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Conversion Factors and Datum

Multiply By To obtain

Length
inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)

Area
square mile (miz) 2.590 square kilometer (kmz)
square foot (ftz) 0.09290 square meter (mz)

Flow rate

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m%/s)
inch per year (in/yr) 254 millimeter per year (mm/yr)

Mass
pound, avoirdupois (Ib) 0.4536 kilogram (kg)

pound per square mile per year
(Ib/mi%/yr)

kilogram per square kilometer per year
(kg/km?/yr)

Hydraulic conductivity

foot per day (ft/d)

0.3048

meter per day (m/d)

Transmissivity*

foot squared per day (ft/d)

0.09290

meter squared per day (m?/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C) + 32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

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

Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ftd)/ft2]ft. In this report, the mathematically reduced form, foot
squared per day (ft¥d), is used for convenience.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at

25°C).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).

Concentrations of sulfur hexafluoride are given in parts per trillion by volume (pptv).

Concentrations of tritium are given in tritium units (TU).



Nutrient Loads and Ground-Water Residence Times in an
Agricultural Basin in North-Central Connecticut

by John R. Mullaney

Abstract

Nutrient loads from ground-water discharge were studied
in Broad Brook Basin, a 15.8-square mile basin in north-central
Connecticut, dominated by agricultural activity. Loads were
calculated, along with the travel times of ground water from
recharge to discharge areas, to estimate the time required for the
effects of Best Management Practices (BMPs) to be observed.
Most concentrations of nitrogen and phosphorus in Broad
Brook exceeded U.S. Environmental Protection Agency Ecore-
gion XIV nutrient criteria for streams. During the study period
(1993-2004), annual loads of nitrogen from Broad Brook Basin
ranged from 117,000 to 270,000 pounds (Ib), and yields were
about 10 times larger than those from forested basins in
Connecticut.

Ground-water discharge from the aquifer to the streams
(base flow) during the study period was estimated with
hydrograph separation and accounted for 82 percent of the total
runoff from the basin. Nitrate nitrogen in base flow averaged
71 percent of the annual load of total nitrogen discharged from
the basin, indicating that the largest source of nitrogen was
likely from ground-water discharge. Annual loads of total phos-
phorus from the basin ranged from 2,330 to 14,400 Ib, and
yields were about five times higher than those from forested
basins in Connecticut. Dissolved phosphorus averaged about
71 percent of the total phosphorus load, and ground-water dis-
charge accounted for only as much as 40 percent of the annual
load of dissolved phosphorus; therefore, phosphorus loads are
dominated by stormwater-runoff events.

Ground-water samples collected from 11 wells in the basin
contained elevated concentrations of nitrite plus nitrate nitro-
gen. Dissolved gas analyses indicated that little denitrification
was occurring in the aquifer. Apparent ages of the ground-water
samples ranged from greater than 2 to more than 50 years based
on sulfur hexafluoride, tritium, and tritium/helium-3 analyses.
A three-dimensional ground-water-flow model was used in
conjunction with a particle-tracking program to determine
advective travel times to streams from all subareas in the basin.
The model simulations indicated that about half the discharge to
Broad Brook and its tributaries was recharged more than
10 years ago, and that about 8 percent of the discharge was
recharged prior to 1960.

The effects of changes in nitrate nitrogen loading at the
water table were evaluated by applying new loading rates from

urban and agricultural land and the simulated advective ground-
water travel times. Five scenarios were tested: reducing esti-
mated nitrate nitrogen concentrations in recharging ground
water under urban and agricultural land areas to concentrations
in forested areas; reducing estimated nitrate nitrogen concentra-
tions under urban and agricultural land areas to the U.S. Envi-
ronmental Protection Agency recommended nutrient criteria for
streams; and reducing estimated nitrate nitrogen concentrations
under urban and agricultural land areas by 50 percent, 10 per-
cent, and 5 percent. Under the first two scenarios, the base-flow
load of nitrate nitrogen could be reduced by 25 percent in
slightly more than 5 years, although the reduction required by
these scenarios is likely unrealistic. A 25-percent reduction in
base-flow load of nitrate nitrogen could be achieved in about
10 years under the third scenario (where concentrations from
urban and agricultural areas were reduced by 50 percent). Under
this scenario, a 46-percent reduction could be achieved in about
60 years. The scenarios indicate that in this basin, and in other
similar basins in Connecticut underlain by extensive glacial
stratified deposits, there can be a substantial time lag between
activities at the land surface and effects on the quality of water
discharged to streams from ground water. This finding may be
important in the expectations for water-quality improvements
from land-use changes or BMPs.

Introduction

Long Island Sound is an important resource for southern
New England and New York. Nitrogen enrichment during the
summer, which causes low concentrations of dissolved oxygen
(Iess than 3.5 milligrams per liter (mg/L)), is one of the major
problems in the Sound. Excess nitrogen promotes excessive
growth of algae (algal blooms), which eventually die and sink
to the bottom. The subsequent decomposition of the algae con-
sumes oxygen in the bottom waters of the Sound (New York
Dept. of Environmental Conservation/Connecticut Dept. of
Environmental Protection, 2000). Sources of nitrogen to the
Sound include direct and indirect discharges of wastewater
(point sources), and runoff from urban and agricultural land and
atmospheric deposition (nonpoint sources). Attempts to limit
nitrogen loads to the Sound include a limit on point and non-
point nitrogen loads at 1990 levels in designated areas (New
York Dept. of Environmental Conservation/Connecticut Dept.
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of Environmental Protection, 2000), and adoption of a plan by
three agencies—New York Dept. of Environmental Conserva-
tion (NYDEC), the Connecticut Dept. of Environmental Protec-
tion (CTDEP), and the U.S. Environmental Protection Agency
(USEPA)—to reduce nitrogen loads associated with human
activities by 58.5 percent in 11 management zones in New York
and Connecticut.

Ground water plays an important role in the delivery of
nutrients to streams that discharge to Long Island Sound and by
direct discharge to the Sound; however, the role of ground-
water discharge often is not considered in the implementation of
Best Management Practices (BMPs) to reduce nitrogen loads.
In basins with extensive glacial stratified deposits, ground-
water discharge dominates the annual discharge of water to
streams (Thomas, 1966). It also has been recognized that
ground-water discharge from high-intensity agricultural areas
can contain high concentrations of nitrate nitrogen (Frink,
1969). Broad Brook Basin (fig. 1), in north-central Connecticut,
contains extensive stratified glacial deposits and is a high-inten-
sity agricultural area. The basin has been identified by the
CTDEP as having impaired water quality because of agricul-
tural activities (Connecticut Dept. of Environmental Protection,
2004). In addition, the U.S. Geological Survey (USGS) has
determined that Broad Brook Basin has the largest nonpoint
yield of nitrogen of any basin sampled routinely in Connecticut
(Mullaney and others, 2002). To improve the understanding of
the role of ground-water discharge in nitrogen loading, the
USGS and the CTDEP conducted a cooperative ground-
water/water-quality study from 2002 to 2005 in Broad Brook
Basin. An understanding of the quantity of nutrients entering
the stream from the ground-water system and the travel time
from source areas to the discharge point will assist CTDEP in
determining the most effective BMPs and in calculating total
maximum daily loads (TMDLs).

Purpose and Scope

This report presents the results of the USGS/CTDEP study
of nutrient loads in Broad Brook Basin, with a focus on loads
from ground water. Specifically, the report includes (1) relative
loads of nitrate nitrogen and other nutrients from ground water
and surface water, (2) the spatial distribution of nitrate loading
in Broad Brook Basin from the ground-water system, (3)
ground-water travel times from recharge to discharge areas, and
(4) estimates of the time necessary to observe changes in sur-
face-water quality following implementation of BMPs that
focus on ground-water-quality improvements.

Previous Investigations

The water quality of Broad Brook Basin has been studied
in several previous investigations. A study of the relations
between land use and ground-water quality included samples
from shallow wells in Broad Brook Basin (Grady, 1994). That
study determined that nitrite-plus-nitrate nitrogen concentra-

tions were elevated in the basin; concentrations as large as

60 mg/L were reported in shallow ground-water samples down-
gradient from agricultural areas. Clausen and others (2000)
studied Muddy Brook Basin, a subbasin of Broad Brook Basin
(fig. 1), to determine the effectiveness of riparian buffer resto-
ration on water quality. Mullaney (1995) investigated the
hydrogeology and estimated ground-water discharge from the
Muddy Brook site. Mullaney and Zimmerman (1997) studied
the runoff of nutrients and herbicides from Broad Brook Basin
during a storm event in 1992 and noted that concentrations of
nitrite-plus-nitrate nitrogen were largest in samples collected
during base flow. Concentrations of ammonia-plus-organic
nitrogen were largest in samples collected during storm-flow
conditions. Trench (2000) analyzed nutrient loads for the
National Water-Quality Assessment Program (NAWQA) and
determined that annual loads of nitrogen from Broad Brook
Basin ranged from 167,000 to 228,000 pounds (Ib) during
1993-95. Yields of nitrogen and phosphorus from the basin
were as large as those from basins with multiple municipal
wastewater-treatment facilities. Mullaney and others (2002)
further analyzed total nitrogen load (through 1998) from Broad
Brook, as part of developing a generalized least-squares regres-
sion model to estimate nonpoint nitrogen loads to Long Island
Sound. Nitrogen yields from Broad Brook Basin were consid-
ered anomalously high when compared to other basins domi-
nated by agricultural land use.

Description of Study Area

Broad Brook Basin, in north-central Connecticut, drains an
area of 15.8 square miles (mi?) and is part of the Scantic River
regional basin (fig. 1). The altitude of the land surface ranges
from about 40 feet (ft) at the basin outlet to about 860 ft on the
northeastern boundary of the watershed. Land cover in the basin
is about 42 percent agricultural land, 13 percent urban land, and
45 percent forest and wetlands, based on land cover developed
by Civco and others (1998). Major agricultural crops include
silage corn for dairy farming, nursery stock, vegetables, and
tobacco.

The surficial geology of Broad Brook Basin has been pre-
viously mapped by Colton (1965, 1972) and by Stone and oth-
ers (1992, 2005). The basin is underlain by glacial stratified
deposits (54 percent), and glacial till (46 percent) (fig. 2). The
surficial deposits are underlain by two different bedrock ter-
ranes: the lowlands in the western part of the basin are underlain
by Mesozoic arkosic bedrock of the Portland Formation, and the
eastern highlands are underlain by crystalline bedrock that
includes gneiss, granitic gneiss, and dolerite (Rodgers, 1985).
The two major terranes are divided by the eastern border fault
(fig. 2). The bedrock of the Portland Formation dips to the east
at 11-12 degrees (Rodgers, 1985).

Average precipitation in Broad Brook Basin was about
48.5 inches per year (in/yr) for the period 1980-97 (University
of Montana, Numerical Terradynamic Simulation Group,
2006). Annual mean runoff was 22.7 in/yr based on data from
USGS streamflow-gaging station 01184490 (Broad Brook at
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Broad Brook, Connecticut) for water years1 1993-2004.
Recharge in Connecticut typically is 20 to 25 in/yr to glacial
stratified deposits and 8 to 10 in/yr to glacial till deposits and
till-covered bedrock (Mazzaferro and others, 1979). Mullaney
and Zimmerman (1997) reported that the long-term base flow
from Broad Brook Basin was 18.3 in/yr during 1983-94.

