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Estimated Hydrologic Budgets of Kettle-Hole Ponds in 
Coastal Aquifers of Southeastern Massachusetts

By Donald A. Walter and John P. Masterson

Abstract
Kettle-hole ponds in southeastern Massachusetts are in 

good hydraulic connection to an extensive coastal aquifer 
system that includes the Plymouth-Carver aquifer system on 
the mainland and aquifers underlying Cape Cod. The ponds 
receive water from, and contribute water to, the underlying 
glacial aquifer; ponds also receive water from precipitation 
and lose water to evaporation from the pond surface. Some 
ponds are connected to surface-water drainage systems and 
receive water from or contribute water to streams or adjacent 
wetlands. The Massachusetts Department of Environmental 
Protection currently (2011) is developing Total Maximum 
Daily Loads of phosphorus for the freshwater ponds in 
the region to maintain the health of pond ecosystems; the 
amounts and sources of water fluxes into and out of the 
ponds are important factors in determining the amount of 
phosphorus that can be assimilated into a pond. To assist in 
this effort, the U.S. Geological Survey used groundwater-flow 
models of the coastal aquifer system to estimate hydrologic 
budgets—including inflows and outflows from the aquifer 
system and adjacent streams and wetlands, and recharge from 
precipitation—for 425 ponds in southeastern Massachusetts.

Water fluxes through the ponds are a function of several 
factors, including the size, shape, and bathymetry of the pond, 
orientation of the pond relative to the regional hydraulic 
gradient, and hydrologic setting relative to the proximity of 
groundwater divides and discharge boundaries. Total steady-
state fluxes through the ponds range from more than 3,300,000 
to less than 2,000 cubic feet per day. For ponds without 
surface-water inlets or outlets, groundwater inflow accounts 
for 98 to 3 percent of total inflow; conversely, recharge 
onto the pond surface accounts for the remainder of inflow 
(between 2 and 97 percent). All natural flows from these ponds 
are through recharge from the pond into the aquifer. In one 
pond, about 94 percent of the total outflow is removed for 
water supply. For ponds that are connected to surface-water 
drainages, most inflow and outflow are through streams. 
Ponds that receive water from streams receive most (58 to 
89 percent) of their water from those streams. Ponds that are 
drained by streams lose between 5 and 100 percent of their 
water to those streams.

Introduction
The coastal plain of southeastern Massachusetts, 

including Cape Cod, contains numerous freshwater ponds 
that are important ecological and recreational resources for 
the region. The ponds, known as kettle-hole ponds, (1) are 
in hydraulic connection with the underlying coastal aquifers 
and (2) receive water from and contribute water to the 
aquifers. Many ponds also are connected to surface-water 
drainages and can receive water from and contribute water to 
streams and adjacent wetlands. The ponds receive water from 
recharge, which is the net difference between precipitation 
and evaporation, and water is withdrawn from some ponds for 
municipal water supply. 

Nutrients, such as phosphorus, can be introduced into 
a pond from onsite septic disposal and agricultural activities 
within the watershed of the pond. Excess concentrations of 
phosphorus can contribute to the process of eutrophication, 
which can adversely affect water quality, clarity, and the 
ecological health of the ponds. The Massachusetts Department 
of Environmental Protection (MassDEP) currently (2009) 
is assessing the vulnerability of the region’s ponds to 
eutrophication by developing Total Maximum Daily Loads 
(TMDLs) of phosphorus for the ponds. The volume of water 
entering and leaving a pond and the mechanisms by which 
water flows into and out of a pond (groundwater and (or) 
surface water) are important factors affecting the susceptibility 
of a pond to phosphorus-induced eutrophication. In 2008, 
the U.S. Geological Survey (USGS) developed hydrologic 
budgets for steady-state conditions for 425 ponds within the 
coastal aquifers of southeastern Massachusetts, including 
Cape Cod (fig. 1), to assist MassDEP in establishing TMDLs 
of phosphorus for ponds in the region. These budgets include 
estimates of pond inflows and outflows through recharge, 
surface water, groundwater, and production wells.

Purpose and Scope

The purpose of this report is to document analyses 
performed by the USGS in support of MassDEP efforts to 
develop TMDLs of phosphorus in ponds located in the coastal 
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aquifers of southeastern Massachusetts. The report includes 
discussions of the hydrologic settings of kettle-hole ponds 
located in coastal aquifers and of the individual components 
of the hydrologic budgets of the ponds. Estimated hydrologic 
budgets for 425 ponds are presented in data tables, grouped 
by aquifer (table 1, in back of report); index maps with 
topographic bases are presented to show the locations of 
individual ponds (appendix 1). 

