow at the base flow constraint 
sites were estimated by use of statistical methods that relate 
base flow statistics at streamgages near the base flow con-
straint sites with short periods of streamflow record to base 
flow statistics at streamgages with longer periods of record. 
Base flow at the long-term streamgages was not measured 
directly but rather estimated by use of a hydrograph-separation 
method. These statistical and hydrograph-separation methods 
introduce multiple, poorly known sources of error into the 
estimates of base flow at the constraint sites (DeSimone and 
others, 2002).

The groundwater-flow models developed for the Upper 
Charles River Basin simulate mean annual hydrologic condi-
tions during 2010–19 by use of 12 monthly stress periods 
and do not represent dry years or describe the variability in 
pond levels or base flow within a month during the aver-
age year (DeSimone and others, 2002; Eggleston, 2004). 
Eggleston (2004) describes errors in groundwater levels 
and base flow values simulated by the groundwater-flow 
model resulting from the presence of thin and discontinu-
ous unconfined aquifers throughout the Upper Charles River 
Basin and groundwater interactions with streams, which are 
simulated as a nonlinear, head-dependent boundary condi-
tion. These errors affect the accuracy of the response coef-
ficients, as noted previously. These types of errors might 
be reduced through use of the Newton-Raphson method for 

solution of the mathematical equation of groundwater flow 
that is the basis of the MODFLOW program; this method has 
been implemented in the most recent version of MODFLOW 
(MODFLOW 6; Hughes and others, 2017; Langevin and oth-
ers, 2017) and would require that the modified model of the 
Upper Charles River Basin be updated.

The response-matrix method used in this study requires 
the assumption that changes in water levels at Kingsbury Pond 
and in the rates of base flow at the base flow constraint sites 
are linear functions of the simulated rates of groundwater 
withdrawals at each of the public-supply wells and septic-
system return flows in unsewered areas that receive public-
water supplies. Although the assumption of linearity was 
found to be acceptable for the conditions simulated, nonlinear-
ities caused by unconfined groundwater conditions and head-
dependent boundary conditions could be addressed directly by 
use of the sequential linear programming method (Ahlfeld and 
Mulligan, 2000). Automated sequential linear programming 
methods that can be used for groundwater management analy-
ses have been developed by Ahlfeld and others (2005) and 
White and others (2018); Danapour and others (2021) describe 
an application of both linear and sequential linear program-
ming methods with the PESTPP–OPT software (White and 
others, 2018) for basin-scale water-resource management 
in Denmark.

Summary and Conclusions
Kingsbury Pond is a glacial kettle pond in the town of 

Norfolk in the Mill River Basin, which is part of the Upper 
Charles River Basin in eastern Massachusetts. The pond is 
hydraulically connected to the surrounding groundwater-flow 
system and water levels in the pond fluctuate in response to 
recharge to the aquifer from precipitation and wastewater 
return flow through septic systems, to withdrawals from the 
aquifer at nearby wells, and to precipitation directly on the 
pond surface. Water levels in the pond have been lowered by 
withdrawals from wells near the pond operated by the Town of 
Franklin, particularly from well FR–04, which began opera-
tion in 1964, but also from well FR–05 as shown by hydro-
logic and modeling analyses in this and previous investiga-
tions. On the basis of water-level data available for the pond 
before the start of withdrawals from wells FR–04 and FR–05, 
the altitude of the pond surface likely fluctuated annually in 
the range of 135 to 140 feet (ft) during years of average hydro-
logic conditions. The altitude of the pond surface, measured 
continuously during 2001–07, ranged from a minimum of 
126.3 ft to a maximum of 136.9 ft, with a mean of 131.0 ft. 
Annual water-level ranges for this period fluctuated from 1.6 
to 6.4 ft, with a mean annual range of 4.7 ft.

An existing, transient groundwater-flow model of the 
Upper Charles River Basin was slightly modified in the lower 
Mill River Basin in the area extending from the Charles River 
to just north of Bush Pond, including Kingsbury Pond, to 
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improve representation of the hydrologic system and inter-
actions of the pond with the surrounding groundwater-flow 
system. Adjustments made to the simulated value of horizontal 
hydraulic conductivity of the aquifer in the vicinity of the 
pond resulted in an improvement in agreement between results 
of the simulation and the timing of the maximum and mini-
mum water levels in the pond and to the maximum groundwa-
ter levels measured in three nearby observation wells over the 
simulated mean annual cycle.

