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ABSTRACT

A POLLUTION MODEL OF THE CHRRLES RIVER BASIN

by
William W. Walker, Jr.

Submitted to the Department of Chemical Engineering
on May 14, 1971, in partial fulfillment of the
requirements for the degrees of Master of Sc1ence !
and Bachelor of Sc1ence.

The polluted condition of the Charles River Basin can
be traced to three factors: its low dilution capacity, its
impoundment, and the wastes which it accepts from the snr-
rounding city. Like many urlkan rivers, the basin is subject
to combined sewer overflows and storm-water runoff. Informa-
tion about the quantities and origin of the pollution sources
in the basin is needed in order to evaluate plans for enhan-
cing water gquality.

A mathematical model of the basin is developed for the
purpose of quantifying sources of biochemical oxygen demand
and determining their distribution. The results indicate
that 40% of the BOD entering the basin can be attributed to
storm-water runoff and 60% to sanitary sewage escaping in
combined overflows. Programs designed to:enhance water quali-
ty in the basin should thus focus koth on eliminating com-
bined overflows and on reduc1ng the pollution potential of
storm-water runoff by improving the sanltary conditions of
the city. '

Thesis Supervisor: Robert C. Reid

Professor of Chemiqal Engineering
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1. Summary

The Charles River Basin has three distinguishing
characterisﬁics ﬁhich relate to its presenﬁ_étate of
pellution. First of all, it is a relatively small river
with a low dilution capacity and which flows through a
highly populated and paved area. Second, the basin is im-
pounded, rendering it susceptible to sedimentation, vertical
stratification, and algal aqtivity. Finally, the basin is
subject to inflow from both-urban storm—wate: runcff and
combinéd Sewef overflows.

Many pléns for increasing the recreational and aesthe-
tic value of the basin have been proﬁBsed.-ITypically, these
plans have focused on the elimination of one or more pollu-
tant sources. ihe sources have been generally character-
ized but notlsufficiently quantifiedlfo provide an ade-
guate basis-for comparison and evaluation of the varous abate-
ment propoéals. | |

In thié interest, a mathematical_hodel.of the basin
has been developed for the purpose of determihing the dis-
tribution of carbonaceous BOD sources in the basin. The
model employs a mass balance concept.aﬁd utilizes experimen-

tal measurements of BOD. taken at various locations in the

5
basin by the M.D.C. (3). The model is applied to data taken
before and after the activation of the South Charles Relief
Sewer. The results reflect a statistically significant

20% reduction in the total source quahtities as a result of

the activation of this major sewer.




The BOD sources caiculated for various segments of
the river aré also found to refléct the characteristics
of the sewagelsystems in the local drainage areas. The
local drainage area for any segmentﬁis defined as the area
of land draining directly into that segment. A significant
correlation is developed relating the yearly quantities of
BOD cbntribﬁted to each segment per acre of local drainage-_
area to the percent of the area served by separate sewers.
~ The results_indicate that combined sewer systems contribute,
on the average, 6.2 times the gquantity of BOD contributed
by separaté.systems per unit area. OVérall}'Tl.S% of the
land dfaining directly into the basin:is servéd by sepa-
rate sewers} and 28.5% is served by cdmbined'séwers.

This information is used to determine~£he split of
the total BOD sources between storm-water runoff and sani-
tary sewagé Whiéh escapeé in combined éverflbws. The results
indicate thaf-about 408 of the carbonaééoué-BOD entering the
river originates from runoff and about 60% originates from
sanitary sewage. Using typical-concehérations for urban
runoff and sanitary sewage, the sourcé distribution is de~
termined fdr'suspended solids, total hitrogen, total hydro-
lyzable phosphate, and coliform bacteria. In every case
except the 1atter, urban runoff makes:ﬁp a sigﬁificant per-
centage of the total quantity of each.material.entering the
river. |

On this basis, unfortunately, it'is not clear that even.

complete sewer separation would solve the polluticon problens
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of the Charles. The characteristigs  6f the' sewage systems
in the area cannot be blamed entirély for the-river's condi-
tion. The pollution potential of urban runoff depends on
many factors relating to the overall sanitary conditions of
a city. Iﬁ its street cleaning and garbage collecting pro-
cedures, the city can control some of these factors. However,
manf, such as littering, spillage, or dustfall, are inherent
in huﬁan néﬁure or in the nature of the city. These factors
are basic&lly uncontrollable.

These'results indicate, then, that the best plan for
pollution abatement in the Charles isfone which proposes to
remove both combined.overflows and storm-water runoff, i.e.,
the Boston Déep-Tunnel Plan (35). This conclusion could
obviously have been reached without the above considerations,
but this Qork,demonstrates that storm-water alone is a sig-
nificant prbblem and that relatively dfastic measures, such
as the Deep Tunnel Plan, might have to be téken in order
to clean up the Charles. The prdhibiti&e expense of this
plan, of cqu:ée, eliminates it as a realistic recommenda~
tion. Instead, the recommendation is made that efforts to
improve Charles River water quality-foéus not-only on elimi-
nating or_treating cembined OVerflows, 5ut also on reducing
the pollutiohal threat of urban runoff:by impfoving the

sanitary COndiﬁions‘of the city.
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2. Introduction