Hydrogeology of Southeastern Massachusetts

The coastal areas of southeastern Massachusetts are 
underlain by unconsolidated glacial sediments deposited 
during the Pleistocene Epoch between 15,000 and 
16,000 years ago. The sediments, which range in thickness 
from near 0 adjacent to bedrock outcrops in the northwest 
part of the Plymouth-Carver area to more than 900 ft beneath 
eastern parts of Cape Cod, consist of gravel, sand, silt, and 
clay deposited in a variety of depositional environments 
beneath or near the edge of a continental ice sheet (Oldale 
and O’Hara, 1984; Uchupi and others, 1996). Much of the 
sediment was deposited in fluvial and lacustrine environments 
associated with deltas in proglacial meltwater lakes (Oldale, 
1992). These deltaic sediments are characterized by coarse-
grained sand and gravel deposited within meltwater streams 
underlain by sand deposited in nearshore lacustrine sediments. 
These sandy sediments are, in turn, underlain by fine-grained 
silt and clay deposited in offshore lacustrine environments 
(Oldale and O’Hara, 1984). The deltaic sediments are bounded 

laterally by moraine and kame deposits (Oldale and Barlow, 
1986). Moraines were deposited at or near the ice edge by 
melting ice, and kame deposits were deposited by meltwater 
within holes in the ice sheets. Collapse structures are 
important geologic features of southeastern Massachusetts and 
Cape Cod. Remnants of glacial ice were buried by meltwater 
sediments following retreat of the ice sheets. As the buried 
ice blocks melted, the overlying glacial sediments collapsed 
forming topographic depressions within outwash plains; in 
some cases water then filled the depressions, forming kettle-
hole ponds.

The glacial sediments underlying coastal areas of 
southeastern Massachusetts compose important regional 
aquifers. These aquifers are the sole sources of potable 
water to local communities, and groundwater flow supports 
aquatic ecosystems in the streams, ponds, and coastal waters 
of the area. The regional aquifers include the Plymouth-
Carver aquifer on the Massachusetts mainland and aquifers 
underlying Cape Cod (fig. 2). Southeastern Massachusetts 
receives about 45 in. of precipitation annually; about one-half 
of the precipitation is lost to evapotranspiration, and the other 
half recharges the aquifer at the water table (LeBlanc and 
others, 1986). Groundwater flows away from water-table highs 
(regional groundwater divides) toward discharge locations in 
streams and coastal waters. The Plymouth-Carver aquifer is a 
single aquifer system; water-table altitudes in the aquifer range 
from about 130 ft above the National Geodetic Vertical Datum 
1929 (NGVD 29) near the regional water-table divide to near 
NGVD 29 at the coast (Masterson and others, 2009) (fig. 2). 
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Universal Transverse Mercator projection,
Zone 19, 1:24,000, 1991

Figure 1. Locations of coastal aquifers in southeastern Massachusetts.
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The aquifers underlying Cape Cod comprise six distinct 
flow lenses:  the Sagamore, Monomoy, Nauset, Chequesset, 
Pamet, and Pilgrim flow lenses (LeBlanc and others, 1986) 
(fig. 2). The flow lenses are separated by substantial saltwater 
boundaries into separate flow systems. In this analysis, the 
aquifers underlying Cape Cod are included in three separate 
systems:  the Sagamore aquifer (Sagamore flow lens), the 
Monomoy aquifer (the Monomoy lens), and the Lower Cape 
aquifer (the Nauset, Chequesset, Pamet, and Pilgrim flow 
lenses). The highest water-table altitudes in the Sagamore, 
Monomoy, and Lower Cape aquifers are about 70, 35, and 
15 ft, respectively (Walter and Whealan, 2004; Masterson, 
2004) (fig. 2). 

