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Factors Affecting Water Quality and Net
Flux of Solutes in Two Stream Basins in
the Quabbin Reservoir Drainage Basin,
Central Massachusetts, 1983-85

By Rochelle L. Rittmaster and James B. Shanley

Abstract

The factors that affect stream-water quality
were studied in two forested basins in metamorphic
schist and gneiss terrane of central Massachusetts.
West Branch Swift River (Swift River), which
drains 32.9 square kilometers, and East Branch
Fever Brook (Fever Brook), which drains 12.6
square kilometers, flow into the northern part of
Quabbin Reservoir, which supplies most of the
water for metropolitan Boston. Data were collected
on the hydrology and major solute chemistry of pre-
cipitation, surface water, ground water, and soil
water. Spatial and temporal variations in chemistry
and relations between chemical changes and hydro-
logic processes then were used to identify the mech-
anisms most important in the chemical evolution of
water from acidic precipitation to moderately
buffered stream water.

During the 21-month study period, December
1983 through August 1985, precipitation chemistry
was dominated by hydrogen ion (composite pH
4.23), sulfate, and nitrate. Precipitation was
1,546 millimeters during the first 10 months
compared to 969 millimeters during the final 11
months of the period, yet chemical inputs to the
basins were higher during the second period by 41
percent for hydrogen ion, 44 percent for sulfate, and
36 percent for nitrate. Base-cation inputs were
lower in the final 11 months by an amount directly
proportional to the decrease in precipitation. The
more acidic composition of precipitation during the
final 11-month period indicates a shift in storm track

from coastal to continental, allowing air masses to
acquire acidic precursors from industrialized
regions west of the study area.

Stream chemistry was significantly affected by
highway deicing salts, particularly in the Fever
Brook Basin, where sodium and chloride were the
dominant solutes. Some sodium in deicing salt
replaced calcium and magnesium on cation-
exchange sites, resulting in increased export of
those base cations in streamflow. At the Swift River
outlet gaging station, concentrations of base cations
and silica were relatively constant, although moder-
ate dilution occurred at high flows and concentra-
tions increased during base flow in the summer. At
the Fever Brook outlet gaging station, base-cation
concentrations were more variable than those at the
Swift River outlet gaging station, and the dilution of
silica was much greater during high flow in spring.
At each gaging station, potassium concentrations
peaked later in the year relative to concentration
peaks of the other base cations because of leaching
of potassium from fallen leaves. Alkalinity was less
than 50 microequivalents per liter for most of the
year at each gaging station, but increased to near
150 microequivalents per liter in summer and early
autumn. Organic acidity in stream water at the Fever
Brook gaging station caused higher concentrations
of dissolved organic carbon, hydrogen ion, and alu-
minum compared to the Swift River gaging station.
However, episodic increases of hydrogen ion and
aluminum were more frequent at the Swift River
gaging station. Aluminum concentrations increased
from less than 100 to nearly 300 micrograms per

Abstract 1



liter during high-flow periods in both streams. The
large input of atmospheric sulfate was reflected in
flow-weighted mean sulfate concentrations greater
than 130 microequivalents per liter in both streams.
At the Swift River gaging station, sulfate concentra-
tions were relatively constant, whereas at the Fever
Brook gaging station, sulfate concentrations
decreased in summer as a result of sulfate reduction
in wetlands.

Differences in stream-water quality among
tributary sites in each basin can be attributed to vari-
ations in geology and hydrology. At Swift River, a
subbasin that comprises only 11.2 percent of the
total basin area contributed nearly 25 percent of the
total base cations, 16 percent of the total silica, and
77 percent of the total alkalinity exported from the
basin. This subbasin is underlain by gabbro com-
posed of hornblende and calcium feldspar, rather
than the felsic rocks of quartz and sodium and potas-
sium feldspars that underlie most of the remainder
of Swift River Basin.

The large inputs of hydrogen ion and nitrate in
wet deposition were almost entirely retained in the
basins. In contrast, in the Swift River Basin, the
output of sulfate in stream water (1,684 equivalents
per hectare) was 63 percent greater than the input in
wet deposition (1,034 equivalents per hectare). The
net export of 650 equivalents per hectare was attrib-
uted predominantly to dry deposition of sulfate,
which was not measured. Net export of sulfate from
the Fever Brook Basin was only about one-half as
much as that from Swift River Basin because of sul-
fate reduction in the extensive wetlands in Fever
Brook Basin during summer and early autumn.

The weathering of hornblende and plagioclase
controlled base-cation fluxes at both outlet gaging
stations. After correction for the effect of deicing
salts, the net flux of base cations was 41 percent
greater at Swift River (2,014 equivalents per
hectare) than at Fever Brook (1,429 equivalents per
hectare) for the 21-month study period. The net flux
of silica was 58 percent greater at Swift River (1,260
moles per hectare) than at Fever Brook (799 moles
per hectare). The disproportionately greater export
of silica and calcium and the higher

calcium:magnesium ratio at Swift River compared
to that at Fever Brook indicates that plagioclase
weathering is predominant in the Swift River Basin,
and that hornblende weathering is predominant in
the Fever Brook Basin. The overall weathering rate
appears to be greater in the Swift River Basin
because of the presence of the easily weathered
gabbro in one small subbasin, and because of a
higher proportion of ground-water discharge at
Swift River relative to that at Fever Brook. The
alkalinity is about the same in each basin, however,
because the additional alkalinity generated by
higher weathering rates at Swift River is balanced
by additional alkalinity generated by sulfate reduc-
tion coupled with organic carbon oxidation at Fever
Brook.

An indication that acidification is occurring in
Swift River and Fever Brook is that the sum of
equivalents of base cations (primarily calcium and
magnesium) is not balanced by bicarbonate alkalin-
ity. Because sulfate concentrations generally were
greater than alkalinity, sulfate in the stream water is
the dominant anion accounting for transport of base
cations from the basins. An important finding of the
study was that sodium in highway deicing salts
exchanged for calcium and magnesium on soil
cation-exchange sites, which resulted in increased
export of calcium and magnesium in stream water.

INTRODUCTION

The potential adverse effects of atmospheric acid
deposition, commonly referred to as acid rain, have
drawn national and international attention. Researchers
in the United States, Canada, and Europe have been
investigating the effect of acid deposition on damage to
forests, mobility of heavy metals in soil and water,
decreasing populations of fish and other aquatic life,
and acidification of surface waters (Galloway and
others, 1983; Henriksen and others, 1984; Schindler,
1988).

The Quabbin Reservoir in central Massachusetts
supplies most of the water demand for the Boston met-
ropolitan area. The reservoir is owned and managed by
the Metropolitan District Commission (MDC). Runoff
from 485 km? of drainage basin is impounded in the
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1.56 million m? reservoir (Nesson, 1983). The 100-km?
surface and 190 km of shoreline also are used for
limited recreation.

Records maintained by the MDC indicate that
alkalinity in the reservoir has decreased from greater
than 200 peq/L (microequivalents per liter) in the
1940’s to less than 100 peq/L in 1980. Increased acidity
could result in the mobilization of aluminum, which can
affect the quality of drinking water (Sung and others,
1984), and can be toxic to biota (Halliwell, 1985). Fish-
population declines and some local fish kills have been
observed in streams that discharge into the Quabbin
Reservoir (DiNardo, 1984; Gelbspan, 1984).

In response to concerns about the effects of acid
deposition on water quality and aquatic ecology of the
Quabbin Reservoir, the MDC and the Division of Water
Pollution Control of the Massachusetts Department of
Environmental Protection (then known as the Depart-
ment of Environmental Quality Engineering) cooper-
ated with the U.S. Geological Survey (USGS) on a 21-
month study (1983-85) of the hydrology and stream-
water quality of two forested drainage basins whose
streams discharge into the reservoir. These basins were
selected on the basis of different geology and surface-
water hydrology so that various physical and chemical
conditions could be considered.

The initial impetus for this study was primarily a
concern over the effects of acid deposition on stream-
water quality in the Quabbin Reservoir drainage basin.
Knowledge of how acidic atmospheric inputs are pro-
cessed in tributary basins in the drainage basin is vital to
assessing the possibility of acidification in the reservoir.
The elements of the study included: (1) collection
and chemical analysis of wet deposition near the
Quabbin Reservoir; (2) collection and chemical
analysis of soil-water, ground-water, and stream-water
samples, and measurement of stream discharge in the
West Branch Swift River and East Branch Fever Brook
Basins from December 1983 through August 1985;
(3) calculation of fluxes of major chemical solutes
entering each drainage basin in wet deposition and leav-
ing in streamflow; and (4) interpretation of spatial and
temporal variability of stream-water quality and solute
fluxes on the basis of hydrologic, geologic, and
biogeochemical characteristics of each drainage basin.

Purpose and Scope

The purpose of this report is to describe and inter-
pret the processes that affect the net flux of solutes and
the quality of stream water that discharges into Quabbin
Reservoir. The report describes how solute fluxes and
stream-water quality are affected by the quality of
precipitation, basin hydrologic characteristics, and min-
eral weathering processes, with special attention to
aluminum geochemistry. Other effects considered are
general biogeochemical processes and the application
of highway deicing salts. Spatial and temporal varia-
tions in solute concentrations and fluxes in stream water
are evaluated in light of these potential controlling
factors. Finally, the status of the basins with respect to
acidification from atmospheric deposition is evaluated.
The report details the extensive field sampling effort
undertaken to collect the data needed for these interpre-
tations. The study covered a 21-month period from
1983 to 1985. The report is intended to provide manag-
ers of water resources in the Quabbin Reservoir drain-
age basin with sound scientific information that will
help them guide their water-resources management
decisions.

Related Studies

The bedrock geology of the area around the north-
ern shoreline of the Quabbin Reservoir has been the
subject of numerous investigations by the University of
Massachusetts, Department of Geology (Makower,
1964; Ashenden, 1973; Michener, 1983). Beginning in
the 1980’s, this work was supplemented by a series of
hydrogeologic and hydrogeochemical investigations.
Batchelder and others (1983) and Yuretich and Batch-
elder (1988) found that weathering rates in the Fort
River Basin near Amherst were greater than rates at
Hubbard Brook, N.H., because of differences in weath-
ering processes and hydrogeology. Variations in hydro-
logic flow paths were the most important factor
affecting spatial differences in ground-water chemistry
in the adjacent Cadwell Creek Basin (Leonard and
others, 1984; Yuretich and others, 1989).

Steckl (1985) contrasted hydrogeologic character-
istics of Carter and Mundberry Brooks, two adjacent
drainage basins on the northeast side of the Quabbin
Reservoir. Although the residence time of ground water
was similar in the two basins, weathering rates seemed
greater in Carter Brook Basin because of the greater
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areal extent of thicker unconsolidated surficial deposits
in the basin compared to Mundberry Brook Basin. The
hydrochemistry of these two drainage basins has been
studied in greater detail by researchers from the Univer-
sity of Massachusetts (Knapp, 1990; McManamon,
1990) to compare the hydrochemistry of these two
drainage basins to that in the Cadwell Creek Basin. A
preliminary comparison of the two areas, including der-
ivations of the pertinent weathering reactions that con-
trol the stream chemistry, was made by Yuretich and
others (1986).

The USGS also has completed studies related to
acid deposition in the Quabbin area and in other parts of
Massachusetts. Gay and Melching (1994) collected pre-
cipitation samples at two sites in the State, and corre-
lated precipitation chemistry with the track of the storm
in an effort to relate rainfall acidity to its geographic
source. This work was followed by a study in which the
liquid and solid phase of incremental precipitation sam-
ples were analyzed to better define the geographic
origin of the air mass and detecting changes in air
masses during storms (Risley and Shanley, 1994).

Another USGS study in the Quabbin area investi-
gated the effects of clearcutting on water quality and
quantity (Shanley and others, written commun., 1992).
The study used a paired drainage basin approach; one
drainage basin was a control and a second drainage
basin was partially logged, then limed and planted in rye
grass, to ascertain whether this management practice
could be used to increase runoff without affecting water
quality. Bent (1994) analyzed the hydrologic results of
that study. A report tabulating data on which the present
report is based was prepared by Rittmaster and Girouard
(1992). Finally, Shanley (1994) used data collected as
part of the present study to determine that ion exchange
of sodium in deicing salt for calcium and magnesium in
soil altered the proportions of cations in stream solute
fluxes.

Location and Description of Study Area

The drainage basins selected for study are in the
Swift River subbasin of the Chicopee River, one of the
major tributaries of the Connecticut River in central
Massachusetts. West Branch Swift River Basin, hereaf-
ter referred to as Swift River, lies northwest of Quabbin
Reservoir and drains 32.9 km?; East Branch Fever
Brook Basin, hereafter referred to as Fever Brook, lies

northeast of Quabbin Reservoir and drains 12.6 km?
(fig. 1). Altitude at the reservoir is 160 m above sea
level, and altitudes range from 168 to 369 m above sea
level in the Swift River Basin, and from 213 to 372 m
above sea level in the Fever Brook Basin.

The average annual precipitation at New Salem,
near the northwest shore of Quabbin Reservoir, is about
1,270 mm, based on 44 years of record (National Oce-
anic and Atmospheric Administration, 1985a). Average
annual snowfall at Worcester, 48 km southeast of the
Quabbin Reservoir, is 1,780 mm, based on 28 years of
record. Annual means of daily maximum and minimum
temperatures at Worcester are 13 and 3°C.

Perennial streams in the Swift River Basin are
roughly parallel, and generally trend north-south
reflecting the significant control of the underlying geo-
logic structure on drainage-pattern development
(Thornbury, 1969). Ephemeral tributaries drain ridges
with stream gradients of as much as 66 m/km. The
drainage pattern in the Fever Brook Basin consists of
irregular stream courses and short tributaries. In the
western half of Fever Brook Basin, the hummocky ter-
rain is composed of stratified-drift deposits. The terrain
of the Fever Brook Basin generally is less rugged than
the terrain of the Swift River Basin. Fever Brook Basin
contains natural and manmade impoundments. Promi-
nent features in Fever Brook Basin include Brooks
Pond, which covers about 0.65 km? in the upper part of
the basin, and marshy areas in much of the lower half of
the basin. In contrast, there is only one small
impoundment in the headwater area of the Swift River
Basin.

Most of the bedrock in the study area is composed
of metamorphosed Paleozoic sediments and volcanics
of the Bronson Hill tectonic province (Robinson, 1967).
Dominant lithologies include felsic gneiss, schist,
amphibolite, quartzite, gabbro, and minor granitic intru-
sives (figs. 2 and 3). Episodes of folding and faulting
during the Acadian Orogeny imposed north-south
trending ridges and valleys throughout the region. Bed-
rock outcrops generally follow the structural trend
along ridges and hilltops (Mulholland, 1974). Numer-
ous investigations of the regional bedrock have revealed
few faults in the area, and ground-water loss to bedrock
fractures is minimal (Yuretich and others, 1986).
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EXPLANATION

FELSIC GNEISS AND QUARTZITE

W//‘ FELSIC GNEISS

AMPHIBOLITE FELSIC GNEISS, SCHIST

&‘ HORNBLENDE GABBRO

e « « == DRAINAGE BASIN BOUNDARY

——— - — SUBBASIN DRAINAGE BOUNDARY

Figure 2. Lithology of bedrock underlying the West Branch Swift River Basin, central
Massachusetts. (Geology from Robinson, 1967.)
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Figure 3. Lithology of bedrock underying the East Branch Fever Brook Basin, central
Massachusetts. (Geology from Robinson, 1967.)

Mantled over the largely impermeable bedrock
units are water-bearing unconsolidated materials depos-
ited by glacial processes during the Pleistocene epoch.
On the basis of regional reconnaissance mapping of the
textures of surficial deposits, Stone and others (1979)
delineated two major groups—till and stratified drift.
Till, which is more widely distributed, was formed
beneath the ice by the movement and abrasion of conti-
nental ice sheets over bedrock, or formed as a residue
from rock material imbedded in melting ice. Grain size
of the typically unstratified and unsorted till ranges from
clay to boulder, and thickness is as much as tens of feet
(Newton, 1978). Minerals in the till probably are
derived from local bedrock; Retelle (1979) found peb-
bles similar to underlying or nearby bedrock in a study
of tills just north of the study area. Stratified drift typi-
cally overlies till in valleys but not exclusively. These
deposits were formed in running or impounded glacial

meltwater and commonly are well sorted. Grain size of
the stratified-drift layers ranges from silt to gravel (Mul-
holland, 1974; Stone and others, 1979). Stratified-drift
deposits can be areally extensive, as in a kame plain or
terrace, or of local areal extent, as in an esker (Eschman,
1966).

The combined effects of glaciation and local bed-
rock geology have resulted in distinctly different ter-
rains in the two basins. Glacier movements over belts of
resistant gneisses and less-resistant schists in the Swift
River Basin produced a terrain of steep ridges and
exposed bedrock that alternate with valleys filled with
tens of feet of unconsolidated till and stratified drift. In
contrast, the Fever Brook Basin, which is underlain pri-
marily by schist, consists of gentle slopes with few
ridges and exposures of bedrock. Stratified drift com-
poses 13 and 18 percent of surficial deposits in the Swift
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River and Fever Brook Basins, respectively (D.D.
Ashenden, Metropolitan District Commission, written
commun., 1986).

The major mineral composition also differs in the
two basins. The diverse mineralogy of the bedrock
underlying the Swift River Basin reflects the variability
of bedrock geology (Makower, 1964; Ashenden, 1973;
Michener, 1983; Shearer, 1983). One part of the Four
Mile Gneiss, which underlies a large percentage of the
drainage basin, is biotite-feldspar gneiss and amphibo-
lite. These rocks are composed of microcline, sodic pla-
gioclase, biotite, quartz, and hornblende. The Erving
and the Mount Mineral Formations, which also underlie
part of the basin, have amphibolites that contain horn-
blende and epidote. The Littleton Formation has musco-
vite and sodic plagioclase (albite) as major minerals. In
the southeast part of the basin, the dominant lithology is
a gabbro member of the Prescott Complex that contains
50 to 72 percent hornblende, and calcic plagioclase
(labradorite). The Cooleyville Granitic Gneiss, also in
the southeastern subcatchment, is a fine-grained gneiss
primarily composed of andesine—a plagioclase inter-
mediate in calcium content to the plagioclase in the
Four Mile Gneiss and that in the Prescott Complex.

The Fever Brook Basin is underlain by large bands
of the Littleton and the Rangely Formations and minor
stringers of the Monson Gneiss and Hardwick Tonalite.
The Littleton is composed of aluminous schist and phyl-
lite (predominantly muscovite and albite, but containing
some biotite and chlorite). The major mineral assem-
blages of rocks in the Rangely Formation include: (1) a
sulfidic mica schist composed of quartz, muscovite,
biotite, sillimanite, and sodic-rich plagioclase, as well
as some iron sulfides; and (2) amphibolite, composed
predominantly of hornblende.