Methods of Data Collection and Analysis

The study of Broad Brook Basin included an analysis of
existing water-quality and streamflow data collected at USGS
station 01184490 (fig. 1) to determine (1) the annual load of
total nitrogen and (2) the load of nitrate-nitrogen during base
flow. A low-flow water-quality and streamflow survey was
conducted during September 2002 to estimate nitrogen loads
from ground water at 11 sites (fig. 1). Ground-water samples
were collected from April to May 2004 from existing and newly
drilled monitoring wells; samples were analyzed for concentra-
tions of nutrients and dissolved gases, and for determination of
ground-water age. Water levels and streamflows were mea-
sured during October 2003 (a period of typical base-flow con-
ditions) for use in calibrating a steady state, finite-difference
ground-water-flow model. The ground-water-flow model
(appendix 1) was used to simulate ground-water flow in Broad
Brook Basin to evaluate future scenarios for nitrogen-load
reduction from ground water.

Stream Base-Flow Analysis

Stream base flow was analyzed to determine the ground-
water-discharge component of streamflow at the Broad Brook
streamflow-gaging station (01184490, fig. 1). This information
was used along with water-quality data to determine base-flow
loads of nitrate nitrogen from 1993 to 2004. Stream base-flow
analysis was done using the computer program “PART” and
methods described by Rutledge (1998).

Water-Quality Samples

As part of the USGS/CTDEP cooperative water-quality
network, surface-water-quality samples were collected at the
Broad Brook streamflow-gaging station (01184490, fig. 1)
eight times or more each water year from 1997 to 2004. Sam-
ples also were collected from 1993-1995 as part of the USGS
NAWQA program. Subsets of these data were used by Trench
(2000) and Mullaney and others (2002) to estimate nutrient
loads from Broad Brook Basin. Surface-water samples also
were collected from 10 additional sites (fig. 1) throughout the
basin during low-flow conditions for analysis of nitrogen and

Methods of Data Collection and Analysis 5

phosphorus concentrations. Samples were collected in accor-
dance with procedures described in Wilde and Radtke (1998).
All surface water-quality samples were analyzed by the USGS
National Water-Quality Laboratory in Denver, Colorado.
Ground-water-quality samples were collected from April
to May 2004 from 11 monitoring wells (fig. 1): four existing
wells from other USGS studies in Broad Brook Basin and seven
wells installed in September 2003. Wells were selected or
installed at multiple depths and locations in the glacial stratified
deposits. Ground-water samples were analyzed for concentra-
tions of nitrogen and phosphorus, dissolved gases, and for
determination or ground-water age. Ground water was sampled
to provide data on variations in nutrient concentrations in the
aquifer (spatially and vertically) and to determine apparent age
of ground water for use in a ground-water-flow simulation.
Samples were collected in accordance with the procedures
described in Wilde and Radtke (1998). All ground-water sam-
ples for nutrient concentrations were analyzed by the USGS
National Water-Quality Laboratory in Denver, Colorado.

Nutrient Load Estimation

Nutrient loads were estimated using the computer program
ESTIMATOR (Cohn and others 1992a), which uses a multiple
linear-regression model to estimate loads from observations of
streamflow and concentration. The method uses the Minimum
Variance Unbiased Estimator (MVUE) to account for retrans-
formation bias (Cohn and others, 1989; Gilroy and other, 1990;
Cohn and others, 1992a) associated with the log-transformed
dependent variable (flow), and incorporates an adjusted maxi-
mume-likelihood estimator for data sets that contain values
below a detection limit (Cohn, 1988; Cohn and others, 1992b).

The data used in the regression model include concentra-
tion data from 1993 to 2004 and the corresponding mean daily
discharge values for USGS station 01184490 (Broad Brook at
Broad Brook). These values were used to develop a regression
equation for each constituent that was subsequently used to
make daily estimates of load based on the daily flow record.
Average daily loads were aggregated by water year, and confi-
dence intervals were calculated. Load estimates for water year
1996 (a year with no water-quality data) were made using ESTI-
MATOR. Nutrient yields were calculated by dividing loads
from station 01184490 by the drainage area of 15.5 miZ.

Nutrient concentration data and mean daily discharge val-
ues were retrieved from the USGS National Water Information
System (NWIS) database (http://waterdata.usgs.gov/ct/nwis/).
Concentrations of total nitrogen were calculated as the sum of
the concentrations of nitrite plus nitrate and total ammonia plus
organic nitrogen.

Nitrogen loads in base flow also were estimated using
ESTIMATOR and a subset of concentration data collected dur-

TA water year is defined as the 12-month period October 1 through September 30. The water year is designated by the calendar year in which it ends and which
includes 9 of the 12 months. Thus, the year ending September 30, 2004, is called the 2004 water year.
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ing base-flow conditions. Samples were determined to repre-
sent base-flow conditions by using the output from the
hydrograph separation program PART. Samples were classified
as collected during base flow if the estimated daily base flow
was 95 percent or more of the mean daily streamflow. The daily
base-flow record, estimated using PART, was used to estimate
base-flow loads of nitrogen and phosphorus.

Ground-Water Age Dating

Ground-water age determinations were done by two meth-
ods: (1) sulfur hexafluoride (SFg) and (2) tritium/helium-3
(*H/*He). Dissolved gas analyses (N,, Ar, O,, CO, and CHy)
were used to determine ground-water recharge temperature and
the amount of excess air present in the samples. Excess air is
entrained in the recharge as it makes its way to the water table
or by the rise of the water table. Excess air increases the SFg
concentration above the air-water equilibrium (Busenberg and
Plummer, 2000). Recharge temperature and excess air were
determined from the measurements of N, and Ar gas present in
the sample as described by Lindsey and others (2003) and
Busenberg and Plummer (2000). Dissolved gas measurements
also were used to determine whether excess nitrogen gas was
present, an indicator of denitrification in the ground-water-flow
system.

Sulfur hexafluoride (SFg) is a compound that has been
accumulating in the atmosphere due to the increasing release
from the manufacture of electrical switching components (fig.
3). Concentrations in ground water can be compared with the
atmospheric input to estimate an apparent age. The method is
limited to waters recharged after 1970. The method is described
in detail by Busenberg and Plummer (2000) and by Lindsey and
others (2003).

The SFg method has some limitations that may bias the age
of ground water. For instance, there are some natural sources of
SF¢ in crystalline rocks (Busenberg and Plummer 2000), and
the input function of atmospheric SFg may vary by location. For
instance, atmospheric inputs may be larger and highly variable
downwind of more concentrated sources of release (Santella
and others, 2003). Samples for ground-water age interpretation
(sulfur hexafluoride) and dissolved gas concentrations were
analyzed by the USGS Chlorofluorocarbon Laboratory, in
Reston, Virginia.

Tritium/helium-3 (*H/%He) dating is the second method
that was used to determine apparent ground-water age. The
method works on the principle that atmospheric tritium CH),
produced primarily from nuclear weapons testing in the 1960’s,
is contained in ground-water recharge (fig. 3). 3H decays radio-
actively to Helium-3 (*He), with a half-life of 12.4 years. When
the recharge is isolated from the atmosphere and moves within
the aquifer, the age of the water can be calculated by determin-

ing relative amounts of 3He and *H. This method was described
by Schlosser and others (1988), Solomon and Sudicky (1991),
and Plummer and others (1993). In addition, measurements of
3H can be used to qualitatively determine ground-water age,
based on the estimated input function of *H from the atmo-
sphere radioactively decayed to present concentrations (fig. 4).
For instance, ground water recharged prior to nuclear-weapons
testing in the mid-1950s should have concentrations of less than
2 tritium units (TU); concentrations of 30 TU or more may indi-
cate samples recharged during the peak of atmospheric nuclear
testing in 1964 (fig. 4). Samples for *H/°He ground-water-age
interpretation were analyzed by the Lamont Doherty Earth
Observatory of Columbia University at Palisades, New York.

Ground-Water-Flow Simulation

Ground-water flow in Broad Brook Basin was simulated
using MODFLOW-2000 (Harbaugh and others, 2000), and
MODPATH (Pollock, 1994). MODFLOW-2000 is a three-
dimensional, finite-difference ground-water-flow model that
includes a nonlinear-regression algorithm to find the best fit
among model parameters and hydrologic observations. MOD-
PATH was used to simulate pathlines and ground-water travel
times to understand the effects that ground-water travel times
have on the discharge of nitrate nitrogen to Broad Brook. The
model created for this study was a steady-state model to simu-
late long-term average conditions. Details of the model devel-
opment and results are presented in appendix 1.

Ground-Water Discharge from Broad Brook
Basin

The hydrograph separation using PART indicated that the
average ground-water discharge from Broad Brook Basin at
USGS station 01184490 for water years 1993-2004 was 18.6
in/yr, and the annual mean runoff from the basin for the same
period was 22.7 in. This indicates that the base-flow component
of streamflow (fig. 5), which represents the ground-water dis-
charge, is about 82 percent of the annual streamflow. The larg-
est base flows at USGS station 01184490 from 1993-2004 typ-
ically were from December to June (fig. 6), which is when most
ground-water recharge occurs in Connecticut. Base flows from
July to October accounted for only about 20 percent of the aver-
age annual base flow, whereas base flows in March to June
accounted for about 47 percent.
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01184490, Broad Brook at Broad Brook, Connecticut, water years 1993—-2004.
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gaging station 01184490, Broad Brook at Broad Brook, Connecticut, water years 1993-2004.



Ground-Water Quality

Samples were collected from 11 monitoring wells in Broad
Brook Basin from April to May 2004. Samples were analyzed
for concentrations of nitrogen and phosphorus constituents
(table 1), and ground-water age was interpreted from SF¢
SH/®He, and dissolved gas measurements. Concentrations of
nitrite plus nitrate nitrogen ranged from less than the reporting
limit of 0.06 to 9.7 mg/L. Concentrations in most samples col-
lected were higher than the ambient concentrations for undevel-
oped forested areas (median value 0.11 mg/L reported by Grady
(1994) and median value 0.14 mg/L reported by Grady and
Mullaney (1998)). Concentrations as large as 60 mg/L of nitrite
plus nitrate nitrogen have been measured in ground water dur-
ing previous USGS studies in Broad Brook Basin (Grady, 1994;
Cervione and others, 1989, p. 272).

Dissolved gas measurements (N5, Ar, O,, CO, and CHy)
that were used to determine excess air and recharge temperature
for SFg ground-water ages also can be used to estimate excess
nitrogen gas produced due to denitrification of nitrate. Samples
from wells CT-EL 143 and CT-EL 144 contained low concen-
trations (less than 2 mg/L) of dissolved oxygen and low or
undetected concentrations of nitrite plus nitrate nitrogen. Sam-
ples from these two wells also had excess nitrogen gas, indicat-
ing the possibility that the original nitrate nitrogen concentra-
tions may have been 2 to 3 mg/L higher, and that denitrification
has taken place. Wells CT-EL 143 and CT-EL 144 penetrate
some buried organic sediments that may be facilitating this pro-
cess by providing dissolved organic carbon. Samples from well
CT-EW 133 appear to have excess nitrogen gas, but dissolved
oxygen concentrations were 9.0 mg/L, indicating that it is less
likely that the excess nitrogen gas originates from denitrifica-
tion. These results indicate that denitrification occurs at some
locations in this aquifer, but is not a dominant process. This is
consistent with the work done by Clausen and others (1998),
who determined that denitrification in ground water was
responsible for only about 1 percent of nitrogen losses along a
reach of Muddy Brook, a tributary of Broad Brook.