The Lower Charles River has the misfortune of flowing
through highly populated Metropolitan Boston. It is one
of many in the country and in the worild whiéh'have become
victims of urbanizatibn. The condition of the lower sec-
tion of the river can be traced not to industry or agri-
culture, but to people and pavement. The storm and sani-
tary sewage collection facilities have been inadequate’
"to handle the rampant population growth which the area
has endured oﬁer the past twenty-five years. Pavement alone
has caused-problems by producing greater quantities of
_storm—waterfrunoff which, in turn, haé carried the litter
and dustféll-from the city into the river.  The result
has been'the deterioration of water quality to the extent
that bathihg beaches which werelenjoyéd as.récently as
1949 now lié*strewn with rubber.tires, oil; &nd putrid:
debris. | |

The tééklof improving the Lower Charles, with which this
work is primarily concerned, is a very'difficult one. It
is the same task which many other cities must.face in an
effort to improve the urban environment as a whole by in-
creasing thé recreational and aesthetic values of urban
rivers. Concern_over problems of this sort has erupted
much too late - after the planning stége, the prime time.
for the most economical and efficient preventative measures.

Relatively expensive and inefficient reparative measures
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must now be adopted. 1In the past, efforts_to solve these
problems ha&e been stymied by a lack of funding both for
use of existing technology and for research to produce new,
more efficient, and more economical technoldgy. Recently,
the situation has begun to improve,_as the city, state, and
federal gbvernments and the people themselves have begun
to focus more on urban and environmental problems. The
Charles Riﬁer, as this work will demonstrate, is a prime
éxample of the interactions between land, air, and water
pollution ‘and of what a lack of. cons€iencious:urban plan-
ning can do to the environment. N

The Chafies originates in Hopkinton, southeast of Bostoh,
and winds éighty miles to the sea as.it drains about three
hundred sgquare miles of eastern Massachuseﬁts. The upper
portion of the river, defined as the.seventyfmile section
above the Mq§dy.Street Dam in Waltham;.suffers_from indus-
trial and:sewgge pollution as it passes through rural areas
and relatively small towns. Most of fhe waste sources in
this reach.have been clearly defined and placed on imple-
mentation schedules by the state pollution.control agency.,
which has é program to upgrade the water quality of the
river (1). | -

The Lower Charles consists of thréé segments: {(a) a
2.9-mile section between the Moody Street Dam in Waltham
and the Wéﬁertown Dam in Watertown, (55 the "Charles River
Basin", an 8.6-mile impounded section with no elevation

change between the Watertown Dam and ﬁhe Charles River Dam
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at the Museum of Science in Boston, and (¢) a.l.2-mile
estuarine portion between the Charles River Dam and the
mouth of the river in Boston Harbor. The land which drains
into the Lower Charles is for the most part densely popu-
lated. This.section of the river is not subject to any
known appréciable pollution of industrial prigin, The char-
acteristics bf the sewage systems in the area are held
primarily fesponsible for the river's condition.

A5 a study by Process Research, Inc. (g)'points out,
the Lower Charles has received a definite lack of atten-
tion relative to the Upper Charles. ﬁdst of the water
quality sufveys have been concentrated:on thé_upper por-
tion of thélriver, despite the fact that 95% of all the
water in the Charles lies below the Watertown Dam and 70%
of all the péop1e who live in the watershed reside in areas
which drain into the Lower Charles. With ?estrictions in
manpower and funding, perhaps it has been considered more
logical to concentrate on the upper poftion of the river
first, partiéﬁlarly since the pollutién sdurces in this
reach are quite clearly defined and the technology for
reasonably économical abatement of these sources has been
developed. The poor definition of sdurces and the lack of
economical abatement technology characterize the problems
of the Lower Charles. The major water.quality surveys of
the Lower Cﬁarles to date consist of two continuing pro-
grams by tﬁe_Metropolitan District Commission (3,2), a

program undertaken by the Federal Water Quality Administra=-
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tion in the summer of 1967 (5,6), and an extgnsive survey
of the basin done by Process Research, Iné. of Cambridge
during the summer of 1969 (2). |

This work is concerned primarily with the Charles River

Basin. There are three distinguishing characteristics of
the basin which, in one way or another, account for its
condition: |

(a) It has relatively little flow.

(b) It is impounded.

{c) It is subject to pollution from urban storm-water
rﬁhoif and combined storm and sanitary sewage over-
fl@ws.

In describing the basin, it would be essential to consider
all of these-factOISrand*to.demonstrate.their'influence

on water qdality. It would also be of interest to relate
these chafaéﬁeristics to those of other urbaﬁ'rivers. This
would help to put the Charles into perspective and to pro-
vide some insight as to just how tragic the relationship be-
tween Bosﬁdn-and the Charles River is, relative to analogous

relationships in other locations.
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2.1 Consequences of Flow

A river‘s capacity to accept and assimilaﬁe wastes is
strongly dependent upon the amount of dilution is can pro-
vide. High concentrations of wastes can create conditions
which will halt desirable bioclogical purification processes.
The Charles.is a relatively small river flowing through a.
highly populated area; it is thus in a relatively suscepti-
ble positién to being seriously overburdened by wastes di-
rectly attribﬁted to people: sanitary sewage and storm sewage.