Kettle-hole ponds generally are in good hydraulic 
connection with the underlying coastal aquifers. Groundwater 
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both enters and leaves the ponds and, as a result, three-
dimensional groundwater-flow patterns are locally affected 
by ponds (Walter and Masterson, 2002). Because ponds 
are areas with little resistance to flow, contours of water-
table altitudes bend around ponds and flow lines converge 
toward ponds in upgradient areas and diverge from ponds 
in downgradient areas (fig. 2). Vertical gradients are upward 
upgradient of ponds where ponds capture water from deeper 
in the aquifer and downward downgradient of ponds where 
ponds recharge the aquifer (fig. 3). Factors that affect the flux, 
or amount of groundwater flowing through a pond, include 
(1) the surface area, shape, and depth of the pond, (2) the 
location of the pond relative to regional groundwater divides 
and discharge locations in streams and coastal waters, and 
(3) the permeability of pond-bottom sediments (Walter and 

Figure 2. Water-table altitudes in the Plymouth-Carver and Cape Cod aquifer systems, southeastern Massachusetts.
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Masterson, 2002; Winter and others, 1998). For a given size 
and shape, ponds away from regional groundwater divides 
and closer to discharge boundaries or underlain by more 
permeable sediments generally would transmit larger fluxes 
of groundwater. Many ponds exchange water only with the 
aquifer; however, some ponds also exchange water with 
adjacent streams and wetlands. Some ponds have only outlets 
to surface waters, whereas other ponds have both inlets and 
outlets. Precipitation exceeds evaporation in southeastern 
Massachusetts, so ponds receive a net inflow from recharge. In 
addition to natural outflow, water is pumped from some ponds 
for water supply.  

Methods of Analysis

Hydrologic budgets were estimated for 425 ponds by 
using existing numerical models of the four regional aquifers 
of southeastern Massachusetts and Cape Cod:  the Plymouth-
Carver, Sagamore, Monomoy, and Lower Cape Cod aquifer 
systems (fig. 4). Based on the U.S. Geological Survey 
finite-difference modeling code MODFLOW (Harbaugh and 
others, 2000; McDonald and Harbaugh, 1988), the models 
were designed during previous investigations between 
2004 and 2008 to simulate the groundwater-flow systems 
of the regional aquifers and are documented in detail in 
USGS publications. The regional models of the Sagamore 
and Monomoy flow lenses are documented in Walter and 
Whealan (2004), the regional model of the Lower Cape 
Cod aquifer system (consisting of the Nauset, Chequesset, 
Pamet, and Pilgrim flow lenses) is documented in Masterson 
(2004), and the regional model of the Plymouth-Carver 

aquifer is documented in Masterson and others (2009). 
These publications include detailed discussions of the 
geology and hydrology of the respective aquifer systems 
and document model inputs, including boundary conditions, 
aquifer properties, and hydraulic stresses. The reports also 
discuss model calibration, including hydraulic data used for 
calibration and the agreement between observed and simulated 
hydrologic conditions. 

Ponds were represented as regions of the aquifer with 
hydraulic conductivity (50,000–100,000 ft/d) much higher 
than the hydraulic conductivity of aquifer sediments (10 and 
350 ft/d). Representing ponds as zones of high hydraulic 
conductivity results in a modeled pond-aquifer system that 
behaves the same as the natural system; flow lines converge 
toward the pond in upgradient areas and diverge from the pond 
in downgradient areas. Generally ponds less than 3.7 acres in 
area were excluded; given the model discretization of 400 ft, 
those ponds would consist of only a single model cell. The 
Stream Package (Prudic, 1989) was used to represent ponds 
with surface-water inlets or outlets as a head-dependent 
boundary condition. Stream boundaries were coincident with 
one or more model cells that represented ponds. The boundary 
altitude was set to the simulated level of the pond, and a very 
high (essentially infinite) boundary leakance was specified. 
The result was a simulated condition in which the pond 
received water from or discharged water to the stream, and the 
volume of water discharged was a function of the simulated 
pond level. Recharge onto the pond surface was simulated 
by the RCH Package (McDonald and Harbaugh, 1988) as a 
specified flux of water onto the pond surface at a recharge rate 
of about 16 in/yr representing the estimated net difference 
between regional precipitation and evaporation. Withdrawals 

Groundwater underflow

Aquifer

Lower extent of groundwater inflow              
                                           Lower extent of pond outflow

     Pond-bottom sediment

Modified from Winter and others (1998)Schematic only, not to scale

Converging flow
Diverging flow

Flow-through pond
Water
 table

Figure 3. Vertical groundwater-flow paths upgradient and downgradient from kettle-hole ponds typical of those found in coastal 
aquifers of southeastern Massachusetts.



Introduction  5

of water for public supply were simulated as a specified 
flux by the WEL Package (McDonald and Harbaugh, 1988). 
The pumping rates and locations in this analysis generally 
represent current (2003–08) conditions and are documented 
in detail in Masterson and others (2009), Masterson (2004), 
and Walter and Whealan (2004). Steady-state conditions 
were assumed in which recharge and pumping stresses were 
averaged and constant over time; hydrologic budgets for the 
ponds, therefore, represented average inflows and outflows. 

