
Project Number MQP-PPM-WQ01 

 

Water Quality Improvement for Pepperell Pond 
 

A Major Qualifying Project  

 
 

Submitted to the Faculty of 

 

WORCESTER POLYTECHNIC INSTITUTE 

 

 

 

In partial fulfillment of the Requirements for the  

Degree of Bachelor of Science 

 

 

Date: February 28, 2008 

 

 

Submitted by: 

 

___________________________ 

Jonathan Carelli 

___________________________ 

Daniel LaFrance 

___________________________ 

Christopher Luppino 

___________________________ 

Kristen Ostermann 

 

 

Approved by: 

 

___________________________ 

Professor Paul P. Mathisen, Advisor  



2 

 

Abstract 

This project assesses water quality in the Nashua River mainstem and Pepperell Pond, in 

Pepperell, Massachusetts.  Water quality testing and flow modeling were used to assess various 

nutrient loadings and explores means of remediation.  Through water quality analysis, mass 

balances, and point and nonpoint loading models, it determines methods for reducing nutrient 

levels in the pond, as well as developing a management plan to control nuisance plants and 

improve and maintain water quality in the ensuing years.  
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Capstone Design Requirement Statement 

This project satisfies the capstone design requirement for a Bachelor of Science degree in 

Civil & Environmental Engineering at Worcester Polytechnic Institute.  It satisfies the 

Accreditation Board of Engineering and Technology (ABET) design requirement for Civil 

Engineering by including a management plan for the control of nuisance plants and algae in 

Pepperell Pond, Pepperell, Massachusetts.  The Massachusetts Department of Environmental 

Protection, along with its drafted TMDL report for phosphorus in the Nashua River, 

recommended ña separate management plan for Pepperell Pondé which would focus on 

identifying zoned uses of the pond with corresponding structural controls for removal of bottom 

aquatic vegetation in certain specified recreational use areas.ò
1

 This project delivers a 

preliminary management plan for nutrients in the pond, including methods to control all 

significant phosphorus loads, and physical controls for the removal of nuisance plants.  It 

involves analysis of the nutrients available in the pond, and their forms- soluble, settled, or 

absorbed in vegetation, and removal methods applicable in the available cases.  The project 

included an evaluation of a series of design alternatives and consideration of a number of 

constraints to develop a recommended design that was applicable for the specific pond. 

Constraints on the design included consideration of environmental quality and public health, 

environmental sustainability, economics, and social and political factors.  Since the DEPôs 

ultimate goal for the pond is recreational use, invasive structural controls were not advised as 

other techniques proved capable of inexpensive, environmentally low-impact implementation.  

This project also includes an analysis of current conditions and the potential impact of 

increased and decreased discharges from the nearby Wastewater Treatment Facilities (WWTFs) 

which may require future expansion at this time, as well as various changes to impervious area 

resulting from local development.  It is therefore expected that the management plan will serve 

as a sufficient guide for the immediate future of Pepperell and Groton. 

                                                 
1
 MassDEP DWM.  Total Maximum Daily Load for the Nutrient Phosphorus. 2007,Massachusetts Department of 

Environmental Protection, Worcester. 
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Executive Summary 

This project investigated water quality and nutrient loadings for Pepperell Pond, an 

impoundment of the Nashua River main stem in Pepperell Massachusetts.  It used land use and 

weather information to model nonpoint loadings directly to the pond, as well as estimating 

nutrient flow from septic systems, sediment analysis, water quality measurement, and flow 

monitoring data.  This information was used to create a detailed picture of the factors affecting 

the health of the pond, and to determine effective methods for nutrient reduction, algae removal, 

and control of future development to prevent further damage. 

The final product of this project is a management plan for the pond, to be used by the 

Nashua River Watershed Association and other interested parties to restore the health of the pond.  

This management plan is included in the report.  Management recommendations include 

stormwater management, education of local landowners regarding fertilizer use, vegetative 

barriers and landscaping, changes to septic system practices, and frequent skimming of the 

nuisance plants. 