In order to appreciate how susceptible the Charles is
on this basis, it would be useful to calculate its "dilution
- parameter"; defined by Fair and Geyer (7) as the stream
flow in cubic feet per second divided by the watershed popu~
lation in thousands. A sgearch of.the literature has provided
the neceséafy information to calculate dilution parameters
for other ur5an rivers. These values are presented in Table
2-1, 4 cfs'per 1,000 population is the regommended mini-
mum value of this parameter (7). The interpretation of this
minimum value is that 4 cfs are required for every 1,000
population equivalents of waste entering the river in order
to avoid "objectionable conditions". Of course, not all
rivers are forcéd to accept all of the wastes produced in
their watersheds,so the parameters listed for the Various
rivers indicate pollution potential rather than actual
waste 1oadipgs.

The Lowér-charles, fortunately, is-not'subject to indus-

trial pollution, as are most of the other rivers cited. The
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significance of the dilution parameter is that, in the
interest of clean water, large cities that are built near .
pmall rivérs must take adeguate measures to prevent any
appreciablg wastes from entering the river., Low dilution
parameteré necessitate drastic measures, i.e., highly ef-
ficient waste collection and treatment facilities. The
Charles, unfortunately, both‘héa a low dilution capacity
and is prone to a sewer system that is in many ways outmoded

and overburdened.

TABLE 2-1
Dilution Parameters for Various Urban Rivers
' Watershed® : . b
. ‘Population . Mean Flow Dilution Parameter.
River -{thousands} {cfs) {cfs/1,000 pop.)
Potomac . 3,000 11,000 3.66
(Washington)
Hudson . 6,000 21,500 : 3.58
(New York}
Connecticut 162 16,070 -~ 9.90
(Hartford)
Cuyahoga = 739 852 ©1.15
(Cleveland) '
Passaic ={ 1,600 1,180 g .74
{N.E.New Jersey)
Charles 600 280 .47
{Boston)

a - in metfopblitan area only

b - recommended minimum value = 4 cfs/1,000 population (1}
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2.2 Consequences of Impoundment

The impoundment of any river has a significant effect
on the phyéicél,.chemical, and biological processes which
otherwise oécur.(ﬁ). The Charles River Basin, formed in
1910 with the cbmpletion of the Charles River Dam, behaves
more like a lake than a river. The inpoundment of the river
essentially sealed it off from the natural flushing action
of the tides and caused it to become a 1ar§é, stagnant, and
vertically stratified pool. Before considering some of the
specific influences of impoundment on water quality, a gen-
eral description of the dam, its history and operation is
in oxder. |

The impoundment of the Charles occﬁrred at the turn of
the century; partially as a result of popu;ar opinion to
eliminate.the unsightly and foul-smelling mud flats which
had been expﬁsed at low tide. There is little doubt that
the foul odors were a result of anaerobic degradation proces-
ses occurring in the mud. The organic materials in the mud
were of sewége origin. The construction of the dam could
be viewed as an attempt to isolate the undesirable effects
of an inadequate sewage system, essentiallﬁ by covering them
over with water from the Charles. To this day, the river
has served this purpose.

There was apparently little knowledge 6f (or concern for)
the possible effects of such an impoundment on water guality.
The Charles will never be allowed to return.td its natural

estuarine state, since most of the construction in the area
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surrounding the basin is dependent upon a constant water
 table. Aaside from this; in the event that the impoundment
were eliminated, the Boston Harbor, in its présent condi-
tion, would probably supply more undesirable materials than
the flushing.action of the tides would carry away.

The Metfopolitan District Commission has responsibility
for the operation and maintainence of the dam. The dam
is equipped with one lock and one sluiceway, and operation
is aimed at maintaining the basin elevation at 2.38 feet
above mean sea level. Since the dam is not equipped with
pumping facilities, the basin-cannotlbe drainéd for approx-
imately fou# hours during each tidal cycle, @hen the sea
level is above the basin level. Heavy rainstorms and high
runoff into the basin at high tide can result in flooding;
this occurred in August of 19255 and March of 1968. As a
precaution against such fléoding, the basin is predrained
in anticipation of rainstorms. In cases where the anticipa-
ted rainfall does not occur, sea water is allowed to enter
the basin in order to keep the level at 2.38 feet. Sea
water also'enters the basin through leakage and operation
of the locks.

A study done by Charles A. Maguire Associates (9) re-
vealed that.between July .and October of 1957, a particularly
dry season, abkout 620 millicn pounds of salt entered the
basin and about 380 million pounds left, a net increase of
240 million pounds. About three gquarters of the net amount

of salt enﬁering was due to lockings and about one guarter
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was due to Siuicing for elevation control. In October
of 1957, the basin was estimated to contain about 60% sea
water.

The extent of salt accumulation during any summer ap-
parently depends on rainfall, as is shown in Figure 2-1, a
plot of the surface chlorides measured by the M.D.C. (3) at
five 1ocations in the basin over the past four years. Aas
shown, the chloride concentrations decrease with increasing
distance.ﬁpstream. In the éummer of 1968, surface chloride:
* condentrations were significantly higher than in other years.
A significant. increase in chlorides was detected as far up-
stream as the_North Beacon Street Bridgé, some seven miles
from the dam.' The total rainfall for the months of July,
August, and ééptember in 1968 was 3.97 inchés, compared with
an average of 9.16 inches for the years 1931-70 {(10). In
the summer of 1957, when the Maguire study was done, the
total rainfall was only 2.70 inches. The significance of

the intrusion of salt is in its effect on the mixing proper-

ties of the basin; this subject will be dealt with presently.

