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Conversion Factors

Inch/Pound to SI

Multiply By To obtain
Length
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Area
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Volume
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Mass
pound, avoirdupois (I1b) 0.4536 kilogram (kg)




Determination of Dilution Factors for Discharge
of Aluminum-Containing Wastes by Public Water-Supply
Treatment Facilities into Lakes and Reservoirs

in Massachusetts

By John A. Colman, Andrew J. Massey, and Sara B. Levin

Abstract

Dilution of aluminum discharged to reservoirs in filter-
backwash effluents at water-treatment facilities in Massachu-
setts was investigated by a field study and computer simula-
tion. Determination of dilution is needed so that permits for
discharge ensure compliance with water-quality standards
for aquatic life. The U.S. Environmental Protection Agency
chronic standard for aluminum, 87 micrograms per liter
(ng/L), rather than the acute standard, 750 pg/L, was used in
this investigation because the time scales of chronic exposure
(days) more nearly match rates of change in reservoir concen-
trations than do the time scales of acute exposure (hours).

Whereas dilution factors are routinely computed for
effluents discharged to streams solely on the basis of flow of
the effluent and flow of the receiving stream, dilution determi-
nation for effluents discharged to reservoirs is more complex
because (1), compared to streams, additional water is avail-
able for dilution in reservoirs during low flows as a result of
reservoir flushing and storage during higher flows, and (2)
aluminum removal in reservoirs occurs by aluminum sedimen-
tation during the residence time of water in the reservoir. Pos-
sible resuspension of settled aluminum was not considered in
this investigation. An additional concern for setting discharge
standards is the substantial concentration of aluminum that
can be naturally present in ambient surface waters, usually in
association with dissolved organic carbon (DOC), which can
bind aluminum and keep it in solution.

A method for dilution determination was developed
using a mass-balance equation for aluminum and considering
sources of aluminum from groundwater, surface water, and
filter-backwash effluents and losses caused by sedimentation,
water withdrawal, and spill discharge from the reservoir. The
method was applied to 13 reservoirs. Data on aluminum and
DOC concentrations in reservoirs and influent water were col-
lected during the fall of 2009. Complete reservoir volume was
determined to be available for mixing on the basis of verti-

cal and horizontal aluminum-concentration profiling. Losses
caused by settling of aluminum were assumed to be propor-
tional to aluminum concentration and reservoir area. The con-
stant of proportionality, as a function of DOC concentration,
was established by simulations in each of five reservoirs that
differed in DOC concentration.

In addition to computing dilution factors, the project
determined dilution factors that would be protective with the
same statistical basis (frequency of exceedence of the chronic
standard) as dilutions computed for streams at the 7-day-aver-
age 10-year-recurrence annual low flow (the 7Q10). Low-flow
dilutions are used for permitting so that receiving waters are
protected even at the worst-case flow levels. The low-flow
dilution factors that give the same statistical protection are the
lowest annual 7-day-average dilution factors with a recurrence
of 10 years, termed 7DF10s. Determination of 7DF10 values
for reservoirs required that long periods of record be simu-
lated so that dilution statistics could be determined. Dilution
statistics were simulated for 13 reservoirs from 1960 to 2004
using U.S. Geological Survey Firm-Yield Estimator software
to model reservoir inputs and outputs and present-day values
of filter-effluent discharge and aluminum concentration.

Computed settling velocities ranged from 0 centimeters
per day (cm/d) at DOC concentrations of 15.5 milligrams per
liter (mg/L) to 21.5 cm/d at DOC concentrations of 2.7 mg/L.
The 7DF10 values were a function of aluminum effluent dis-
charged. At current (2009) effluent discharge rates, the 7DF10
values varied from 1.8 to 115 among the 13 reservoirs. In most
cases, the present-day (2009) discharge resulted in receiv-
ing water concentrations that did not exceed the standard at
the 7DF10. Exceptions were one reservoir with a very small
area and three reservoirs with high concentrations of DOC.
Maximum permissible discharges were determined for water-
treatment plants by adjusting discharges upward in simulations
until the 7DF10 resulted in reservoir concentrations that just
met the standard. In terms of aluminum flux, these discharges
ranged from 0 to 28 kilograms of aluminum per day.
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Introduction

Treatment of water supplies by aluminum sulfate (alum)
coagulation, settling, and filtration prior to distribution has
been a common practice in the United States (Gruninger
and Westerhoff, 1974) and is currently used in many water-
treatment plants in Massachusetts (Mass.). The effect of this
treatment is settling and removal of aluminum hydroxide flock
with associated coprecipitated contaminants.