On two separate days, October 5 and November 30, 2007, the authors collected water 

samples from approximately seven locations in Pepperell and surrounding areas, including the 

Ice House Dam in Shirley, and the pond inlet at route 119 in Groton.  On October 5, sediment 

cores were taken from three locations, near the inlet at the Groton boat launch, at the public 

canoe launch in Pepperell, at the pondôs north end, and in the widest section of the river, about 

half a mile south of the Pepperell canoe launch.  The water samples were tested for pH, alkalinity, 

nitrogen compounds, phosphorus, and total solids.  Phosphorus loads were generally 0.1-0.2 

mg/L, and were found to be the governing nutrient.  Nitrate and ammonia were generally present 

in concentrations of 1.5-3 mg/L as nitrogen.   

Soil cores were extracted to determine sediment phosphate loading, because the 

Massachusetts Department of Environmental Protection found that the nearby Assabet River 

drew approximately 40% of its phosphate loading from the sediments in the riverbed.  In the case 

of Pepperell Pond, the samples were mixed with 40 mL of water and agitated for 24 hours.  At 

the conclusion of the 24 hours, the water was tested for phosphorus, nitrogen, and ammonia 

concentrations.  Results indicated hypoxic conditions at the north end of the pond, as ammonia 

appeared in much higher concentrations than nitrate, and phosphorus concentrations appeared to 
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establish equilibrium with the sediments at approximately 0.2 mg/L.  To test the phenomenon of 

equilibrium, standard solutions of known phosphorus concentrations were mixed with sediment 

samples and the same experiment was re-run.  The resulting phosphorus concentrations tended to 

reflect an equilibrium around 0.2 mg/L as phosphorus.  The samples with less phosphorus 

initially increased in concentration over the 24 hour span, while those with greater than 0.2 mg/L 

tended to lose phosphorus, which appeared to adsorb to the sediment.  The phenomenon became 

more pronounced at higher initial concentrations.  The conclusion drawn from this experiment 

was that phosphates are bound to the sediments in the pond, but form an equilibrium with the 

surrounding water, which allows them to either be released when concentrations are low, or 

move to the sediments when concentrations are high.  Therefore, restoring the health of the pond 

must consider the consequences of high phosphorus concentrations in any conditions, regardless 

of the presence of aquatic plants capable of reproducing in phosphate-rich water. 

Nonpoint loadings directly to the pond were established using event mean runoff nutrient 

concentrations and the NRCS method for runoff volumes.  The design storm approximated a one 

month return period, because Pepperellôs annual rainfall can be approximated as a series of one 

month, quarterly, and one year return period, 24 hour duration storms.  We estimated a curve 

number of 67 for the entire tributary area around the pond, and 75 for the predominantly 

agricultural southwest edge of the pond.  Peak runoff was estimated to be 72 cubic feet per 

second for a 24 hour storm duration and 2.1ò of precipitation.  Using estimates from Marsh
2
 for 

runoff phosphorus concentration by land use and annual nutrient runoff by land use, the storm 

loading was estimated at 21-50 kg of phosphate, or 7-18 kg of phosphorus per storm.  Septic 

system loadings were also considered.  Approximately 40 homes lie within 100 yards of the 

riverôs edge and thus may contribute, collectively, 11.2 kg of phosphorus (34.4 kg as phosphate) 

per year, approximately equaling an additional one month storm per year. 

A series of potential management options was the next step of this project.  Many address 

the presence of certain types of plants- blue-green algae, duckweed, and water chestnut.  

Methods for physical removal of these plants can restore aesthetic qualities to the pond, but will 

not necessarily remove all of the nutrients present.  Reduction of point loadings upstream has 

been initiated in the form of the total maximum daily loading passed by the Massachusetts DEP, 

which will address influent concentrations.  Runoff mitigation and stormwater reduction can 