The soils in both basins are classified as inceptisols
(U.S. Department of Agriculture, 1975)—immature
soils with poorly developed horizons. Soils derived
from stratified drift contain large amounts of sand and
gravel and generally are less than 60 cm (centimeters)
deep (Lyford, 1964a). Soils derived from till are stony
and gravelly and may have localized hardened layers
(Patric and Lyford, 1980). The drainage of these silty,
low-clay soils is moderate to good but may be poor in
closed depressions (Lyford, 1964b). Soil samples col-
lected in the Swift River and Fever Brook Basins are
described by Rittmaster and Girouard (1992). The O
horizon consists of fresh and decomposed organic

material, and the loamy A horizon consists of mineral
soil and organic matter. A weakly developed but exten-
sive B horizon is only slightly altered from the parent
material. Yellowish and reddish mottling indicates oxi-
dation to ferric minerals in this horizon. Underlying the
B horizon is a virtually unaltered C horizon composed
of sandy and silty material from the stratified drift and
till parent materials. The descriptions of the soil profiles
from the Swift River and Fever Brook Basins were sim-
ilar to the description of an inceptisol developed on gla-
cial deposits in the Cadwell Creek Basin, about 14 km
south of the Swift River Basin (Leonard and others,
1984).

The dominant clay mineral (less than 2 pm) in
nearly all soil samples from the two basins was vermic-
ulite (Rittmaster and Girouard, 1992). Minor amounts
of illite and kaolinite also were present in nearly all
samples. Chlorite was a major clay mineral in some
samples. Gibbsite was relatively abundant in samples
from the Swift River Basin but was detected in only one
of six samples from the Fever Brook Basin.

Four soil profiles from each basin were analyzed
for pH, exchangeable cations, and cation-exchange
capacity (CEC) (Rittmaster and Girouard, 1992). CEC
in both basins ranged from 0.5 to 12 peq/100 g; base
saturation ranged from 15 to 96 percent at Swift River,
and from 10 to 57 percent at Fever Brook. In general,
CEC was highest in surface soil (O horizon), and
decreased with depth. Percentage of base saturation
tended to increase with soil depth. Soil-slurry pH gener-
ally ranged from 3.7 to 4.2 in the organic horizons to 4.4
to 4.6 in the deeper mineral soil.

Historically, the land has been sparsely settled.
Remnants of settlements include extensive sections of
stone walls and breached small dams. Both drainage
basins are forested with a mixture of deciduous and
coniferous vegetation, including red oak, white ash, red
maple, sugar maple, and white pine. The canopy
reaches a height of 18 m, indicative of several decades
of generally undisturbed growth.
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METHODS OF STUDY

A data-collection network (figs. 4 and 5) was
established to measure the various components of the
chemical and the hydrologic budgets. Chemical and
hydrologic mass balances were computed as the
difference between chemical and hydrologic inputs in
precipitation and outputs in stream water. Adjustments
were made for solutes affected by the application of
deicing salts in the drainage basins. Data were collected
from December 1983 to August 1985. Site descriptions
and basic data from these sites are in Rittmaster and
Girouard (1992).

Sampling and Data Collection

Precipitation

Samples of wet deposition were collected with a
wetfall-dryfall collector (Aerochem Metrics Model
3011) in New Salem (fig. 4). The collector was operated
in a field on private property from December 1983
through March 1985. In April 1985, the collector was
moved 0.8 km to a site on MDC property. Weekly com-
posite samples were collected each Tuesday to coincide
with the sampling schedule established by the National
Atmospheric Deposition Program (Bigelow, 1982).
Daily volume of precipitation was recorded at the
National Oceanic and Atmospheric Administration
(NOAA) site at New Salem (National Oceanic and
Atmospheric Administration 1983, 1984, 1985b). New
Salem is between the two basins. Precipitation quantity
and quality at New Salem was assumed to be represen-
tative for the two basins. Local variations in precipita-
tion quantity and quality may introduce errors into the
hydrologic and chemical budgets for Swift River and
Fever Brook.

Use of trade names or brand names in this report is for
identification purposes only and does not constitute endorsement by
the U.S. Geological Survey.

Streamflow

A continuous-record gaging station was estab-
lished at the outlet of each basin (figs. 4 and 5). Samples
of stream water were collected approximately weekly
for chemical analysis; additional samples were col-
lected during some storms and snowmelt periods.
Chemical data were used to evaluate water-quality
changes related to time, season, and hydrologic condi-
tions. Instantaneous discharge and stream stage were
measured concurrently with most sample collections
during water year2 1984 to establish the stage-discharge
rating curve. Spot measurements of instantaneous dis-
charge during water year 1985 were made to verify the
stage-discharge relation.

Records of stream stage were adjusted for effects
from ice, vegetation, and beaver impoundments, based
on weather records and field observations. Corrected
stage records were converted to discharge using a rating
curve developed from measurements of instantaneous
discharge over a broad range of stages. Mean discharge
at each outlet gaging station was calculated at a daily
time step.

Stream discharge was partitioned into base flow,
which is the ground-water component, and direct runoff
that enters the stream system during and shortly after
precipitation and snowmelt (Hem, 1985). The relative
proportion of the ground-water component of stream-
flow was determined by use of the daily mean discharge
hydrograph and standard graphical separation
techniques (Davis and DeWiest, 1966).

Water samples were collected at four sites on trib-
utaries of Swift River and at three sites on tributaries of
Fever Brook Basin during snowmelt, summer low flow,
and autumn and winter base flows. Analyses of these
samples were used to evaluate spatial variability of
water quality related to local bedrock geology, surficial
geology, and hydrologic conditions in the basin.
Because the waters were well mixed (specific conduc-
tance, pH, and temperature across the channels were
uniform), except at the Swift River gaging station, grab
samples were collected at all stream-sampling sites. The
Swift River gaging station was downstream from the
confluence of a tributary to the mainstem, and water was
incompletely mixed (pH and specific conductance

2The water year runs from Oct. 1 to Sept. 30 and is
designated by the calendar year in which it ends. Thus, the year
ending September 30, 1984, is called the "1984 water year.”
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River Basin, central Massachusetts.
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varied laterally across the channel). Therefore, samples
were collected at several points across the stream
channel and composited.

Ground Water and Soil Water

Five monitoring wells cased with polyvinyl chlo-
ride (PVC) were sampled for chemical analysis of
ground water in order to monitor hydrologic and chem-
ical changes in the saturated zone (figs. 4 and 5). Three
wells were completed in till, and two were completed in
sand and gravel. Water levels in the wells were mea-
sured approximately monthly, and ground-water sam-
ples were collected monthly to bimonthly. At least three
well volumes of water were evacuated from the sand
and gravel wells before sampling. Because the till wells
recharged very slowly, sometimes only two well vol-
umes were evacuated from them prior to sampling. Two

types of soil-water collectors were installed: (1) a zero-
tension lysimeter, referred to as a “soil-water sampler,”
consisting of a 5-m PVC trough oriented with the slope,
inserted laterally under a 150-mm segment of soil lifted
gently from one side to minimize disturbance, and (2) a
negative-tension TIMCO lysimeter with a porous
Teflon cup, referred to as a "lysimeter.” Few soil-water
samples were collected due to rapid infiltration and
drainage of water from the silty, permeable soil. Suffi-
cient quantities of water were available for sampling
only under conditions of high soil moisture, for
example, during spring snowmelt and directly after
rainstorms. One soil-water sampler was installed in the
Swift River Basin; two were installed in the Fever
Brook Basin (figs. 4 and 5). Two to four samples were
collected at each location during the study. One site in
each drainage basin was equipped with an array of three
lysimeters at three different depths, about 100, 300, and
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600 mm below land surface. Water was recovered from
only the deep lysimeter in the Swift River Basin and
from the deep and medium depth lysimeters in the Fever
Brook Basin. Water yield varied among samplers. Some
sample volumes were sufficient only for pH and specific
conductance measurements but some volumes were
sufficient for full chemical analyses (pH, specific
conductance, major cations and anions).

Sample Handling and Chemical Analyses

Temperature, specific conductance, and pH were
measured in the field at the time of sample collection,
except for precipitation samples, which first were
returned to the laboratory for volume determination and
melting if necessary. Specific conductance was mea-
sured with an Extech digital conductivity meter and pH
was measured with an Extech model 609 digital pH
meter equipped with an Orion combination glass pH
electrode. These instruments were specifically designed
for measurements in low-conductivity waters.

Samples were filtered, preserved, and chilled in
the field in accordance with methods recommended by
the USGS (Fishman and Friedman, 1989). Samples
were shipped chilled to the USGS laboratory in
Doraville, Georgia, for chemical analysis. An aliquot of
each sample was retained for measurement of alkalinity
in the USGS laboratory in Boston.

Alkalinity was measured by incremental, rather
than fixed-endpoint titration (Fishman and Friedman,
1989). The endpoint in the incremental titration method
is determined as the titrant volume at which the pH
decreases most quickly with incremental additions of
titrant. In contrast, fixed-endpoint titration requires acid
titration of the sample to a fixed pH, usually 4.3 or 4.5.
Because alkalinity concentration in most water samples
collected in the study area was low, the threshold of
buffering was at a significantly higher pH (5.0 to 5.3)
than that assumed for a fixed-endpoint titration.
Therefore, the alkalinity measured by incremental
titration was a more conservative and accurate determi-
nation of the buffering capacity of the water than that
measured in a fixed-endpoint titration.

Concentrations of major ions in all water samples
were determined by analytical methods outlined by
Fishman and Friedman (1989). Many of these methods
were developed for analysis of dilute waters (specific
conductance less than 100 uS/cm) that are typical of the

study area. In addition, total and dissolved concentra-
tions of aluminum, copper, lead, arsenic, vanadium,
selenium, and mercury were analyzed for selected
samples.

The original sampling protocol called for filtration
of all samples through a 0.4-pum pore-size membrane.
However, Jones and others (1974) found that particulate
and colloidal aluminum can pass through a 0.4-um
pore-size filter, causing overestimates of monomeric
aluminum concentrations, the form of aluminum that is
most toxic to fish (Driscoll and others, 1980). There-
fore, the filter size was changed to 0.1 pum. Periodically
during the first year of sample collection, two aliquots
of each sample were submitted for analysis of alumi-
num, one which passed through a 0.4-um filter and one
which passed through a 0.1-pm filter. From 19 split
samples, aluminum concentrations averaged 123 pg/L
(micrograms per liter) (standard deviation 75 pg/L) in
the 0.4-um filtered samples and 73 pg/L (standard devi-
ation 65 pug/L) in the 0.1-pm filtered samples. This was
a statistically significant difference; probability was less
than 0.0005 that this difference occurred by chance
(p<0.0005). Thus, some particulate or colloidal alumi-
num apparently passed through the larger pore size.
Aluminum concentrations from 0.1-um filtered samples
were reported when available, including all samples
collected after December 1, 1984.

Estimation of Chemical Fluxes Entering and
Leaving Stream Basins

Chemical Inputs in Precipitation

Loads of major chemical solutes entering the
drainage basin in wet deposition were determined from
concentrations of weekly composite samples and pre-
cipitation volume corresponding to the sampling period.
The general equation to determine the weekly load was:

Load = AXBXC, ¢h)

where

A is concentration of a given solute from a
weekly composite sample, in milligrams
per liter;

B s the total precipitation recorded for the
period, in inches; and

C s the constant for converting inches of
precipitation to cubic meters of water per
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hectare, liters to cubic meters and
milligrams to equivalents such that load
units are equivalents per hectare.

An estimate for the weekly load was substituted
when: (1) sample integrity was compromised due to
equipment malfunction or vandalism, including
contamination by leaves, insects, and other dryfall
material; or (2) sample volume was insufficient for
chemical analysis. The estimate was made by first cal-
culating a volume-weighted concentration of each
solute for the 2-week periods before and after the miss-
ing week and then multiplying the actual precipitation
volume for the missing week by the calculated volume-
weighted concentrations. This estimation method incor-
porated potential seasonal variability of solute concen-
trations in precipitation. Although deposition of the
acidic components of precipitation was unrelated to
season (Samson, 1987), the use of 4 weeks of data for
computing an average was expected to yield a reliable
estimate of solute load for the missing week.

Chemical Outputs in Streamflow

Relations between solute concentrations and dis-
charge at the Swift River and Fever Brook gaging sta-
tions were explored to determine if a sufficiently strong
relation could be derived to calculate solute loads. A
concentration/discharge relation uses discharge data,
which generally were collected at a short enough time
step to be considered continuous, to compute a chemical
concentration at any time. This was desirable when
chemical data were available only from samples col-
lected at widely spaced time intervals. If the relation is
sufficiently strong, a continuous chemograph can be
generated with confidence. If the relation is weak, the
approach is not justified, and loads are best calculated
using a time-series approach, as described below.
Success in correlating concentration and discharge can
be improved by choosing an appropriate regression
model. Various models can be created by performing
transformations on the discharge variable, such as that
used by Johnson and others (1969). Concentration/
discharge relations were evaluated with the following
four linear regression models:

Y =m(X) + b, linear model (model no. 1) 2)

Y = m[log(X)] + b log linear model (model no. 2) (3)

Y =m[1/1+BX] + b, hyperbolic model tested with
eight values of B (model no. 3) (Y]

Y =m(1/X) + b, inverse model (model no. 4), (5)

where

Y is the response variable representing solute
concentration;

m is the equation coefficient;

X is the explanatory variable representing
the instantaneous discharge per unit area;

b s the equation constant; and

B is an empirical constant.

In addition to calculating the equation coefficient
and constant for each concentration/discharge model,
the coefficient of determination (r?) also was calculated.
The r? value represents the proportion of the variability
in the response variable (Y) that is accounted for by the
model. Analogous to the calculation of chemical loads
in precipitation, chemical loads in streamflow were cal-
culated as the product of discharge and chemical con-
centration. Loads were calculated at a daily time step.
Daily mean discharge was computed from 15-minute
stage measurements at each gaging station. Daily solute
concentrations were either computed from concentra-
tion/discharge regression models or estimated by the
time-series method.

Solute concentrations were computed from
concentration/discharge regression models, using the
regression equation with the highest r2, provided a min-
imum r2 of 0.40 was achieved. R. Hooper (U.S. Geolog-
ical Survey, written commun., 1990) recently
demonstrated that a concentration/discharge model with
an r? greater than 0.30 yields a reliable estimate of load.
However, an r? of 0.40 was chosen here because it rep-
resents a natural grouping in the data among those sol-
utes that were strongly correlated with discharge and
those that were not. Although the regressions were
based on the instantaneous discharge associated with
each solute concentration, daily mean concentrations
were calculated from daily mean discharge. Depending
on the nature of the relation, this approximation may
lead to errors, especially for days on which discharge
varies. Nonetheless, it is common practice to compute
daily loads in this manner (R. Hooper, U.S. Geological
Survey, written commun., 1990).

The time-series method (Dolan and others, 1981)
was used to estimate daily concentrations when the
concentration/discharge model had an r? less than 0.40.
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In the time-series method, daily solute concentrations
were set equal to those measured in the stream sample
collected nearest in time. Because samples typically
were collected on a weekly basis, the concentration of a
solute on the sampling day generally was assigned to
the days beginning 3 days prior to sampling and ending
3 days after sampling. The assignment of daily concen-
tration values diverged from this schedule when sam-
ples were collected more frequently. As above, daily
loads were calculated as the product of daily mean
discharge and the assigned daily concentrations.

Net Fluxes

Chemical loads in precipitation and streamflow
represent the best estimate of total fluxes of chemical
solutes entering and leaving the basins. Net flux, the dif-
ference between the input and output of a chemical
solute (Shaffer and Galloway, 1982), indicates whether
solutes are retained or released from the drainage basin.
A negative net flux (stream load greater than precipita-
tion load) indicates a net mass transfer of a solute from
the drainage basin. Negative net fluxes could reflect
processes in the drainage basin that contribute solutes to
water, such as mineral weathering (Bricker and others,
1968; Katz and others, 1985) or biomass decomposi-
tion. A positive net flux (stream load less than precipi-
tation load) indicates that a solute introduced in
precipitation was retained in the drainage basin, for
example by biological uptake, sorption, ion exchange,
or mineral precipitation.

Net solute outputs were adjusted to account for
deicing salts applied to roads passing through the
basins. In the Swift River Basin, the adjustment was
based on the assumption that chloride is conservative;
equivalents of excess chloride (after accounting for
chloride in precipitation) were balanced by equivalents
of base cations in the ratio that they are present in the
salt (mostly sodium). In the Fever Brook Basin, where
salt application was quantitatively a greater percentage
of chemical input than in Swift River Basin, this method
could not be used because of the effect of ion-exchange
reactions. An alternate method was devised and is
explained in a later section, “Application of Deicing
Salts.”

HYDROLOGY OF STREAM BASINS

Precipitation

The amount and distribution of precipitation dif-
fered greatly from water year 1984 to water year 1985
(fig. 6). Historically, precipitation at New Salem aver-
ages about 100 mm per month, fairly evenly distributed
throughout the year (National Oceanic and Atmo-
spheric Administration, 1985a). From December 1983
through July 1984, precipitation was well above aver-
age; 338 mm fell in May 1984. This period was fol-
lowed by a long period of mild to moderate drought,
during which precipitation was less than average each
month from August 1984 through July 1985.

Streamflow

In water year 1984, when precipitation was well
above average, runoff per unit area was significantly
greater in the Swift River Basin than in the Fever Brook
Basin (table 1). Total precipitation of 1,546 mm resulted
in 915 mm of runoff in the Swift River Basin and
744 mm runoff in the Fever Brook Basin, correspond-
ing to runoff of 59.2 and 48.1 percent, respectively. In
water year 1985, when precipitation was less than aver-
age, runoff was nearly identical in the two basins.
Runoff from 969 mm of total precipitation was 285 mm
in the Swift River Basin and 290 mm in the Fever Brook
Basin, corresponding to runoff of 29.4 percent and 29.9
percent, respectively. Normalized to a 12-month period,
average runoff from December 1983 through August
1985 was 686 mm in the Swift River Basin and 591 mm
in the Fever Brook Basin. These figures are comparable
to long-term average annual runoff at two similar
streams in central Massachusetts, East Branch Swift
River near Hardwick, and Cadwell Creek near Belcher-
town, which averaged 551 and 661 mm, respectively
(Gadoury and others, 1989).

Differences in the magnitude of streamflow from
1984 to 1985 at the Swift River and Fever Brook gaging
stations are apparent from the discharge hydrographs
(fig. 7). Snowmelt and heavy spring rains resulted in
high flows in 1984. A 5-day rainstorm of 230 mm in late
May 1984 caused a 50-year flood. Flow decreased in
both streams from June to mid-October 1984, reflecting
increased evapotranspiration and little precipitation in
the summer. Flow generally increased from autumn
through early spring because of increased precipitation

14 Factors Affecting Water Quality and Net Flux of Solutes in Two Stream Basins, Quabbin Reservoir Basin, Central Mass., 1983-85



¥or——T——7— 7T 7T T T T T T T T T T T T T T T T T ]

i 7z ]

300 |- ]

) i i
s i )
u|_J - Monthly precipitation during study period 4
g 250 N [0 Monthly mean precipitation, 1943-80 ]
= i ]
= [ ]
= 200 7 .
Z I 7 z Zz
Z i ]
lg 150 [/ ]
< I i
= i 7 .
a i7s u A oo s !
o 1| N B ] - a1 [ -G I
11} 1 7 7 . i
o I 7 7 1
o I 7 7 i
50 17 7 ]

: n :

| 7 i

Iz ! | 1 ! | 1ZANZAnzZanzah t nZan ! ! 1A A LA ]

0
Dec | Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec |Jan Feb Mar Apr May June July Aug
1983 1984 1985

Figure 6. Mean monthly (1943-80) and monthly precipitation (November 1983 through
August 1985) at New Salem, Massachusetts.