Typically, alum is applied in dry form or as a concen-
trated liquid to the supply water. The aluminum combines with
hydroxide from the water and forms an aluminum hydroxide
precipitate. Contaminants such as dissolved natural organic
matter, colloidal inorganic or organic particles, and dissolved
ions such as phosphate and heavy metals can be removed.

The precipitate is removed from the supply in gravity settling
basins and by filtration, often through sand filters. Waste solids
from the alum-coagulation process can derive from both the
coagulation-sedimentation-basin wastewater and from filter
backwash. In this report the wastes are referred to as filter-
backwash effluent. The filter-backwash effluent is typically
discharged from the treatment plant to a settling basin, with
overflow to a surface-water body—a stream, lake, or reservoir.
This report is concerned with establishing permit requirements
for discharge of aluminum-containing filter-backwash efflu-
ent from public water supply (PWS) treatment facilities to
lakes or reservoirs. In Massachusetts, permits for discharge are
regulated by the Massachusetts Department of Environmental
Protection (MassDEP) under the National Pollution Discharge
Elimination System (NPDES).

Many of the discharged filter-backwash effluents from
PWS treatment facilities contain aluminum concentrations that
are above ambient water-quality standards but that may be
acceptable for discharge if sufficiently diluted by the receiv-
ing waters. Typically, discharge permits account for dilution
by use of dilution factors. A dilution factor (DF) is the ratio of
concentration in the effluent to concentration in the receiving
water after mixing in the receiving water.

DFss are routinely computed for effluents discharged to
streams (without significant instream ambient contaminant
concentrations) as the ratio of flow in the stream to flow in the
effluent (U.S. Environmental Protection Agency, 2008):

DF=(0,+0)/0, (1)

where
Qp is the flow in the stream, and
0, is the flow of the effluent.

In order to ensure that DF’s are protective of aquatic life
at the range of flows that might occur, permits for discharge of
metals to streams are based on low-flow conditions, when little
stream water is available for dilution. Permitting for metals
discharge in Massachusetts defines low-flow conditions as the

7-day-average 10-year-recurrence annual low flow (7Q10) and
sets discharge limits based on the DF at that flow value.

Filter-backwash discharges from PWS can be as high
as one million gallons per day or 1.55 cubic feet per second
(ft'/s), and diluting stream flow discharges can be as small as
a few cubic feet per second at low flow. Thus, if DF’s for res-
ervoirs were estimated as they are for streams, low DF values
(less than 10) could result during low flow, and many current
discharges would exceed the standard. However, additional
processes that would likely increase the minimum DF values
are involved for dilution of effluents entering reservoirs, as
compared to effluents entering streams. These are (1) that
additional water is available for dilution in reservoirs during
low flow because of reservoir flushing and storage during
higher flows and (2) that aluminum removal occurs in reser-
voirs because of aluminum sedimentation during the residence
time of water in the reservoir.

Another factor to consider when estimating the DF is
the ambient concentration of aluminum from natural sources
in the diluting stream or reservoir water. Aluminum con-
centration data from the U.S. Geological Survey (USGS)
water-quality database (QWDATA) indicates that dissolved
(0.45-pm filtrate) aluminum concentrations in Massachusetts
surface-water samples collected during 1991-2009 ranged
from undetected to 383 micrograms per liter (ug/L), with a
median concentration value of 14.5 pg/L (n equals 261) and
that total concentrations ranged from undetected to 519 pg/L,
with a median concentration value of 100 ng/L (n equals 65).
The chronic and acute toxicity water-quality standards for alu-
minum are 87 and 750 pg/L, respectively, as total aluminum
(U.S. Environmental Protection Agency, 2010). Therefore,
there may be some filter-backwash effluent disposal sites with
aluminum concentrations in the receiving waters that would
already exceed the U.S. Environmental Protection Agency
chronic standard.