Ground-water samples collected in Broad Brook Basin
during April to May 2004 generally contained low concentra-
tions of dissolved phosphorus, with two exceptions. Samples
from two wells, CT-EL 145 and CT-EW 143, contained con-
centrations of dissolved phosphorus of about 0.1 mg/L. Grady
and Mullaney (1998) reported that dissolved phosphorus con-
centrations in shallow ground water generally are not signifi-
cantly different in developed and undeveloped land. They found
that typical concentrations of dissolved phosphorus ranged
from 0.005 to 0.01 mg/L. This is presumably because phospho-
rus tends to sorb to sediments (Harman and others, 1996; Walter
and others, 1996) until the sediments are completely saturated.
Grady and Mullaney (1998) reported that samples from glacial
aquifers derived from arkosic bedrock (similar to the aquifer of
Broad Brook Basin) had significantly higher concentrations of
orthophosphate than samples from glacial aquifers derived from
crystalline, calcareous, or carbonate bedrock, indicating a pos-
sible source for slightly higher concentrations of phosphorus in
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the arkosic rocks. The median concentration reported by Grady
and Mullaney (1998) was 0.02 mg/L of orthophosphate as phos-
phorus. Sample concentrations larger than 0.02 mg/L may indi-
cate some enrichment of phosphorus above what would be
expected for glacial stratified deposits from arkosic bedrock.

Ground-Water Age

Ground-water samples were collected from selected wells
to analyze and interpret ground-water ages using SFg, SH/He,
and 3H (table 2). The apparent ages were used to constrain
travel times in the MODFLOW/MODPATH simulations and
for understanding the age distribution of ground water in the
glacial stratified aquifer. Apparent ground-water ages for sam-
ples collected from April to May 2004 ranged from 2.4 years to
greater than 50 years. The oldest ground-water samples were
collected from wells CT-EL 145 and 146 (89 and 40.2 ft deep,
respectively) in the center of the basin in an area with the thick-
est glacial stratified deposits. The youngest ground-water sam-
ples generally were collected from wells screened near the
water table.

There was some difficulty in interpreting the ground-water
ages due to several factors. For example, a number of the wells
that were sampled for 3H/*He analysis had an excess of terri-
genic Helium-4 (“He). Terrigenic helium is derived from the
earth’s mantle or from bedrock. Excess “He will cause a young
bias in the ground-water age. In several cases when this excess
was minimal, corrections were made to the data to account for
this extra source. When the excess is large, data are needed on
the crustal abundance of “He in local surficial materials and
bedrock to correct the apparent age. In two cases with excess
terrigenic 4He, concentrations of tritium were very low, indicat-
ing it was old water that originated prior to the peak of nuclear-
weapons testing in the mid-1960’s.

Samples from wells CT-EL 145 and CT-EL 146 likely
contain older water that originated as recharge prior to the peak
of nuclear-weapons testing in 1964. Although SH/*He ages
could not be calculated (due to excess terrigenic *He and water
too old to date by this method), tritium concentrations were 0.57
and 0.14 TU, respectively, indicating these waters date to before
1954. These same two samples also contained SF¢ at concentra-
tions of 1.2 to 1.8 part per trillion by volume (pptv). This corre-
sponds to a recharge date of 1983 to 1987, based on the input
function for SFg (fig. 4).

In general, the ages determined using SFg interpretation
were younger than those determined by interpretation of 3H and
3He. Reasons for this discrepancy may include a natural source
of SFg (Busenberg and Plummer, 2000), an input of SF that
differs from the input function (fig. 3) that was used in the age
calculation, or mixing of younger and older waters. Mixing
models for tracers in ground water have been developed by
Bohlke (2006). Data for SF¢ and 3H plot near a line that sug-
gests binary mixing of older and younger waters (fig. 7), how-
ever, it is unlikely that there is mixing of very young water (~3
yr) with older water at the location of wells CT-EL 145 and
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Table 1. Water-quality data for samples from selected wells Broad Brook Basin, north-central Connecticut, 2004.

[LSD, land-surface datum; mm Hg, millimeters of mercury; mg/L, milligrams per liter; pS/cm, microsiemens per centimeter; degrees C, degrees Celsius;
N, nitrogen; P, phosphorus; <, less than; E, estimated value; --, not available]

Depth Dot Baro- . Dis- PH,
to water . Dis- solved water,
of well, tude of metric .
Local well . . . level, solved oxygen, unfiltered
. . Station number Date Time in feet . land pres- o
identifier in feet . oxygen,  percent field, in
below surface,  sure,in .
LSD below in feet mm Hg in mg/L of sat- standard
LSD uration units
CT-EL 82 415458072291901 04-29-04 1430 24.50 5.32 193 770 8.3 81 8.1
CT-EL 142 415542072273601 05-07-04 1015 37.54 16.15 250 754 10.9 104 6.2
CT-EL 143 415442072274601 05-05-04 1045 41.4 11.96 230 756 1.0 10 6.5
CT-EL 144 415442072274602 05-05-04 1330 24 14.96 230 756 .1 1 5.7
CT-EL 145 415450072290901 04-29-04 1200 89 7.62 205 770 8.1 73 8.4
CT-EL 146 415450072290902 04-28-04 1345 40.2 8.73 205 753 8.4 78 7.8
CT-EL 147 415450072290903 04-28-04 1030 20 8.50 205 753 4.7 41 5.6
CT-EW 133 415450072332201 05-11-04 1200 22.6 4.48 40 - 9.0 - 7.8
CT-EW 134 415548072311301 05-10-04 1200 102 49.80 185 762 79 78 7.8
CT-EW 142 415552072311601 05-04-04 1100 35.9 2.05 130 755 6.1 56 6.4
CT-EW 143 415552072311602 05-04-04 1340 18.7 1.65 130 755 4.8 43 6.4
ggﬁg:lc Ammonia Nitrite Ortho-
tance Temper- + Ammonia + Nitrite phos- Phos-
Local well water’ ature, organic N, water, nitrate water, phate, phorus,
dentifier Date unfilteréd water, water filtered, water filtered, water, water,
i S/cm’ in filtered, in mg/L filtered, in mg/L filtered, filtered,
;25 degrees C in mg/L asN in mg/L asN in mg/L in mg/L
asN asN asP
degrees C
CT-EL 82 04-29-04 471 15.0 E0.05! <0.04 8.052 <0.008 0.02 0.025
CT-EL 142 05-07-04 204 12.6 E.07! <.04 2.24 <.008 .04 .045
CT-EL 143 05-05-04 270 15.3 E.08! .05 <.06 E.007! <.02 <.004
CT-EL 144 05-05-04 195 11.6 E.08! <.04 43 E.006' <02 .008
CT-EL 145 04-29-04 180 11.5 <.10 <.04 4.36 <.008 .09 .101
CT-EL 146 04-28-04 211 11.3 <.10 <.04 5.702 <.008 .04 .046
CT-EL 147 04-28-04 354 9.1 E.07! <.04 8.312 <.008 E.01! 016
CT-EW 133 05-11-04 255 18.6 E.05! <.04 1.78 <.008 .02 .018
CT-EW 134 05-10-04 322 14.7 E.06! <.04 3.13 <.008 .02 .022
CT-EW 142 05-04-04 454 11.2 E.05! <.04 9.74% <.008 E.02! 021
CT-EW 143 05-04-04 396 10.6 E.05! <.04 9.46% <.008 .02 .095

"Below the laboratory reporting limit and above the long-term method detection limit.

Diluted sample method high range exceeded.
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Table 2. Concentrations of sulfur hexafluoride and tritium and apparent ages of ground-water samples in Broad Brook Basin,
north-central Connecticut.
[SF¢, sulfur hexafluoride; pptv, parts per trillion by volume; 3H/3He, tritium/helium-3; TU, tritium units, multiple listing of the same station indicates dupicate
samples; >, greater than; --, not available]
I_.ocallvyell Date sample conces;]?ation, .SFB age, r':]i(S)BOef; 33:: SH./SHE age, rzslﬁ:krl;e conI:zi:turrantion,
identifier collected in pptv in years SFy in years year nTU
CT-EL 142 05/07/2004 3.62 8.8 1995.5 3.1 2001.2 6.63
CT-EL 143 05/05/2004 3.73 8.3 1996.0 234 1980.9 5.65
CT-EL 143 05/05/2004 3.14 10.8 1993.5 -- -- --
CT-EL 144 05/05/2004 3.71 8.3 1996.0 24 2001.9 6.13
CT-EL 145 04/29/2004 1.35 20.3 1984.0 >50! -- 57
CT-EL 146 04/28/2004 1.78 17.8 1986.5 >50! -- 14
CT-EL 146 04/28/2004 1.18 21.3 1983.0 - - --
CT-EL 147 04/28/2004 4.37 5.8 1998.5 8.1 1996.2 6.94
CT-EL 147 04/28/2004 4.04 7.3 1997.0 -- -- --
CT-EW 133 05/11/2004 1.66 18.3 1986.0 14.0 1990.3 2.03
CT-EW 134 05/10/2004 1.56 18.8 1985.5 26.9 1977.4 5.00
CT-EW 142 05/04/2004 3.79 8.3 1996.0 10.7 1993.6 5.69
CT-EW 143 05/04/2004 3.05 11.3 1993.0 9.7 1994.6 5.44

IEstimate based on tritium concentrations.
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Relation between concentrations of sulfur hexafluoride and tritium and mixing models for younger (2001) and

older pre-tracer water in Broad Brook Basin, north-central Connecticut. (Tritium input from R.L. Michel, U.S. Geological

Survey, written commun., 2005.)

CT-EL 146. These wells are in unconsolidated fine-grained gla-
cial stratified deposits in the middle of the thickest part of the
aquifer. Previous investigations (Lindsey and others, 2003) indi-
cate that mixing is more likely in bedrock aquifers or wells pen-
etrating multiple fractures in bedrock aquifers, in discharge
from springs, or in areas where ground-water withdrawals have
caused mixing of shallow and deep zones. Mixing also could
occur due to converging flow paths near a surface-water body;
well-construction characteristics, such as mixing in the annulus
of disturbed area around the monitoring well; or mixing of
waters in the well-screen zone. Wells sampled for this study had
short screens, all less than 5 ft.

A likely explanation for the discrepancies between the SFq
and the tritium/helium values is that there is a natural source of
SF¢, and it is evident only in samples with the oldest water. In
wells CT-EL 145 and CT-EL 146, the younger SF ages are
likely due to a natural source of SFg, because the tritium values
are definitive of a large component of pre-nuclear testing
recharge water.