Table 1. Annual hydrologic budgets for West Branch Swift River and East Branch Fever Brook Basins,
central Massachusetts

[All units in millimeters, except percentages. Water year 1984 (WY84) represents data collected from December 1983 through September
1984. Water year 1985 (WY8S5) represents data collected from October 1984 through August 1985. Total base flow determined by
graphical techniques (Davis and DeWiest, 1966)]

Water Precipitation Total Total Percentage of Percentage of runoff
year runoff base flow precipitation as runoff as base flow

WEST BRANCH SWIFT RIVER BASIN

WYB4 ... 1,546 915 464 59.2 50.7
WYS8S oo 969 285 174 294 61.1
Total......ccovvinnne 2,515 1,200 638 47.7 532

EAST BRANCH FEVER BROOK BASIN

WY84 ... 1,546 744 290 48.1 39.1
WYS8S e 969 290 145 29.9 50.0
Total......cccvvvnnnnns 2,515 1,034 435 41.1 42.1

Hydrology of Stream Basins 15
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Figure 7. Temporal variation of discharge and base flow, West Branch Swift River and East
Branch Fever Brook, central Massachusetts, December 1983 to September 1985.

and seasonally low evapotranspiration rates. Discharge
peaks and total flow were lower in winter, spring, and
early summer 1985 relative to the same period in 1984.

Discharge at the outlet gaging stations in the Swift
River and Fever Brook Basins responded rapidly to pre-
cipitation, as shown in the annual hydrographs (fig. 7).
The magnitude of the hydrologic response generally
was greater at Swift River than at Fever Brook. Particu-
larly during the high-discharge period early in 1984,
peak daily flows (normalized to basin area as millime-
ters per day) associated with storms or snowmelt were
higher at Swift River than at Fever Brook. The initial
hydrograph recession was more rapid at Swift River
than at Fever Brook, but the rate of recession slowed
more quickly at Swift River, so that higher discharges
were maintained several days after a storm or melt
period. For example, peak daily discharges from a large
storm in late May 1984 were 45 mm at Swift River and
40 mm at Fever Brook. Discharge decreased to less than
10 mm on the fourth day after peak discharge at Swift
River, and not until the fifth day after peak discharge at
Fever Brook. However, discharge decreased to 1 mm on
the 13th day at Fever Brook and not until the 18th day
at Swift River. Thus, there is a quick runoff component
to flow at Swift River that is absent at Fever Brook, but
subsurface storage also is sufficient in the Swift River
Basin to sustain a long base-flow recession.

Ground-Water Discharge

The contrasting pattern of hydrograph recession in
the two basins is attributed to greater subsurface storage
capacity at Swift River and greater surface storage
capacity at Fever Brook. At Swift River, a greater
amount of storm and snowmelt waters infiltrate to
recharge ground water, and the remaining runoff waters
leave the basin relatively rapidly. At Fever Brook, the
extensive areas of wetlands and impoundments attenu-
ate and prolong the discharge peak, but flow decreases
rapidly after the surface storage is depleted. The sus-
tained higher rate of hydrograph recession at Fever
Brook than at Swift River results in lower discharges
when several days elapse without subsequent hydro-
logic inputs. Moreover, Fever Brook attained much
lower minimum discharge levels during the summer
low-flow period; the minimum daily discharge during
the period of record was 0.02 mm at Fever Brook com-
pared to 0.07 mm at Swift River (fig. 7). Lower mini-
mum flows at Fever Brook relative to Swift River
resulted in part from the higher evaporation caused by
more exposed saturated areas. However, minimum
flows also were lower at Fever Brook during the winter
months, when evapotranspiration was negligible. This
is indicative of a lower overall base-flow component at
Fever Brook relative to that at Swift River.

The hydrograph separation verified the relatively
greater importance of ground-water discharge (base
flow) at Swift River. From December 1983 through
September 1984, base flow was 51 and 39 percent of
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total runoff for Swift River and Fever Brook, respec-
tively, and from October 1984 through August 1985
base flow was 61 and 50 percent of total runoff in the
two streams (table 1). The relative percentage of base
flow in each basin increased during water year 1985
because precipitation was much lower; a greater per-
centage of precipitation (snowmelt and rainfall) infil-
trated to satisfy soil-moisture deficits, minimizing total
runoff as streamflow. Although the flashier response of
Swift River would be expected to result in a lower per-
centage of base-flow contribution, the impoundments in
Fever Brook caused higher evapotranspiration of poten-
tial base-flow waters, and favored direct stormflow
runoff by providing an extensive saturated contributing
area.

Evapotranspiration

The importance of evapotranspiration at Fever
Brook is illustrated by a comparison of runoff. In water
year 1985, when precipitation was less than average, the
two basins had nearly identical runoff (table 1). In water
year 1984, when precipitation was greater than average,
runoff was substantially lower at Fever Brook than at
Swift River. Viewed in another way, the absolute
amount of evapotranspiration (calculated as the differ-
ence between precipitation and runoff, that is, assuming
no change in storage) at Swift River was nearly the
same in each water year. This implies that water is
apportioned first to evapotranspiration demand, and that
only the excess appears as runoff. At Fever Brook, the
absolute evapotranspiration was more than 100 mm
greater in the wetter water year 1984. Because the veg-
etative demand for water probably was about the same
in each basin for each water year, the increased evapo-
transpiration at Fever Brook in water year 1984 was
attributed to increased evaporation from the greater area
of open surface water in the wetter conditions of water
year 1984. Records from two nearby streams, East
Branch Swift River near Hardwick and Cadwell Creek
near Belchertown (Gadoury and others, 1984, 1985)
indicate that water years 1982 and 1983 had greater than
average discharge. These data discount the possibility
that the low runoff at Fever Brook in water year 1984
resulted from increased storage.

CHEMICAL QUALITY OF PRECIPITATION,
STREAMS, GROUND WATER, AND
SOIL WATER

Precipitation Quality

Hydrogen ion was the dominant cation in precipi-
tation, contributing 75 percent of total cation charge
(table 2). The volume-weighted average pH (deter-
mined from hydrogen ion equivalents) was 4.23 for
December 1983 through August 1985. Volume-
weighted concentrations of hydrogen ion, sulfate, and
nitrate averaged approximately two times higher in the
dry water year 1985 (October 1984 through August
1985) than in the wet water year 1984 (December 1983
through September 1984). Concentrations of base
cations and chloride were about the same each year.

The concentration of hydrogen ion in wet deposi-
tion at New Salem was directly proportional to the con-
centration of sulfate, and to the sum of concentrations of
sulfate and nitrate (fig. 8). Similar relations of hydrogen
ion concentration with sulfate and nitrate concentra-
tions have been observed in other studies of chemical

Table 2. Volume-weighted-average concen-
frations of solutes in wet deposition, New Salem,
Massachusetts

[Concentrations are given in microequivalents per liter,
except for precipitation (millimeters) and pH (standard units).
To compute averages, concentrations less than detection limit
were assigned a value of one-half the detection limit. Water
year 1984 (WY84) represents data collected from December
1983 through September 1984. Water year 1985 (WY85)
represents data collected from October 1984 through August
1985]

Concentrations
Solute or Average dur-
property WY 84 WY 85 ing period of
record
Hydrogen ion.......... 39 88 58
(pH) (441) (4.05) (4.23)
Calcium.......c.coenee 4.4 6.3 5.1
Magnesium ............ 3.0 2.9 3.0
Sodium.......ccceuevnee 8.4 7.1 79
Potassium............... 1.0 1.3 1.1
Sulfate.......cccccerenene 31 63 43
Nitrate .....cccouereneneee 17.6 38 25.5
Chloride ................. 7.4 7.2 7.3
Total
precipitation...... 1,546 969 2,515

Chemical Quality of Precipitation, Streams, Ground Water, and Soil Water 17
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Massachusets.

composition of precipitation (Likens and others, 1979;
Brezonik and others, 1980; Pack, 1980; Raynor and
Hayes, 1982; Samson, 1987).

In precipitation collected at New Salem, the sum of
volume-weighted-average concentrations of sulfate
(43 peq/L) and nitrate (25.5 peg/L) exceeded the hydro-
gen ion input by only 10 peqg/L. Based on the ratio of sul-
fate to nitrate and the approximate balance of these
strong acid anions with the hydrogen ion concentration,
nearly two-thirds of the acidity of the precipitation was
sulfuric acid, and about one-third was nitric acid. Some
of the sulfate and nitrate not associated with hydrogen
ion may have been associated with ammonium (NH4").
In the atmosphere, ammonia can neutralize nitrate and
sulfate aerosols and form the ammonium salts NH;HSO,
and NH4;NO; (Monahan, 1984). This association also
was observed by Munger and Eisenreich (1982), who
found that the geographic distribution of ammonium
deposition in the eastern United States was similar to that
of sulfate and nitrate. The pH of pure water in equilib-
rium with atmospheric carbon dioxide gas at 25°C is 5.7
(Garrels and Christ, 1965). The pH of natural
precipitation may differ from 5.7 because of reaction

with dust derived from soil, marine aerosol, volcanic
gases and ash, and other natural and anthropogenic gases
and particulates (Gambell and Fisher, 1966; Likens and
others, 1979; Raynor and Hayes, 1982). Precipitation pH
lower than 5.0 generally is associated with anthropo-
genic sources of acidity (Schindler, 1988). Sulfur diox-
ide and nitrous oxide released as byproducts of fossil
fuel burning (Monahan, 1984) are converted to sulfuric
and nitric acid by atmospheric chemical reactions.
Hydrochloric acid, generally a minor component of acid
deposition, originates from industrial emission of chlo-
rine gas (Gorham, 1976). Other sources of solutes in pre-
cipitation include sea-salt aerosols, soil dust, and fly-ash
particles from industrial combustion processes. Assum-
ing that natural rain water has a minimum pH of 5.0
(10 peq/L H*), at least 83 percent of the volume-
weighted-average hydrogen ion concentration in wet
deposition at New Salem (table 2) can be attributed to
anthropogenic sources.

Variations of volume-weighted solute concentra-
tions in wet deposition in water years 1984 and 1985
may be attributed to the differences in precipitation
volumes and patterns during this period (table 2).
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Concentrations of base cations and chloride were very
similar in the two water years, contrary to the expecta-
tion that concentrations would be lower during the
much wetter year (water year 1984) from dilution. In
contrast, concentrations of hydrogen, sulfate, and
nitrate during water year 1984 were less than one-half
those in water year 1985, resulting in considerably
greater loads of these solutes in water year 1985 despite
much less precipitation (see below). These patterns are
consistent with a higher proportion of coastal storms in
water year 1984 relative to water year 1985. Coastal
storms are the primary source of precipitation during
winter and early spring (Gambell and Fisher, 1966),
thus greater amounts of the marine-derived solutes,
such as magnesium, sodium, and chloride, were likely
introduced by large storms during early 1984. These
same coastal storms also probably were dilute in the
acidic components; sulfate, nitrate, and hydrogen ion.
Risley and Shanley (1994) working at a site near Quab-
bin Reservoir, also noted that continental storms, which
tracked over the industrialized midwestern United
States, were relatively enriched in acidic components in
comparison to coastal storms, which tracked up the
Atlantic seaboard.

The volume-weighted mean pH (4.23 as deter-
mined from H equivalents) in wet deposition for the
study period was slightly higher than the pH recorded in
1982 at a nearby site at Fort River in central Massachu-
setts (Yuretich and Batchelder, 1988) and in the Adiron-
dack Mountains in New York (Peters and others, 1982).
However, the pH was somewhat lower than the pH
recorded in 1982 and 1983 at Turners Falls, Massachu-
setts (Samson, 1987). Sulfate concentrations in wet dep-
osition at New Salem were comparable to those at
Turners Falls.

Volume-weighted mean concentrations of sulfate
and hydrogen ion in wet deposition were significantly
greater at New Salem than at Hubbard Brook in New
Hampshire (Driscoll and others, 1989) during the study
period. The time periods are not directly comparable
because the Hubbard Brook data are reported for the
calendar year. However, in 1984, precipitation at New
Salem had a pH of 4.41 and a sulfate concentration of
31 peq/L, compared to corresponding values at
Hubbard Brook of 4.47 and 25.5 peg/L. In 1985,
precipitation at New Salem had a pH of 4.05 and a sul-
fate concentration of 63 peq/L, compared to corre-
sponding values at Hubbard Brook of 4.27 and
34.5 peg/L. Higher concentrations of these acidic

components at New Salem may be a consequence of its
location closer to industrial sources of anthropogenic
acidity than was the case at Hubbard Brook. Concentra-
tions of base cations in wet deposition at New Salem
were nearly two times greater than those at Hubbard
Brook during the two years. Base cations in precipita-
tion counter the capacity of acidic deposition to
consume alkalinity in surface waters (Driscoll and
others, 1989).

Precipitation also was analyzed for trace elements.
Concentrations of dissolved copper and lead in wet dep-
osition were variable but generally less than 5 pg/L.
Based on analyses from water year 1984 only, concen-
trations of vanadium ranged from less than 1 to 5 pg/L;
concentrations of selenium and mercury generally were
equal to or less than the detection limits of 1 and

0.1 pg/L, respectively.

Stream-Water Quality

Maijor-lon Chemistry

Flow-weighted-average concentrations were simi-
lar for many of the major dissolved chemical solutes in
Swift River and Fever Brook during the study period
(table 3). Each basin had low buffering capacity, with
average alkalinity less than 30 peq/L. Hydrogen ion and
nitrate averaged near 2 peg/L in each basin, despite
much higher concentrations in precipitation. Flow-
weighted average concentrations of sodium and chlo-
ride were higher at Fever Brook because of the higher
amount of applied road salt in that basin.

Concentrations of most dissolved chemical solutes
in the streams had pronounced temporal variations in
response to storms and to seasonal changes (figs. 9 and
10). Alkalinity, silica, base cations, and chioride
attained maximum concentrations during low flow in
summer. At Fever Brook, concentrations of these
solutes peaked later in the autumn, after the period of
minimum discharges. Concentrations for these solutes
reached a minimum during peak flows in spring. The pH
and alkalinity reached minimum values during the May
1984 flood. The pH ranged from 5.1 to 6.8 at Swift
River and from 5.4 to 6.3 at Fever Brook; alkalinity
ranged from 1 to 136 peq/L at Swift River and from 5 to
136 peg/L at Fever Brook.
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Table 3. Flow-weighted-average concentrations of chemical solutes and runoff data, West Branch Swift
River and East Branch Fever Brook, central Massachusetts

[Concentrations are given in microequivalents per liter unless otherwise noted. Water year 1984 (WY 84) represents data
collected from December 1983 through September 1984. Water year 1985 (WY 85) represents data collected from October
1984 through August 1985. Average concentration during base-flow conditions: Base-flow samples taken from Rittmaster and
Girouard (1992). umol/L, micromole per liter; mm, millimeter. --, no data]

Concentrations
Solute or : :
property WY84 WYS85 Avgrage during Average dunpg base-
period of record flow conditions
WEST BRANCH SWIFT RIVER (gaging station 01174565)
Hydrogen ion ........cccoeevvveniceinnnnnne 2.6 0.8 22 0.7
PHo o 5.58 6.11 5.66 6.19

Calcium...cc.ccerereerieeereceee e 108.1 117.4 110.3 104.0
1104.0 1113.2 1106.2 --

Magnesitm.........cococvevineniriininiinnnnens 37.0 39.9 377 40.0
136.5 1394 137.2 --

SOdiuM ... 123.6 135.9 126.5 140.0
147.9 159.9 150.8 --

Potassium........ccoceeenveniicriienenncnneeneene 9.4 10.2 9.6 10.0

AIKalnity ..ooveviieeeecininenceene 26.2 36.3 28.6 33.0

Sulfate ...c.ooevvircecn e 139.9 147.9 141.8 150.0
138.5 1146.5 1140.4 --
NItrate ...oovvvereniveeerereeeeenee e 1.6 3.2 2.0 --

ChIoride .....covveeereereeirierecereeeaenn 91.5 103.8 94.4 99.0
125 124.6 1154 --

Silica (WMOV/L)...coceiviririiceircneeneene, 102.9 112.1 105.1 102.0
Runoff (mm) ......ccoeevveivinincicneanenn 915 285 1,200 --
Base flow? (mm).........ccoeveerervevvereennen. 464 174 638 --

EAST BRANCH FEVER BROOK (gaging station 01174050)
Hydrogen ion ........cccocvivveceneeneennene 2.1 1.4 1.9 1.2
PHo oo, 5.69 5.86 5.73 5.94

CalCium...c.eccereeeeireerceree e, 97.2 123.7 104.6 120.0
168.5 1106.0 179.0 -

Magnesium......c.coveeeerererireiercererennenn. 50.9 66.0 55.1 60.0
138.4 159.7 44 4 --

SOAIUM ..veeereereectcre e 206.4 256.7 220.5 270.0
1425 138.1 141.3 --

Potassium ......c.coceveecciinicciniecinecencnn. 13.8 18.4 15.1 18.0

AJKalinity «..o.covrmeeeecrceeneeenen 24.7 30.2 26.3 28.0

Sulfate .o 132.8 131.9 132.6 146.0
1129.3 1127.9 1128.9 --
NIrate .....coveveeeeneencnmenereeceeneeenens 1.3 54 2.5 --

Chloride ......ccovivvirniincciniinnene. 2213 258.6 231.8 235.0
1154 1242 '17.8 --

Silica (WMOV/L).....ccoovvrvvvirenrecirenennene 79.6 71.2 71.3 83.0
Runoff (mm) .......oeevvmirnicininiininennee 744 290 1,034 --
Base flow? (mm).......ccceeevveeiivienriennn. 290 145 435 -

Concentration after deducting deicing-salt contributions (see section "Adjustment of Chemical Fluxes").

>Base flow determined by graphical techniques (Davis and DeWiest, 1966).
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Figure 9. Temporal variation of runoff, specific conductance, and concentrations of selected
chemical solutes, West Branch Swift River, central Massachusetts.
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Figure 10. Temporal variation of runoff, specific conductance, and concentrations of selected
chemical solutes, East Branch Fever Brook, central Massachusetts.
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The dilution of silica was much more significant at
Fever Brook, suggesting the possibility of silica uptake
by spring diatom blooms in the impoundments. Patterns
of potassium concentrations were similar to those of the
other base cations, with the exception that the maximum
concentration in autumn was more pronounced, proba-
bly as a result of decomposing leaves. Concentrations of
dissolved organic carbon (DOC) in Swift River
increased markedly in association with snowmelt and
rainfall runoff, and in autumn coincident with the peak
in potassium. At Fever Brook, DOC progressively
increased through the summer, probably as a result of
decomposition of organic matter in the impoundments.
Concentrations of DOC peaked at Fever Brook in
autumn, also coincident with the peak in potassium con-
centration, suggesting that leaf decomposition further
increased DOC concentrations.