Whereas accounting for all the processes affecting alumi-
num concentration could result in accurate DF's for aluminum
discharge into reservoirs, the use of DF’s in permitting may be
more complex than the use of DF’s for streams, which is based
only on the ratio of receiving water flow to effluent flow. The
flow-ratio DF for streams, defined at low flow (7Q10), is a
unique value and can be applied to any effluent concentration
to determine concentration in the receiving water after dilu-
tion. In particular, the effluent concentration can be computed
that would result, after dilution, in a receiving water concen-
tration that just meets the standard, and this can be used as an
upper-limit effluent concentration for permitting discharge.

When the DF also depends on processes like aluminum
sedimentation in the reservoir, the DF is not independent
of the concentration in the effluent discharge. Typically, the
DF for reservoirs increases as the concentration discharged
increases. Under these circumstances, statistical analysis of the
concentrations in the receiving water resulting from a given



discharge and associated daily DF's must be used to choose a
discharge concentration-dilution combination that will protect
the reservoir. The discharge concentration-dilution combina-
tion that is selected should afford the receiving water the same
protection on the basis of frequency of standard exceedence
as that resulting for discharge to streams when the flow-ratio
dilution factor, based on the 7Q10 discharge, is used.

Purpose and Scope

A method is described here that uses numerical solu-
tions to a mass-balance equation to determine DF values for
discharge of filter-backwash effluent that contains aluminum
to reservoirs and lakes in Massachusetts. The method includes
the effects of reservoir storage, aluminum sedimentation, and
ambient concentration of aluminum in the receiving water.
Possible resuspension of aluminum from the sediment is not
considered. A method is described to use the resulting DF's
to determine concentrations in filter-backwash effluent that
would result in the same statistically equivalent protection
against exceeding a standard for reservoirs that is currently
provided for streams. Sufficient details are given so that the
methods can be applied by report users with access to numer-
ical-solution and statistical-analysis computer software. The
method was applied to 13 reservoirs in Massachusetts where
aluminum-containing filter backwash is discharged. Chemical
and discharge data required to apply the method to a reservoir
are described. The report includes data collected for those
reservoirs for which DF values were computed.

Previous Investigations

Although there have been no formal investigations of
DFss for aluminum in reservoirs before this study, aspects of
the question, including techniques for metals sampling and
solute modeling in reservoirs, have been investigated. Sam-
pling methods for trace metals, such as aluminum, are well
documented (Wilde, 2004, 2006). Although no reservoir simu-
lations of aluminum concentration are known to the authors,
reservoir simulations of phosphorus concentration, another
nonconservative element, have been conducted (Vollenweider,
1979). In the current study, the same approach is used for alu-
minum as Vollenweider (1979) has used for phosphorus, simu-
lating the reservoir as a mixed reactor with solute removal by
sedimentation as well as by outflow from the reservoir.

The aquatic chemistry of aluminum is well known.
Chemical processes may enhance the removal of aluminum by
precipitation (see, for example, Parkhurst and Appelo, 1999)
or retain aluminum in solution, for example, by binding with
dissolved organic carbon (DOC) (see, for example, Breault
and others, 1996). Aluminum may also be deposited as sedi-
ment after incorporation on, and settling by, phytoplankton.

The Dilution-Factor Method 3

The Dilution-Factor Method

There are two parts to developing a method for computa-
tion of DF values for aluminum discharge to reservoirs. The
first is developing the method for computing dilution at any
given time for a given reservoir and discharge. This requires
knowledge of mass-balance inputs and outputs of aluminum to
and from the reservoir and numerical solution of an ordinary
differential equation for concentration in the reservoir. The
second part is developing a method for applying the reservoir
DFss to permit writing that results in protection of the receiv-
ing water that is statistically comparable to the protection
afforded by DFs determined at low flow (7Q10) for discharge
to streams.