                                                 
2
 Marsh, William M. Landscape Planning, Fourth Edition. 2005, John Wiley & Sons, New York. 216-217. 
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address non-point loadings, as will sewer extensions over time.  Education regarding proper 

application of fertilizer can prevent runoff of pure nutrients.  Surface agitation and aeration can 

create conditions that prevent phosphorus from leaching out of sediments, while encouraging the 

presence of fish and preventing algae from matting together by increasing shear in the direction 

of flow.  Other options, such as dredging and dam removal, would succeed in removing much of 

the sediment, but were not considered due to the potential for environmental damage, as well as 

the problems downstream resulting from high solids loading.  Benthic barriers, which physically 

block contact between sediments and plants, were considered, but were ruled out due to sensitive 

animal species living along the riverbed.  A series of inexpensive options, each with the potential 

to solve a section of the problem, were packaged together to create a plan for overall 

management of Pepperell Pond, so that over time the pond can be restored for use as a 

recreational water. 
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1. Introduction  

The Nashua River, located in north-central Massachusetts and southern New Hampshire, 

has a long history of industrial abuse.  For over a century, Fitchburg and Leominster, on the 

north branch of the Nashua, have hosted heavy industries, many of which loaded the river with 

pollution, killing fish, and making the river unsafe for recreation and unattractive for the 

passersby.  It was at one time, in 1965, listed as unsafe to receive further sewage.
3
  With the 

United States Environmental Protection Agency (EPA) promoting clean water after the Federal 

Water Pollution Control Act of 1972, there has been a surge in pollution abatement efforts 

nationwide.
 4
   The Nashua River has benefited from pollution prevention measures, toxics 

reduction, and an emphasis on greener industries.  With increased attention from the EPA, 

Massachusetts Department of Environmental Protection (DEP), the New Hampshire Department 

of Environmental Services, and the Nashua River Watershed Association, the river has witnessed 

improvement.  However, the work is not complete.  

Pepperell Pond, located on the Nashua River at the Groton-Pepperell town line near the 

Massachusetts-New Hampshire border, as indicated by the arrow in Figure 1, illustrates the work 

remaining ahead for the Nashua River Watershed Association, and for cleanup of the river in 

general.  This section of the river is plagued by eutrophication, or growth of nuisance plants and 

algae as a result of excessive nutrient loading.
5
 This growth can produce aesthetic concerns with 

the colors and smells associated with the bloom, and in some cases can produce toxins and make 

the water unsafe for consumption and recreation.
6
   

                                                 
3
ñThe Past and the Future,ò Nashua River Watershed Association.  Online at http://www.nashuariverwatershed.org/ 

last accessed October 25, 2007. 
4
 ñClean Water Actò Last updated on Friday, September 7th, 2007. http://www.epa.gov/region5/water/cwa.htm  

5
 Fetter, C.W. Applied Hydrogeology, Fourth Edition. 2001, Prentice Hall, Upper Saddle River, New Jersey. 386. 

6
 Davis, Mackenzie L, and Masten, Susan J. Principles of Environmental Engineering and Science, Third Edition. 

2004, McGraw Hill, Boston. 586. 
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Figure 1: Massachusetts, with Pepperell indicated by the arrow
7
 

Pepperell Pond is listed by the DEP as a ñClass D impacted waterò for nutrient 

enrichment and nuisance plant growth.
8
  It has been targeted for cleanup and the development of 

management practices to reduce nutrient loadings and associated problems.  Figure 2 shows a 

section of Pepperell Pond during an algal bloom.  The bloom has been attributed to excessive 

phosphorus loading of the pond, which encourages rapid growth in warm weather.
9
  A total 

maximum daily loading has been drafted by the DEP to prevent further nutrient enrichment of 

this section.  While this loading restriction impacts wastewater discharges, it does not affect 

nonpoint sources, such as surface runoff, or the actual blooms in the pond, further than to 

recommend a management plan, by which nonpoint sources can be curbed and pond water 

quality can be restored.
10

 

                                                 
7
 Google Maps 2/20/08 

8
 MassDEP DWM.  Total Maximum Daily Load for the Nutrient Phosphorus. 2007,Massachusetts Department of 

Environmental Protection, Worcester. 4. 
9
 Ibid 

10
 Ibid 
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Figure 2: An algal bloom covers Pepperell Pond.
11

 

 

The Nashua River watershed is located in a rapidly urbanizing area, and is threatened by 

changes to land use and development along its banks.
12

  Land development and road building 

have increased impervious areas contributing to the effects of stormwater on the river.  