The overall effects of the impoundment on water guality
can be divided into three categories: sedimentation, vertical

stratification, and algal activity.
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FIGURE 2«1

Seasonal Variation of Surface Chloride Concentrations?
" in the Charles River Basin
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2.2,1 Sedimentation

Impounding the Charles has had the effect of increasing.
the effective cross-sectional flow area, thereby reducing
flow velocities. Velocities on the order of 0.6 fps are
required to prevent sedimentation of suspended solids in a
river, whilé velocities of about 1.2 fps are reguired to
effectively scour the river bottom of solid deposits (11).
If flow velocities are too low, rivers subject to pollufant
sources coﬂtaining s0lid materials deposit and accumulate
these solids. If they are of an organic nature, the process
of biological oxidation of these materials will cause de-
pletion of'dissdlved oxygen at the bottom of the river. The
anaerobic degradation processes which follow not only re-
tard the rafe'of assimilation of these organic materials, but
produce n@xious gases,-such as hydrogen sulfide and ammonia.
Such bottom conditions effectively exclude.fish and produce
foul odors af_the river's surface, as commonly observed near
the Charles. - | | :

The flow velocities in the Charles River Basin are .
much too low to prevent sedimentation.- A time-of-travel
study doné-bflthe Federal Water Quality Adﬁinistration in
the summer of 1968 (12) showed that at a flow of 342 cfs,
measured at:the U.S.Geological Survey Gauge in Waltham, the
mean surface,velocipy‘of the river was 1151 fps between
the Watertown Dam and the B.U.Bridge and .078 fps between
the B.U.Bridge and the Charles River Dam. Assuming that
velocity is approximately proportional to volumetric flow,

flows of about 1200 cfs and 2400 cfs are required to pre-




21.

vent sedimentation in the upper and lower sections, re-
spectively. The average annual flow of the Charles at wWal-
tham is about 280 cfs. An examination of the mean daily

flow records.at Waltham revealed that since October 1, 1962
only twenty five days recorded flows greatér than 1200 cfs,
and only three days recorded flows greater #han 2400 cfs(l3)..
The entire basin, particularly the lower section, is there-
for subject to sedimentation and sludge accumulation.

The sources of s0lid materials which are liable to set-
tle out aré'both external and internal. The storm-water
runoff and.combined sewer.overflows which ‘enter the basin
from the sur;oﬁnding area contain suspended solids, as does
the water entering from upstream. The Upper Charles is not
as subject to sedimentation because of narrower channel widths,
steeper elevation gradients, and resultant higher flow velo-
cities. ihe internal source of sediment is primarily algae,
which have been detected in excessive amounts in the lower
basin by Process Research (2) and the F.W.Q.A. (6). The
biological.aegradation of organic materials in the river pro-
duces carbonndioxide which, in combination with phosphate
and nitrate ﬂutrients in the water, stimulates algae growth.
As the algae die, they settle to the béttom.

The materials which settle ocut of the basin surface wa-
ters either accumulate or decay. The Army Corps of Engi-
neers (&i).esgﬁmates that sediment is accumulating in the
basin at a'fate in excess of 8,000 tons per year and that

if sedimentation continues at its present rate, the volume
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of the basin will be significantly reduced.by the year 2020.
Some of the material of organic nature which settles out is
subject to degradation, either areobic or anaeroEic, de-
pending on the availability of oxygen in the sediment. An-
aerobic activity probably dominates, since okygen levels in
the depths of the basin are low, particularly in the down-

stream section (2).
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2.2.2 Vertical Stratification

The mosf interesting and significant effect of the
dam on water guality is in its effect on verﬁical mixing
properties. .Impoundments are commonly characteriied by
a lack of vertical mixing (8). Mixing is inhibited by
the density difference between surface and bottom layers.
In the case of the Charles, this density difference is
caused by two factors: thermal and saline stratification.
A simplified view of the vertical stratification divides
the basin’into two distinct zones: an upper region where
the active flow of the river occurs, and a lower, more
dense, stagnant region relatively'high in salt content and
low in temperature.

The hqst conclusive evidence of this stratification is
contained in studies by Process Research, Inc. (2) and
the F.W.Q.A. (12). Some of the results of thé-latter study
are contained in Appendix A. These studies illustrate the
lack of vertical mixing in the basin during the summer
months, Little'or no evidence is avaiiablé; however, indi-
cating whether tﬁis is the case during other seasons of the
year. | |

Impoundménts not subject to saline intrusion commonly
exhibit thermal stratification during the warm seasons. As
the air temperature drops in the fall, the surface waters
cool and approach the temperature of the bottom layer. 2s a
result, the so-called thermocline is then destroyed and the
lake or impbundment effectively turns over and becomes verti-

cally mixed.
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The Charles is subject to both thermal and saline
stratification. The amount of salt remaining in the bot-
tom layers throughout the year may be enough to prevent
turn-over and vertical mixing. It is surprising that
there is ﬁo published evidence concerning thié guestion.