The models representing the Plymouth-Carver and 
Lower Cape Cod aquifers are the same as those documented 
in Masterson and others (2009) and Masterson (2004). The 

models of the Sagamore and Monomoy aquifers (Walter and 
Whealan, 2004) were modified from their original versions 
as part of this analysis. Hydrologic boundary conditions, 
water-transmitting properties of aquifer sediments, and 
hydraulic stresses were identical to those documented in 
Walter and Whealan (2004); however, areas of the models that 
represent ponds—as zones with essentially infinite hydraulic 
conductivity—were modified to better match actual conditions 
(fig. 5). In the Sagamore model, 16 new ponds were added, 
and 11 ponds were modified (fig. 5A); in the Monomoy 
model, 5 new ponds were added and 10 ponds were modified 
(fig. 5B).

Base from U.S. Geological Survey digital data,
Universal Transverse Mercator projection,
Zone 19, 1:24,000, 1991
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Figure 4. Extents of four regional models of coastal aquifers in southeastern Massachusetts:  the Plymouth-Carver, Sagamore, 
Monomoy, and Lower Cape aquifers on Cape Cod. 
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Hydrologic budgets for ponds were estimated by using 
the USGS program ZONEBUDGET (Harbaugh, 1990). This 
program uses cell-by-cell flows calculated by MODFLOW 
to estimate hydrologic budgets for user-defined subregions of 
the model domain. For this analysis, the program was used 
to estimate hydrologic budgets for each zone that represented 
a pond within the models. The program calculates water 
exchange between the pond and the surrounding model cells 
(groundwater inflow and outflow) as well as between the pond 
and head-dependent boundaries (stream inflow and outflow); 
the program also accounts for water that enters the pond as 
recharge and water that is withdrawn from wells.

Estimated Hydrologic Budgets
The hydrologic budget of a pond is defined as the sum 

of individual flow components entering and leaving the pond. 
Inflows to the simulated ponds are (1) inflow from the aquifer 
(groundwater inflow), (2) inflow from a stream (stream 
inflow), and (3) precipitation onto the pond surface (fig. 6). 
Outflows from the simulated ponds are (1) outflow into the 
aquifer (groundwater outflow), (2) outflow into a stream 
(stream outflow), (3) evaporation from the pond surface,  
and (4) withdrawals from pumped wells within the pond 
(fig. 6). The sum of all inflows equals the sum of all outflows 
(equation 1):

 IN
Q groundwater + Q stream + Q precipitation = 
 OUT  

Q groundwater + Q stream + Q evaporation + Q wells  (1)

Recharge is defined as the difference between 
precipitation and evaporation. Because precipitation exceeds 
evaporation in this region, recharge is a net flow into the pond. 

Equation 1 is based on steady-state-flow conditions, in 
which recharge and pumping stresses are constant through 
time. Total inflows are equal to total outflows, and there is 
no change in storage within the pond. If stresses change 
through time, inflows and outflows would not be equal, and 
the difference would be the result of a change in storage in the 
pond. In this analysis, the steady-state pumping and recharge 
stresses represented average annual rates as discussed in 
Masterson and others (2009), Masterson (2004), and Walter 
and Whealan (2004).

Water Fluxes Into and Out of Ponds

Water fluxes through the ponds are a function of several 
factors. The physical characteristics that determine total water 
fluxes through the pond include the surface area, volume, and 
bathymetry of the pond, as well as the shape and orientation 
of the pond relative to the regional hydraulic gradient. Another 
important factor is the hydrologic setting of the pond relative 
to groundwater divides and discharge boundaries. In areas 
near a regional groundwater divide, where hydraulic gradients 
are small, a pond with a given set of physical characteristics 
generally would have a smaller water flux than a similar 
pond in an area close to discharge boundaries (streams and 
coastal waters) with steep hydraulic gradients. Another 
factor affecting water fluxes through a pond is the hydraulic 
conductivity of pond-bottom sediments. Walter and Masterson 
(2002) found that fluxes through a pond can differ threefold 

Well

Inflow from stream

Precipitation

Pond
Inflow from

  aquifer

StreamStream

Aquifer

Outflow to stream

Outflow to

aquifer

Evaporation

Figure 6. Schematic diagram of hydrologic-budget components (inflows and outflows) to and from kettle-hole 
ponds in coastal aquifers of southeastern Massachusetts. 
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over a range of pond-bottom hydraulic conductivities from silt 
and clay to sand and gravel. In the regional models used for 
this analysis, pond-bottom sediments in nearshore areas, where 
most pond-aquifer water exchange occurs, were assumed to be 
sandy with relatively high hydraulic conductivities, resulting 
in a good hydraulic connection with the aquifer.