Phosphates, from agricultural and organic sources, are a leading cause of eutrophication.  

Increased stormwater flows tend to increase the nonpoint loads to the pond, and may diminish 

the work being done to reduce point loadings.  The DEP has recommended that the Nashua River 

Watershed Association draft a collective management plan for nutrient loadings to Pepperell 

Pond, which will define actions to reduce algal blooms, dampen dissolved oxygen swings, and 

restore overall health to the system.
13

 

 

                                                 
11

 MassDEP DWM.  Total Maximum Daily Load for the Nutrient Phosphorus. 2007,Massachusetts Department of 

Environmental Protection, Worcester. 1. 
12

 Ibid 
13

 Ibid 
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Figure 3: Topography and tributary area of Pepperell Pond
14

 

 

The goal of this project was to develop a management plan for reducing nutrients and 

their effects on the pond.  Accomplishing this goal required analysis of existing information 

about Pepperell Pond and its surrounding, as well as field testing and stormwater modeling.  The 

watershed that contributes to Pepperell Pond, as shown in Figure 3, is the area within which 

these studies were conducted due to it have the greatest impact on the pond.  Water quality, 

sediment quality, flow conditions, land use, and runoff analyses were chosen as means to model 

the area directly contributing to nutrient loads in the pond.  Such analysis assisted in quantifying 

the amount of phosphorus entering and exiting the pond.  While current conditions were the 

focus of this work, scenarios involving future development in the area were developed and 

considered for nonpoint runoff impacts.  Remediation measures, targeted at the most significant 

sources of phosphorus, were proposed and considered with regard to overall effectiveness, cost 

of implementation, ease of operation, and impact of implementation.  The most feasible 

candidates were chosen for a management plan, addressing point and nonpoint nutrient sources 

and the methods to implement each option.   

In order to eventually create a management plan, a process which begins with 

investigating various sources of background information on the topic of nutrients and general 

conditions of the area is initiated.   After background information is researched methods are 

                                                 
14

 "Surface Contour Map" Map. MassGIS. 25 Feb. 2008 <http://www.mass.gov/mgis/mapping.htm>. 
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undertaken to develop a model of water quality conditions impacting Pepperell Pond. Analysis of 

these results leads to the various remedies considered, as well as the final recommendations 

based on the various modeling efforts.  Since this report is focusing on Pepperell Pond as a key 

area of concern within the Nashua River, these final recommendations as presented in the 

management plan could be applied, along with the other research associated with this report to 

the entire Nashua River.  The modeling efforts, which are the basis for the recommendations, 

include analysis of water quality conditions and nutrients throughout the northeastern United 

States, details sampling, testing and modeling for several point and nonpoint source loadings, as 

well as the methods employed to derive a phosphate mass balance for the area.  

 With a management plan in place, the amount of nutrients entering into the pond by 

various avenues will be reduced.  Lowering the amount of nutrients in the pond will serve to 

diminish the potential for algal growth in the pond.  While management practices may not result 

in a dramatic reduction in algal growth in the short term, continued administration of the 

practices developed in the following chapters will result in a restoration of Pepperell Pond to a 

pristine state.  
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2. Background 

The underlying problem this project addresses is the high level of phosphorus in Pepperell 

Pond, on the mainstem of the Nashua River.  This high level is associated with the upstream 

wastewater discharges, which are designed to be over 30 million gallons per day (MGD).
15

  The 

river has issues associated with algae, nuisance and invasive plant species, and the impacts of 

historical industrial use.  Phosphorus has been targeted for removal because of its role in 

eutrophication.
16

  The history and pollution issues associated with the Nashua River, the Nashua 

River watershed hydrologic system, aquatic plant and nutrient behavior in natural systems, and 

recent remediation efforts are presented. 

2.1 Hydrology 

Hydrology is the study of the circulation, distribution, and quality of water throughout the 

earth.  For many years, people have been studying the movement of water, in order to provide 

insight into environmental policy, planning, and engineering.
17

  The hydrologic cycle is an 

important aspect of water transport in any natural system. 