The rélétive importénce of thermal verses saline vari-
ation to flow stratification may be partially determined
by their effects on the density of water (7). Temperature
variation Eetween the top and bottom layers is generally
on the order of 5° C during the summertime; the absolute
maximum variation is about 10° C. The diffe:ence in density
between water at 10° ¢ and water at 20° C is approximately

.9997 - .9982 = .0015 g/cm>

(7). This rep?esénts the maxi-
mum effect'of-thermal stratification on density. 1In June
of 1968, accprding to the F.W.Q.A. stﬁdy (12), salinity
varied from.about 1 part per thousand-at the surface to
more than 20 ppt in the bottom layerslof the basin. This
represents a density difference of rouéhly 1.020 - 1.001 =
019 g/cn{3 due to saline variations, as compared with a
maximum of .0015 g/cm3 due to thermal variations. This
tends to indicate that saline gradients are more important
in inducing.vertical stratification of flow.  The question
still remainé whether the salt has time to diffuse out of
the lower'iéyer during the late fall, winter, and early
spring, wheﬁ the primary source of salt, loék'operation, is

cut off.

The only evidence that the basin remains vertically stra-
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tified throughout the year is indirect. Réference to
the Maguire study (9) reveals that a significant amount of
salt remained in the basin over the winter season pre-
ceeding the summer of 1957. The basin was estimated to
contain approximately 60% sea water in October of 1957;
this is equivalent to a volume of 264 million cubic feet,
assuming a total basin volume of 440 million cubic feet (14).
Since the salinity of sea water is 30 ppt, this is equivalent
to a total accumulation of 494 million pounds. Maguire
estimates that the net amount of salt enterihg the basin
during the summer of 1957 was 240 million pounds. According
to this calculation, a total of 254 million pounds of salt
must have been in the basin at the beginning of the summér.
Assuming that the surface salinity héd fal;én to low values
during the previous winter,as the M.D.C. data presented in
Figure 2-1 indicate for later years, most of the 254 mil-
‘1ion pounds of salt had apparently remained in the lower
depths of the basin over the winter. There is still no
assurance, however, that this occurs every year.

Nevertheless, there is another piece of indirect evi-
dence pointing to year-round stratification. The quality
of the water in the lower depths of thé basin in the summer
is very low; it is essentially depletéd of diésolved oXy-
gen and high in hydrogen sulfide content. .The reasons for
this will be discussed presently. It a turnover does occur
during the fall or spring months,One wbuld expect to find

that the water guality at the surface deteriorates signi-
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ficanily.,.The monthly surface samples taken.by the M.D.C.
over the past five years do not indicate this'(g).
The primary consequence of the stagnation of the lower
reaches of the basin caused by flow stratification is in
the lack of oxygen transfer to the bottom séction. Molecu-
lar diffusion of oxygén does not occur at a rate sufficient
to keep up with oxygen consumption caused by the biodegra-
dation of organic materials. Turbulent diffusiqn processeé;
are necessaty to prevent anaerobic conditions. This point
is illustrated by calculations outlined in Appendix B. These
calculations show that even at organic concentrations and
resulting oxygen consumption rates one fifth as great as
those fouﬁd-in Charles River water, stégnént.ﬁater will be
depleted of-dissolved oxygen less than 10 cm from flowing,
oxygen . saturated regions. The consequence of oxygen de-
pletion is the development of anaerobic conditions pro=-
" ducing ammonia and hydrogen sulfide, ﬁdxic-compounds which
effectively-eXclude fish and can yield foul surface odors,
particularjy if the bottom is disturbed.
| The evidence that the salt wedge is anaerobic during
the summertime is gquite conclusive (g);-The fact that salt
seems to reméin in ﬁhe lower reaches of the basin over the
winter does not necessarily indicate ﬁhat the wedge: remains
anaerobic throughout that period. The loss of salt from the
wedge and the accompaning decrease in biclogical deoxygena-
tion rates with temperature may be sufficient to reduce the
size of the anaerobic layer a great deal. Vertical profiles

of temperature, salinity, and dissolved oxygen should be taken
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during all seasons to determine conclusively whether mixing
and aeration of the bottom layers does occur..

Kojima Bay in Japan is an example of an_impoundment
which is quite similar to the Charles River Bésin, in that.
it has a high surface area with relatively low fresh water
flow and it ié subject to saline intrusion through locking.
Okuda (;gi has studied the change in the salinity distribu-
tion in the bay sincé its closing. The bay is characterizéd
by a stable interface zone between surface river water and
lower sea water. An aqualung survey revealed é "very sharp
difference in temperature and suspended matter between sur-
face and bottom water". The level of the interface in Kojima
Bay is controlled by the height of the sill of the sluice
through which fresh water passes on its way to the sea. This
means that the egiailibrium upper level of the ‘salt wedge is
determined.bylthe vertical position of-the outlet. This evi-
dence tends to strengthen a proposal by Process Research (2)
which states that to minimize the basih”salt wedge a barrier
should be built to lower the level of £ﬁe sluice outlet.

The plans for the new dam to be built at Warren Avenue (14)
should incorporate this design or its équivalent. The
proposed dam is supposedly designed to.cut down_on saline
intrusion by a factor of about two thirds. It is unclear.
however ,whether this alone is sufficieﬂﬁ to prevent the forma-
tion of a stable anaercbic salt wedge.j The most effective

way of preveﬁting salt accumulation in'ﬁhe basin is by lower-

ing the effective outlet and making suré there are no stable
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deep pockets within the basin bottom topography in which
salt could accumulate.