Sulfate concentrations were higher and less vari-
able at Swift River than at Fever Brook. At Fever
Brook, sulfate decreased during low flow in summer
and early autumn, whereas at Swift River there was no
apparent change. Concentrations of nitrate in the
streams generally were low compared to those in pre-
cipitation, but during snowmelt runoff in 1985, concen-
tration of nitrate peaked at nearly 20 peq/L in Swift
River and exceeded 35 peg/L in Fever Brook.

The effect of road deicing salts was evident in the
high sodium and chloride concentrations in both basins,
particularly in Fever Brook. Before adjustments for
deicing salts, the total flow-weighted average base
cation concentration was 284 peq/L in Swift River and
396 peg/L in Fever Brook; after adjustments, the con-
centrations were 204 and 180 peq/L, respectively
(calculated from table 3). The distribution of adjusted
cation concentrations was somewhat different in the
two basins. Fever Brook had moderately higher potas-
sium and magnesium concentrations than Swift River,
whereas Swift River had higher sodium and calcium
concentrations. When comparing the concentrations for
the two water years at each site, Fever Brook had mark-
edly higher concentrations of calcium and magnesium
in water year 1985, the drier of the two years, whereas
there was little difference in calcium and magnesium
concentrations between the two water years at Swift
River. Despite the similarity in base-cation concentra-
tions, the average silica concentration was about 35
percent higher in the Swift River than in Fever Brook.

After adjustment for salt-derived chloride, sulfate
was the dominant anion in each basin, 140.4 peq/L at
Swift River and near 128.9 peq/L at Fever Brook. Sul-
fate accounted for nearly 75 percent of the anion charge.
Bicarbonate, assumed equal to alkalinity, was the
second most dominant anion. Background chloride con-
centrations, assumed to be derived only from the atmo-
sphere, were about one-half the bicarbonate
concentration in each basin; nitrate was a very minor
component.

Stream water at headwater sites and tributaries in
the two basins (figs. 4 and 5) generally was more dilute
and more poorly buffered than stream water at the outlet
gaging stations (table 4). In general, solute chemistry
did not vary markedly among the tributary sites in each
basin. An exception was site 01174564 (fig. 4), the trib-
utary that drains the area of gabbro bedrock in the south-
east part of the Swift River Basin. Mean pH at this
tributary site was 6.88 compared to a pH range of 5.07
to 5.58 at the other Swift River Basin tributaries. Base-
cation concentrations at this tributary were higher by a
factor of 3, and alkalinity by a factor of 10, relative to
the other Swift River tributary sites.

Seasonal patterns of solute concentration varia-
tions at the tributary and headwater sites were similar to
those at the outlets. Dissolved solute concentrations and
pH generally increased during summer base-flow con-
ditions in summer and autumn and decreased during
high-flow conditions in spring (fig. 11). Although vari-
ations in solute concentration generally were similar
among tributaries in each basin, consistent differences
were apparent between the inlet and outlet of Brooks
Pond, an impoundment on Fever Brook. Concentrations
of calcium, alkalinity, and silica, as well as pH, gener-
ally were greater at the site upstream of the pond
(01174035) than at the site downstream of the pond
(01174040) (fig. 5). The concentration difference was
greatest in summer, particularly for silica, which
reached a minimum concentration at the downstream
site in summer (fig. 11).

Aluminum Chemistry

Concentration of aluminum at the Swift River and
Fever Brook outlet gaging stations ranged from less
than 10 to 280 pg/L (figs. 9 and 10). Concentrations of
aluminum and hydrogen ion were highest during high
flows in late winter and spring runoff. This pattern was
contrary to most relations between dissolved solutes

Chemical Quality of Precipitation, Streams, Ground Water, and Soil Water 25



€81 009 - Lyt 84! X4 €l LI 09 6 e L9y (1001212L06062Z ) 11oUISA] WNIPAUI J0OIg 1243,
681 ocy (44 £eT 84! 8L 11 891 19 S6 7L 16F " (1060T 1TL06062Th) TorouisAT daap yoorg 10A94
€01 8¢S == 6y [5°] SR L4 199 61 (44 L6 10°G o (10Z1Z1TLOTO6TTY) 1o%em [0S J0oOId 1943
81 0se -- Ly £0z - 134 ST 8¢ (44! 0e TSS T “(T0LTE1ZLO8YSTTY) 1918M [I0S USP X0 JOOIg 194
- - - - %1 78 I 8L - LT1 $s  9Ts = (101€ETTLOO0YTTY) orountsA| doop 10y JImS
86 £0C Ll IS €61 <9 o¢l LS (44 761 Le 96 v T (108Z€TTLOO0STTY) 191BM [I0S TOARY IJIMS
YALVM TI0S
L8E 8¢ - 98 ¥6 ocL 021 1949 Lyt 9LT I gL T (10S0Z1ZLO0T6TTY) (ITH) [[oMm s)MeUd YOOI 19Ad]
a4 LE 01 L9 9ZC TST TC LEL SL 1Ll 0T 009 " (I0Z0E1ZLO906ZTY) [1oM [9ABIS pUE pUES YOOIF I9A]
0L (44 134 (45 IIL  SYZ'l €€C L8I1 01z 192°1 ['>  9GL rrrrrer e (10€HZ 1TL0906TT) [[om 1D oo IoAa]
YLl Ie 6 St 8¢l 91T 0T €8 oy 8C1 61T eLs T (1081€TTLOE0STTY) [1oMm [9ABIS pue pues JOARY JIMS
341 9C Ve 9T €81 OF 91 69 €9 011 61T eLs T T (1062€TTLO00STTY) (oM T[1 IoATH MG
JALVM ANNOYD
8 L8 $9 €T 61 T 81 (U4 9 811 g1 T8 (0SO¥L110) uonels 3urdes Jo1n0 Joo1g I9Ad]
TL S9 L9 1343 901 LE 81 €8¢ LS 101 0T LG (SYOPLITO) PeOY 1S9M I8 YooIq Ioad]
Ly 8¢ Lt 594 911 |14 14! (404 IS b6 e I¢¢ T e (0P0BL110) Puod mojaq Arejngy Yoorq 1aAag
16 98! €9 0S1 wl W 81 8Pl (43 101 €1 209 " (GE0pL110) puod aAoqe ArengLn YooId IoAdq
€1l 601 67 011 (4% B4 11 el 6¢ 148! 01 0079 (S9SHL110) uoners 3urded 1oIn0 IOATY YIMS
0¢1 134 e £ee €SI 961 0T LOE vL 91¢ N 889 T (F9SHLIT0) (001paq 01qqeS) AreinqLn IARY JJImS
6 LEL 6t 9C Sl L1 L 9¢ 9C 9L §T 8GGg e (€96 110) Areinqun JOATY Jims
S6 091 £ 99 eel vl 8 c8 194 18 9¢ Py e (09S¥L110) A[IIAKR[00D) 16 IOATY IMS
L6 61 0¢ 99 01 € L (4] (4 1L §8 LOG T e (SSSPLIT0) SMMAKD[00D Teau IOALY JIMS
YALVM ADVAANS
(1/8w)
("/rowrd) (1/3M) POA[OSSIp  9pI Ajurp  wnis wnis uot
wnur -, aleyIng wnipog wnpe)  uad Hd Ioqunu pue 231§
BOI[IS owedio  -10[YD -BY[y -sejod -ougeN
-unpy ‘woqre)) -0IpAH

[umoys onfeA uey sso ST anfea fenjoe >

“B1Bp OU ‘-- "JA)1[ Jad sjowoonu “Jyiowr ‘xaynj Jod wesdyjjrw /8w <1031 Jod weidororu /81 “pajou asIMIaYI0 ssafun ‘1031] Jod sjusfeambooromu ur are suonENUAOUO))]

SLOSNYDDSSOIA] [D4USD “SUISOg HO0Ig JOASH YDUDIg {SOT PUD JOAR] YIMG

youpig SO ‘Solis BulldUIDS JafoM-[I0s PUD “-PUnoIB -800UNSs O SUOLDIIUSIUOD 8§NjOS [0DIWLBYD PUD HA UDaW JO AIDWIWNS *p 8jgoL

26 Factors Affecting Water Quality and Net Flux of Solutes in Two Stream Basins, Quabbin Reservoir Basin, Central Mass., 1983-85



pH

300

200

100

CONCENTRATION, IN
MICROGRAMS PER LITER

400

300

200

100

160

120

80

40

100

CONCENTRATIONS,
IN MICROEQUIVALENTS PER LITER

80

60

40
200

150

100

50

CONCENTRATION, IN
MICROMOLES PER LITER

= pH

ALUMINUM

I~ ALKALINITY

~ CALCIUM

SILICA

Dec

1983

A

Jan Feb Mar

Apr

May June July Aug Sept Oct Nov Decj Jan Feb Mar Apr May June July Aug
1984 1985

EXPLANATION

——0O—— Swift River near Cooleyville (Station Number 01174555)
——O—— Swift River at Cooleyville (Station Number 01174560)

- ——&— - Swift River tributary 1 (Station Number 01174563)

------ X----- Swift River tributary 2 (Station Number 01174564)

Figure 11. Temporal variation of pH and concentrations of selected chemical solutes, fributaries
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and discharge in which solute concentration decreased
as discharge increased. Concentrations of aluminum
and hydrogen ion clearly were affected by high-flow
events. At Swift River, baseline concentrations of alu-
minum and hydrogen ion were somewhat lower than
those at Fever Brook, but episodic increases in concen-
tration were more frequent and greater in magnitude.
Concentrations of dissolved aluminum peaked (greater
than 250 pg/L) during the May 1984 flood at Swift
River and during early snowmelt periods at Fever
Brook.

At Swift River, aluminum concentrations generally
were less than 100 peq/L, but increased to near
300 pg/L in response to storm runoff and snowmelt in
winter and spring (fig. 9). At Fever Brook, aluminum
concentrations ranged from 0 to 150 peq/L, with less
frequent increases to near 300 pg/L; there was no dis-
tinctive seasonal pattern (fig. 10). Because aluminum
concentration increases tend to be episodic, the weekly
sampling in this study probably does not adequately
describe the frequency and magnitude of the increases.

However, the apparent higher responsiveness of alumi-
num concentrations to increased flows at Swift River
was consistent with the rapid hydrologic response of the
stream; spikes in aluminum concentrations generally
are associated with water that enters streams quickly
along shallow flow paths (McAvoy, 1989).

High aluminum concentrations in surface water,
ground water, and soil water in both basins generally
were associated with low pH (fig. 12). This was partic-
ularly evident at tributary sites in the Swift River Basin.
For example, after the 230-mm rainstorm in May 1984,
pH at the headwater tributary sites ranged from 4.7 to
4.8, and aluminum concentration ranged from 260 to
290 pg/L (fig. 11). In contrast, during the same period at
the tributary draining the gabbro subcatchment, the pH
was 6.5 and the aluminum concentration was 110 pg/L.

Aluminum concentrations in tributary streams
generally were greater at Swift River sites than
at Fever Brook sites (table 4). However, aluminum
concentrations were greater at Fever Brook sites during
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summer low flow. Aluminum concentrations at the
uppermost sites in both basins [01174555 in Swift River
Basin (fig. 4) and 01174035 in Fever Brook Basin
(fig. 5)] were greater than at downstream sites during
most sampling periods. At Fever Brook, aluminum con-
centrations varied considerably but generally were uni-
formly less than 50 peq/L throughout the basin during
base flow. Concentrations of aluminum at Swift River
Basin tributary sites ranged from less than 10 to
290 pg/L. At Swift River tributary sites 01174560 and
01174563, aluminum concentrations were relatively
constant near 150 pg/L. At site 01174564, the tributary
that drains the gabbro area, aluminum concentrations
were significantly lower.

Trace Elements

In general, total and dissolved concentrations of
the trace elements copper, lead, arsenic, selenium, and
mercury in stream samples were less than standards out-
lined by the U.S. Environmental Protection Agency
(1986) for domestic, aquatic, and irrigation use. Total
and dissolved concentrations of copper ranged from 0.2
to 13 pg/L. Total and dissolved concentrations of lead
ranged from 0.1 to 13 pg/L, but the concentrations gen-
erally were less than 2 pg/L, much less than the domes-
tic use standard of 50 pg/L.. Maximum concentrations
of arsenic and selenium were 1 pug/L, which is the ana-
lytical detection limit. Maximum concentration of mer-
cury was 0.9 ug/L, but concentrations of most samples
were less than 0.1 pg/L, the analytical detection limit.

Ground-Water and Soil-Water Quality

At the two Swift River wells, ground water was
relatively poorly buffered as indicated by the relative
low pH’s (table 4). Although silica concentrations were
somewhat elevated, alkalinity and base-cation concen-
trations were in the same range as surface waters. In
ground water at Fever Brook, however, concentrations
of nearly all solutes were elevated relative to surface
water. Ground water from the Fever Brook till well, in
particular, had alkalinity and calcium concentrations
greater than 1,000 peg/L. Coupled with the relatively
low silica concentration, the chemistry at this well is
suggestive of carbonate weathering, though no carbon-
ates have been found in the region. This well also had
unusually high sulfate concentrations, indicative of
sulfide weathering. In contrast, ground water at the
other till well at Fever Brook (Knault's well) is silica-

rich and sulfate-poor. Water at this well is high in alka-
linity and base cations and the chemical composition
seems to be controlled by silicate weathering. The high
solute concentrations in these waters indicates that only
a small amount of this water type may contribute to
streamflow. Ground-water chemistry at the sand and
gravel well at Fever Brook is similar to that at the Swift
River wells, although somewhat more enriched in silica,
alkalinity, and base cations, which are probable
weathering products.

Soil waters in both basins were poorly buffered,
low-pH waters enriched in aluminum (table 4). In gen-
eral, these waters reflect incipient contact of acidic pre-
cipitation with the surficial soil; sulfate concentrations
were nearly equal to or somewhat higher than those in
precipitation; varying amounts of silica were derived
from soil contact; and aluminum and DOC were derived
most likely from the forest floor. Alkalinities were com-
parable to those in surface water, despite the low pH and
high aluminum concentrations. This is attributed to the
presence of organics. In the normal course of chemical
evolution of soil water to ground or surface water, the
organic matter will oxidize, causing an increase in
alkalinity and a decrease in aluminum.

CHEMICAL FLUXES ENTERING AND
LEAVING STREAM BASINS

Chemical input Loads in Precipitation

Loads of hydrogen ion, sulfate, and nitrate were
greater in water year 1985 than in water year 1984,
despite the much lower precipitation in water year 1985
(table 5). Loading of base cations and chloride was
greater in the wetter year because concentrations of
these solutes vary little with precipitation amount.
Occasionally, particularly when precipitation volume
was high, solute concentrations in weekly samples were
less than the detection limit of the analytical method. In
these cases, solute concentrations were assumed to be
one-half the detection limit. If this assumption is in
error, the total input fluxes of chloride may be in error
by a maximum of 48 percent for sodium, 10 percent for
chloride, and 5 percent for nitrate. Other solutes are
relatively unaffected by an error in the assumption.

Loadings of hydrogen ion and sulfate in wet-
deposition samples at New Salem generally were
greater during the summer and early autumn compared
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to other seasons (table 5). The seasonal pattern of max-
imum loading in summer and minimum loading in
winter for hydrogen ion and sulfate in precipitation is
common (Likens and others, 1979; Raynor and Hayes,
1982; Suarez and Jones, 1982), and is attributed to
annual cycles of wind direction and air mass velocity.
The concentration/volume relation, in which high solute
concentrations are associated with low precipitation
volume (Raynor and Hayes, 1982), causes deviations
from this annual cycle. For example, two low-volume
wet-deposition samples from early April 1985 had
hydrogen ion concentrations among the highest mea-
sured during the study. Loadings of acidic and basic
components in wet deposition at New Salem probably
have decreased in recent years, based on decreasing
trends at Hubbard Brook (Driscoll and others, 1989)
and on the recent decline in emissions of sulfur dioxide
in the northeastern United States (Smith and Alexander,
1983).

Chemical Output Loads in Streamflow

Concentration-Discharge Relations

As the first step in the output flux calculations, the
concentration-discharge models described in the
“Methods of Study” section were applied for all major
solutes analyzed in each basin (table 6). For nearly all
constituents, coefficients of determination (r2) were
greater at Swift River compared to those at Fever
Brook. Based on a minimum acceptable r? of 0.40,
models could be used to calculate concentration from
discharge for hydrogen ion, magnesium, sodium, potas-
sium, and alkalinity at Swift River, but could be used
only for alkalinity at Fever Brook. Concentrations of
major cations at Fever Brook, and concentrations of all
anions except bicarbonate at both sites, correlated
poorly with discharge.

The concentration/discharge regression analysis
was done prior to any adjustment of concentrations or
loads for deicing salts. Salts enter the ground-water
system and are released throughout the year, thus it is
possible to have a significant correlation between dis-
charge and base-cation concentrations throughout the
year, despite the fact that deicing salt is applied only in
winter. However, the generally poor correlations at
Fever Brook may be related to the relatively greater
effect of deicing salts in that basin.

At Swift River, concentrations of solutes derived
primarily from weathering and ion exchange (base cat-
ions, alkalinity, and silica) were inversely related to dis-
charge; that is, concentrations were at a maximum
during low flow and at a minimum during high flow
(fig. 13). For example, calcium concentration had a
highly significant inverse relation to log discharge. In
contrast, concentrations of sulfate, nitrate, and chloride,
which were controlled by loadings in atmospheric dep-
osition and deicing salts, were weakly correlated with
discharge. There was a significant inverse relation
between pH and discharge at Swift River. Likewise,
alkalinity varied inversely with discharge. Sulfate con-
centrations were relatively constant; there was little
relation of sulfate concentration with flow except for a
slight dilution at high flows.

At Fever Brook, alkalinity was the only solute that
was significantly correlated with discharge (r%=0.69).
Although alkalinity generally is regarded as a weather-
ing product, the lack of significant concentration-
discharge relations for the other solutes indicates that
the significant relation for alkalinity was related to some
process other than weathering, most likely biologic pro-
duction of alkalinity in impoundments. Alkalinity
increased during summer and autumn as flow decreased
and biological activity increased. Other solutes corre-
lated with discharge in different parts of the flow regime
at Fever Brook. Calcium correlated inversely with dis-
charge at high discharge. Sulfate increased with dis-
charge at low discharges but there was no relation at
moderate or high discharge.

Monthly Solute Fluxes in Streamflow

Monthly stream loads were calculated for Decem-
ber 1983 through August 1985 (table 7) using either the
linear regression models or the time-series method.
Variation in monthly load of each major chemical solute
analyzed was at least ten-fold. In general, these varia-
tions were associated with a similar magnitude of
change in monthly runoff, an indication that monthly
loads were primarily a function of monthly runoff.