Calculating Dilution

As discussed in the Introduction section, more factors
are involved in dilution of aluminum-containing effluents that
discharge to reservoirs than in discharge to streams. The addi-
tional factors are (1) dilution by water stored in the reservoir
after flushing at high flow, (2) in-reservoir losses of aluminum
through sedimentation, and (3) occasional natural occurrence
of aluminum at high concentration in input streams. High
natural aluminum concentrations, usually associated with high
concentrations of aluminum-stabilizing DOC, render receiv-
ing waters less effective at diluting aluminum discharged from
treatment plants.

The method for computing DF values that includes these
three factors requires the numerical integration of the reservoir
mass-balance equation for aluminum-concentration change.
The mass-balance equation is:

6;—C =(Q.C.+0C +0.C +0,C~4SC)/V (2)
t

where
C is the total aluminum concentration in the

reservoir water,

is the discharge of the filter-backwash
effluent,

is the total aluminum concentration in the
filter-backwash effluent,

is the discharge of the streams that are
influent to the reservoir,

is the total aluminum concentration in the
stream,

is the discharge of groundwater that is
influent to the reservoir,

is the total aluminum concentration in the
groundwater,

is the sum of water withdrawal for water
supply and the downstream discharge from
the reservoir,

?QQ ?Q(Q 'AQ /()Q NQ Pgo

S
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A is the area of the reservoir,
S, is the apparent settling velocity of total
aluminum in the reservoir,
14 is the volume of the reservoir subject to
mixing, and
t is time.

The numerical integration of the mass-balance equa-
tion results in C, the aluminum concentration in the reservoir
at any time ¢, and requires the specification of the variables
shown in on the right side of equation 2. The DF value at any
time ¢ is then

DF=C,/C. 3)

Equation 2 was solved numerically in this study using
the MatLab differential equation solver named “ode45”
(Shampine and Gordon, 1975; Dormand and Prince, 1980), as
described in appendix 1.

Calculating the Settling Velocity

The settling velocity, used to compute the loss of alumi-
num due to settling to the bottom sediment, can be determined
from successive solutions of equation 2, using trial settling
velocities, initial conditions determined from field data, which
would likely increase the minimum DF values, and the addi-
tional data requirements used to solve equation 2 previously
described. Simulated aluminum concentrations are compared
to measured concentrations after each simulation run, and the
settling velocity is adjusted (increased if simulated concentra-
tion was greater than measured, or vice versa) until the best
agreement of predicted and measured plots is obtained, as
determined by visual inspection. Because sampling four times
at monthly intervals generated too few data points, more for-
mal statistical curve fitting was not possible.

Dilution at Low Flow

The second part of developing discharge permits appro-
priate for reservoirs requires statistical analysis of the DF daily
values to determine the relation between the concentration
in the effluent and the frequency of the aluminum discharge
exceeding the standard after dilution in the receiving water.
For this study, the aluminum standard is taken as the chronic
standard of 87 ug/L. The chronic, rather than the acute, stan-
dard (750 ng/L) was selected in consultation with the Mass-
DEP, because concentrations in reservoirs change relatively
slowly—on the order of days. All exposures to aluminum in
reservoirs, therefore, are likely to be chronic exposures. For
permitted limits, the frequency of standard exceedence for
the reservoir should be at the same rate as for discharge to a
stream regulated by a flow-ratio DF at low flow (7Q10).

Permits based on DF at the 7Q10 flow for discharge
to streams set limits that would result in the highest annual
7-day-average concentration in the stream exceeding the
standard, on average, once every 10 years. By analogy for
discharge to reservoirs, permitting should result in the highest
annual 7-day-average concentration in the reservoir exceeding
the standard, on average, once in every 10 years. Because DF's
for discharge to reservoirs are proportional to the reciprocal of
reservoir concentration (equation 3), the highest annual 7-day-
average reservoir concentration with a recurrence of 10 years
would correspond to the lowest annual 7-day-average DF with
a recurrence of 10 years. By analogy with flow, this is termed
the 7DF10.