2.1.1 Hydrologic Cycle 

The hydrologic cycle is a complex cycle that distributes water throughout the oceans and 

lakes, the land, and the air.  Water usually first evaporates into the air from water bodies such as 

lakes, rivers, and streams.  Evaporation can also occur through the cell walls of plants, a 

phenomenon called transpiration.
18

  Hydrologists call the combination of evaporation from 

surface water bodies and transpiration from plants evapotranspiration.  

As the evaporated water declines in temperature in the atmosphere, the water vapor forms 

clouds, which in turn precipitate onto the ground.  Vegetation catches much of this precipitation 

while other amounts are stored back into surface water bodies.  In highly developed and urban 

areas, there is not enough vegetation to catch much of the water that falls as rain.  As a result, 

                                                 
15

 Ibid. 
16

 Ibid. 
17

 Hwang, Ned H., and Robert J. Houghtalen. "Hydrology for Design." Hydraulic Engineering Systems. 3rd ed. 

Upper Saddle, New Jersey: Prentice-Hall, Inc, 1996. 322. 
18

 Ibid. 
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much of the water becomes runoff and carries pollutants overland into surface water bodies.
19

  In 

addition, much of the water infiltrates the ground where it becomes ground water, which 

eventually flows throughout the land and into public drinking supplies. 

 

 

 

Figure 4: Hydrologic Cycle
20

 

2.1.2 Watershed 

A watershed is a tract of land that supplies surface water to a stream or river at a 

particular point.  Water drains throughout a watershed along the steepest topographical slopes.  

This land may be a few acres or it could be many thousands of acres in area.  Many times, a 

particular watershed may have sub basins in which water flows into smaller streams before 

entering the larger streams, and then finally to a particular discharge point.
21
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Figure 5: Example Watershed
22

 

2.2 Surface and Ground Water Flow and Exchanges 

Surface water comprises rivers, streams, and other overland flow.  This water moves 

along the contours of the land.  Ground water flow is the water that infiltrates into the ground. 

This flow usually travels through large aquifers, underground layers of porous rock that water 

saturates, until the ground water flow meets a surface water body.
23

  As the demand for clean 

water is rising, many people are using ground water as their source of water.  This demand, along 

with seasonal variability often affects the water ground water flows throughout the ground.
24

  

Ground water and surface water are often interconnected.  They rely on each other and it is 

important to know how they interact. 

Ground water usually interacts with surface water when the ground water is located in 

unconfined shallow water table aquifers.  This interaction comes in the form of receiving water 

from a lake or stream or discharging water into a lake or stream.  Usually, a streamôs base flow is 

defined as the flow from an unconfined aquifer that feeds water to a river or stream.
25

  The base 

flow of a stream is the portion of a streamôs flow that does not come from surface runoff but 

rather ground water contributions.  Another way in which ground water interacts with surface 

                                                 
22

 Doppelt, Bob, Mary Scurlock, Chris Frissell, and James Karr. 1993.  Entering the Watershed: A new approach to 

save America's River Ecosystems.  Washington, DC:  Island Press.  Copyright: Pacific Rivers Council 
23

 Fetter, C.W. Applied Hydrogeology, Fourth Edition.  2001, McGraw Hill, Upper Saddle River, New Jersey. 5. 
24

 Marsh, William M. Landscape Planning, Fourth Edition.  2005, John Wiley & Sons, Boston. 135. 
25

 Fetter, C.W. Applied Hydrogeology, Fourth Edition.  2001, McGraw Hill, Upper Saddle River, New Jersey. 5. 
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water is when people pump ground water to the surface for use as drinking and irrigation water.
26

   

 Surface water interacts with ground water by ñrechargingò the amount of ground water 

flow below the surface.  The amount of precipitation that does not contribute to rivers or streams 

percolates downward through the ground surface into aquifers.  In most areas, five to fifty 

percent of annual precipitation contributes to ground water recharge.
27

  