Nutrient Loads from Broad Brook Basin

Nutrient loads were estimated for USGS station 01184490
(Broad Brook at Broad Brook, Connecticut) for water years
1993-2004. The constituents analyzed included total nitrogen,
nitrite plus nitrate nitrogen, nitrate nitrogen, total ammonia plus
organic nitrogen, total phosphorus, and dissolved phosphorus.
An analysis of the relations between sample collection and
streamflow indicated that samples were collected over the range
of streamflows that occurred during 1993-2004 (fig. 8).

Load estimates were made for base flow to indicate the
ground-water contribution of nitrogen to Broad Brook. The
analysis of nitrogen loading from base flow was limited to dis-
solved nitrate nitrogen, as this is likely the dominant nitrogen
species in ground water. The load of dissolved phosphorus from
base flow also was determined. Instantaneous loads of nitrogen
were calculated for subbasins sampled in September 2002.
These loads were used to determine parts of the basin contrib-
uting the largest loads from ground water.
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Nitrogen

Total nitrogen loads (appendix 2, fig. 9) at USGS station
01184490, on Broad Brook ranged from 117,000 1b in water
year 2002 (a dry year; see fig. 5) to 270,000 1b in water year
1997 (a wet year; see fig. 5). This nitrogen load was dominated
by nitrate nitrogen (fig. 9), which averaged 80 percent of the
total nitrogen load in water years 1993-2004 (appendix 2).
Total ammonia plus organic nitrogen (fig. 9) averaged about 18
percent of the total nitrogen load. There were no apparent trends
in concentration with time of any of the nitrogen species. This
was determined by the insignificance of the “time” variable in
the ESTIMATOR multiple-linear regression equations. The
variables related to seasonality and flow generally were signif-
icant for most nitrogen and phosphorus constituents.

Concentrations of total nitrogen in samples from Broad
Brook exceeded the USEPA Ecoregion XIV recommended
nutrient criteria for nitrogen for rivers and streams (0.7 mg/L;
U.S. Environmental Protection Agency, 2000) in all samples

Flow-duration curve and discharge conditions during sampling at Broad Brook at Broad Brook, Connecticut,

collected during water years 1993-2004. Concentrations of
total nitrogen differed by season; concentrations were generally
high from September to February and lower from April through
August (fig. 10). Differences in concentration can be attributed
to seasonal assimilation of nitrogen in streams caused by bio-
logical uptake and to seasonal differences in streamflow. Sam-
ples collected in March (fig. 10) had some of the lowest concen-
trations because of dilution effects during periods of high flow.
March samples also can have the highest concentrations if a
runoff event occurs after the application of manure to fields
(Mullaney and Zimmerman, 1997).

Total nitrogen yields from Broad Brook Basin at station
01184490 averaged about 14,000 pounds per square mile per
year (lb/mizlyr) and are among the largest yields measured in
Connecticut (Mullaney and others, 2002). Nitrogen yields at
station 01184490 were about 10 times higher than those
reported for mostly forested basins (Mullaney and others, 2002;
Trench, 2000).
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Figure 9. Nitrogen loads at U.S. Geological Survey station 01184490, Broad Brook at Broad Brook, Connecticut,
for total nitrogen, nitrate nitrogen, and total ammonia plus organic nitrogen. Bars indicate the 95-percent confidence interval.
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Phosphorus

Total phosphorus loads at USGS station 01184490 on
Broad Brook ranged from 2,330 1b in water year 2002 to 14,400
Ib in water year 1996 (appendix 2, fig. 11A) and averaged 8,240
Ib. Dissolved phosphorus (fig. 11B) averaged about 71 percent
of the annual load of total phosphorus. Total phosphorus yields
averaged about 530 lb/mizlyr. This yield is more than five times
higher than yields reported for forested basins (less than 100
lb/mizlyr) by Trench (2000). Concentrations of total phospho-
rus ranged from 0.02 to 0.63 mg/L during water years 1993—
2004 (table 3). Of 102 samples collected from station 01184490
during the study period, 99 samples had concentrations higher
than the USEPA Ecoregion XIV recommended nutrient criteria
for phosphorus for rivers and streams (0.031 mg/L; U.S. Envi-
ronmental Protection Agency, 2000).

Base-Flow Loads

Base-flow loads of nitrate nitrogen and dissolved phospho-
rus were calculated as a means of determining the input of these
nutrients from ground-water discharge to Broad Brook. Base-
flow loads of nitrate nitrogen ranged from 88,700 Ib in water
year 2002 to 190,000 Ib in water year 1997 (appendix 2, fig.
12A). The base-flow load of nitrate nitrogen from 1993-2004

represents, on average, about 71 percent of the total load of
nitrogen, indicating that ground-water discharge to Broad
Brook is likely the largest source of nitrogen on an annual basis
(fig.13). The estimates of base-flow loads of nitrate nitrogen
likely include the effects of instream loss of nitrogen due to bio-
logical processing, or denitrification. Base-flow loads may also
include some nitrate from the mineralization of ammonia and
organic nitrogen deposited in the streambed during storm
events. This load has been considered to be insignificant in this
analysis.

Base-flow loads of dissolved phosphorus ranged from 980
Ib in water year 2002 to 3,000 1b in 1997 (appendix 2, fig.12B).
Phosphorus loads delivered to Broad Brook during base flow
are less likely than nitrate loads to originate from ground-water
discharge. Grady and Mullaney (1998) determined that concen-
trations of dissolved phosphorus generally are very low in
ground water beneath agricultural land. The sources of dis-
solved phosphorus in base flow probably include some ground-
water input, plus phosphorus released from bottom sediments in
impoundments, such as Broad Brook Millpond. The base-flow
load of dissolved phosphorus averages about 40 percent of the
annual load of dissolved phosphorus, indicating that the major-
ity (60 percent) of the dissolved phosphorus load is delivered to
Broad Brook during storm events.

Table 3. Concentrations, loads, and yields of nitrogen and phosphorus at U.S. Geological Survey station 01184490, Broad Brook at

Broad Brook, Connecticut, 1993—2004.
C tration, in milli lit .
oncentration, in milligrams per liter Mean yield,
Constituent Recommended in Mjizr;lo::j'ear |r;p3:rned;ﬁzr
Minimum Median Maximum nutrient P pery a
o per year
criteria

Total nitrogen 2.8 4.2 6.3 0.7 218,000 14,100
Nitrite plus nitrate 1.3 3.7 5.8 175,000 11,300
nitrogen

Nitrate nitrogen 1.3 3.7 5.8 173,000 11,100
Total ammonia plus .14 43 4.2 40,100 2,580
organic nitrogen

Total phosphorus .02 .08 .63 .031 8,240 531
Dissolved phosphorus .019 .05 49 5,830 376

1U.S. Environmental Protection Agency (2000).
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Figure 11. Phosphorus loads at U.S. Geological Survey station 01184490, Broad Brook at Broad
Brook, Connecticut, for (A) total phosphorus, and (B) dissolved phosphorus. Bars indicate the 95-

percent confidence interval.

17



18 Nutrient Loads and Ground-Water Residence Times in an Agricultural Basin in North-Central Connecticut

A.
220,000 T T T T T T T T T T T
NITRATE NITROGEN
[ BASE FLOW
200,000}
oc
< I
(NN}
>
= 180,000)- %: :%
o
s Pl
()
=
S 160,000} %
o
2 ? !
- I
S 140,000 { }
5 I
120,000}
100,000}
80’000 1 1 1 1 1 1 1 1 1 1 1 1
1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
WATER YEAR
B.
5,000 T T T T T T T T T T T T
DISSOLVED PHOSPHORUS
| BASE FLOW
4,000 -
o
<
L
>
oc
a
o 3000
(]
=
o
o
o
= :{ -
(]
< {
o
—
1,000 |- {
1 1 1 1 1 1 1 1 1 1 1 1

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
WATER YEAR
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Figure 13. Base-flow loads of nitrate nitrogen and total nitrogen loads from surface runoff at

U.S. Geological Survey station 01184490, Broad Brook at Broad Brook, Connecticut.

Water-quality samples and measurements of stream dis-
charge were collected at 11 sites in Broad Brook Basin from
September 18-20, 2002 during low-flow conditions to under-
stand the contribution of nutrients to the mouth of the basin
from the headwaters. Instantaneous loads of nitrogen and phos-
phorus were calculated for each stream reach, which were then
used to determine the load for each subbasin by subtracting
upstream loads (figs. 14-16). The instantaneous load of total
nitrogen at USGS station 01184490 on September 19, 2002 was
equivalent to 150 pounds per day (Ib/d), an amount much lower
than the average daily load for 1993-2004 of about 600 Ib. The
combined nitrogen load from two upstream basins with the larg-
est contributions totaled about 138 Ib from an area that mea-
sures 3.7 mi? or 23.9 percent of the drainage area of USGS sta-
tion 01184490 (15.5 mi?). The loads at most of the subbasin
sampling sites are dominated by nitrate nitrogen (about 88 per-
cent).

Loads at USGS station 01184470 (Broad Brook at Mel-
rose, Connecticut) were larger than the loads at downstream
USGS station (01184490), indicating a loss of nitrogen in the
lower reaches of Broad Brook Basin. This loss of nitrogen may
be due to assimilation by aquatic life, temporary storage
(described below), or denitrification in Broad Brook Millpond.

Water-quality data collected at USGS station 01184490 show
that nitrogen concentrations typically are highest during the
non-growing season, indicating some storage of nitrogen in
algae and aquatic plants during the growing season. This nitro-
gen may be returned to the system when the biomass decom-
poses and is carried downstream by high streamflows during the
fall. The quality of ground-water discharge may be better repre-
sented by concentrations of nitrate nitrogen in base flow during
the non-growing season than by concentrations during the
growing season.

The instantaneous load of total phosphorus at station
01184490 on September 19, 2002 was equivalent to 2 1b/d. The
average daily load of total phosphorus at station 01184490 was
about 23 1b/d during water years 1993—2004. The subbasins
with the highest load of total phosphorus during this low-flow
condition contributed about 0.1 to 0.5 Ib/d (fig. 16). The subba-
sins (sampled September 18-19, 2002) with the largest contri-
butions of phosphorus contain impoundments (fig. 16), indicat-
ing that some phosphorus may be released from sediment
deposited in these impoundments during times when low dis-
solved oxygen conditions exist; the remainder of the phospho-
rus probably originates from ground-water discharge to the
streams in the basin.
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Figure 14. Base-flow loads of total nitrogen from selected subbasins, September 18-20, 2002, Broad Brook Basin, north-central Connecticut.
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Simulation of Future Nitrogen Loads from
Ground Water

The results of the MODFLOW/MODPATH simulations
were used to simulate current and alternative future loads from
urban and agricultural land in the watershed. These scenarios
were generated by multiplying the recharge rates used in or
determined from the MODFLOW steady-state simulation by
the assumed concentrations of nitrate nitrogen from different
land-use and land-cover types. The simulated output base-flow
load of nitrate nitrogen was compared with base-flow load (fig.
12A) calculations. It was assumed that the current input of
nitrate nitrogen to the water table is not substantially different
from the input at the time of recharge. Future scenarios were
generated by applying changes in the concentration of nitrate
nitrogen at the water table, applying the simulated travel times
from the MODPATH simulations, and generating graphs to
show the number years required before improvements would be
seen in the water quality at the downstream end of Broad Brook
Basin based on ground-water travel times.