If facilities for draining the anaerobic layer from
the basin are constructed, care should be exercised in
how and when they are activated. Assuming that the an-
aerobic salt wedge takes up the volume of the basin below
12 feet in depth, it is estimated that the total volume
of the wedge is 1.6 x 108 cubic feet. It drainage of the
wedge were to occur by its displacement with water from
upstream at a rate of 300 cfs, it would take as long as
46 days to deplete the layer. The gquantities of hydrogen
sulfide released during these days might make Boston
unbearablei Drainage of the wedge shoul& take place gradu-
ally in the spring when its size is at a minimum and when

the fresh water flow into the basin is maximum.
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2.2.3 Algal Activity

_The third influence of the impoundment of the Charles
on water quality is the stimulation of algal activity. This
is related to the sedimentation and vertical stratification
- effects. The increased surface area of the impoundment pro-
vides additional exposure of the water to the sun, and
this, plus increased residence timés, serves to stimuléte-
algal activity. The problems of excessive élgae growth, as
related to the proceés of eutrophication, are problems ge-
nerally attributed more to lakes and impoundﬁents than to
rivers. The Charles River Basin, with its abundance of
nutrients:{g), is an ideal setting fof-algal blooms, which
produce foul odors and aesthetically'displeasing-wéter.

The qontfibutions of algae to thé 6vera11-oxygen ba-
lance in reserviors and estuaries like the Charles cannot
be ignored. Photosynthesis and atmos?heric‘reaeration pro-
vide the 6xygeh which is consumed by.the biodegradation of
organic materials. In his work on the Baltimore Harbor,
Hull (lﬁ)Jcalculatés that in the summertime algae produce
600,000 pounds of oxygen daily,whereasﬁatmospheric reaera-
tion provides'only 187,000 pounds per day. Algae may be as
important a source of 6xygen in the Charles as they are in
the above case. :

Nevertheless, algal consumption of?oxygen cannot be
ignored. Symons et all (8) state thaﬁ.the oxygen demand
of the algal_population in water takes‘three forms: (a) res-

piration that occurs while photosynthesis is progressing,
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(b) respiration that occurs at night when photosynthesis is
absent, and (c) oxygen uptake caused by bacteria that meta-
bolize the algal bodies upon their death. Verduin (17) esti-
mates that if all the algae stayed in the upper waters of an
impoundment, the net 24-hour contribution tolthe oxygen ba-
lance would be near zero. However, there generally is a net
contribution of oxygen to the surface waters because many
algae fall to the bottom during a given 24rhoﬁr period. The
algae which leave the surface layers either exert their oxy-
gen demands attributed to respiration and degradation in
the bottom layers or, in the absence of.oxfgen in the bottom
layers, merely accumulate as natural sediment. A simplified
view of this process is that in order'for net algal produc-
tion of oxygen to occur, dead algae muét accumulate as |
sediment. |

Virtually all of the measurementsféffdissélvédfoxygen
in the bagih_have shown that the surfacé layer is high in
oxygen content duxing the day. 1In fact}zin conjunction
with work done with the Interdisciplinary Enrivonmental
Projects Labqratory at M.I.T., the authdf has measured
supersaturaﬁed values of dissolved oxygén in October near
the Hérvafd-Bridge and at depths up to éight feet. The
supersaturatidn can only be attributed ﬁo algae. Super-
saturated ievels of dissolved oxygen_aré-detrimental to
the oxygen.balance of basin because of the accompaning loss
of oxygen to the atmosphere. Mechanicalzmixing to prevent

supersaturation by combining surface and_relatively oxygen
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deficient bbttom waters has been investigated as a means of
preventing this moss of oxygen (8). '

Some fundamental questions about the behavior of algae
in the Charles River Basin must be :anewered before any
conclusions about their effects on water quality can be
drawn. Resthetically, their effects could only be detrimental.
The extent of their proliferation must be determined conclu-
sively as a function of season and depth. Their contribution
to the oxygén balance of the basin must be examined by
determining where and when their consumption and production
of oxygen'occuré; If significant numbérs of algae remain
in the surface waters at night, the dissolved oxygen levels
in these regions may be drastically depressed. If most
of the aléaé settle into the bottom léyers:ét'nightfandh
- accumulate there as natural sediment, they.may be viewed as
important and beneficial source of‘oxyéen to éhe basin, de-
spite their effects on the bottom. -Much useful information
could be obtained about the behavior of algae in the Charles
from vertical profiles of dissolved oxyéen £aken over

daily cycies.
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2.3 Pollution Sources

The 600,000 people residing in the Lower Charles water-
shed contribuﬁe waétes to the river in two primary-forﬁs:
sanitary sewage and storm sewage. Sanitary sewage ente;é
the basin when combined sewer systems in the area overflow
during periods of rainfall., Storm sewagelcarries the-litter
and dustfall from the pavements and rooftops of the city into
the river_£hrough kboth combined and separate sewer systems.
Each of the two types of waste has its own particular charac-
teristics?and effects on Charles River Watér quality. The
Problems of ﬁhe Charles are directly related to the amount
and contént of combined sewer overfiﬁws and urban runoff.
Beforelconsidering in detail how each of these sources contri-
butes to the Charles, it would be interesting to determine
what kinds of generalizations can be made from studies made

elsewhere.
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2.3.1 Urban Storm-water Runoff and Combined Sewage Ovefflow-
General Treatment