The mean annual water-level altitude simulated for 
the pond for nonpumping conditions by use of the modified 
model is 136.0 ft, which falls within the range of likely annual 
pond-altitude fluctuations of 135 to 140 ft estimated for the 
pond for average hydrologic conditions before the beginning 
of withdrawals at wells FR–04 and FR–05. The mean annual 
water-level altitude at the pond decreased by 3.8 ft, to 132.2 ft, 
for simulated mean monthly withdrawal rates at all wells 
within the Upper Charles River Basin for the 2010–19 period 
(referred to as the “baseline withdrawal condition”). The 
simulated mean annual altitude of the pond for the baseline 
condition of 132.2 ft is close to the mean altitude of 131.0 ft 
measured during 2001–07, and the simulated annual range of 
water levels in the pond of 4.6 ft is nearly equal to the mean 
annual water-level range of 4.7 ft measured at the pond dur-
ing 2001–07. The simulated water levels in the pond for the 
nonpumping and baseline conditions are, therefore, in overall 
agreement with available data on pond water levels.

A groundwater management model was developed to 
evaluate alternative groundwater-withdrawal scenarios for the 
Franklin public-water system for the purpose of maintaining 
minimum desired water levels at Kingsbury Pond while meet-
ing the town’s water-supply needs and a set of water-supply 
operational constraints and minimum base flow requirements. 
The water-supply operational constraints included specified 
minimum and maximum withdrawal rates at the supply wells 
and constraints to limit the effects of the withdrawals on two 
small headwater tributary streams to Mine Brook (Dix and 
Miscoe Brooks). Base flow is that part of streamflow originat-
ing from groundwater discharge and was used in the analysis 
because it is the component of streamflow that is calculated 
by the groundwater model. Minimum base flow requirements 
specified in the management model, including maintenance of 
flow in the two headwater streams, were met for all with-
drawal scenarios. The management model was solved by 
use of the response-matrix method, which assumes a linear 
response of the hydrologic system to stresses imposed on the 
system by groundwater withdrawals and wastewater return 
flows. This assumption was tested and found to be acceptable.

Three scenarios were evaluated with the management 
model. In the first scenario, withdrawal rates at wells FR–04 
and FR–05 were increased from their 2010–19 baseline with-
drawal rates to their maximum authorized rates. This scenario 

resulted in a mean annual water-level altitude at the pond of 
129.3 ft, or a mean annual decline of 6.7 ft compared with lev-
els under nonpumping conditions and of 2.9 ft compared with 
baseline conditions. In the second scenario, withdrawal rates 
at wells FR–04 and FR–05 were decreased from their baseline 
withdrawal rates to one-third their maximum practical rates. 
This scenario resulted in a mean water-level altitude at the 
pond of 134.1 ft, or a mean annual decline of 1.9 ft compared 
with nonpumping conditions and 51 percent increase com-
pared with the declines for the 2010–19 baseline conditions.

In the first two scenarios, monthly demands on the 
Franklin water-supply system were set at their 2010–19 rates. 
The objective of the third scenario was to determine if the 
system has the capacity to meet the mean annual maximum 
permitted rate of 3.45 million gallons per day (Mgal/d), while 
maintaining withdrawal rates at wells FR–04 and FR–05 at 
their 2010–19 rates. The analysis indicated that the capacity 
of the system cannot meet the increased demand during some 
months of the year with withdrawal rates at the two wells fixed 
at their 2010–19 rates; the existing system is capable, how-
ever, of meeting about 90 percent of the maximum permitted 
rate (3.10 Mgal/d)

The results of analyses from this and previous studies 
indicated that water levels in Kingsbury Pond are affected by 
withdrawals from wells FR–04 and FR–05. Model simulation 
results described in this report show that water levels in the 
pond can be increased relative to 2010–19 conditions, while 
meeting the 2010–19 water-supply demands of Franklin, if 
withdrawal rates at the two wells were decreased. Results of 
the withdrawal scenarios also demonstrate the tradeoffs that 
occur between water levels in Kingsbury Pond and rates of 
base flow in Mine Brook Basin. Specifically, as withdrawal 
rates at wells FR–04 and FR–05 in the Mill River Basin are 
either reduced (for specified 2010–19 total water-supply 
demands) or maintained (for specified maximum permitted 
total water-supply demands), rates of base flow in the Mine 
Brook Basin decrease in response to increased withdrawals 
in the basin, possibly affecting the coldwater fish resources of 
Dix and Miscoe Brooks.

The results of the study are subject to several assump-
tions and limitations regarding the availability of data for the 
pond and surrounding aquifer, accuracy of the groundwater-
flow model and of the response coefficients calculated by the 
model, and use of the response-matrix method to solve the 
groundwater management model. The results are also subject 
to assumptions related to the Town of Franklin’s public-water-
supply infrastructure and engineering limitations. Although 
developed in consultation with the Massachusetts Department 
of Environmental Protection and the Franklin Department of 
Public Works, engineering and operational constraints would 
need to be further evaluated before implementing an opera-
tional plan consistent with these scenarios.
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