Recharge Rates, Nitrate Concentrations, and Loads

Long-term average recharge rates were assigned to each
cell in the ground-water-flow model. Rates varied depending on
the dominant surficial geologic material in each cell of the
model. The simulated long-term average recharge rate was 24.6
in/yr to areas underlain by glacial stratified deposits and 7.9
in/yr to till deposits. (appendix 1).
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Concentrations of nitrate nitrogen were assigned to differ-
ent land uses and land covers on the basis of information from
Grady (1994), Grady and Mullaney (1998), and Mullaney and
Zimmerman (1997), and from ground-water samples collected
for this study. Agricultural areas were assigned values of nitrate
concentration higher than median concentrations reported by
Grady (1994) and Grady and Mullaney (1998). This was done
because Broad Brook Basin was reported by Mullaney and oth-
ers (2002) to have atypical nitrogen concentrations for an agri-
cultural area. The ground-water quality sampling and base-flow
water-quality sampling done for this study confirmed that con-
centrations of nitrite plus nitrate nitrogen were higher than
median values reported previously for agricultural areas in
Connecticut.

Recharge rates were multiplied by the estimated concen-
tration of nitrate nitrogen to determine the loading to the water
table from each model cell. The concentration values used and
the 2002 estimated nitrate load to the water table are shown in
table 4. The load of nitrogen to the water table is largest from
agricultural land in the basin. The value of 6.5 mg/L chosen for
use is a typical value based on studies in the watershed, but val-
ues can be higher or lower depending on the intensity of the
agriculture in individual subbasins. The estimated load of nitro-
gen to the water table using this method was about 154,000 1b,
which is similar to the average base-flow load of nitrate nitro-
gen of 154,800 Ib estimated for water years 1993-2004 (appen-
dix 2). It is likely that the estimates of base-flow loads of nitrate
(appendix 2) include the effects of instream loss of nitrogen;
therefore, average concentrations of nitrate nitrogen in ground-
water discharge to Broad Brook may be higher than the values
in table 4, as shown by the seasonal variation of total nitrogen
in Broad Brook (fig. 10).

Table 4. Concentrations of nitrate nitrogen assigned to land-use and land-cover categories, and estimated load to the water table,

Broad Brook Basin, north-central Connecticut.

[2002 Land-use/land-cover data modified from Civco and Hurd, 2003]

Estimated concentration of

Land-use/land-cover category nitrate nitrogen,

in milligrams per liter

Estimated loading to the water table (in
pounds) based on land cover in 2002 and
recharge rates for different geologic materials

Developed 13.0
Turf and grass 215
Other grasses and agriculture 3.5
Forest and wetland 40.14
Utility right of way and barren land 31.0

Total

14,200
470
137,000
1,450
970
154,090

"Median values from Grady (1994) for unsewered residential 2.3 mg/L, sewered residential 2.4 mg/L. It was assumed that concentra-
tions under developed land are slightly higher than those reported by Grady (1994), which contained turf and landscaped areas that would

have slightly lower nitrate concentrations.

"Median values from Grady (1994) untilled agriculture (1.5 mg/L) should be similar to areas of turf.

3Estimated for this study based on ground-water sampling and low-flow sampling (September 2002).

“Median values from Grady and Mullaney (1998).

SEstimated.
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Current Loads from Ground Water to Broad Brook and
Age of Ground -Water Discharge

Estimating loads of nitrogen from ground water to Broad
Brook is complicated by the different ground-water travel times
from different parts of the basin. The concentrations of nitrate
nitrogen in ground water reflect land use at the time of recharge.
The current load of nitrogen to Broad Brook from ground-water
discharge contains water that is a mixture of different ages. The
cumulative distribution of the age of base flow to Broad Brook
was calculated as follows. Travel times from recharge to dis-
charge in a river cell were calculated for each cell in the model
using MODPATH, and these times were paired with the
recharge rate assigned to each cell. Water was assumed to pass
through weak sinks in the ground-water-flow model. These
weak sinks were in cells that contained upland streams. The
resulting travel times were sorted, and the cumulative flow was
calculated by summing the recharge for all cells having younger

travel times (fig. 17). MODPATH was calibrated by adjusting
the porosity values in the glacial deposits and bedrock to obtain
the best match to measurements of apparent ground-water age
(ages shown in appendix 1 (table 1-6; information on porosity
in appendix 1).

The simulations in MODPATH indicate that, under long-
term average conditions, about 50 percent of the ground water
discharged to Broad Brook in 2006 originated as ground-water
recharge before 1995 (residence time greater than 11 years),
about 18 percent originated before 1980 (residence time greater
than 26 years), and about 8 percent originated before 1960 (res-
idence time greater than 46 years) (fig. 17). The remaining 50
percent of the current base flow is estimated to have originated
after 1995 (residence time less than 11 years). These findings
have important implications on the length of time required
before water-quality improvements in Broad Brook can be
observed following implementation of BMPs.

TRAVEL TIME IN YEARS

105 85 65 45 25 5 0
100 T T T T T T T T T
=
280
L
n
<
[a)
L
o
= 60
S 50 percent
& pre 1995
a
m
=
'—
< 40
>
=
>
o
o
D
=
5' 20 4 18 percent
= 8 percent pre 1980
2] pre 1960
0 —_— ] ] , ] \ ]
1900 1920 1940 1960 1980 2000 2005

SIMULATED RECHARGE DATE

Figure 17.
by simulated year/age of recharge.

Simulated cumulative curve of percent of ground-water discharge in year 2006 from Broad Brook Basin



Scenarios of Future Nitrate Nitrogen Loads from
Ground-Water Discharge

Data from the MODFLOW/MODPATH simulations were
used to simulate future base-flow loads of nitrate nitrogen. The
calculations used information from the model simulations on
(1) the recharge rate to each cell in the model from MODFLOW
simulations and (2) the ground-water travel time from each
model cell at the water table to discharge to a surface-water
body. Additional information used included (3) the dominant
land-use category of each model cell in 2002 based on the Uni-
versity of Connecticut land-use and land-cover data set (Civco
and Hurd 2003), and (4) the estimated average concentrations of
nitrate at the water table for each of the land-use/land-cover cat-
egories listed in table 4.

Simulations of future nitrate loads from ground-water dis-
charge were based on the following assumptions:

1. Future conditions of recharge resemble the long-term
average conditions simulated in this study.

2. Nitrogen load to Broad Brook from ground-water
discharge is currently at a steady state. This assumption
is based on the “time” variable in the load estimation
from “ESTIMATOR” which was not statistically
significant, indicating no trend in nitrate nitrogen load
with time.

3. Current load of nitrate to the water table (based on land-
use/land-cover for 2002) is not substantially different
from the input associated with the water that is
discharging to Broad Brook. This water is of mixed age
as shown in figure 17.

4. For most simulations, an average concentration of nitrate
was used to correspond to each land-use/land-cover
category. In reality, there are likely areas that are higher
or lower in concentration depending upon the intensity of
the land use and the agricultural crops.

5. Denitrification generally is not occurring in ground water,
as determined at most of the selected ground-water
sampling sites in this study. The concentrations of nitrate
used in this analysis may include the effects of nitrogen
loss/denitrification in the unsaturated zone or the ground-
water/surface-water interface and reductions that occur
on an annual basis from instream biological processes.

6. BMPs were assumed to begin immediately over all areas
in a targeted land use. In reality, BMPs, if implemented,
are likely to be phased in over time. The existing storage
of nitrogen in the soil will take some time to deplete, and
changes to the concentrations of nitrate reaching the
water table are likely to be gradual.

Potential BMPs that might be applied to agricultural areas
include implementing nutrient-management plans. These plans
could minimize the amount of available nutrients for loss to the
water table by reducing nitrogen applications to an amount
equal to the crop requirements, based on soil testing for nutri-
ents. Residential BMPs include reducing fertilizer application
based on soil test recommendations. Other residential and agri-
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cultural BMPs might include restoring vegetation to areas that
currently receive fertilizer applications, and enhancing stream

and wetland buffer areas. Monitoring the timing of fertilizer and
manure applications may be helpful in reducing the load to the
water table. Most ground-water recharge occurs during the non-
growing season, and nutrients applied to these areas during this
time period may be more likely to reach the water table.

The scenarios tested involved reducing concentrations of
nitrate nitrogen in recharging ground water at the water table
beneath urban (developed and turf and grass categories in table
4) and agricultural (other grasses and agriculture category in
table 4) land areas, applying the reduced nitrate concentrations
in the discharge at time periods equal to or greater than the sim-
ulated travel time of ground water, and plotting the simulated
load of nitrate in the discharge at specified times in the future.
The purpose of the simulations is to provide some understand-
ing of the time required for water-quality improvements to be
observed in Broad Brook. Scenario 1 assumes that concentra-
tions of nitrate nitrogen in recharging ground water at the water
table beneath urban and agricultural land can be reduced to con-
centrations similar to those currently observed in shallow
ground water beneath forested land (0.14 mg/L, table 4) (Grady,
1994; Grady and Mullaney, 1998). This scenario shows a 50-
percent reduction in the base-flow load of nitrogen in just over
10 years and a 70-percent reduction in 20 years (fig. 18, table 5).

Scenario 2 assumes that concentrations of nitrate nitrogen
in recharging ground water at the water table can be reduced to
achieve the USEPA Ecoregion XIV recommended nutrient-cri-
teria value for streams of 0.7 mg/L (U.S. Environmental Protec-
tion Agency, 2000). Nitrate nitrogen concentrations were
reduced to 0.7 mg/L at the water table beneath urban and agri-
cultural land. This scenario shows a 50-percent reduction in the
base-flow load of nitrate after 14 years and a 75-percent reduc-
tion in 30 years (fig. 18, table 5).

Scenario 3 assumes that concentrations of nitrate in
recharging ground water at the water table under urban and agri-
cultural land will be reduced by 50 percent. This scenario shows
about a 25-percent reduction in the base-flow load of nitrate in
about 10 years and a 45-percent reduction in 40 years (fig. 18,
table 5).

Scenario 4 assumes that concentrations of nitrate nitrogen
in recharging ground water at the water table under lands that
were urban and agricultural in 2002 will be reduced by 10 per-
cent. Under this scenario, a 7.2-percent reduction in base-flow
load of nitrate could be expected in 20 years (fig. 18, table 5).
This reduction is consistent with the Long Island Sound nitro-
gen TMDL calculation, which mandates a 10-percent decrease
in loads of nonpoint nitrogen from urban and agricultural land
by 2015 (New York Dept. of Environmental Conservation/Con-
necticut Dept. of Environmental Protection, 2000). If this sce-
nario were to be applied in 2006, a reduction of 2.6 to 5 percent
could by expected by 2015.