2.3 Total Maximum Daily Loads (TMDLs) 

Total maximum daily loads (TMDLs) are average wastewater effluent concentrations for 

given contaminants.  Their levels are determined such that they do not cause damage to the 

receiving stream, and are legally binding.  Under the Clean Water Act, the DEP is required to list 

streams that are impaired by pollutants, and to require measures that will improve conditions.
28

  

The Nashua River is listed as a ñCategory 5ò river for nutrient enrichment,
29

 meaning that the 

river does not meet prescribed water quality standards and can be improved with a loading 

restriction, or TMDL.
30

   

2.3.1 Phosphorus TMDL for the Nashua River 

In 2007, the Massachusetts Department of Environmental Protection drafted a TMDL for 

phosphorus on the Nashua River. The report identified the Nashua River as a ñClass 303(d) listed 

water,ò meaning that it has excessive nutrient levels, low dissolved oxygen, and aquatic nuisance 

plants.
31

  The main nutrient sources, particularly during low-flow conditions, were identified as 

point loadings from wastewater treatment facilities, with the most striking difference between 

point and nonpoint loads being in the North Branch, in Fitchburg.  Figure 6 below shows the 

DEP modelôs simulated loadings in low flow conditions, at various locations along the Nashua 

River.  Models used included BASINS, Qual2E, and HSPF, which are now integrated into 

BASINS 4.0, a free software package which allows a user to build and model an entire watershed 

using geographical information systems (GIS) software. 
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Figure 6: Total Phosphorus Loadings Throughout the Nashua River, May-October 1999.
32

 

 The DEPôs assessment is that the point sources are much more significant upstream, and 

removal of these sources will result in lower loadings for the rest of the river.  As the majority of 

the load enters from the North Branch, traveling through Fitchburg, Leominster and Lancaster, 

reductions along the North Branch and mainstem are more significant, and a load limit of 0.2 

mg/L of total phosphorus is required for any large-scale municipal treatment facilities upstream 

of the Pepperell Dam.  The Groton School has a load limit of 1.0 mg/L due to its comparatively 

small outflows.  The south branch faces a less stringent reduction, due to its generally lower 

impact, and the effluent limit there is 0.5 mg/L.
33

  The expected impacts of compliance are 

summarized in Table 1.  Phosphorus levels immediately downstream of the WWTFs are shown 

in Figure 7. 

Table 1: Design flows and total phosphorus loads in compliance with the TMDL 

WWTF Effluent Limits Total Phosphorus, mg/L  April 1 ï October 31 

WWTF Design Flow, MGD mg/L lbs/day @ design flow 

Fitchburg West 10.5 0.2 17.5 

Fitchburg East 12.4 0.2 20.7 

Leominster 9.3 0.2 15.5 

Clinton 3 0.5 12.5 

Ayer 1.8 0.2 3 

Pepperell 1.1 0.5 4.6 

TMDL  38.1  252.8 
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Figure 7: Downstream Phosphorus Levels near WWTFs in 2000 

The TMDL also recommends a 20% reduction in nonpoint sources, as nonpoint sources 

add a significant phosphorus load between the Groton School and Pepperell, as shown in Figure 

6.  Methods for nonpoint reduction include removal of combined sewer overflows (CSOs) in 

Fitchburg and Leominster, and best land management practices (BMPs).
34

 

The models the DEP used, as was mentioned, were Qual2E and HSPF.  The Qual2E 

model is for steady-state loading from point sources.  This model was developed and run first, in 

order to prepare the HSPF model.  HSPF is a modeling package which handles both point and 

nonpoint sources, but requires more input information.  Once the Qual2E model was run using 

ten year low flow conditions (7Q10 conditions) the HSPF model was built using the Qual2E 

results.
35

  Both packages are now combined into BASINS, (Better Assessment Science 

Integrating Point and NonPoint Source Pollution) a modeling package which allows an operator 

to build a watershed system, complete with point and nonpoint sources, and run several models 

to determine pollution loads under a variety of conditions. 

2.3.2 TMDL for Phosphorus on the Assabet River 

The Assabet River has a similar history to that of the Nashua River. Both have been 

historically used for industrialized activities, and are presently being remediated as a result.  
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