Unlike 7DF10 values for discharge to streams, the 7DF10
value for discharge to reservoirs is a function of effluent dis-
charge concentration (C)). That is because the settling and the
reservoir-discharge terms for aluminum in equation 2 depend
on the aluminum concentration in the reservoir, which in turn
is affected by the concentration in the effluent discharge. For
every C, value, there is a corresponding 7DF10. But there is
only one 7DF10 and C, pair that results in a reservoir con-
centration that just meets the chronic water-quality standard.
Determination of this pair may necessitate computation of sev-
eral 7DF10-C_ pairs that result in reservoir concentrations that
bracket the standard, followed by interpolation to the values
that result in the chronic standard being met in the reservoir.

In practice, the long DF records required to determine
the 7DF10 are obtained by solving equation 2 for C each day.
The daily concentrations are used to compute daily DF's from
equation 3 and analyzed for a 7-day running average. The low-
est 7-day average is selected for each year. The yearly data are
fitted to a known distribution; a log Pearson type III distribu-
tion gave the best fit in this investigation. Finally, the DF at
the 10th percentile is selected from the fitted distribution. The
software SWSTAT is available to compute the 7-day averages,
to select annual values, and to fit the frequency distribution
(U.S. Geological Survey, 2002).

Data Requirements

Long records of hydrologic data are required to determine
accurate 7DF10 values. This project determined 7DF10 values
from daily DF values computed from 1960 to 2004. The res-
ervoir input- and output-flow data used in the DF calculations
represented hydrologic conditions over this period, but the
effluent discharge and effluent concentration data were based
on present-day practices for the water-treatment facilities.
Therefore, the study results are for present practices for alumi-
num discharge and hydrologic variation that is representative
of the 1960-2004 period. The implied assumption in applica-
tion of the results is that future hydrologic variation will be
similar to past variation.



Flows and Reservoir Volumes

Past investigations of reservoir flow and capacities in
Massachusetts have produced hydrologic- analysis software
for computing flows and volumes. For streamflow, the Mas-
sachusetts Sustainable Yield Estimator can be used (Archfield
and others, 2010). Groundwater input and volume changes
in reservoirs can be determined from the Firm-Yield Estima-
tor! (Waldron and Archfield, 2006; Archfield and Carlson,
2006; Levin and others, 2011). Reservoir bathymetry, which
is necessary for the volume change estimates, is available
from the water suppliers or may be obtained by bathymetric-
survey techniques.

Filter-Backwash Effluent Flows

Values of filter-backwash effluent flows are available
from records kept by the PWS operators. Monthly average
values and maxima are reported on Discharge Monitoring
Requirement forms (K. Keohane, Massachusetts Department
of Environmental Protection, written commun., 2010). More
detailed records are also usually kept by suppliers and may be
available on request.

Water Quality

Aluminum-concentration estimates are needed for influ-
ent streams and groundwater and for filter-backwash efflu-
ent discharge. In addition, aluminum concentrations in the
reservoirs are needed for initial concentrations in the settling-
velocity trial simulations and to determine if simulated results
match measured results. DOC concentrations in the reservoirs
are also needed for simulations, because settling velocity
depends on DOC.

Application of the Dilution-Factor
Method to Reservoirs

Application of the dilution-factor method to discharges
of reservoirs requires that daily reservoir input flows and alu-
minum concentrations be computed so that daily in-reservoir
aluminum concentrations can be computed by solution of
equation 2 and daily dilution factors computed from equa-
tion 3. Then the 7-day annual mean lowest dilution factor with
a 10-year recurrence (7DF10) is computed and used with the
discharge aluminum concentration in equation 3 to determine
the reservoir concentration that would apply at that low level
of dilution.

! Firm yield is the maximum volume of water that can be withdrawn from a
reservoir without causing the reservoir to fail during drought conditions.

Application of the Dilution-Factor Method to Reservoirs 5

If the computed reservoir aluminum concentration that
results happens to be at the chronic standard, then the dis-
charge concentration used would be the amount permitted for
discharge. 