Scenario 5 assumes concentrations of nitrate to the water
table from lands that were urban and agricultural in 2002 are
reduced by 5 percent. Under this scenario, a 3.6-percent reduc-
tion in base-flow load of nitrate could occur in 20 years (fig. 18,
table 5).
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Figure 18. Simulated future base-flow load of nitrate nitrogen from Broad Brook Basin, north-central Connecticut,
under five scenarios for reductions in concentration of nitrate in recharging ground water.
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Table 5. Simulated future base-flow load of nitrate nitrogen from Broad Brook Basin, north-central Connecticut, under five scenarios
for reductions in concentration of nitrate in recharging ground water.

[Loads are in pounds]

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Time in

years Load Perce_nt Load Perce_nt Load Perce_nt Load Perce_nt Load Perce_nt
reduction reduction reduction reduction reduction

0 153,800 0.0 153,800 0.0 153,800 0.0 153,800 0.0 153,800 0.0

5 114,300 25.7 117,900 234 133,600 13.1 149,800 2.6 151,800 1.3

10 77,930 49.3 84,870 44.8 115,000 25.2 146,100 5.0 149,900 2.5

20 45,820 70.2 55,820 63.7 98,580 35.9 142,800 7.2 148,300 3.6

30 27,210 82.3 39,000 74.6 89,050 42.1 140,900 8.4 147,300 4.2

40 17,720 88.5 30,360 80.3 84,200 45.3 139,900 9.1 146,900 4.5

60 13,410 91.3 26,500 82.8 81,990 46.7 139,500 9.3 146,600 4.7

80 9,186 94.0 22,630 85.3 79,830 48.1 139,000 9.6 146,400 4.8

100 7,404 95.2 21,000 86.3 78,930 48.7 138,800 9.8 146,300 4.9

Summary and Conclusions

A study of the loads of nitrogen and phosphorus in Broad
Brook Basin was conducted by the U.S. Geological Survey, in
cooperation with the Connecticut Department of Environmental
Protection, during 2002-2005. Broad Brook Basin is a 15.8-
square mile basin in north-central Connecticut that is underlain
by glacial stratified deposits, glacial till, and arkosic and crys-
talline bedrock. Land use is dominated by agricultural and for-
ested land. Although ground-water discharge dominates the
annual discharge of water in basins with extensive glacial strat-
ified deposits, the role of ground-water discharge often is not
considered in the implementation of Best Management Prac-
tices (BMPs) to reduce nitrogen load. Analysis of the stream
base-flow record at Broad Brook from 1993-2004 indicated
that 18.6 in. (82 percent) of the average annual runoff of 22.7 in.
was during base flow, and that ground-water discharge is the
largest component of streamflow. The investigation focused on
determining the load of nitrate nitrogen to Broad Brook from
ground-water discharge, and estimating the time required for
improvements in ground-water quality to be evident in stream-
water quality.

Ground-water samples from wells in Broad Brook Basin
contained elevated concentrations of nitrite plus nitrate nitrogen
as high as 9.7 milligrams per liter (mg/L), which is about 69
times larger than concentrations estimated for undeveloped for-
ested areas in Connecticut. Dissolved gas measurements indi-
cated that denitrification was limited to two samples with an
excess 2 to 3 mg/L of nitrogen gas, and low nitrogen and dis-

solved oxygen. The majority of samples contained concentra-
tions of nitrite plus nitrate and dissolved oxygen greater than 2
mg/L. Concentrations of dissolved phosphorus were low except
for two samples with concentrations of about 0.1 mg/L.

The apparent age of ground-water samples was determined
using tritium (°H), trittum/helium-3 (*H/*He), and sulfur
hexafluoride (SF¢) methods, and ranged from 2.4 to greater than
50 years. Two samples contained *H concentrations that indi-
cate they were recharged before the peak of atmospheric
nuclear testing in the mid-1960’s. Ages determined from SFg
samples generally were younger than those determined using
3H/®He, indicating the possibility of mixing of younger and
older waters or a natural source of SF¢ from geologic materials.

Loads of nitrogen and phosphorus from Broad Brook
Basin from 1993-2004 were estimated using a multiple linear-
regression model. Loads of total nitrogen from the basin ranged
from 117,000 to 270,000 pounds per year (Ib/yr), and the yield
was about 10 times larger than the yield in forested basins in
Connecticut. About 80 percent of the load of total nitrogen was
nitrate nitrogen, and the remainder was total ammonia plus
organic nitrogen and nitrite. Concentrations of nitrogen
exceeded U.S. Environmental Protection Agency (USEPA)
Ecoregion XIV nitrogen criteria in all samples collected. The
base-flow load of nitrate for water years 1993-2004 was esti-
mated to be about 71 percent of the average load of total nitro-
gen from the basin, or 88,700 to 190,000 pounds (Ib), indicating
that ground-water discharge is the major source of nitrogen to
Broad Brook. Loads of nitrate nitrogen delivered to streams
from ground water may be larger than estimates determined
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from analysis of base-flow nitrate nitrogen concentrations and
flows because of instream losses.

Annual loads of total phosphorus ranged from 2,330 to
14,400 1b. Dissolved phosphorus was about 71 percent of the
annual load. Phosphorus yields were about five times larger
than the yield in forested basins in Connecticut, and most sam-
ples exceeded the USEPA Ecoregion XIV phosphorus criteria
0of 0.031 mg/L. The base-flow load of dissolved phosphorus was
about 40 percent of the annual load of dissolved phosphorus,
indicating that the majority of phosphorus was delivered to
Broad Brook during storm events. Phosphorus in base flow
likely includes phosphorus from ground-water discharge, as
well as phosphorus released from storage in impoundment or
streambed sediments.

Nutrient samples were collected and streamflow measure-
ments were made in subbasins of Broad Brook Basin during a
low-flow condition during September 2002. The low-flow syn-
optic sampling indicated that much of the nitrogen load origi-
nated from two subbasins, and that there was some attenuation
of nitrogen loads near the basin outlet at Broad Brook Millpond.
Analysis of the phosphorus data indicates release of phosphorus
from impoundment sediments in two subbasins.

A finite-difference ground-water-flow model (MOD-
FLOW) was used in conjunction with a particle-tracking
(MODPATH) program to simulate the ground-water-flow sys-
tem and flow paths in Broad Brook Basin. The ground-water
model was calibrated with measurements of head, with stream-
flow collected during average base-flow conditions during
October 2003, and with water levels from well-completion
reports in bedrock wells in upland areas. Results of ground-
water-age determinations were used to calibrate the MOD-
PATH particle-tracking simulation by adjusting aquifer poros-
ity to obtain the best match. The simulated discharge from the
ground-water-flow model to streams contained water that was a
mixture of different ground-water ages. The simulation indi-
cated that 50 percent of the ground-water discharge to streams
in Broad Brook Basin was recharged since 1995 and the other
50 percent was recharged before 1995, including about 8 per-
cent that was recharged before 1960.

Future loads of nitrate nitrogen from ground water to
Broad Brook following the implementation of BMPs were sim-
ulated by reducing the concentration of nitrate nitrogen at the
water table. The calculations included simulated recharge rates
to each cell in the model, along with nitrate nitrogen concentra-
tions estimated for the dominant land use and the ground-water
travel time (until discharge to a surface-water body) associated
with each cell.

Scenarios were developed to reduce concentrations of
nitrate nitrogen in recharging ground water beneath urban and
agricultural lands: (1) to typical values from forested areas in
Connecticut, (2) to concentrations established by the USEPA
Ecoregion XIV nutrient criteria, (3) a 50-percent reduction in
concentrations beneath urban and agricultural areas, (4) a 10-
percent reduction in concentrations beneath urban and agricul-
tural areas, and (5) a 5-percent reduction in concentrations
beneath urban and agricultural areas. Assuming an instanta-

neous reduction in nitrate concentrations at the water table, a
25-percent reduction in base-flow load of nitrate nitrogen could
be achieved in just over 5 years under scenarios 1 and 2; the
same reduction would take about 10 years under scenario 3. A
9-percent reduction would take place in 40 years under scenario
4. A 50-percent reduction in the base-flow nitrate nitrogen load
could be achieved in little more than 10 years under scenario 1
and in about 15 years under scenario 2. A 50-percent reduction
would not be achieved in 100 years under scenario 3, but would
reach about 45 percent in 40 years.

The simulations described above also could be used to pre-
dict the maximum base-flow load of nitrate nitrogen that could
be achieved in the shortest amount of time. The simulations
suggest that in this basin, and in other similar basins in Connect-
icut underlain by extensive glacial stratified deposits, the time
lag can be substantial to see the effects of land use on the quality
of water discharged to streams from ground water. This finding
may be important in the expectations for water-quality
improvements from land-use changes or BMPs. The findings
also have significance with regard to BMPs that enhance infil-
tration of stormwater, but may contribute to a longer-term prob-
lem of nitrate discharge to streams. Further analysis of ground-
water travel times from upland areas would be useful to enhance
the understanding of the ground-water discharge time lag in
Connecticut.
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Appendix 1. Development of Ground-Water-
Flow Model for Broad Brook Basin

Description of Flow Model and Model Assumptions

The MODFLOW ground-water-flow model for Broad
Brook Basin uses a finite-difference grid with 55 rows and 100
columns. All cells in the model are 400 by 400 feet (ft) (fig. 1-
1), and the model has four layers (fig. 1-2). The uppermost two
layers represent the unconsolidated surficial deposits, or the top
of the bedrock surface in areas where surficial materials are
thin. The lowermost two layers simulate the bedrock aquifer to
a minimum depth of 300 ft and a maximum depth of 470 ft
(below land surface), depending upon the thickness of the surf-
icial deposits. Layer 3 is 100 ft thick, and layer 4 is 200 ft thick.
Model layers are assumed to be confined (fixed transmissivity),
due to the numerical instability in the uppermost thin layers of
the model, especially in the uplands.

The model is a steady-state simulation that was calibrated
to measurements of ground-water levels and streamflow col-
lected during a nearly average base-flow period in October
2003. The average base-flow period was identified using the
output from the computer program PART, described previ-
ously. Additional calibration observations include water-level
data from well-completion reports at 20 wells that were approx-
imately located. These additional data were used to constrain
the simulated water table in the upland areas at the eastern end
of Broad Brook Basin.

Streamflow measurements used in the calibration were
collected at the mouth of the basin at U.S. Geological Survey
(USGS) station 01184490 on October 8, 2003. Streamflow
measurements also were collected from 10 other sites for com-
parison of results with the simulation. The calibration for this
model used a nonlinear regression technique to estimate param-
eters that minimize the sum of squared differences between
observed and simulated heads and streamflows. The technique
was developed by Cooley and Naff (1990) and included in the
MODFLOW 2000 computer program by Hill and others (2000).
Estimated parameters include hydraulic conductivity of bed-
rock units, glacial stratified deposits, and thick till, and the
amount of recharge to glacial stratified deposits.