Hydrologic budgets were estimated for 425 ponds in the 
four modeled aquifers (table 1, in back of report):  218 in the 
Plymouth-Carver aquifer, 101 in the Sagamore aquifer, 72 
in the Monomoy aquifer, and 34 in the Lower Cape aquifer 
(fig. 7; table 2). The names, locations, and sizes of the ponds 
are presented in appendix 1. Of the 218 simulated ponds in the 
Plymouth-Carver aquifer, 86 have surface-water inflows or 
outflows. Of these ponds, 47 have surface-water outflows only, 

8 have inflows only, and 30 have both surface-water inflows 
and outflows (table 2). The remaining 132 ponds have no 
surface-water inflows or outflows and receive water only from 
recharge and groundwater inflow. The Sagamore, Monomoy, 
and Lower Cape aquifers have a total of 13, 6, and 2 ponds, 
respectively, with surface-water outflows; only 2 of these 
ponds, both in the Monomoy aquifer, also have surface-water 
inflows (table 2). Water is withdrawn for water supply from 
1 pond each in the Sagamore and Plymouth-Carver aquifers. 
The Sagamore, Monomoy, and Lower Cape aquifers have a 
total of 87, 66, and 32 ponds, respectively, that receive water 
only from recharge and groundwater inflow with no surface-
water inflows or outflows (table 2). The sizes of the simulated 
ponds range from 3.7 to 841.1 acres. The areas of the largest 

70°70°30'

42°

41°30'
Nantucket Sound

Atlantic Ocean

Buzza
rds

 Bay

Cape Cod Bay

Plymouth-Carver
        Aquifer

Sagamore Aquifer
Monomoy Aquifer

Lower Cape
    Aquifer

0 8 12 164 MILES

0 8 12 164 KILOMETERS

Sagamore

Monomoy

EXPLANATION
Locations of simulated ponds, by regional model

Plymouth-Carver

Lower Cape

Base from U.S. Geological Survey digital data,
Universal Transverse Mercator projection,
Zone 19, 1:24,000, 1991

Figure 7. The locations of ponds in coastal aquifers of southeastern Massachusetts for which hydrologic budgets were 
estimated by regional models of the Plymouth-Carver, Sagamore, Momomoy, and Lower Cape Cod aquifer systems. 
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ponds in the Plymouth-Carver, Sagamore, Monomoy, and 
Lower Cape aquifers are 786.0, 639.1, 841.1, and 117.5 acres, 
respectively (table 2).

The total pond fluxes ranged from 3,315,660 cubic feet 
per day (ft3/d)—through Glen Charlie Pond in the Plymouth-
Carver aquifer (identifier 220 in table 1, in back of report)—
to 1,196 ft3/d at Simmons Pond in the Monomoy aquifer 
(identifier 33 in table 1, in back of report). The largest pond 
fluxes in the Sagamore, Monomoy, and Lower Cape aquifers 
were about 870,030; 517,805; and 68,488 ft3/d, respectively 
(table 3). In the Plymouth-Carver, Sagamore, and Monomoy 
aquifers, the ponds with the largest fluxes have surface-water 
inflows and outflows. Ponds with surface-water inflows or 
outflows generally had higher total water fluxes than ponds 
that exchange water only with the underlying aquifer. The 
largest water fluxes through ponds in the Plymouth-Carver, 
Sagamore, Monomoy, and Lower Cape aquifers that have 
surface-water inflows or outflows were 3,315,660; 870,030; 
517,805; and 57,854 ft3/d, respectively (table 3). The largest 
pond fluxes in the aquifers that do not have surface-water 
inflows or outflows were 619,120; 434,660; 213,130; and 
68,488 ft3/d, respectively (table 3).