Net Solute Fluxes

Net fluxes of major solutes in the two drainage
basins were calculated for the study period (table 8).
Uptake of hydrogen and nitrate in the two drainage
basins was significant, as indicated by the large positive
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Table 8. Fluxes of major solutes and water, West Branch Swift River and East Branch Fever Brook Basins,
central Massachusetts

[Fluxes are given in equivalents per hectare, except for silica (moles per hectare) and water (millimeters). Net flux is calculated as input (wet
deposition) minus output (stream load), after adjustment for deicing salts. Water year 1984 represents data collected from December 1983
through September 1984. Water year 1985 represents data collected from October 1984 through August 1985]

Solute Input  Output Salt-corrected Net flux Solute Input  Output Salt-corrected Net flux
output output
WEST BRANCH SWIFT RIVER EAST BRANCH FEVER BROOK--Continued
Water Year 1984 Water Year 1984
Hydrogen ion...... 607 24 24 583 Magnesium......... 47 379 286 -239
Calcium.............. 68 989 951 -883 1265-305 !{-258]-[-218]
Magnesium......... 47 339 334 -287 Sodium ............... 130 1,536 317 -187
Sodium................ 130 1,130 438 -308 1250-383 !{-253])-[-121]
Potassium............ 15 86 86 -1 Potassium............ 15 102 102 -87
Alkalinity............ 0 240 240 -240 Alkalinity............ 0 184 184 -184
Sulfate ................ 424 1,280 1,267 -843 Sulfate ................ 424 989 963 -539
Nitrate.........coeeuee 272 14 14 258 Nitrate.....cccoveeennee 272 10 10 262
Chloride.............. 114 837 114 0 Chloride.............. 114 1,648 114 0
Silica...oecveernnnes 0 941 941 -941 Silicaumeuriiiiein, 0 593 593 -593
Water ......ccoevnn 1,546 915 915 631 Water ................. 1,546 744 744 802
Water Year 1985 Water Year 1985

Hydrogen ion...... 854 2 2 852 Hydrogen ion...... 854 4 4 850
Calcium.............. 61 334 322 -261 Calcium.............. 61 358 307 -246
Magnesium......... 28 114 112 -84 1205-315  1[-254]-[-234]
Sodium ............... 69 387 171 -102 Magnesium......... 28 191 173 -145
Potassium ........... 13 29 29 -16 1166-177 '[-149]-[-138]
Alkallnlty ............ 0 103 103 -103 Sodlum 69 743 110 _42
Sulfate ................ 610 421 417 193 T 187-133  [-65]-[-19]
Nitrate........c........ 370 9 9 361 .

. Potassium ........... 13 53 53 -40
Chloride.............. 70 295 70 0 . .

" Alkalinity............ 0 88 88 -88
Silica..cueieeiininns 0 319 319 -319
Water 969 285 285 684 Sulfate ................ 610 382 370 240
""""""""" Nitrate................. 370 16 16 354
Total for Water Years 1984-85 Chloride.............. 70 749 70 0
Hydrogen ion...... 1,461 26 26 1,435 Silica....ocveenrenen. 0 206 206 -206
Calcium.............. 130 1,323 1,273 -1,144 Water .......covenneen 969 290 290 679
Magnesmm ......... 75 4?2 436 -371 Total for Water Years 1984-85
SOdium .vvevve L7 609 -4l Hydrogen ion...... 1,461 19 19 1,442
Potassium 115 115 -88 .

. Calcium............... 130 1,082 816 -688
Alkalinity............ 343 343 -343 1764-861 '[-732]-[-635
Sulfate ................ 1,700 1,684 -650 . . [-7321-1-633]
Nitrate....... 23 23 618 Magnesium......... 75 570 1 459 1 -384
Chloride... 1,132 184 0 432-482  '[-407]-[-356)
Silica........ 1,260 1,260 -1,260 Sodium................ 198 2,280 427 -229
Water ... 1,200 1,200 1,315 1337-516 '[-318]-[-139]

Potassium 28 156 156 -128

EAST BRANCH FEVER BROOK Alkalinity o 2 M 272

Sulfate ................ 1,034 1,371 1,333 -299

Water Year 1984 Chloride.............. 184 2,397 184 0

Hydrogen ion...... 607 15 15 592 N.it.rate ................. 641 26 26 615
CalCium e 68 724 510 447 Silica........ccun.e... 0 799 799 -799
1469-546 l[—478]-[—401] Water ......coeeeeennens 2,515 1,034 1,034 1,481

IRanges reflect uncertainty in deicing salt adjustments.
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values for net flux. More than 98 percent of hydrogen
ion and as much as 96 percent of nitrate that entered
each basin by wet deposition was retained. Net export
was observed for all other major solutes. The net flux of
alkalinity was 26 percent greater at Swift River than at
Fever Brook. After adjustments for deicing salts, the net
export of potassium was greater at Fever Brook, cal-
cium and sodium export was greater at Swift River, and
magnesium export was about the same in each basin
(table 8). The total net export of base cations and silica
was higher at Swift River relative to Fever Brook by 41
and 58 percent, respectively. This comparison of net
solute fluxes suggests a higher rate of weathering in the
Swift River Basin. Although there may be loss of silica
to diatom uptake at Fever Brook, the disproportionately
higher net export of silica at Swift River is indicative of
a different stoichiometry of weathering. About two
times more sulfate was exported at Swift River than at
Fever Brook; the additional sulfate export at Swift River
partly balances the additional base-cation export.

During the 21-month study period, the Swift River
and Fever Brook Basins yielded net base-cation fluxes
of 2,014 and 1,429 eq/ha (equivalents per hectare),
respectively, after adjustment for deicing salts (calcu-
lated from table 8). At Fever Brook, the net retention of
hydrogen ion, 1,442 eq/ha, thus could account for the
entire net flux of base cations. Because some of the
hydrogen ion retention was balanced by nitrate reten-
tion, each basin had an excess export of cations that was
necessarily balanced by the export of alkalinity and sul-
fate. Accordingly, the export of alkalinity and sulfate
was greater at Swift River than at Fever Brook.

FACTORS AFFECTING WATER QUALITY AND
NET FLUX OF SOLUTES

Precipitation Quality

Precipitation entering the Swift River and Fever
Brook Basins was a dilute mixture of sulfuric and nitric
acids, and minor amounts of base cations and chloride
(table 2). Stream water leaving the basins was much
enriched in base cations, which were balanced by
sulfate, chloride (predominantly from deicing salts) and
bicarbonate alkalinity (alkalinity in a low DOC circum-
neutral freshwater stream is virtually all as bicarbonate).
Thus, processes within the basins transform the acidic
precipitation into a moderately buffered solution of

sulfate and chloride salts. Precipitation chemistry may
appear to have a limited role in final stream chemistry.
However, there are three important ways in which
stream chemistry is affected by the precipitation chem-

istry.

The first effect of precipitation chemistry on
stream chemistry is related to the retention of hydrogen
ion in the drainage basin; inputs of H* in precipitation
are much greater than outputs of H* in streamflow
(table 8). H* is retained through consumption of protons
in weathering reactions, or by ion exchange. There is
much debate whether the increased acidity of modern
precipitation causes increased weathering rates (Drever,
1988). However, the possibility that increased acidity
may drive ion-exchange reactions that alter the stoichi-
ometry of cations in soil solution, and ultimately, stream
water, is generally recognized. The effect of precipita-
tion acidity on ion exchange is seen as a perturbation of
a steady-state system; cation populations on exchange
sites are in the process of adjustment to elevated inputs
of hydrogen ion.

The second effect of precipitation chemistry on
stream chemistry is evident during high flows. In both
Swift River and Fever Brook Basins, alkalinity reached
minimum concentrations of 1 peg/L (from typical con-
centrations near 100 peq/L) during the study (figs. 9
and 10). These near-acidification events are attributed to
the dilution of base-flow stream water with precipitation
acidity. If precipitation were not acidic or only slightly
acidic, such mixing would result in a much less pro-
nounced dilution of acidity. Thus, at high flows, the
acidity of precipitation contributes to the alkalinity
decrease in the streams.

The third effect of precipitation chemistry on
stream chemistry results from the high concentrations
of sulfate in precipitation. Disregarding the effect of

deicing salts, sulfate is the dominant anion in precipita-

tion and stream water. Sulfate inputs and outputs are
approximately balanced (table 8). Some sulfate may be
released from weathering of sulfidic schist, which is
more abundant in Fever Brook Basin; however, this
source is believed to be minor relative to atmospheric
sulfate. The dominance of sulfate in stream water
appears to be a direct consequence of high atmospheric
inputs. In pre-industrial times, bicarbonate most likely
was the dominant anion (Reuss and Johnson, 1986).
Sulfate serves as a mobile anion to transport base
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cations to the stream, thus cation export is likely to be
greater than it would be in a bicarbonate-dominated
system.

Basin Hydrogeology

Differences in stream chemistry in Swift River and
Fever Brook Basins are attributed in part to differences
in hydrology in the two basins. The hydrology, in turn,
is affected by the type and distribution of surficial geo-
logic deposits. In deposits that have high hydraulic con-
ductivities, such as outwash sands, ground water travels
quickly to the stream and there is little opportunity for
weathering. In deposits that have low hydraulic conduc-
tivities, such as dense basal tills, ground water has a
long residence time and weathering reactions can be
extensive.

Swift River is more responsive to storms than
Fever Brook, as indicated by its more rapid hydrograph
rise and recession. However, Swift River has a higher
percentage of base flow and overall runoff than Fever
Brook (table 1). These factors indicate greater soil/
water contact time at Swift River, which would tend to
increase mineral weathering and solute transport. The
higher concentration of weathering products (silica,
base cations, and alkalinity) at Swift River relative to
Fever Brook (table 3), therefore, is consistent with the
hydrology of the two basins.

Hydrologic Flow Paths

Stream chemistry reflects in part the relative con-
tributions of the various hydrologic flow paths to
streamflow. Associated with each of the different hydro-
logic flow paths—channel interception of canopy
throughfall, saturation-excess overland flow, unsatur-
ated subsurface flow, ground-water flow—is a different
set of factors that control the chemical evolution of that
water. Some of these factors include: differences in min-
eralogy, contact time (flow velocity), ion-exchange
capacity, oxidation/reduction state, microbiological
activity, and abundance of tree roots. At low flows,
streamflow is primarily composed of ground water that
is rich in weathering products (silica, base cations, and
alkalinity). During storms, streamflow is primarily
composed of water from shallow flow paths, such as
channel interception and saturation-excess overland
flow, which are lower in solutes from weathering, and
higher in solutes associated with precipitation including

sulfate, nitrate, and hydrogen ion. This type of concep-
tual model, in which stream chemistry is considered a
product of the mixing of waters from different flow
paths, each with a distinctive chemistry, is widely used
to interpret stream chemistry and hydrology (Hooper
and others, 1990).

The chemistry of ground water varied greatly in
each basin (table 4), and differed in turn from the chem-
istry of base flow at the outlet gaging stations (table 3).
This pattern indicates that the ground water sampled in
each basin probably was not representative of that basin
as a whole. Therefore, the water quality of base flow at
each gaging station was considered to be a more reliable
indicator of the composition of ground water discharg-
ing from that basin. Total base-cation loads exported
from each basin in ground-water discharge were calcu-
lated using the quantified base-flow component of dis-
charge from December 1983 through August 1985 with
the flow-weighted average concentration of each chem-
ical solute in selected samples of base flow collected at
the gaging stations (table 3).

At the Swift River gaging station, ground-water
discharge accounted for 53 percent of total discharge
and 55 percent of the flux of base cations. At the Fever
Brook gaging station, ground-water discharge
accounted for 42 percent of total discharge and 50 per-
cent of the flux of base cations. Significantly, transport
of hydrogen ion in base flow accounted for only 17 and
27 percent of the stream loads of hydrogen ion in Swift
River and Fever Brook, respectively. The disproportion-
ately higher export of base cations and lower export of
hydrogen ion in ground water relative to those in total
flow indicate that a greater degree of mineral dissolution
and acid neutralization results when inputs of atmo-
spheric acidity follow flow paths that allow consider-
able contact time of water with minerals in the basins
before discharging to the streams.

At Fever Brook, surface-water impoundments
significantly affected the temporal pattern of solute
fluxes. Runoff water was retained in the impoundments
where it mixed with older ground water, thus attenuat-
ing variations in solute concentrations and obscuring
concentration-discharge relations. The impoundments
appeared to have the most pronounced effect on
alkalinity and sulfate. The significant concentration-dis-
charge relation for alkalinity was attributed to the bio-
logic production of alkalinity in the impoundments,
which may have been the dominant alkalinity
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generating mechanism. Alkalinity increased during
summer and autumn as flow decreased and biological
activity increased. Alkalinity production was associated
with sulfate reduction; sulfate concentrations decreased
at Fever Brook during base-flow conditions in summer,
in contrast to the sustained elevated sulfate
concentrations during base flow at Swift River (figs. 9
and 10).

Mineral Weathering

Differences in chemical concentrations and fluxes
at the Swift River and the Fever Brook outlet gaging sta-
tions reflect contrasts in bedrock lithology and mineral-
ogy of the two basins. The higher export of silica, base
cations, and alkalinity at Swift River is a general indica-
tor of greater weathering in that basin. The stoichiome-
try of weathering differs in the two basins as well. Net
export of calcium and sodium is considerably higher at
Swift River, net export of potassium is higher at Fever
Brook, and net export of magnesium is about the same
in the two basins. In general, the granitic lithologies of
the Swift River Basin are resistant to weathering. How-
ever, a high proportion of the net cation export at Swift
River, in particular the high calcium export, is attributed
to weathering of the hornblende gabbro in the southeast-
ern subcatchment (fig. 2). In the Fever Brook Basin, the
amphibolite-schist lithology is relatively easily weath-
ered. The greater relative export of magnesium and
potassium at Fever Brook probably results from the
weathering of hornblende, potassium feldspar, biotite,
and (or) muscovite. The sodium flux probably derives
from the weathering of plagioclase and (or) hornblende.

In Fever Brook Basin, the more easily weathered
suite of minerals, coupled with the gentler topography,
should be conducive to a higher rate of weathering com-
pared to Swift River Basin. Most tributaries in the Swift
River Basin have dilute chemistry with low alkalinity,
indicative of limited weathering (table 4). The relative
enrichment of solutes by weathering at the Swift River
outlet gaging station is partly attributable to the compo-
sition of the tributary draining the southeast subbasin
that is underlain by gabbro. Although this subbasin
comprises only 11.2 percent of the total basin area, it
contributes nearly 25 percent of the total base cations,
16 percent of the total silica, and 77 percent of the total
alkalinity exported from the basin. These figures were
calculated from average solute concentrations in the
tributary streams, assuming that streamflow in each
tributary is proportional to its area.

The capability of minerals in the basins to neutral-
ize acidic inputs is reflected in the enrichment of base
cations in ground water (table 4). Water enters the
basins as precipitation and continuously evolves in
chemical composition as it contacts and reacts with
minerals in the soil and surficial deposits (till and strat-
ified drift) before discharging to the streams. The con-
centration of base cations increases in the water as
primary minerals are dissolved by carbonic and mineral
acids. Prolonged contact between water and minerals
enables chemical reactions to proceed more completely
and increases the degree of neutralization of acids.

Except for the small amounts in precipitation, base
cations are ultimately derived from mineral weathering.
The possible mineral-weathering reactions in the Swift
River and Fever Brook Basins generally involve incon-
gruent dissolution of primary aluminosilicate minerals
in the soil and shallow aquifer. Typically, the primary
minerals in igneous and metamorphic source rocks are
metastable, owing to their formation at pressures, tem-
peratures, and in the presence of fluids that are not
found in weathering environments at the Earth's sur-
face. Generally, the higher the temperature and pressure
at which a mineral formed, the more reactive it is at the
Earth's surface (Garrels and Christ, 1965). However,
because of their strong chemical bonding and structural
framework, silicate minerals weather slowly and there-
fore yield relatively small quantities of base cations and
alkalinity in comparison to carbonates and other
minerals.

The dissolution of aluminosilicate minerals is
driven by the acidic hydrogen ion. Primary minerals
react with water and hydrogen ion to yield base cations
(calcium, magnesium, sodium, potassium) and silica to
solution and form new aluminous mineral phases (usu-
ally clay minerals) that are more stable at the Earth's
surface. This reaction was generalized by Bricker and
others (1968) as:

Primary aluminosilicate + H*+H,0 = Secondary
aluminum-rich minerals + base cations + H;SiO,4, (6)

In this reaction, aluminum is assumed to be con-
served in solid phases. This assumption appears to be
valid in the study drainage basins, given the low con-
centrations of dissolved aluminum in ground water and
base-flow stream samples.
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In most soil and ground-water environments, the
most important source of hydrogen ions to drive weath-
ering reactions is carbonic acid. For a system open to
the atmosphere, a continuous source of carbon dioxide
gas is in contact with soil water. Additional carbon diox-
ide may be supplied by biological processes, such as
plant respiration. Carbon dioxide and water react to
form carbonic acid, which dissociates to produce
bicarbonate and hydrogen ion, described as follows:

CO, + H,0 = H,CO, = HCO; +H* 7

Other sources of hydrogen ion include organic acids in
the soil zone, weathering of sulfide minerals, and strong
mineral acids in precipitation.

Possible weathering reactions involving minerals
identified in the bedrock and in soil samples from Swift
River and Fever Brook Basins include:

CaAlL,Si, 04 (anorthite) +2CO, + 3H,0 = Ca®* +
2HCO; + Al,Si,05 (OH) , (kaolinite) (8)

2NaAlSi 0 (albite) +2CO, + 11H,0 = 2HCO; +
2Na* +4H,Si0, + AL,Si,0, (OH) , (kaolinite), (9)

3KAISi,O4 (microcline) + 2H* + 12H,0 = 2K* +
6H,Si0, + KALSi,0,, (OH) , (illite) , (10)

3K, (Mg;Fe;) Al,Sic0,, (OH) , (biotite) +

16H,0 + 20H* = 6K* + 3Mg** + 3Fe’** + 8H,Si0,

+ 2 (Mg3Fe3)(Al3Sis0,0)e(8H,0)
(vermiculite)

(1

(Ca,Na), , (Mg, Fe**, Fe’*, Al) 5 (AL Si) 40,, (OH)
(hornblende) + vH* + wH,0 = xCa?*+ yNa* + ;Mg?*
+nH4SiO4 + Z(Mg3Fe3)(A13515020)‘(81'{20)
(vermiculite), (12)

Equations (8) and (9) represent the weathering of

the calcium and sodium end members of plagioclase to
kaolinite. True plagioclase nearly always has a
composition intermediate between the end members,
thus equations (8) and (9) could be replaced with a
single reaction if that composition were known. The
weathering of microcline to illite (eq. 10) generally is
less important, although illite was detected in all soil
samples. Vermiculite was the dominant clay mineral in

most soil samples, indicating that the weathering of
biotite and hornblende to vermiculite (eqgs. 11 and 12)
may be important reactions in the basins. In equation
12, the quantities in italics are variables, because
hornblende composition varies widely.