Boundary Conditions

The top of the model is a specified flow boundary, the
value of which is equal to long-term recharge. The top of layer
1 is the water table. Initially, the top of the model was set to the
land surface. After preliminary model runs, the simulated head
in layer 1 was used as the top of layer 1. This allowed for more
accurate estimation of the hydraulic conductivity, which is
affected by layer thickness when model layers are simulated as
confined. Recharge rates used in this simulation are “effective
recharge rates” and include the effects of ground-water evapo-

transpiration. The edges of the model are simulated using a no-
flow boundary that corresponds to the Broad Brook Basin
divide. It is possible that this boundary does not behave as a no-
flow boundary, because the drainage divide crosses an area of
glacial stratified deposits in the downstream end of the valley,
and it is therefore possible that some ground water may flow
into or out of the basin by underflow. The bottom of the lower
model boundary is simulated using a no-flow boundary that
ranges from 300 to 470 ft below land surface. The bottom of the
model is in either arkosic or crystalline bedrock (fig. 1-2). The
elevation of the bedrock surface was generally represented as
the bottom of layer 2 in areas with thick till or glacial stratified
deposits. The depth to bedrock was determined in these areas
from geologic maps (Cushman and Colton, 1963; Colton, 1972;
Ryder, 1972; Hyde and Colton, 1973; Handman and Ryder,
1974) and modified with depth information from well-comple-
tion reports.

Ground-Water Recharge

Recharge rates to glacial deposits were based on values
developed from base-flow analysis of streams (Mazzaferro,
1979). This relation indicates that ground-water recharge to till
is about 35 percent of the total runoff. In Broad Brook Basin, the
annual mean runoff from 1993-2004 was 22.7 inches: therefore
recharge to glacial till deposits is 35 percent of this value or
about 7.9 inches per year (in/yr).

Ground-water recharge was estimated to be even lower in
small parts of the basin with fine-grained deposits or swamp
deposits overlying fine-grained materials. An evaluation of
streamflow data collected during October 2003 indicates that,
during base-flow conditions, subbasins containing these types
of deposits had lower flows per square mile than basins without
these deposits. A value of 4 in/yr was assigned to model cells
containing these deposits.

Ground-water recharge to areas with coarse-grained gla-
cial stratified deposits at the surface was estimated using opti-
mal parameter estimates from MODFLOW. The simulation
estimated a recharge rate of 24.6 in/yr. This value is similar to
recharge rates determined previously for ground-water-flow
modeling studies in Connecticut (Starn and others 2000).

Aquifer Properties

Hydraulic conductivity of aquifer materials was assigned
either on the basis of previous investigations or was estimated
using MODFLOW. Hydraulic conductivities of glacial strati-
fied deposits (with the exception of fine-grained materials),
thick till, arkosic bedrock, and crystalline bedrock were esti-
mated with the use of MODFLOW. Values of hydraulic con-
ductivity were assigned using zone arrays in the MODFLOW
simulation (table 1-1). The ratio of horizontal hydraulic conduc-
tivity to vertical hydraulic conductivity was assumed to be 1.
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Table 1-1.
north-central Connecticut.

Nutrient Loads and Ground-Water Residence Times in an Agricultural Basin in North-Central Connecticut

Values of hydraulic conductivity used in finite-difference ground-water-flow model, Broad Brook Basin,

[<, value is less than value shown; >, value is greater than value show; *, value calculated using parameter estimation in MODFLOW and presented in this report

in “Model Calibration and Hydrologic Budget”]

Aquifer material Method

Hydraulic conductivity
used in model,
in feet per day

Hydraulic conductivity
from previous studies,
in feet per day

Glacial stratified deposits (based on
median grain size of medium sand
or larger)

Nonlinear regression

Fine-grained glacial stratified Historical values
deposits (present near mouth of
Broad Brook Basin, and at depth,

fine to very fine sand and silt)
Thick till Historical values

Arkosic bedrock (potentially cov-
ered with till up to 15 feet thick)

Nonlinear regression

Crystalline bedrock (potentially
covered with till up to 15 feet thick)

Nonlinear regression

* 1>20

5.0 1<1.6-20

* 202

* 231-47
* 2.6

Value from Mazzaferro and others (1979) fig. 35.
2Value from Melvin and others (1992).

A porosity of 0.30 was assigned to glacial stratified depos-
its. This value is within the range of reported porosities for sand
and gravel (Freeze and Cherry, 1979). In areas of thick till
(greater than 15 ft), a porosity of 0.25 was used. This value is
consistent with values reported by Melvin (1992) for compact
surface tills of the sedimentary rock provenance. The effective
porosity (the total porosity minus the retention) of bedrock rep-
resents the porosity due to the density and aperture of bedrock
fractures. The effective porosity of both the sedimentary (Port-
land Formation) and crystalline bedrock were assumed to be
0.005 (0.5 percent). This value is similar to values of total sec-
ondary porosity measured in sedimentary rocks in Durham,
Connecticut, using square-array direct current resistivity of 1.1
to 2.7 percent (Melvin and others, 1995). Values reported in
previous studies for secondary porosity of crystalline bedrock
are limited. Hansen and Lane (1996) estimated the secondary
porosity of crystalline bedrock in Millville and Uxbridge,
Massachusetts, to be 0.004.

Internal Sources and Sinks of Water

Ground water is removed from the modeled area primarily
through stream discharge in this simulation, except for some
limited domestic water use. Four active community supply
wells withdraw an estimated 0.16 million gallons per day
(Mgal/d). (J.J. Starn, U.S. Geological Survey, oral commun.,
2005). In addition, there are some individual private wells in
small areas of residential development that withdraw water

from the bedrock aquifer. Based on data from the 1990 census,
which included information on sources of potable water, an esti-
mated 850 private supply wells in the study area withdraw water
from the bedrock aquifer. This amounts to an estimated water
use in 1990 of about 0.17 Mgal/d, based on water use of 80 gal-
lons per person per day (U.S. Geological Survey, 1995) and 2.5
people per household. Current water use likely is higher
because of residential and commercial development since 1990.
The majority of this water (estimated 85 percent) withdrawn by
residential wells is returned through on-site septic systems.

Ground-water withdrawals were not included in this simu-
lation because they represent only about 2 to 3 percent of the
estimated annual recharge, if only withdrawals are considered,
and about 0.4 percent if 85 percent is returned to the aquifer
through septic systems. Therefore, for the purposes of this sim-
ulation, the ground-water withdrawals from public and private
wells were considered to be negligible.

Streams were simulated using the stream package created
for MODFLOW by Prudic (1989). The stream package uses a
procedure that tracks the flow in streams that interact with
ground water. This provides output for comparisons with
streamflow measurements made for model calibration.

The active model area (fig. 1-1) contains 49 stream seg-
ments and 631 reaches. Segments are individual tributaries, or
streams between tributaries; reaches are parts of stream seg-
ments crossing each model cell. Discharge between each stream
reach and the adjacent aquifer is calculated, and streamflow is
accumulated in a downstream direction.



Appendix 1. Development of Ground-Water-Flow Model for Broad Brook Basin 35

Streambed hydraulic conductivity was assumed to be
1 foot per day (ft/d), and streambed thickness was assumed to
be 1 ft. The initial altitude of stream stage was determined using
a digital elevation model. The values were then adjusted by
visual comparison to USGS topographic maps with 10-ft con-
tours. Stream altitude was assumed to be 2 ft lower than stream
stage. Stream width was assigned by stream order. Widths were
estimated on the basis of measurements that were made during
the low-flow water-quality sampling and streamflow measure-
ments made in 2002 and 2003. First-order streams were
assigned a width of 5 ft, second order streams were assigned a
width of 10 ft, and third-order streams were assigned widths
varying from 10 ft in the upstream reaches to 36 ft downstream,
due to increases in the size of the drainage area.

Model Calibration and Hydrologic Budget

Five model parameters were estimated during calibration:
(1) horizontal hydraulic conductivity of the glacial stratified
deposits (with the exception of fine-grained materials near the
mouth of the basin and with depth), (2) horizontal hydraulic
conductivity of thick till, (3) horizontal hydraulic conductivity
of arkosic bedrock with thin till, (4) horizontal hydraulic con-
ductivity of crystalline bedrock with thin till, and (5) recharge
to glacial stratified deposits (table 1-2.).

Table 1-2.

The ground-water-flow model was calibrated using water-
level data collected on October 6-8, 2003 at 13 monitoring wells
in Broad Brook Basin (fig. 1-3). This time period represented
average ground-water levels (table 1-3) and average ground-
water discharge conditions. Ground-water levels on October 6-
8, 2003 were compared to the average water levels from four
long-term observation wells in the basin (table 1-3). The com-
parison indicated that water levels in the basin were at nearly
long-term average conditions. The determination of average
discharge conditions was based on the base-flow analysis using
PART. In addition to the wells that were measured, average
ground-water levels from seven wells measured during previ-
ous studies were used in the calibration. Additional observa-
tions for upland areas in Broad Brook Basin (glacial till and
bedrock uplands) were obtained from well-completion reports
for 20 domestic wells completed in the bedrock aquifer. The
wells were approximately located by street address. The pur-
pose of these additional observations was to help constrain the
water table in the model in upland areas where there was a lack
of monitoring wells. Water levels from well-completion reports
represent a wide range of water-level conditions; however, it is
assumed that this range brackets long-term average conditions.
Data from well-completion reports are subject to errors in loca-
tion and altitude.

Parameter estimates of hydraulic conductivity and recharge from nonlinear regression, finite-difference

ground-water-flow model, Broad Brook Basin, north-central Connecticut.

Estimated parameter Value Unit
Horizontal hydraulic conductivity of coarse-grained glacial 62.3 Feet per day
stratified deposits
Horizontal hydraulic conductivity of thick till deposits .56 Feet per day
Horizontal hydraulic conductivity of crystalline bedrock .06 Feet per day
(including till covering up to 15 feet thick)
Horizontal hydraulic conductivity of arkosic bedrock .10 Feet per day
(including till covering up to 15 feet thick)
Recharge to coarse-grained glacial stratified deposits 24.6 Inches per year
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Figure 1-3.  Location of measurements of ground-water levels and streamflow, Broad Brook Basin, north-central Connecticut.
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Table 1-3. Water levels in October 2003 and average water levels at selected U.S.Geological Survey network wells with long-term

measurement records, Broad Brook Basin, north-central Connecticut.

[Water levels in feet below land surface; USGS, U.S. Geological Survey]

U.SGS !qcalwell October 6-8, Average .
identifier and Period of .
. Town 2003 water Aquifer
station number record used
) water level level
(see fig. 6)

CT-EW 133 East Windsor 5.06 5.03 1986-2004 Glacial stratified deposits
415450072332201
CT-EW 134 East Windsor 50.55 50.64 1986-2004 Glacial stratified deposits
415548072311301
CT-EL 82 Ellington 5.86 5.92 1987-2004 Glacial stratified deposits
415616072303801
CT-EL 140 Ellington 16.76 15.38 1993-2004 Till
415312072280201

The weighting process for water-level and streamflow
measurements described by Hill (1998) was accomplished as
follows. Data with a higher degree of accuracy were given a
large weighting in the nonlinear regression calibration. The
weights reflect possible measurement error in the data and are
equal to the inverse of the variance of the measurement. The
variance in the measurements for both streamflow and water-
level measurements was determined subjectively, based on an
assessment of, in the case of water-level measurements, the
accuracy of the location and the land-surface altitude. The mea-
surement error for monitoring wells was assumed to be half the
contour interval (5 ft) of the USGS topographic map. This trans-
lates to a variance in water-level measurements for wells mea-
sured in October 2003 that was estimated to be 9.2 feet squared
(ft2) at the 90-percent confidence interval. This variance also
was applied to the wells with average historical observations
that were used in the calibration. Water levels from well-com-
pletion reports were assumed have an average error of +/- 20 ft.
This translates to a variance of 147 ft” at the 90-percent confi-
dence interval. A comparison of the simulated heads against the
measured heads generally indicates good agreement (fig. 1-4).