For ponds that have surface-water inflows or outflows, 
direct recharge, groundwater inflow, and inflow from streams 
were the sources of inflow; water left the ponds as outflow into 
streams, recharge of pond water into the aquifer, and, in one 
case, well withdrawals. For ponds that received water from 
streams, surface water was the largest component of inflow; 
surface-water inflow into these ponds ranged from 88.9 to 
58.4 percent of total inflow (table 3). The percentage of total 
inflow from groundwater in these ponds ranged from 98.3 to 
9.6 percent. Recharge, generally a small component of water 
fluxes through ponds, ranged from 34.1 to 0.8 percent. The 
percentage of total outflow through streams ranged from 100 
to 4.5 percent (table 3). Conversely, groundwater outflow 
from ponds into the aquifer ranged from 95.5 to 0 percent 
as a percentage of total outflow. About 34.7 percent of total 
outflow was withdrawn for water supply from one pond.

For ponds that do not have surface-water inflows or 
outflows, recharge and groundwater are the sole sources of 
inflow, and recharge of pond water into the aquifer is the sole 
component of outflow from the pond (fig. 6; table 3). The 
percentage of groundwater inflow, expressed as the percentage 
of total inflow, in these ponds ranged from 98.2 to 3.1 percent; 
the percentage of total inflow from recharge similarly ranged 
from 96.9 to 1.8 percent. Higher percentages of total inflow 
from groundwater inflow correspond to lower percentages 
from recharge. The percentage of outflow into groundwater 
was 100 percent from ponds that do not have surface-water 
inflows or outflows, with the exception of one pond in the 
Sagamore aquifer, where 93.7 percent of outflow is withdrawn 
from a well for water supply (table 3).

Limitations of Analysis

The hydrologic budgets listed in table 1 (in back of 
report) were calculated from numerical models calibrated 
to measured groundwater levels and streamflows; no direct 
measurements of pond fluxes were available for comparison to 
modeled fluxes. Sources of uncertainty inherent in numerical 
models include (1) inaccuracies in model design, including 
representation of the hydrogeologic framework, (2) calibration 
errors resulting from differences between observed and 
simulated hydrologic conditions, and (3) solution errors. The 
first two sources of uncertainty are a function of the design 
of the numerical models and the accuracy of the calibration 
data; both of these components of uncertainty are discussed in 
Walter and Whealan (2004), Masterson (2004), and Masterson 
(2009). Solution errors represent the accuracy of the balance 
between inflows and outflows and can be estimated for any 
region of a model domain representing a pond. The solution 
error of an estimated hydrologic budget is the percent 
difference between total estimated inflows and outflows 
relative to the total water flux through the pond. Errors in 
estimated hydrologic budgets were less than or equal to 
0.1 percent in the Sagamore aquifer and less than 0.8 percent 

Table 2. Number of ponds simulated in each of the four coastal aquifers and types of surface-water inflows and outflows and 
pumping from wells. 

[Groundwater inflow and outflow occurs in all ponds; Max is maximum surface area, Min is minimum surface area]

Modeled  
aquifer  
system

No 
surface-

water 
flows or 
pumping

Stream 
outflow 

only

Stream 
inflow 

only

Stream 
inflow  

and 
outflow

Stream 
outflow 

and 
pumping

Pumping     
only

Total         
number of 

ponds

Modeled surface area 
of pond, in acres 

Max Min

Plymouth-Carver Aquifer 132 47 8 30 1 0 218 786.0 7.4
Sagamore Aquifer 87 13 0 0 0 1 101 639.1 3.7
Monomoy Aquifer 66 4 0 2 0 0 72 841.1 7.4
Lower Cape Aquifer 32 2 0 0 0 0 34 117.5 3.7
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in the Monomoy aquifer (table 1, in back of report). Errors 
in estimated hydrologic budgets exceeded 1.0 percent in 
three ponds in the Lower Cape aquifer and seven ponds in 
the Plymouth-Carver aquifer; the largest errors in hydrologic 
budgets for ponds in these two aquifers were about 1.3 and 
8.6 percent, respectively (table 1, in back of report). It should 
be noted that the larger errors generally were calculated for 
ponds with hydrologic budgets that had relatively small fluxes; 
differences between total inflow and outflow result in larger 
budget errors when expressed as percentage of a smaller total 
water flux. 

Summary and Conclusions
The Massachusetts Department of Environmental 

Protection currently (2011) is developing Total Maximum 
Daily Loads of phosphorus for kettle-hole ponds in 
southeastern Massachusetts to assist in protecting aquatic 
ecosystems. The ponds are in good hydraulic connection 
to an extensive regional aquifer system that extends from 
the Plymouth-Carver aquifer on the mainland to aquifers 
underlying Cape Cod. The ponds receive water from and 
contribute water to the underlying aquifer. Ponds also 
receive water from precipitation; the net recharge onto the 
pond surface is the difference between precipitation and 
evaporation. Some ponds are connected to surface-water 
drainages and may receive water from or contribute water 
to surface waters. In addition, water is withdrawn from two 
ponds for public supply. 