Although the overall net export of solutes was
higher at Swift River (table 8), the export of magnesium
was about the same in each basin, and the export of
potassium was higher at Fever Brook than at Swift
River. This implies that the weathering of hornblende
(eq. 12) and (or) biotite (eq. 11) was relatively more
important at Fever Brook. At Cadwell Creek, 14 km
south of the Swift River outlet gaging station, horn-
blende was relatively rich in calcium and magnesium
and poor in sodium (Michener, 1983). Hornblende
weathering probably was responsible for the relatively
high magnesium export at Fever Brook, given that horn-
blende is abundant in the basin and is easily weathered
(April and others, 1986). Biotite (eq. 11) is more easily
weathered than microcline (eq. 10), and thus was the
most likely source for the higher potassium export from
Fever Brook.

If the hornblende compositional analyses of
Michener (1983) are indicative, hornblende in the
region is too low in sodium to account for the sizeable
sodium fluxes (after deicing salt corrections) at each of
the two basin outlet gaging stations. The more likely
source of sodium is plagioclase weathering (eq. 9).
Michener (1983) found that the average plagioclase
composition at Cadwell Creek was An,, or 80 percent
of the sodium end member. Plagioclase in the Carter and
Mundberry Basins, adjacent to Fever Brook, also was
high in sodium (Elizabeth Knapp, University of Massa-
chusetts, written commun., 1990). Weathering of
sodium plagioclase has been the dominant source of
sodium to solution in other studies of drainage basins
(Katz and others, 1985; Velbel, 1985; Clayton, 1988;
Peters, 1989b). As plagioclase weathers to kaolinite,
two moles of silica are released for each mole of sodium
(eq. 9), but no silica accompanies the release of calcium
(eq. 8). Thus, in the absence of other weathering
reactions releasing or consuming sodium or silica, the
sodium:silica ratio should be 0.5. The sodium:silica
ratio is 0.33 at Swift River and 0.29 at Fever Brook.
These ratios suggest that plagioclase weathering
accounts for a considerable amount of the silica flux,
and probably is more important at Swift River. At Swift
River, the high net export of calcium, and the high
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calcium:silica and calcium:magnesium ratios compared
to Fever Brook, result from the abundance of calcic
plagioclase in the southeast tributary.

The equilibrium solubility model WATEQF
(WATer EQuilibrium—Fortran) was used to calculate
the equilibrium speciation of inorganic ions and ion
complexes in the two basins (Plummer and others,
1976; thermodynamic data current with the 1984
version of the program). The saturation index, defined
as the log of the ratio of the ion activity product to the
thermodynamic equilibrium constant, was computed in
the model for possible mineral phases (table 9). Satura-
tion indexes less than zero for a given mineral imply
that the solution is undersaturated with respect to that
mineral; saturation indexes greater than zero imply that
the solution is supersaturated with respect to that min-
eral. Undersaturated conditions favor dissolution
whereas supersaturated conditions favor precipitation.
Saturation indexes were determined from analyses of

ground water and stream base flow, because those
waters had the longest contact time with minerals of the
soil, till, and bedrock. In each basin, all waters analyzed
were undersaturated with respect to the primary miner-
als and were nearing saturation or were somewhat
supersaturated with respect to secondary minerals pos-
tulated to be forming as weathering products. Based on
the analysis, kaolinite was the secondary mineral most
favored to be forming in each basin (table 9).

Stability diagrams of mineral equilibria illustrate
conditions of chemical equilibrium of selected minerals
in contact with natural waters. If it is assumed that all
reactions occur at 25°C and that aluminum is conserved
in the solid phases, the stability of one mineral relative
to another can be evaluated, as can the degree of
saturation of that water with respect to a given mineral.
Activities of aqueous species calculated by use of
WATEQF were plotted on activity diagrams for the

Table 9. Saturation index for some minerals for flow-weighted-average base-flow and
ground-water samples in West Branch Swift River and East Branch Fever Brook Basins, centrall

Massachusetts

[Saturation index: The saturation index is the log of the ratio of ion activity product to the thermodynamic equilibrium constant, K,

at the temperature of the water sample]

Sampline site Sampling Saturation index
ping date Anorthite Albite  Chlorite  Gibbsite  Kaolinite Chalcedony

Swift River 3-28-84 99 -58 -31.5 -0.04 2.2 -0.19

till well. 4-10-84  -11.5 -6.4 -34.1 -5 85 -13
Swift River sand 3-28-84 -12 -35 -24.5 49 38 11

and gravel well. 4-10-85 98 -52 -30.8 =35 1.9 .00
Swift River outlet

gaging station.............. ® -1.5 -4.8 -233 46 2.6 -.39
Fever Brook

till well ...ooeeereeeinnnne. 4-03-84 -3.8 -2.5 -714 .36 32 -.05
Fever Brook sand 4-25-84 94 -4.6 -26.1 -.70 1.5 14

and gravel well. 3-20-85 -6.9 -34 -24.2 .58 4.02 .13

8-20-85 -105 -5.2 -28.9 -1.1 .70 11

Fever Brook

Knault's well (till)........ 4-10-85 -3.1 -.70 -8.2 1.0 53 34
Fever Brook outlet

gaging station.............. " -8.8 54 -25.8 .14 1.78 -48

'Flow-weighted-average base flow.
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systems CaO-A1203-Si02-H20 and K20-A1203—Si02-
H,O0 at 25°C (fig. 14). In these simplified four-compo-
nent systems, kaolinite was the most stable mineral. The
field evidence provided some support for this analysis,
as kaolinite was detected in minor amounts in nearly all
soil samples. However, gibbsite also was detected in
several samples.

Aluminum Geochemistry

The solubility of some aluminum minerals is
enhanced by a decrease in pH (Drever, 1988). Increased
aluminum concentrations associated with acidic deposi-
tion have been linked to fish mortality (Driscoll and
others, 1980; Schofield and Trojnar, 1980), and have
been implicated as a contributing cause of forest die-
back in Germany (Ulrich, 1983). Aluminum is most
toxic in the labile, monomeric form (Al3+); its effects
are more benign when complexed with either an inor-
ganic ligand, such as fluoride or hydroxide, or with an
organic ligand. Aluminum toxicity is low in organic-
rich waters, even when the pH is low, because most of
the aluminum is organically complexed. Aluminum
geochemistry is important not only from the standpoint
of aluminum toxicity, but also because aluminum has a
significant effect on the geochemical cycles of phospho-
rous, carbon, and trace metals, and because it plays an
important role in pH buffering (Driscoll, 1985).

Seasonal Variations

The rapid increase in aluminum concentrations in
response to increased flows at Swift River was consis-
tent with the surficial geology of the basin. The thin
soils and steep ridges lead to rapid runoff and short con-
tact time of storm water with rock and soil materials,
allowing minimal neutralization of the acidic inputs.
Hydrogen-ion acidity can rapidly mobilize aluminum in
near-surface soil (McAvoy, 1989). Relations between
aluminum concentration and discharge contrasted
sharply to relations between other dissolved solutes and
discharge, in which solute concentrations generally
decreased with increasing discharge (figs. 9, 10, and
13).

Aluminum concentration is frequently affected by
variations in pH and DOC. At Swift River, aluminum
concentration increases were associated with concur-
rent increases in hydrogen ion concentration (fig. 9),
and there was a significant correlation between

aluminum and pH (fig. 15). Elevated concentrations of
hydrogen ion may have caused the increase in alumi-
num through the dissolution of aluminum-bearing min-
erals in the soils, such as gibbsite [AI(OH);] (Johnson,
1979). Alternatively, increases in aluminum may be
attributed to the replacement of hydrogen for aluminum
on cation-exchange sites; ion exchange caused the epi-
sodic increases of aluminum during high-runoff periods
at a drainage basin in Massachusetts, as acidic runoff
flowed predominantly through the shallow soil zone
(McAvoy, 1989).

At Fever Brook, aluminum concentrations were
poorly correlated with pH (fig. 15). Hydrogen ion con-
centrations generally were higher in Fever Brook than
in Swift River in late spring and summer (figs. 9, 10).
The higher hydrogen ion concentrations (lower pH)
probably were maintained by organic acids, as sug-
gested by the concurrent increase in DOC from 4 to
10 mg/L from late spring to early autumn. Water was
highly colored in Fever Brook, because of the presence
of organic anions. Despite variations in DOC and pH,
aluminum concentrations were fairly constant at Fever
Brook. Except for the moderate increase in aluminum
associated with the May 1984 flood, the few episodic
increases that were detected at Fever Brook were not
clearly correlated with changes in pH or DOC at high
discharge; those increases, however, did coincide with
high aluminum concentrations during the same period
at Swift River. More frequent aluminum increases may
have occurred at Fever Brook than were detected by
weekly sampling. The higher chronic aluminum con-
centrations at Fever Brook may result from kinetic con-
straints on the precipitation of aluminum when
aluminum-rich soil water, such as that sampled from the
Fever Brook deep lysimeter (table 4), mixes with
stream water during storm runoff (Burns, 1989).

Spatial Variations

At sites on Fever Brook tributaries, the relation
between aluminum and pH was masked by the addi-
tional effect of DOC (table 4). Although mean DOC
concentrations varied little among the surface-water
sites, aluminum concentrations tended to decrease with
increasing DOC. The outlet to Brooks Pond had the
lowest aluminum, despite the lowest pH and highest
DOC. The data from the tributary sites—though
limited—are consistent with data from the main outlet
(fig. 15), which suggest that there is no relation between
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aluminum and DOC at Fever Brook. However, the high
DOC, coupled with the low solubility of aluminum at
pH greater than 5.5 (Johnson, 1979), assures that the
most of the aluminum present is organically complexed.

Variations in aluminum concentrations at the outlet
gaging stations, particularly at Swift River, can be
explained by a mixing of waters from shallow (within
the upper 30 cm of soil, including the organic horizon)
and deep (deeper than 30 cm, or within the mineral soil
or till) flow pathways. Ground water in both basins had
aluminum concentrations less than 40 pg/L (table 4).
Ground water represents the deep flow path. As the
ground-water component of flow increased, aluminum
concentrations in the streams decreased. The low alumi-
num concentrations would be expected in ground water
that has evolved to a stage where it is high in weathering
solutes, pH, and alkalinity. At Swift River, ground water
has considerably less aluminum than the tributary
streams, despite a comparably low pH. This is attributed
to the lower DOC in ground water relative to the
streams. Storm runoff through the upper soil zone rep-
resents the shallow flow path. Increases in aluminum
during high streamflow resulted as a higher percentage
of streamflow was derived from this flow path. Soil
waters had aluminum concentrations of several hundred
micrograms per liter, consistent with the low pH (4.67
to 5.56) (table 4). Data were too limited to assess the
effect of DOC in the high aluminum concentrations in
soil waters.

The spatial pattern of aluminum concentrations in
stream water is dependent on the spatial pattern of
ground-water discharge to streamflow. Ground-water
discharge to tributaries, particularly during storms or
snowmelt runoff, is likely to be minimal compared to
ground-water discharge at the outlet gaging stations.
Unconsolidated surficial deposits along headwater trib-
utaries are not as thick or extensive as those along the
mainstem. Thus, precipitation inputs in the headwater
areas follow shorter flow paths before discharging to
streams, and have less contact time for neutralization
reactions in the soil. A large pool of aluminum is readily
available to infiltrating acidic waters, causing the high
concentrations measured in soil waters (table 4). There-
fore, the limited extent of surficial deposits in the head-
water areas results in shorter hydrologic flow paths that
tend to limit the degree to which acidic inputs are neu-
tralized, leading to elevated concentrations of dissolved
aluminum in the headwater streams.

Chemical Speciation and Solubility of
Dissolved Aluminum

Aluminum speciation must be considered in
assessing the effects of acid deposition on fish and other
aquatic biota in the basins. Driscoll and others (1980)
reported that low pH and high aluminum concentrations
in streams in the Adirondack region of New York were
most prevalent at high discharge conditions during
storms and during snowmelt in the spring, and at low
discharge conditions during the summer. The aluminum
during snowmelt was predominantly labile inorganic
aluminum, whereas during summer low flow it was pre-
dominantly organically complexed aluminum. Concen-
trations of dissolved aluminum in Swift River during
spring snowmelt regularly exceeded 110 pg/L, the
threshold for toxicity to fish (Schofield and Trojnar,
1980). On the basis of the results of Driscoll and others
(1980), most of this aluminum is assumed to be in the
labile inorganic form, which is most toxic. “Fish kills”
(DiNardo, 1984; Halliwell, 1985) as reported in nearby
streams, may have been caused by high concentrations
of labile aluminum. At Fever Brook, in contrast, alumi-
num toxicity to fish probably is minimal because more
of the dissolved aluminum is organically complexed,
and because episodic increases in aluminum
concentration are less frequent.

WATEQF was used to calculate the equilibrium
distribution of dissolved aluminum species for selected
samples from Swift River and Fever Brook (table 10).
WATEQF requires the “thermodynamically active”
inorganic aluminum concentration to calculate alumi-
num speciation. From this study, only total dissolved
aluminum concentrations, which included organically
bound aluminum, were available. This limitation of the
data is noted where it may affect interpretation of the
model results.

Input to the model for each speciation calculation
included aluminum and major dissolved solute concen-
trations, as well as temperature and pH. The model cal-
culated the activity, or effective concentration, of each
ion and its complexes. Model results indicated that the
aluminum hydroxide complex, AI(OH),*, was the
major form of aluminum in most samples, followed in
importance by the fluoride complex, AlIF?*. Monomeric
aluminum, A1**, generally comprised only 1 to 10 per-
cent of total dissolved aluminum in each sample. Only
one sample (pH 5.1) collected during snowmelt runoff
had AI** as the dominant form of dissolved aluminum

Factors Affecting Water Quality and Net Flux of Solutes 47



Table 10. Chemical speciation of agueous aluminum in selected water samples from West Branch Swift
River and East Branch Fever Brook Basins, central Massachusetts

[Concentrations are given in moles per liter, in "p" notation (negative logarithm (base 10) of concentration). Al,,, total dis-

solved aluminum. --, no data]
Sampling
Sampling site  identifier = Date pH Alygpal AP+ Al(OH)*  Al(OH),*  AIF* AISO4*
(see fig. 14)
WEST BRANCH SWIFT RIVER BASIN
Swift River outlet 1 1-24-84 6.6 5.35 7.38 6.80 5.39 7.14 8.72
gaging station 2 2-16-84 5.1 5.13 5.41 6.34 6.42 5.59 6.82
3 6-26-84 6.7 5.96 9.31 8.05 6.04 7.74 10.62
Average base flow 4 - 6.2 5.66 8.35 7.08 5.72 6.96 9.52
Swift River sand 5 3-28-84 6.0 6.72 8.12 7.85 6.80 - 9.51
and gravel well 6 4-10-85 5.8 5.96 7.27 7.15 6.25 6.46 8.59
Swift River till well 7 3-28-84 5.7 5.66 6.51 6.59 5.85 6.72 7.74
8 4-10-85 55 5.96 6.80 6.96 6.35 6.52 7.96
EAST BRANCH FEVER BROOK BASIN

Fever Brook 1 1-24-84 6.0 543 6.60 6.64 5.82 5.77 7.96
gaging station 2 2-16-84 5.6 5.59 6.52 6.96 6.54 5.72 7.96
3 6-26-84 5.7 4.66 6.57 6.00 474 5.68 8.05
Average base flow 4 - 59 5.72 8.01 7.30 5.89 6.55 9.22
Fever Brook sand 5 4-25-84 6.2 6.72 8.60 8.17 6.96 11.42 9.82
and gravel well 6 3-20-85 7.5 5.43 7.27 6.82 5.62 6.09 8.39
7 8-20-85 59 6.43 8.42 8.12 7.06 6.80 9.33
Fever Brook till well 8 4-03-84 7.7 6.43 12.10 10.17 7.43 12.47 13.13
Fever Brook 9 4-10-84 7.3 5.96 10.41 8.80 6.40 7.64 11.96

Knault's well (till)

(27 percent by molarity). The sulfate complex, AISO,*,
was a minor component in all water samples, and the
molarity usually was several orders of magnitude less
than that of total dissolved aluminum.

Aluminum-bearing minerals in the system Al,05-
Si0,-H,0, such as gibbsite and kaolinite, are weather-
ing products of primary aluminosilicate minerals. Solu-
bilities of these minerals in water reach a minimum near
pH 6.4 and increase as pH decreases (Drever, 1988). In
general, at any particular concentration of silica, the
most stable aluminum silicate mineral is the mineral
that has the lowest equilibrium concentration of alumi-
num. For streams in the Swift River and the Fever
Brook Basins, in which the activity of silica is
approximately 10°%, the activity of aluminum in

equilibrium with kaolinite is less than that which would
be in equilibrium with gibbsite, AI(OH); (fig. 16). For
solution pH values from 5.1 to 6.8 at the outlet gaging
stations, the theoretical activity of aluminum in equilib-
rium with kaolinite ranges from 1070 (2.7 pg/L) to
1081 (0.2 pug/L), respectively.

Aluminum activity in stream water and ground
water generally was 10 to 100 times greater than the
calculated theoretical activity at equilibrium with
kaolinite and gibbsite; the activities of aluminum calcu-
lated for selected samples plot above the solubility lines
of these minerals (fig. 16). Gibbsite and kaolinite were
identified in some of the soil samples collected in the
basins. However, the apparent supersaturation suggests
that concentrations of aluminum may be controlled by
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minerals other than gibbsite and kaolinite, for example,
cryptocrystalline phases of aluminum hydroxide (Jones
and others, 1974). An alternate interpretation is that the
solutions are in fact in equilibrium with crystalline gibb-
site and kaolinite, but that the presence of colloidal or
suspended aluminum, and (or) organically bound
aluminum, caused an overestimation of aluminum
concentrations.

When the infiltration capacity of the soil is
exceeded during heavy storms or rapid snowmelt, the
low-pH, high-aluminum soil water can be flushed rap-
idly from the soil zone. As this water mixes with stream
water of higher pH, precipitation of aluminum may be
limited kinetically. A possible example of the resulting
supersaturation with respect to gibbsite is the stream
sample collected during the heavy rainstorm on May 30,
1984, at the tributary in the subbasin underlain by
gabbro. The aluminum concentration was 110 pg/L,
much higher than the equilibrium concentration calcu-
lated for the relatively high pH (6.48) at the time of sam-
pling. The supersaturation may be explained either by
kinetic constraints on the precipitation reaction, or by
the presence of increased polymeric or organically-
bound aluminum in the filtered sample. More frequent
sampling of soil water, ground water, and stream water
during storm runoff and snowmelt would help to
improve the understanding of the relation between
aluminum geochemistry and hydrology.

Biogeochemical Processes

Sulfate Mobility

The mobility of sulfate in a basin that has surface
and ground water of low ionic strength is an important
factor in determining the sensitivity of that basin to
acidic deposition. To maintain electrical charge balance,
sulfate ions that are transported in solution must be
accompanied by positively charged ions. These ions
generally are base cations, important nutrients for plant
growth. The availability of base cations for uptake by
vegetation is directly affected by the fate of sulfate in
the soil zone. Sulfate transport promotes transport of
base cations from the soil, potentially causing a lack of
nutrients for vegetation. If base cations are depleted
from exchange sites faster than they are resupplied by
weathering, hydrogen or aluminum becomes the cation
that accompanies the sulfate, thus lowering the
alkalinity of receiving waters. Streams and lakes in

drainage basins with limited capacity to supply base cat-
ions are thought to acidify over periods of decades to
centuries (National Acid Precipitation Assessment
Program, 1983).