The unweighted errors (table 1-4) in the predictions of
heads at observation points averaged 2.36 ft. The average errors
were biased in a positive manner in upland areas (7.75 ft) and
were biased in a negative manner in areas underlain by glacial
stratified deposits (-3.02 ft). Three upland areas in the model
had simulated heads that were above land surface; these areas
were generally the same areas as where layer 1 was assumed to
contain bedrock covered by a thin veneer of glacial till. The rea-
sons why simulated heads would be above land surface may be
as follows: (1) the eastern boundary of the model is in an area
of high relief, and some model cells contain as much as 90 ft of
relief within the cell. Simulated heads are assumed to be at the

center of the cell, and therefore, the relation of the water table
to land surface may be due to this coarse discretization of the
model; (2) the stream drainage network as simulated may not
allow for enough discharge of water to streams in these loca-
tions. This may be due to sub-first order streams that drain shal-
low water from thin glacial till deposits. These shallow pro-
cesses are not simulated sufficiently due to the discretization
and assumptions in this model; (3) recharge rates may be too
large for these areas, or the recharge has more spatial variation
in the upland areas of the basin.

Table 1-4. Summary of error statistics and comparison of
observed and simulated ground-water levels, Broad Brook Basin,
north-central, Connecticut, April 16-20, 2002.

Statistic Value
Sum of squared weighted errors 120
Average weighted error -.18 feet
(ground-water-level measurements)
Average unweighted error 2.36 feet

(ground-water-level measurements)

Streamflow observations were made at 11 locations in
Broad Brook Basin on October 6-8, 2003, during conditions of
nearly average base flow. The average base flow during water
years 1993-2004 was estimated to be 21 cubic feet per second
(ft3/s). Streamflow was measured at 17 ft>/s on October 8, 2003.
Only one streamflow measurement from the most downstream
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station (01184490) was used in the parameter estimation (non-
linear regression) calibration. The nonlinear parameter estima-
tion would not converge using all streamflow measurements.
The additional streamflow observations that were not used in
the parameter-estimation calibration were compared with the
simulated streamflows in the MODFLOW as a means to assess
model fit (fig. 1-5). There was generally good agreement
between observed and simulated streamflows, especially in the
mainstem of Broad Brook. Errors were largest among several of
the smaller basins where streamflow was measured.

The hydrologic budget for Broad Brook Basin includes the
simulated inputs and outputs from the ground-water system. In
this steady-state simulation, inputs include recharge and leak-
age from streams; outputs include discharge to streams. The
hydrologic budget for the basin simulation is in table 1-5.

Table 1-5. Model-calculated hydrologic budget for steady-state
conditions.
Volumetric rate
Budget item Million Cubic feet
gallons
per second
per day
Inflow
Effective recharge from precipi- 11.9 18.4
tation
Leakage from streams 3.05 4.72
Total inflow 14.95 23.1
Outflow
Discharge to rivers 14.95 23.1
Total outflow 14.95 23.1

Estimation of Ground-Water Travel Time

The particle-tracking program MODPATH was used to
simulate travel times from each model cell to the point of dis-
charge in a stream or river. This was done to estimate the
amount of time required for best-management practices
(BMPs), which are targeted to improve concentrations of nitrate
nitrogen at the water table, to have an effect on the nitrate load
as measured at the basin outlet.

To constrain the travel times, arrays of particles were
placed in the model at the locations of wells or well clusters.
These particles were tracked in reverse to the recharge loca-
tions. The aquifer porosity was adjusted, within reasonable lim-
its, to get the best match among the simulated travel times and
those determined from 3H/®He and SF¢ analyses (table 1-6). In
the case of wells CT-EL 145 and CT-EL 146, the data from tri-
tium analyses was determined to be more representative of the
age of ground water than the SF values, due to a possible nat-
ural source of SF¢ and very low concentrations of tritium.

Travel times simulated by the model are in the general
range of those ages estimated from the use of tracers (table 1-6).
Due to the proximity of several sampled wells to streams, and
therefore the discharge area, it may be difficult to obtain an
exact match to apparent ages determined with tracers. This is
because of the convergence of flow towards areas of discharge,
which is difficult to reproduce with relatively coarse model
cells, both vertically and horizontally. There may be other rea-
sons why apparent ages do not agree with simulated advective
ages. For example, tracers can be affected by dispersion, diffu-
sion into the bedrock matrix (Lindsey and Burton, 2003), and
mixing of older and younger waters along the flow path.

The analysis of travel times has some limitations: (1) the
lack of control and information on the ground-water travel
times from the till and bedrock uplands. No samples of ground
water from bedrock or till were collected and analyzed for trac-
ers to determine apparent age. Currently, there are few pub-
lished data on ages of ground water in till and bedrock in Con-
necticut; (2) the hydraulic conductivity of the stratified glacial
aquifer is grouped into only two values—one value for coarse-
grained deposits, and one value for fine-grained deposits. In
reality, there is likely to be a wide range of values based on vari-
ations in grain size across the basin and with depth in the aqui-
fer. Differences in these values may affect time of travel and
local ground-water-flow directions.
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Figure 1-4. Simulated and measured hydraulic head, Broad Brook Basin, north-central Connecticut.
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Table 1-6. Simulated and apparent ages at selected monitoring wells, Broad Brook Basin, north-central Connecticut.

[SFg, sulfur hexaﬂuoride;sH/sHe, tritium/helium 3; >, greater than]

Local well Simulated age from Apparent age from Apparent age from
identifier MODPATH particle SFg analysis, 3H/3He analysis,
(fig. 1) tracking, in years in years in years
CT-EL 142 6.01 8.80 3.10
CT-EL 143 30.65 10.80 23.40
CT-EL 144 1.63 8.30 -
CT-EL 145 101.9 20.30 >50
CT-EL 146 26.61 17.80 >50
CT-EL 147 3.98 5.80 8.10
CT-EW 133 22.95 18.30 14.00
CT-EW 134 32.44 18.80 26.90
CT-EW 142 14.02 9.80 -
CT-EW 143 10.08 11.30 -
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Table 2-1. Load estimates from ESTIMATOR Log-Linear Regression for U.S. Geological Survey station 01184490,
Broad Brook at Broad Brook, Connecticut.

Annual load, Lower limit of 95-percent Upper limit of 95-percent
Water year . ! . . - . .
in pounds confidence interval, in pounds confidence interval, in pounds
Total nitrogen
1993 231,000 221,000 242,000
1994 229,000 220,000 239,000
1995 181,000 175,000 188,000
1996 267,000 254,000 281,000
1997 270,000 257,000 284,000
1998 243,000 234,000 254,000
1999 182,000 175,000 188,000
2000 228,000 220,000 237,000
2001 194,000 187,000 202,000
2002 117,000 113,000 122,000
2003 224,000 215,000 233,000
2004 248,000 237,000 259,000
Nitrite plus nitrate nitrogen
1993 178,000 171,000 186,000
1994 180,000 173,000 188,000
1995 156,000 150,000 163,000
1996 200,000 190,000 209,000
1997 209,000 199,000 220,000
1998 192,000 184,000 201,000
1999 151,000 145,000 157,000
2000 187,000 179,000 195,000
2001 158,000 152,000 164,000
2002 106,000 101,000 111,000
2003 180,000 173,000 188,000
2004 198,000 188,000 206,000
Nitrate nitrogen
1993 176,000 168,000 184,000
1994 178,000 171,000 186,000
1995 154,000 148,000 161,000
1996 197,000 188,000 207,000
1997 207,000 196,000 218,000
1998 190,000 182,000 199,000
1999 149,000 143,000 156,000
2000 185,000 177,000 193,000
2001 156,000 150,000 162,000
2002 105,000 100,000 110,000
2003 178,000 171,000 186,000

2004 195,000 185,000 204,000
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Table 2-1. Load estimates from ESTIMATOR Log-Linear Regression for U.S. Geological Survey station 01184490,
Broad Brook at Broad Brook, Connecticut.—Continued

Annual load, Lower limit of 95-percent Upper limit of 95-percent
Water year . ! . . - . .
in pounds confidence interval, in pounds confidence interval, in pounds
Total ammonia plus organic nitrogen
1993 54,600 41,400 70,800
1994 46,400 37,400 57,000
1995 22,400 19,400 25,700
1996 72,200 46,700 107,000
1997 46,500 37,100 57,600
1998 42,400 32,200 54,700
1999 26,000 20,600 32,500
2000 34,900 27,700 43,300
2001 37,700 25,300 54,200
2002 11,100 9,610 12,800
2003 38,400 31,600 46,100
2004 48,000 37,200 60,500
Total phosphorus
1993 9,320 6,820 12,500
1994 8,610 6,680 10,900
1995 4,300 3,650 5,030
1996 14,400 9,140 21,600
1997 11,000 8,280 14,200
1998 9,280 7,060 12,000
1999 5,690 4,350 7,310
2000 8,040 6,260 10,200
2001 8,030 5,220 11,800
2002 2,330 1,970 2,740
2003 7,930 6,450 9,650
2004 9,940 7,580 12,700
Dissolved phosphorus
1993 6,390 4,740 8,430
1994 6,140 4,700 7,880
1995 3,250 2,670 3,910
1996 9,090 6,380 12,600
1997 8,630 6,280 11,600
1998 6,350 4,900 8,080
1999 4,120 3,080 5,400
2000 5,750 4,520 7,210
2001 4,900 3,500 6,680
2002 1,540 1,280 1,830
2003 5,860 4,610 7,340

2004 7,930 5,760 10,600
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Table 2-1. Load estimates from ESTIMATOR Log-Linear Regression for U.S. Geological Survey station 01184490,
Broad Brook at Broad Brook, Connecticut.—Continued

Annual load, Lower limit of 95-percent Upper limit of 95-percent
Water year . ! . . - . .
in pounds confidence interval, in pounds confidence interval, in pounds
Base-flow nitrate nitrogen load
1993 155,000 149,000 161,000
1994 157,000 151,000 164,000
1995 142,000 137,000 147,000
1996 177,000 169,000 185,000
1997 191,000 180,000 202,000
1998 174,000 166,000 181,000
1999 127,000 123,000 131,000
2000 171,000 165,000 178,000
2001 140,000 135,000 144,000
2002 88,700 84,800 92,800
2003 154,000 149,000 160,000
2004 181,000 172,000 189,000
Base-flow dissolved phosphorus
1993 2,170 1,730 2,680
1994 2,330 1,760 3,020
1995 1,770 1,490 2,080
1996 2,740 2,090 3,530
1997 3,000 2,090 4,170
1998 2,640 2,070 3,320
1999 1,540 1,300 1,810
2000 2,520 2,070 3,040
2001 1,930 1,580 2,330
2002 976 783 1,200
2003 2,200 1,830 2,620

2004 2,680 2,110 3,350
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