The content, collection,.énd disposal of urban storm-
water runoff and combined sewage overflow afe subjects which
are of definite relevance to the health of urban waterways-
In 1962, of the 11,400 sewered communities in the United
States, 9,083 had ééparaté sewer systems, 1,305 had combined
systems, and 618 had é mixture of both (;g).' Oon a populatipn
basis, inj196? it was determined that between 54 and 55 mil-
lion peoplé in the United States were served ﬁholly_or par-
tially by Eombined systems, 36 million'wgre served directly
by combined: sewers, and between 60 and 65 million were |
served by separate storﬁ sewers. (19). The“overflow of sewage
from combined systems can contribute significant quantities
of organic matérials, nutrients, and disease-causing bac-
teria and vikuées. The notion that éeparate sewage systems
necessarily solve pollution problems is, however, not valid,
since the quality of urban runoff deﬁends on many factors
relating to the overall sanitary condition of a city. 1In
tertain situaﬁions, interception and partial.treatment of
combined sewer ovefflows may be more ;avantageous than com-
plete sewer separation. 2A number of éities are facing the
question of what to do about pollution due to combined sewer
overflow and urban runoff. As a result, many studies have
been published on the characteristtCSmaf.these'péllutant

sources.
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One of the basic difficulties which has plagued stu-
dies of this nature has been the lack of knowledge:of. what
partiéular“parameters are the most important'to méasure.
This in turn stems frolm a general lack of information con-
cerning what particular materials are the most harmful to
the aquatic ecosystems and what constitues a lethal dosage.
Most of the studies have more or less ignored trace contami-
nants andffocused on gross parameters, such as biochemical
oxygen daﬁend (BOD} , suspended solids, total coliform bacteria,
and, in some cases, nutrients. The reasons for chosing these
particular-parameters are partially hiétorical. They are
not necessa;ily the most important measurements, though each
is indicative of a possible harmful effect on water guality.
BOD is used as an indication 6f the concentrations of organic
materials which are subject to biodegradatidn_and pose a
threat tolthe oxygen balance of a river. Suépended solids
tend to iﬁbréase the turbidity of a waterway, thereby de-
creasing its aesthetic value and the availability of sunlight
to desirab;e aguatic plants. Coliform bacteria, while in
themselves not harmful, are used to indicate the possible
presence of other, potentially disease~¢arrying organisms;
coliforms are the basis around which water_qﬁality standards
are designed in many states. Nutrients‘aré also cdnsidered,
though perhaps to a lesser extent. Pﬁdsphates and nitrates
are thought to play a leading role in the stimulation of

algae blooms and in the eutrophication of lakes.
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There is one distinct aspect inherent in the nature of
thelpoltutioﬁal threat imposed by urban runoff and combined
overflows which merits consideration. While the total guan-
tities'of-meterials contributed by these sources. may, in many
cases,-not eppear to be significant on a yearly average basis,
the fact thet these materials do not enter the waterway conti—-
nuously must be remembered. The shock loadith'imposed on
the waterway'by a severe storm may, for example, be sufficient
to depress dissolved oxygen'levels enough te kill fish, to |
endanger water Supplles, or to bring coliform counts in a
recreatlonal area up to a level whlch standards deem unsafe.
If the same total quantities of pollutants were discharged
continuously over a year no harmful effects may be observed.

Since-cbmbined overflows are partielly méae up of urban
runoff, it would be most sensible to con81der the character-
istics of the latter first. The only sound generalization
that can be made about urban runoff is that its quality
and, therefore, its pollutlon potent1a1 are reflections of
the sanitary conditions of the city. These condltlons are,
in turn, reflections of many factors,tincluding littering
by the ordinary citizen, industrial and:commercial spil-
lage control and waste disposal practiees, and air pollution
{as related:tb dustfall). The extentjto which ordinances
against potehtially harmful practices ere enforced and the
frequenéy and efficiency ef the garbage-collection and street
cleaning operetiens are the responsibiiities of the citf of-

ficials and determine, in part, the extent of the pollution
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problem posed by these sources. Of course, because of
the dimensions of the problem, government cannot be held
wholly responsible and much of the bufden lies on the |
conscience of the private citizen ahd industrialist. With
so many parémeters in the problem, it is no wonder that
étudies.have shown a wide variation in the éuality of
urban runoff. Invegtigations dealing with urban runoff have |
approached the problem in two ways: sampling and analyzing
the sources and materials on the city streets which are
susceptible to being washed away with storm-water, or
sampling aﬁd_analyzing the runoff itséif. Studies of each
nature are required to successfully éiaminé the extent of
the problem and to provide the inforﬁétion necessary té
pose reasonable solutions. |

An idea of the total gquantities of solid material
generated in a typical urban area is §fovided by a study
of a ten acre area in Chicage by the Aﬁeriéan'Public Works
Association (12). It was estimated tﬁét app:oximatély
179 tons of waste solids were generated in.the test area
per year.: Air pollution dustfall confrﬁbuted 2.9%, domestic
sanitary wastes 16.1%, garbage 15.4%,5xubbish 56.0%, street
sweepings 5.7%; and catch basins 2.9%. ‘It-w§s estiméted
that public sanitary sewers could remdvé no more than 20%
(sanitary wastes and ground garbage) and that-ét least part
of the remaining 80%, if not promptly femoved or stored,
could add to storm-water pollution. Tﬁe okjectives of the