Sulfate sorption takes place primarily in the soil,
where weathering of primary minerals to clays and
metal oxides and hydroxides has generated sorption
sites. Where sulfate is retained by sorption sites, base-
cation depletion from the soil is limited; where sulfate
is not retained, and (or) sulfate is desorbed from sorp-
tion sites, base-cation depletion results as cations are
removed to balance the anion charge. The potential for
acidification is greatest in drainage basins with soils that
have little capacity to adsorb sulfate or already are satu-
rated with sulfate. At this stage, sulfate replaces bicar-
bonate as the dominant anion in solution, as
documented in a forested drainage basin in the White
Mountains of New Hampshire (Cronan, 1978). After
correction for chloride from road salt, sulfate also is the
dominant anion in the surface and ground waters in the
Swift River and Fever Brook Basins.

The flux of sulfate in streamflow is the result of
several sources and processes, and can be expressed as:

Ss = Swd+ deiSSpiSmwi' pr ,

(13)

where
S, 1is sulfate in streamflow,
S,q 1s sulfate in wet deposition,
Sqgq 1s sulfate in dry deposition,

is sulfate that is added or removed by

sorption processes,

Sqw 18 sulfate generated by mineral weathering
and (or) consumed in precipitation
reactions, and

Spp 1s sulfate generated or consumed by
biological processes.

sp

Ss was calculated from sulfate concentrations and
stream discharge for each basin. S, was calculated
from measurements of sulfate concentrations and pre-
cipitation at the collection site in New Salem. Syq, S,
Smw» and S, were not directly measured, thus the quan-
tities of sulfate that entered in dry deposition and sulfate
that was cycled in each basin had to be indirectly
evaluated.

A reliable, reproducible method for the measure-
ment of S;; was not available during this study.
However, some researchers have equated the dry
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deposition of sulfate to the net flux of sulfate if no other
sources are present in the drainage basin (Likens and
others, 1977; Katz and others, 1985; Peters, 1989a). S,
probably is the largest of the unknown terms. Dry dep-
osition has been recognized as an important source of
sulfate in many drainage basins (Brezonik and others,
1980; Kerr, 1981; Suarez and Jones, 1982; Lindberg and
Garten, 1988). The particulate form of sulfur may be a
neutral or acidic salt, whereas sulfur which enters as a
gas, such as SO,, can oxidize and react with water to
produce sulfuric acid. Sulfate is incorporated in wet
deposition by washout (scavenging) or rain out (sulfate-
bearing particles provide nucleation centers for the for-
mation of water droplets or snow flakes). Dry deposi-
tion of sulfur occurs through absorption by vegetation
or settling on vegetation surfaces independently of rain.
This sulfur eventually will be washed into the drainage
basin but will not be accounted for in samples of wet
deposition.

Sulfate export in stream water (S;) exceeded sul-
fate inputs in wet deposition (S,,;) by 55 percent at Swift
River and 23 percent at Fever Brook. If sulfate behaves
conservatively, which is equivalent to the condition that
Smu» Ssp» and Sy, are negligible, or ;= S, - §,,4, then dry
deposition accounted for 36 percent of the total sulfate
deposition at Swift River and 19 percent of the total sul-
fate deposition at Fever Brook from December 1983
through August 1985 (calculated from table 8). This
difference can not be attributed entirely to differences in
dry deposition between the two basins, because of the
geographic proximity of the basins and similar vegeta-
tion. The 36 percent dry deposition of sulfur calculated
for Swift River is comparable to the dry deposition con-
tribution estimated for the nearby Catskill Mountains in
southern New York (P.S. Murdoch, U.S. Geological
Survey, written commun., May 1985). However, the
sulfate dry deposition estimate of 19 percent for Fever
Brook probably is too low, calling into question the
assumption that S,,,, S,,, and S;, are negligible. From
these results, a sink for sulfate appears to be present in
Fever Brook.

The total (salt-corrected) flux of sulfate from the
Fever Brook Basin (1,333 eg/ha, table 8) was 79 percent
of sulfate flux from the Swift River Basin (1,684 eqg/ha).
This difference in sulfate flux between the two basins
may be attributed to differences in water flux, as well as
factors affecting S, S;p, and S,,. Water flux can
significantly affect sulfate flux (Shaffer and Galloway,

1982; Shanley, 1989; Huntington and others, 1994). The
runoff from Fever Brook (1,034 mm) was only 86 per-
cent of the runoff from Swift River (1,200 mm), and
thus may account for most of the difference in the net
flux of sulfate.

If water flux accounts for most of the difference in
sulfate flux, the additional sulfate retained in Fever
Brook would be as Sg,. This pool of sorbed sulfate is
labile and will be mobilized given sufficiently high soil
moisture. An additional amount of sulfate at Fever
Brook probably was consumed by sulfate reduction,
which would be represented in equation (18) as a nega-
tive term Sy, Decreases in sulfate during the summer at
Fever Brook (fig. 10), while sulfate concentrations at
Swift River remained constant (fig. 9), indicate that sul-
fate reduction may be an important process. Sulfate
concentrations at the three ground-water sites in the
Fever Brook Basin were significantly higher than sul-
fate concentrations at the four ground-water sites in the
Swift River Basin (table 4), an indication that there may
be contributions of sulfate, S,,,, from the weathering of
sulfides. A positive S,,,, term would increase S, whereas
sulfate reduction would decrease S,. Sulfide weathering
and sulfate reduction each may be significant processes
at Fever Brook, and both are discussed briefly below.

The weathering of sulfide minerals such as pyrite
and pyrrhotite may contribute to the sulfate flux from
the drainage basins. These minerals are present in the
sulfidic schist contained in the Rangely Formation,
which underlies parts of both basins. This formation is
areally more extensive in the Fever Brook Basin. Two
ground-water sites in the Fever Brook Basin have sul-
fate concentrations much greater than 200 peq/L
(table 4), well in excess of the amount that would be
expected from precipitation and evapotranspiration.
Parnell (1983) identified pickeringite, a highly soluble
aluminum sulfate mineral, in powdery surface encrusta-
tions at a nearby outcrop of the Partridge Formation.
Weathering of sulfide minerals in the formation are the
likely source of sulfate for the formation of this
secondary mineral.

The extensive wetlands in the Fever Brook drain-
age basin provide an environment favorable to sulfate
reduction. Evidence for sulfate reduction is given by the
pattern of sulfate concentrations in the two basins from
June to November 1984. During this period, discharge
decreased in both basins during a period of less than
average precipitation. At Swift River, alkalinity
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increased during this period, whereas sulfate concentra-
tions remained constant or increased only slightly
(fig. 9). At Fever Brook, alkalinity increased but sulfate
concentrations decreased during the period. Loss of sul-
fate by reduction appeared to contribute to the alkalinity
increase at Fever Brook; alkalinity and sulfate concen-
tration were negatively correlated at Fever Brook and
positively correlated at Swift River during June to Octo-
ber 1984 (fig. 17). A concurrent increase in the concen-
tration of DOC in Fever Brook (fig. 10) is consistent
with favorable conditions for sulfate reduction. Addi-
tionally, hydrogen sulfide gas was usually detected at
the Fever Brook sand and gravel well, located near a
marshy area. These conditions indicate that sulfate was
being reduced by bacteria in the impoundments and
swampy areas. In the bacterially mediated sulfate reduc-
tion reaction, sulfate is reduced, whereas organic matter
(CH,0) is oxidized (Monahan, 1984) as follows:

SO +2CH,0+2H" = H,§ +2C0,+2H,0. (14)

Although sulfate reduction apparently was the most
important during the summer and autumn of 1984, it
may proceed at slower rates and affect the sulfate
concentration and flux (Ss) during other periods as well.

Retention of Hydrogen and Nitrate

Most of the hydrogen ion and nitrate that entered in
wet deposition were retained by both basins. Hydrogen
ion was removed by weathering and cation-exchange
reactions, and nitrate was taken up as a nutrient by veg-
etation. Short-lived increases in the concentration of
hydrogen ion and nitrate in the streams were observed
after large hydrologic inputs, such as storms or rapid
snowmelt. During these events, normal flow paths were
short-circuited, and the resulting limited soil contact
time precluded significant removal of hydrogen ion and
nitrate from solution. Using net-flux data (table 8) and
estimating ammonium flux from data at nearby Bick-
ford Reservoir drainage basin (Hemond and Eshleman,
1984), the processes by which chemical solutes are
generated and consumed in the drainage basins can be
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Figure 17. Relations between sulfate and alkalinity concentrations in West Branch Swift River and
East Branch Fever Brook, central Massachusetts, June through October 1984.
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quantified. The net result of these processes is con-
strained by the following charge-balance equation,
derived from rearranging the alkalinity equation:

2[Ca’**] +2[Mg**] + [Na*] + [K*] - [NO;]

=2 [SO; 1+ [HCO] - ([H*] - [NH}]) (15)

The left side of the equation represents the prod-
ucts of mineral-weathering reactions that produce base
cations, and the retention of nitrate. The right side of the
equation balances those reactions with export of sulfate
and bicarbonate alkalinity, and consumption of hydro-
gen and ammonium (fig. 18). Negligible amounts of
carbonate CO;% and hydroxide (OH") are present at the
ranges of pH in the basins, and thus are not shown in the
equation. Nitrate retention could account for 43 percent
of hydrogen consumption in each drainage basin
(table 8), an indication of the effectiveness with which
these drainage basins buffer inputs of nitric acid.

Application of Deicing Salts

The significant effect of deicing salt application on
water quality in Swift River and Fever Brook Basins
was unexpected. Based on total ionic equivalents for the
period of study (table 8), deicing salts increased the
total ionic output flux by 41 percent at Swift River and
120 percent at Fever Brook. Although nearly all salt was
applied during a 4-month period in winter, seasonal
trends of sodium and chloride concentrations in stream-
flow were not pronounced. At Fever Brook, elevated
concentrations persisted throughout the year, implying
that the salt reached the saturated zone and was contin-
ually released to the stream by ground-water discharge.
At Swift River, sodium concentrations varied similarly
to the other cations, indicating that the seasonal input of
deicing salt was primarily incorporated in the annual
ground-water recharge from which it was supplied to
surface water in a relatively uniform manner throughout
the year. At Swift River, the significant correlation
between sodium concentration and discharge was not
masked by sodium from deicing salts.

Several researchers have investigated the effect of
deicing salts on water quality. Oberts (1986) found that
many pollutants were released from sand and salt
applied to Minnesota highways. Kunkle (1972) exam-
ined the movement of salt-contaminated ground water
generated by runoff from a highway in Vermont. Wilcox

(1986) investigated the effects of leachate from a deic-
ing salt storage pile and runoff from a salted Interstate
highway on water chemistry in a peat bog in Indiana.
Known adverse environmental effects of road salting
include elevated sodium and chloride concentrations in
water-supply wells (Huling and Hollocher, 1972),
injury to roadside vegetation (Scharpf and Srago, 1974),
and alterations to the ecology of wetlands (Wilcox,
1986). An additional effect determined in this study is
the potential of deicing salts, through ion exchange, to
accelerate the leaching of calcium and magnesium from
soils, thus increasing the adverse effect of acid
deposition by undermining soil fertility.

At Fever Brook, ion exchange was an important
factor in the overall effect of deicing salts on water
chemistry. Sodium in road salt replaced calcium and
magnesium on exchange sites. As a result, the output
flux of calcium increased by 75 percent and the output
flux of magnesium increased by 61 percent (see below).
A minor part of these increases was caused by small
amounts of calcium and magnesium impurities in the
deicing salts; most was caused by ion exchange. Few
studies, however, have specifically addressed the pro-
cess of ion exchange in interpreting the effects of deic-
ing salts on water chemistry. Kunkle (1972) alludes to
the possibility of ion exchange in the Vermont stream
study. Wilcox (1986) discusses ion exchange in the
study of the Indiana peat bog, but does not propose it as
a mechanism to explain the measured increases in base
cations greater than background concentrations, and the
excess of chloride over sodium at many of the sampling
sites. Jon exchange of sodium for calcium and magne-
sium would in fact be entirely consistent with his
observations.

Adjustment of Chemical Fluxes

Both drainage basins contained road sections that
were treated with deicing salts. At Fever Brook, in par-
ticular, these salts were the dominant source of solute
load in the stream. Therefore, to understand the pro-
cesses controlling stream-water geochemistry in these
basins, the contribution of the deicing salts to the
chemical load of the streams needs to be quantified.

Common deicing salt is predominantly sodium
chloride, with varying but generally minor amounts of
calcium chloride, magnesium chloride, and calcium sul-
fate. Other workers (Katz and others, 1985; Yuretich
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and Batchelder, 1988) have made corrections for
deicing salt based on the assumption that the chloride in
stream water in excess of that accounted for by precipi-
tation was balanced by cations in the ratio that they are
present in the salt (sulfate impurities generally have
been ignored). A drawback to this approach is that ion-
exchange reactions may alter the relative proportion of
cations that balance the chloride (Kunkle, 1972). This is
the well-known salt effect, which has been shown to
cause episodic acidification in areas of thin, acidic soils
in Norway. The salt effect is the process whereby
sodium in precipitation exchanges for hydrogen ion on
soil-exchange sites (Wiklander, 1975; Wright and
others, 1988). In soils with higher base saturation, the
salt effect is more likely to be reflected in the exchange
of sodium for calcium and magnesium. Thus, flux cor-
rections for deicing salts that fail to account for
exchange reactions may underestimate the natural
sodium export and overestimate the natural calcium and
magnesium export.

If the net chloride export in the Fever Brook Basin
is assumed to be derived from deicing salt, and if the
cations associated with net chloride export are appor-
tioned based on the stoichiometry of the salt composi-
tion, it is readily seen that all of the exported sodium is
required to match the chloride export (table 7). This cal-
culation implies that sodium from weathering sources is
negligible, a condition that is inconsistent with the pres-
ence of sodic-rich plagioclase in the schist of the
Rangely Formation, which underlies a large part of the
basin (Knapp, 1990). Weathering of plagioclase should
supply an amount of sodium to stream water such that
the total sodium flux is considerably greater than the
sodium from deicing salt alone. Because sodium export
approximately balances chloride export, there must be a
sink for sodium or, alternatively, an additional source of
chloride.

Possible additional sources of chloride include a
chloride-bearing mineral, or a net release of chloride
from storage. Fever Brook Basin contains considerable
amounts of hornblende and biotite, both potential
sources of chloride. Microprobe analyses of hornblende
from various formations in the north Quabbin area show
chloride concentrations on the order of 0.01 percent
(Peter Robinson, University of Massachusetts, oral
commun., 1990), far too little to be of significance to
stream chemistry. Analyses of biotite were not
available, but biotite is less easily weathered and is less

likely to contain significant amounts of chloride, thus it
likewise is discounted as a source of chloride. Net
release of chloride from storage is feasible in a wet year,
such as the first year of the study, but net release is
unlikely given that the two years prior to the study also
had greater than average flow for nearby streams
(Gadoury and others, 1984, 1985). Given the apparent
lack of a chloride source, there must be a sodium sink;
this sink is postulated to be the soil cation-exchange
complex.

Quantitative accounting of ion exchange is diffi-
cult because it is a function of the ionic composition of
the runoff, the cation populations on soil-exchange
sites, flow path of the runoff, and antecedent soil mois-
ture conditions, all of which vary in space and time.
Consider sodium and calcium, the major ions involved
in ion-exchange reactions; if ion exchange is the domi-
nant control on stream chemistry, and all other factors
were constant, the sodium:calcium ratio in stream water
would not vary. In Fever Brook, however, the sodium:
calcium ratio ranges from 1 to 3.5 (equivalent basis).
Furthermore, variations in the sodium:calcium ratio are
not linked to season or flow regime.

The pattern of variation in base-cation concentra-
tions at Fever Brook suggests that ion exchange has a
greater short-term effect on base-cation concentrations
than that of weathering. Sodium, calcium, and magne-
sium each have temporally similar patterns of variation
in concentration that are at variance with the pattern
observed for silica (fig. 10). If base-cation concentra-
tions are directly controlled by weathering, variations in
base-cation concentrations should track variations in
silica concentrations. Although uptake of silica by dia-
toms may complicate this interpretation, cation
exchange clearly affects the flux of sodium from applied
deicing salt. Therefore, a method was developed to
quantify the exchange and derive the background cation
fluxes, or those fluxes that would be observed in the
absence of deicing-salt application.

At Fever Brook, the first step in the salt correction
was the usual assumption that the chloride flux in excess
of that from precipitation was due to deicing salts. An
independent estimate was then made of the sodium flux
from weathering. The chloride excess was balanced by
(1) the sodium remaining after adjustment for the esti-
mated amount of sodium from weathering, (2) the
minor amounts of calcium and magnesium in deicing
salts, and (3) calcium and magnesium from ion
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exchange. The amounts of calcium and magnesium
derived from deicing salt and ion exchange were sub-
tracted from the total fluxes to yield the background
fluxes. Also an adjustment was made for the small
amount of sulfate in deicing salt. All adjustments were
made on a monthly time step.

The estimate of the sodium flux from weathering
was based on the stoichiometric relation between
sodium and silica in ground water. At the three ground-
water-sampling sites in the Fever Brook Basin, the sodi-
um:silica ratio ranged from 0.25 to 0.51. Three of 11
samples from the till well (fig. 5, well No.
422906072124301) had sodium:silica ratios greater
than 0.8, apparently affected by salt, and were not used
in the analysis. The remaining eight samples from this
well had sodium:silica ratios intermediate between
those of the other two wells sampled. In the adjacent
Carter and Mundberry Basins, which are underlain by
the same geologic formations as Fever Brook Basin,
samples from 10 wells had sodium:silica ratios near 0.5,
and in no case greater than 1.0 (Knapp, 1990). By con-
trast, samples from another well in the Carter Basin,
near a road treated with deicing salt, had sodium:silica
ratios between 1 and 2. Ground water in this well was
apparently contaminated with deicing salt, thus this site
was not considered in the analysis. All analyses from
the 10 wells at Carter and Mundberry Basins and the
three wells at the Fever Brook Basin were combined;
the overall mean sodium:silica ratio (molar basis) was
0.534+ 0.112 (the range represents one standard devia-
tion on either side of the mean). All silica in the stream
was assumed to be derived from weathering, and thus
the sodium flux from weathering was calculated from
the mean sodium:silica ratio, applied to the monthly
silica fluxes in the stream.

Monthly chloride fluxes were then adjusted for
chloride in precipitation using the overall ratio of chlo-
ride load in precipitation to chloride load in the stream
using totals from the study period. The adjustment was
made as follows:

Clpet = Clgyream X F (16)

where F = (Clggream — Clppt)/ Clgiream »

For Fever Brook, F = 0.923.