An understanding of the amounts and sources of water 
fluxes through the ponds—that is, the hydrologic budgets 
of the ponds—is integral in determining the amount of 
phosphorus a pond can assimilate without adversely affecting 
water quality and the ecological health of the pond. The U.S. 
Geological Survey estimated steady-state hydrologic budgets 
for 425 ponds in an area of southeastern Massachusetts that 
encompasses the Plymouth-Carver and Cape Cod aquifer 
systems. Regional models of these coastal aquifers developed 
between 2004 and 2008 were used to estimate the hydrologic 
budgets of the ponds, including the exchange of water with 
the underlying aquifer, recharge onto the pond surface, 
flow of water to and from streams, and water withdrawn for 
water supply. Water fluxes through the ponds are a function 
of several factors, including the surface area, volume, and 
bathymetry of the pond as well as the shape and orientation 
of the pond relative to the regional hydraulic gradient. Other 
important factors include the hydrologic setting of the pond 
relative to groundwater divides and discharge boundaries and 
the hydraulic conductivity of pond-bottom sediments. 

The ponds represented in the regional models ranged 
in surface area from 3.7 to 841.1 acres. Total water 
fluxes through the region’s ponds varied from 1,196 to 
3,315,660 cubic feet per day. Ponds that exchange water 
with both the aquifer and streams generally had higher fluxes 

than ponds that exchanged water only with the aquifer. The 
latter group of ponds received water only from recharge and 
groundwater as inflow. The percentage of total inflow that 
entered the pond as groundwater for this group of ponds 
ranged from about 3 to 98 percent. All of the water exited 
these ponds as recharge back into the aquifer (groundwater 
outflow) with the exception of one pond, from which water 
was being removed for water supply. Ponds that exchange 
water with both the aquifer and streams had more complex 
hydrologic budgets. In ponds that had surface-water inflows, 
58 to 89 percent of the total inflow was from streams. In ponds 
that had surface-water outflows, the percentage of the total 
outflow that exited the pond through streams was as low as 
5 percent; in some ponds, discharge into streams accounted 
for all outflow from the pond. Recharge onto the surfaces of 
ponds that exchanged water with streams ranged from less 
than 1 to about 34 percent of the total water flux through the 
pond. For the two ponds that were also used for water supply, 
the proportion of outflow withdrawn for supply ranged from 
about 35 to 94 percent. 
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Appendix 1. Locations of Simulated Ponds on U.S. Geological Survey 
Topographic Quadrangles

Figure 1–1. Map showing locations of U.S. Geological Survey Topographic Quadrangle that encompass coastal aquifers of 
southeastern Massachusetts. 

Figures 1–2 through 1–23. Maps showing locations of simulated ponds on U.S. Geological Survey Topographic Quadrangles

 1–2. Chatham.
 1–3. Cotuit.
 1–4. Dennis.
 1–5. Duxbury.
 1–6. Falmouth.
 1–7. Hanover.
 1–8. Harwich.
 1–9. Hyannis.
 1–10. Manomet.
 1–11. North Truro.
 1–12. Onset.
 1–13. Orleans.
 1–14. Plymouth.
 1–15. Plympton.
 1–16. Pocasset.
 1–17. Provincetown.
 1–18. Sagamore.
 1–19. Sandwich.
 1–20. Snipatuit Pond.
 1–21. Wareham.
 1–22. Wellfleet.
 1–23. Woods Hole.

Table 1–1. Pond identifier, name, location, topographic quadrangle, and simulated ponds in the Plymouth-Carver and Cape Cod 
aquifer systems.
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Universal Transverse Mercator projection,
Zone 19, 1:24,000, 1991 EXPLANATION

7.5 minute quadrangle—dimensions
are 7º30’ latitude by 7º30’ longitude,
named for prominent town or other
prominent feature in the area

Figure 1–1. Location of U.S. Geological Survey Topographic Quadrangle that encompass coastal aquifers of 
southeastern Massachusetts. 
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

41°45’

69°57’ 69°56’ 69°55’ 69°54’ 69°53’69°59’ 69°58’

41°37’30”

41°42’30”

41°40’

0 1 2 MILES

0 1 2 KILOMETERS

Figure 1–2. Chatham.