A.P.W.A. study were to demonstrate that control of urban
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runoff must be consistent with an optimal waste management
program which would give simulataneous consideration to the
land, air, and water resources of an urban area.
The.A;ﬁ.WJA;=study also considered the ‘organic¢ content
of street litter materials. It was estimated that the runoff
from altwo hour storm with a previous 14 day accumulation
period could carry with it sufficient BOD froﬁ the dust and
dirt fraction of the street materials to produce a total
BOD ldading on the receiving waterway equivalent to 160%
of the raw sanitary sewage production rate in the area.
This shock loading effect could produée significant oxygen
sags in the receiving waterway, and ié:pefhaps typical of
what might happen to any urban waterway subjected to runoff.
Runoff is less of a threat to rural wéterways generally
because thgreiisziessoﬁfﬁit, i.e., most of the rainfall
sobks into_thé ground and is thereforé filtered before
entering the_stfeam through groundwatef; The A.P.W.A. study
further demonstrated that by preventing the accumulation of
dust, dirt;-and litter, street cleaﬁingfcould significantly
reduce the pollutional threat imposed by urban runoff.
Examples of concemtrations of 5—dényOD, suspended solids,
and coliform bacteria commonly found in urban runoff are
presented in Table 2-2. A wide variatibh in concentrations
is apparent. Typical concentrations 6f-these materials found
in sanitary sewage and in the Charles ﬁiver Basin are pre-
sented for the sake of comparison. Totﬁl poliutant quantity

estimates will be presented and compared with similar esti-
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TABLE 2-2

The Quality

of Urban Runoff
Average Concentrations

Suspended Total

BOD Solids Coliforms
City (mg7liter)  (mg/liter) (number/100 ml)
Chicago, Ill. 2 87 613 11,800
Washington, p.c.® 126 2,100 -
Seattle, Wash.® 10 - 1,610
Oxney, England®  100° 2,045 -
Detroit, Mich. (29) 96-234 102-213  930,000"

Moscow, U.S.S.R. % 186-285
Leningrad,'U.S.S.R.a36
Stockholm, Sweden® 17-80

Pretdria;_So.AfricaaBO—B4

Tulsa, Okla. (28) 1-39
Cincinnati, Ohio (20) 17
Typical Sanitary .

Sewage (ll) 200
Typical Charies
River Basin (3) 2-7

1,000~3,500° -

14,541 - = =
30-8,000° 20,000°

- . . 23,500

40-2,000 .5,000~400,000

227 58,000
200 25,000,000
8-12-  11,000-56,000

a - quoted from a table in reference (19)

b - maximum value
¢ - total solids
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mates for combined systems after a brief consideration
of the charécteristics of combined sewage systems.

Combined systems, designed to intercept both sanitary
wastes and runoff, were most reasonable in the days ﬁhen
horses were the primary means of transportatiqn and the
city was ndt'covered with pavement. The runoff from a
modern city, with its relatively high percehtage of imper-
vious surfaces, is generally toco much for combined systems.
to handle;.'Fbr densely populated areas, combined sewers
designed to intercept all of the storm—water_runoff would
require cépécities over 50 timesitheééveragé&drvaeather'flow
of sanitary sewage(2l). This is genefélly no£ econonicallj
feasible,;pérticularly in view of the fact that it weuld
also require treatment plants which coﬁld-hapdle éfficiently
the greatly ékpahded rainy day flows.L”Intercéptors znd
treatment works are generally designed.tO-handlé 2 to § times
the averaQe'dryéweather flow and to pérmiﬁ_overflows of
mixed sewaéefénd storm-water at the points of interception
during and.immediately following rainéiorms. These overflows
may represeht a significant pollution £hreat to receiving
waterways.

Aside from the collection problem,_éombined'sewers pose
treatment difficulties. The highly diversifiédland fluctu-
ating characteristics of combined sewagé can cause problems
at the treatment_works. The biological-syétmés commonly
used to oxidize wastes are in many ways delicate and require

time to adjust to wastes of various forms. Highly dilute
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wastes, such as might be received after a storm, lead to
relatively inefficient treatment and often effectively
wash desirable bacteria cultures out of these systems.
Combined sewers repreéent_a major stumbling block in the
effort to improve biological treatment plant efficiencieSz
One consequence of the fact that the dry-weather flow
is one half to one fifth the capacity of a combined sewer.
is that dry-weather flow velocities are usually too low
to prevent sediﬁentation of sewage solids within the system: .
These So0lids accumulate within the system until a storm
washes them out. In some cases, these solids are carried
cut of the éystem during the early miﬁuteé of a storm be-
fore the interceptors reach capacity; In others, the scour-
ing of these materials seems to continue for hours after
the beginning of a storm and long aftéf overflows have bhegun.
Combined ééwage overflow consists ; then, of three com-
ponents: storm-water runoff, sanitarylsewagé, and scoured'
soiids. The.félative importance of'eééh source and thus
the quality of the overflow may vary widely from system to
system. At a given location, overfloﬁiquality may vary
with différent storms and in a given étorm, with time.
These considerations account for the wide differences ob-
served in tﬁe_quality of overfléows, as presented in Table 2-3.
These figures may be compared with thdse presented in Table 2-2
for urban runoff. B |
An ideé éf how the guality of a given overflow may vary

from storm to storm and with time within a given stoxm is




TABLE 2-3

The Quality of Com