The net monthly chloride flux was balanced by five
components:

Clyer = Nagyye + Cagyye + Mggap + Cagy + Mgey, (17)

where the subscript “salt” denotes a source in the deic-
ing salt and the subscript “ex” denotes a source in the
soil-exchange complex. Nag,;; represents the amount of
the sodium from applied deicing salts that was not
retained by ion-exchange reactions. It is calculated by
deducting the sodium flux from weathering from the
total sodium flux:

Nagy; = Nagyream — Naweathering . (18)

Direct inputs of calcium and magnesium to stream
water from the dissolution of deicing salt (Cag,, and
Mg, were calculated from Cly.; on the basis of the
relative proportions of Ca and Mg in the composition of
the applied salt (table 11), including applied CaCl, (see
below):

Cagy, = Clyeq X 0.0365, (19)

Mg = Clye X 0.0062 . (20)

Table 11. Composition of rock salt applied in West
Branch Swift River and East Branch Fever Brook
Basins, central Massachusetts

[Percentages may not add to 100 percent due to rounding]

Percentage of composition

By Weight
Compounds
Sodium chloride (NaCl) ..........cccooeiviecnnen. 97.0
Calcium chloride (CaCly).......ccoeievinnnenn. 5
Magnesium chloride (MgCly) .......cccoveueneene .5
Calcium sulfate (CaSOyg)......coveevvvevverennen. 2.0
By Equivalents
Cations
Sodium (Na%)....c.cccvvverceerenienreenesrenressvennens 97.1
Calcium (Ca?*)..ucvvecrerereiieieereecre e 2.2
Magnesium (Mg%) ceovveevereveeceeieniienneneenens 6
Anions
Chloride (CI)...covuvrireeenenereeeeceeecneeieeens 98.3
Sulfate (SOY) oo, 1.7
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Inputs of calcium and magnesium to stream water
from ion exchange were calculated from the residual
chloride not balanced by the cations in deicing salt. The
sum (Cagy + Mg.,) was calculated from equation 17.
The individual quantities Ca., and Mg., were calcu-
lated based on the assumption that calcium and magne-
sium are released from exchange sites in the same
relative proportion that they appear in stream loads for
each month, as follows:

Cagy = (Cagy + Mgey) X (Cagyream / (Cagyream +

Mggiream)) » (21)

Mgex = (Caex + Mgey) X (Mgstrcam/ (Castream +
Mgsiream)) - (22)

Thus, the background net flux of sodium reported
(table 8) was that of the estimated weathering flux;
background fluxes of calcium and magnesium were
calculated as the actual measured flux minus the flux
from exchange and the minor deicing salt contributions.
An upper and lower bound for the sodium contribution
was estimated using the standard deviation of the
sodium: silica ratio, and upper and lower bounds on the
calcium and magnesium fluxes were calculated accord-
ingly (table 8). Note that an increase in the sodium
assigned to weathering requires an increase in calcium
and magnesium from ion exchange, and a resulting
decrease in the calculated background flux of calcium
and magnesium. Sulfate was assumed to be
conservative and also was adjusted based on its
content in salt and the excess chloride flux.

Comparison of Calculated Salt Export and Sait-
Application Data

The estimated total salt application calculated from
the excess chloride was checked against the salt appli-
cation records for the State and town highways in the
basins. If all applied salt reached the stream, the
amounts should agree. However, errors may arise
because the application records are not broken down to
the small scale of the basins in this study, and because
the salting activity of both State and town must be con-
sidered. Nonetheless, a general agreement of the
amounts would assure that no gross errors have been
made, such as failing to identify a major internal source
of chloride.

Salt-application data were obtained from the Mas-
sachusetts Department of Public Works, which main-
tains State Routes 202 and 122 through the Swift River
and Fever Brook Basins, respectively (table 12). Also,
the Swift River Basin includes parts of the towns of
Wendell, Shutesbury, and New Salem, all of which
maintain town roads in the basin. Of those roads, how-
ever, only a part of Louck's Pond Road in Shutesbury is
salted. Fever Brook Basin is entirely within the town of
Petersham, where West Road and State Route 32A are
salted by the town. State salt-application records were
available on tonnage of rock salt and calcium chloride
applied per winter per lane mile for maintenance areas
that included the road segments of interest. A lane mile

Table 12. Deicing salt-application data, West Branch

Swift River and East Branch Fever Brook Basins, central

At Swift River, deicing salts had a less
important role in stream chemistry; application
rates per unit area were lower and natural flux of
sodium was higher. Thus, deicing salt corrections

Massachusetts

[All values in megagrams}]

thus were made in the conventional manner

Swift River Fever Brook

(table 8). Excess chloride (Clgyream—Clppy) simply Salt type
was balanced by cations in the ratio that they 1983-84  1984-85 1983-84  1984-85
occur in the deicing salts. Cation ratios were
somewhat different at Swift River because of the =~ Town—rock salt 2.01 2.01 4.88 5.00
higher percentage of calcium chloride in the
applied salt (see below). Sulfate flux was cor- State—rock salt 70.57 49.55 109.36 106.84
rected in like manner. Corrections were made on )
total fluxes for each water year. State—‘calcmm

chloride (CaCl,) 1.79 1.87 1.53 1.53
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Table 13. Chloride load in applied deicing salt and net chloride flux from West Branch Swift River
and East Branch Fever Brook Basins, December 1983 through August 1985, central

Massachusetts

[All values, except percent, in equivalents per hectare]

Percentage of deicing

. Chloride input  Chloride output Chloride flux  Chloride load in .
Basin (precipitation) (stream) (net) applied deicing salt salt exported in
streamflow
West Branch
Swift River.............. 184 1,132 948 655 145
East Branch
Fever Brook ............ 184 2,397 2,213 3,078 72

is defined as a mile of paved roadway 12 ft wide; thus a
1-mile section of two-lane highway with paved shoul-
ders and an entire paved width of 36 ft has 3 lane miles.
For each basin, the roadway segment of interest repre-
sented about 5 percent of the roadway in the corre-
sponding maintenance area. Salt application was
assumed to be uniform, and the tonnage of applied salt
was prorated according to the number of lane miles of
State road in each basin. A chemical analysis of the rock
salt was obtained from the supplier, and the calcium
chloride, which was used in minor amounts, was
assumed to be pure. Calculations were made in a similar
manner for the town roads; the estimate of the total
amount of salt applied was prorated for the fraction of
town road in the basins relative to the total amount of
town road salted. Rock-salt composition again was
obtained from the supplier. Salt application by the
towns was minor relative to amounts applied by the
State.

On the basis of net chloride flux, salt export from
Fever Brook Basin was slightly more than two-thirds of
the amount applied, whereas salt export from Swift
River Basin was 45 percent more than the amount
applied (table 13). Although the discrepancies between
applied and transported salt appear large, the discrepan-
cies probably are within the error introduced by the
assumption of uniform salt-application rates. Differ-
ences in salt-application history probably do not
account for the discrepancies, because in each basin, the
annual salt application during the 2-year study period
was nearly exactly average for the 1975-85 period (Sam
Pollock, Massachusetts Department of Public Works,
written commun., 1990). The higher percentage of wet-
lands at Fever Brook relative to Swift River Basin may
attenuate annual variations in the chloride flux through

longer water residence times. Cherkauer (1977) found
that deicing salts in runoff were stored in impound-
ments, attenuating salt loads in spring runoff and releas-
ing salt to runoff during summer storms. The net salt
retention at Fever Brook thus may reflect a net loss of
salt to storage following the unusually low salt applica-
tion in the winter of 1982-83. Although there was about
the same amount of salted roadway in each basin, the
effect of salting is greater in Fever Brook because it has
less than one-half the drainage area and approximately
double the salt-application rate of Swift River. The cal-
culated retention at Fever Brook may be within the error
of the calculated application amounts.

ACIDIFICATION STATUS OF THE BASINS

The acidification status of Swift River and Fever
Brook was explored by use of an approach developed
by Henriksen (1980) and modified by Dillon and others
(1980). Henriksen defined acidification as the quantita-
tive difference between historic and present-day alka-
linity. On the basis of the chemistry of pristine
freshwaters sampled throughout the world, Henriksen
observed that the sum of the major weathering base cat-
ions, predominantly calcium and magnesium, virtually
equaled alkalinity. This relation results if carbonic acid
is the primary agent in mineral-weathering reactions;
one equivalent of bicarbonate and one equivalent of
base cations are yielded to solution for each mole of car-
bonic acid consumed in the reaction. Thus, Henriksen
estimated historic alkalinity to be the sum of equivalents
of calcium and magnesium and he attributed this
amount to mineral weathering by carbonic acid. Using
this approach, one can infer the effect of sulfuric acid in
weathering reactions by the deviation from the idealized
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one-to-one relation of stream alkalinity to base cations.
The addition of sulfuric acid can cause one of two
chemical responses in a drainage basin. One response
may be that sulfuric acid increases the rate of weather-
ing simply by adding to the amount of weathering by
carbonic acid. One equivalent of sulfuric acid will react
to produce one equivalent of base cations in solution,
and transport of base cations would be increased one-
for-one relative to an original level. For example, con-
sider an unaffected drainage basin in which the annual
net flux of base cations of 100 eq (equivalents), bal-
anced by a net flux of 100 eq of alkalinity. If 50 eq of
sulfuric acid are introduced and reacted in the system,
the net flux of base cations would be 150 eq, alkalinity
would still be 100 eq, and the net flux of sulfate would
be 50 eq. This appears to be occurring in many drainage
basins, though commonly the source of base cations
may be the ion-exchange complex rather than mineral
weathering. A second response of a drainage basin may
be that sulfuric acid does not increase the rate of mineral
weathering. Minerals are dissolved by carbonic acid,
which yields cations and bicarbonate to the water. The
sulfuric acid does not cause weathering, but it reacts
with and neutralizes the alkalinity. The result is
decreased alkalinity. For example, in the system just
described, 100 eq of base cations and 100 eq of alkalin-
ity would be produced by weathering with 100 eq of
carbonic acid. The 50 eq of added sulfuric acid would
neutralize 50 eq of alkalinity so that alkalinity would
decrease from 100 to 50 eq. Net export would be 100 eq
of base cations, and 50 eq each of alkalinity and sulfate.

Consistent with the observations of Henriksen
(1980), calcium and magnesium were the major cations
produced by weathering at Swift River and Fever Brook
Basins. Plots of the relations among calcium, magne-
sium, alkalinity, and sulfate at Swift River and Fever
Brook illustrate Henriksen's theory (fig. 19). The theo-
retical concentrations resulting from simple carbonic
acid weathering is illustrated by a one-to-one relation
between alkalinity and calcium plus magnesium (figs.
19A and 19B). In each basin, all stream samples plot
below the theoretical carbonic acid weathering line, an
indication of the deficit of alkalinity relative to weather-
ing base cations. A second set of plots (fig. 19C and
19D) incorporate the concept of stream sulfate as a
balancing anion (Dillon and others, 1980). There was a

shift in the plot toward the theoretical weathering line
(figs. 19C and 19D) when sulfate concentrations were
included in the chemical balance.

Assuming that the rate of transport of base cations
measured during this study is equal to the rate before
acid deposition, then mineral acids entering the basins
in wet and dry deposition are reacting with and consum-
ing alkalinity. This condition would imply that the
streams are showing signs of acidification. If, however,
alkalinity has remained constant through time, then sul-
furic acid inputs have increased the rate of weathering
(or the rate of depletion of base saturation) in the drain-
age basins. At Swift River and Fever Brook, calcium
and magnesium concentrations are balanced by alkalin-
ity and sulfate, but this does not indicate whether the
rate of weathering has increased or whether alkalinity
has been consumed by sulfuric acid.

The chemical budget of solutes entering a basin as
wet deposition and leaving by streamflow is useful in
interpreting drainage basin interactions that may affect
the degree of acidification in a drainage basin. The net
fluxes of chemical solutes can be used graphically to
depict a mass balance of the sources of alkalinity and
acidity (Eshleman and Hemond, 1985). Terms in the
alkalinity equation (eq. 15) are quantified in a vertical
bar graph (fig. 18). Sources of alkalinity, which are pri-
marily weathering reactions, are shown as the left bar of
each pair; sources of acidity are to the right. Ideally, if
all ionic species were measured without error, the
heights of the alkalinity and acidity flux bars would be
the same. The slight differences noted may be attributed
to organic acid anions, which were not measured.

Sulfuric acid from precipitation clearly is a major
factor in the chemical quality of the streams. Net trans-
port of sulfate in the Swift River Basin could account
for as much as 33 percent of the transport of base cations
derived from weathering, including calcium, magne-
sium, sodium, and potassium. Reduction of sulfate in
the Fever Brook Basin may mask the full extent that sul-
furic acid affects base-cation transport in that drainage
basin. On the basis of net flux, as much as 17 percent of
base-cation transport may be associated with sulfate
flux in Fever Brook.
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SUMMARY AND CONCLUSIONS

In cooperation with the Metropolitan District
Commission and the Massachusetts Department of
Environmental Protection, the U.S. Geological Survey
conducted an investigation in the Quabbin Reservoir
Basin from December 1983 through August 1985. The
purpose of the study was to determine the processes
that affect water quality and solute fluxes in two inlet
streams to the reservoir—the major water source for
metropolitan Boston. In the Swift River and Fever
Brook Basins, measurements were made of streamflow
and precipitation quantity and quality as well as
ground-water quality. Data from these measurements
were interpreted to assess the effect of acid precipita-
tion, road salting, basin hydrology, sulfate adsorption,
aluminum geochemistry, and other factors on stream-
water quality and solute fluxes. The scientific findings
of the study are intended to help guide water-resources
management of the drainage basin, such that the high
water quality in the Quabbin Reservoir is maintained.

Processes in the Swift River and Fever Brook
Basins, central Massachusetts, neutralized inputs of
dilute sulfuric and nitric acids in precipitation to a mod-
erately buffered solution enriched in base cations and
silica in stream water. Inputs of hydrogen ion and nitrate
in precipitation were nearly completely retained in both
basins. The most likely causes for this retention are
assimilation of nitrate by the biota, and exchange of
hydrogen ion for base cations in the soil. In contrast,
each basin had a net export of sulfate relative to inputs
in wet deposition. At Swift River, sulfate export
exceeded the input of sulfate in wet deposition by 63
percent. This percentage is near the amount typically
attributed to dry deposition of sulfate in the northeastern
United States; thus, sulfate outputs were in approximate
balance with inputs. The sulfate adsorption capacity of
the soils in Swift River appears to be saturated. At Fever
Brook, sulfate export was 29 percent greater than inputs
in wet deposition. Accounting for dry deposition, there
probably was some net retention of sulfate in the basin.
Sulfate retention at Fever Brook was attributed to sul-
fate reduction in the wetland areas. In both basins,
export of base cations, derived from mineral weathering
and ion-exchange processes, greatly exceeded inputs in
atmospheric deposition. Somewhat more alkalinity was
produced in the Swift River Basin from higher

weathering rates, but this was approximately matched at
Fever Brook Basin by sulfate reduction, so that
alkalinity was about the same in each basin.

The different chemical responses in the Swift
River and Fever Brook Basins were caused, in part, by
differences in hydrology. Of the two streams, Swift
River responded more rapidly to rain and snowmelt
because of the more rugged topography. Despite a basin
area more than two times greater than Fever Brook, dis-
charge peaks (normalized to basin area) associated with
most storms were greater at Swift River. The initial
hydrograph recession was more rapid at Swift River, but
then stabilized to sustain considerably higher base-flow
levels, whereas flow at Fever Brook continued to
recede. Estimates of base-flow discharge during the 21-
month study were 53 percent at Swift River compared
to 42 percent at Fever Brook. Total runoff was 48 per-
cent at Swift River compared to 41 percent at Fever
Brook. Thus, despite a rapid hydrologic response, there
is an important ground-water component to streamflow
at Swift River. The lower percentage of runoff at Fever
Brook was caused in part by evaporation from the
extensive wetland areas in that basin. The surface stor-
age reservoir appeared to have a greater effect on the
ground-water storage reservoir in the hydrologic
response at Fever Brook.

At Swift River, base cations were inversely corre-
lated with discharge. Similar patterns of concentration
variations of base cations and silica suggested that base
cations primarily were derived from mineral weather-
ing; concentrations diluted moderately at high flows and
increased in summer when ground-water discharge
dominated flow. At Fever Brook, base-cation concentra-
tions were somewhat more variable, and the dilution of
silica was much greater during high flow in spring, pos-
sibly reflecting elevated silica concentrations from
diatom blooms in the impoundments. The high per-
centage of wetland areas and the major effect of deicing
salts on stream chemistry at Fever Brook caused poor
correlations of solute concentrations and discharge.
Whereas concentrations of most base cations peaked in
late summer, potassium concentrations at each site
peaked later in the autumn, in association with leaf fall.
At Swift River, sulfate concentrations were relatively
constant, whereas at Fever Brook, sulfate concentra-
tions decreased in summer when sulfate reduction
occurred. During summer and early autumn at each site,
alkalinity increased from less than 50 to near 150 peq/L
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as base-cation concentrations increased and sulfate
concentrations remained relatively constant or
decreased.

Differences in the relative amounts of base cations
(after subtracting the contributions of road deicing salts)
and silica in the two streams suggest differences in the
important mineral weathering reactions. At Swift River,
net fluxes exceeded those at Fever Brook by 58 percent
for silica and 41 percent for base cations. The dispropor-
tionately greater export of silica and calcium and the
higher calcium:magnesium ratio at Swift River suggest
that plagioclase weathering is more important at Swift
River, and hornblende weathering is more important at
Fever Brook. The overall weathering rate appears to be
greater at Swift River because of a higher proportion of
ground-water discharge relative to Fever Brook, and
also due to the presence in one subbasin of easily weath-
ered gabbro bedrock composed of hornblende and cal-
cium feldspar. This subbasin comprises only 11.2
percent of the total Swift River Basin area but
contributes nearly 25 percent of the total base cations,
16 percent of the total silica, and 77 percent of the total
alkalinity exported from the basin.

In contrast to the other solutes, hydrogen ion and
aluminum tended to increase in concentration with
increasing discharge, reflecting the mixing of runoff
from the more acidic rain and snowmelt waters with
base flow. Rapid runoff from steep slopes in the Swift
River Basin limited the degree to which acid was neu-
tralized, resulting in episodic increases of aluminum
concentration in the stream. As the ground-water com-
ponent of stream discharge increased, pH and alkalinity
increased and aluminum concentration decreased.
Although baseline concentrations of hydrogen ion,
DOC, and aluminum were higher at Fever Brook than at
Swift River because of organic acidity generated in the
wetlands, episodic increases of hydrogen ion and alumi-
num were more frequent at Swift River. In both streams,
aluminum increased from less than 100 to nearly
300 pg/L during some high-discharge events. Because
of the high DOC at Fever Brook, aluminum is likely to
be organically bound and thus nontoxic.

Deicing salt application had a major effect on
water quality in Swift River and Fever Brook Basins.
Deicing salts increased the total ionic output flux by 41
percent at Swift River and 120 percent at Fever Brook.
At Fever Brook, sodium in deicing salt exchanged with
calcium and magnesium in the soil. The combined

effects of loading in the applied salt and ion exchange in
the soil caused increases in the output fluxes by 33 per-
cent for calcium and 24 percent for magnesium. This
ion exchange effect could promote soil infertility and
soil acidification through the accelerated leaching of
calcium and magnesium from soils.
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