36  Estimated Hydrologic Budgets of Kettle-Hole Ponds in Coastal Aquifers of Southeastern Massachusetts

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°30' 70°22’30”70°25’70°27’30”

41°37’30’’

41°32’30’’

41°35’

41°40’

0 1 2 MILES

0 1 2 KILOMETERS

Figure 1–3. Cotuit. 
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Monomoy Aquifer

Sagamore Aquifer

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

  

0 1 2 MILES

0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°15’ 70°07’30”

41°45’

41°37’30”

41°40’

41°42’30”

70°12’30” 70°10’

Figure 1–4. Dennis.
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

0 1 2 MILES

0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION
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Figure 1–5. Duxbury.
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0 1 2 MILES

0 1 2 KILOMETERS

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°37’30”

41°30’

70°30’70°32’30”70°35’

41°37’30”

41°35’

41°32’30”

Figure 1–6. Falmouth.
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

0 1 2 MILES

0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°45’70°47’30”
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70°52’30” 70°50’

42°05’

42°02’30”

Figure 1–7. Hanover.
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Figure 1–8. Harwich.

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone
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0 1 2 KILOMETERS
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Simulated pond and 
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identifier listed in 
tables 1 and 1–1

EXPLANATION
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

0 1 2 MILES

0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°22’30” 70°20’ 70°15’70°17’30”

41°37’30”

41°40’

41°42’30”

Figure 1–9. Hyannis.
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

0 1 2 MILES

0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°37’30” 70°30’70°32’30”70°35’

42°

41°52’30”

41°55’

41°57’30”

Figure 1–10. Manomet.
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

No modeled ponds on North Truro quadrangle.

0 1 2 MILES

0 1 2 KILOMETERS
Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°07’30” 70°70°02’30”70°05’

42°

42°02’30”

42°05’

42°07’30”

Figure 1–11. North Truro.
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

0 1 2 MILES

0 1 2 KILOMETERS

Plymouth-Carver
        Aquifer

Sagamore 
   Aquifer

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°45’ 70°37’30”70°40’70°42’30”

41°45’

41°37’30”

41°40’

41°42’30”

Figure 1–12. Onset. 
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Monomoy 
   Aquifer

Lower Cape
    Aquifer

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

0 1 2 MILES

0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°

41°45’

41°47’30”

41°52’30”

41°50’

70°02’30” 69°47’30” 69°45’

Figure 1–13. Orleans. 
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

0 1 2 MILES

0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°45’ 70°37’30”

42°
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70°40’70°42’30”

41°55’

41°57’30”

Figure 1–14. Plymouth. 
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone
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Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION
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Figure 1–15. Plympton.
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Plymouth-Carver
        Aquifer

Sagamore Aquifer

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone
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Simulated pond and 
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identifier listed in 
tables 1 and 1–1

EXPLANATION
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Figure 1–16. Pocasset.
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone
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0 1 2 KILOMETERS

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION
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Figure 1–17. Provincetown.
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Plymouth-Carver
        Aquifer

Sagamore Flow Lens

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

70°30’70°32’30”70°37’30”
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identifier listed in 
tables 1 and 1–1
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Figure 1–18. Sagamore. 
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°22’30”70°30’ 70°27’30” 70°25’

41°40’

41°45’

41°42’30”

41°47’30”

0 1 2 MILES
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Figure 1–19. Sandwich. 
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

70°45’70°47’30”70°52’30” 70°50’

41°52’30”

41°45’

41°47’30”

41°50’

0 1 2 MILES

0 1 2 KILOMETERS

Figure 1–20. Snipatuit Pond.



54  Estimated Hydrologic Budgets of Kettle-Hole Ponds in Coastal Aquifers of Southeastern Massachusetts

Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION
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Figure 1–21. Wareham. 
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

70°

41°52’30”

42°

70°05’ 70°02’30” 69°47’30”

41°55’

41°57’30”

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

0 1 2 MILES

0 1 2 KILOMETERS

Figure 1–22. Wellfleet.
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Base from U.S. Geological Survey, DRG, 1:25,000, 2001
Lambert conformal conical projection, 1983 North American datum
Massachusetts coordinate system mainland zone

70°37’30”70°45’

41°30’

41°37’30”

41°35’

41°32’30”

70°40’70°42’30”

Simulated pond and 
identifier—number is
identifier listed in 
tables 1 and 1–1

EXPLANATION

0 1 2 MILES

0 1 2 KILOMETERS

Figure 1–23. Woods Hole. 
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