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La Plata, 15 de mayo de 1989

. C.F. 1.
Senor S ' ' N
Secretario General del —7I-N =B0 g
Consejo Federal de Inversiones 8,&(,1‘}" IQQ@ i

Ing. Juan José€ Ciacera ! .
S/DESPACHO ; ey 23 J 8 |

REF: Establecimiento Depurador Cloacal
San Carlos de Bariloche. Exp. 442,

De mi mayor consideraciBn:

Tengo el agrado de dirigirme a Ud. con el cbjeto de
var a su consideracién el Primer Informe Parcial: "Antecedentes", en
ejemplares de 93 fojas cada uno.

Saludo a d. muy étentamente.

tra. MARCELGO J, PUIOL
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1 - ANALISIS DE ANTECEDENTES -
1.1.- ANTECEDENTES APORTADOS POR EL CFI Y DPA

En general, los antecédentes obrantes en el CFI, en su mayor -
parte ya introducidos y utilizados en el Anteproyecto Prelimi-
nar, pueden considerarse actuales y exhaustivos aunque no sufi

cientes para los requerimientos del Anteproyecto Preliminar.-

Fueron oportunos y de mucha utilidad los datos relativos a la

explotacidn del servicio asf como los planos de proyectos ante
riores y de instalaciones existentes. En cambio el estado ca--
tastral-dominial actual del predio destinado a la planta depu-
radora, no surge de los antecedentes aportados.-

Son copiosos los datos hidrométricos del lago, pero lamentable
mente no se cuenta con observaciones sistemiticas fitiles para

evaluar la evolucidn del lago en cuanto a eutrofizacifn.-

Buena parte de los antecedentes originales de OSN fueron entre
gados por el CFI' y entre los ellos los referentes a estudios -
geotécnicos y planialtimétricos de detalle.-

Asimismo las copias del Libro de Cordini "El Lago Nahuel Huapi"
y las del trabajo de Mogensen y Ortiz, "Estudio de la Contami-
nacitn de las Aguas del Lago Nahuel Huapi, 1981" facilitaron -
la introduccidn al tema.-

1.2.- ANTECEDENTES OBTENIDOS DEL ANTEPROYECTO PRELIMINAR

Particularmente en la etapa de "Estudios Preliminares" se pone
de manifiesto la capacidad operativa del equipo de consultores
para realizar una completa caracterizacibn del medio b&sico en
que el proyecto se desarrolla. Muy Gtiles fueron, asimismo, --
las mediciones realizadas por los consultores scbre los parame
tros de explotacidn, asi como la recopilacidn de anilisis de -
O8N y pfopios. No se hicieron aportes significativos scbre eu-
trofizacidn, ni tampoco en cuanto a la planialtimetrfa del pre
dio. Hay un perfil batimétrico apropiado al nivel de esa etapa
pero insuficiente para la presente etapa.-



1.3.- ANALISIS DE LOS INFORMES DE LA 1° PARTE DEL ESTUDIO

Hemos podido comprobar la buena correlacisn con los hechos gue
presenta el diagnésticblformulado en el Anteproyecto Prelimi--
nar, una de sus etapas mis fructfferas y completas. En cuanto
al planteo que se hace del establecimiento depurador, el nivel
en que han sido desarrolladas las cuatro alternativas (percola-
dores, barros activados, aireacién extendida sistema "D Per" o
"Carrousel”) es muy adecuado. a los efectos de la seleccibn, --
aunque atados a patentes los dos iltimos.-

El tratamiento de eliminacibén de f6sforo ha sido en todos los
casos pré@cticamente soslayado, quiz& por la conviccibn de que

no se justificaria implementarlo en la primer etapa.-

En cuanto a las hipbtesis de trabajo y parfmetros de disefio --
utilizados en la alternativa favorecida, los mismos son discu-

tidos y comentados en el apartado 3.2.



2 - RECONOCIMIENTO DE CAMPO

El dfa 30/111/89 se comenzd a-realizar los reconocimientos de
campo en forma conjunta con las autoridades y té&cnicos del ser
vicio San Carlos de Bariloche, entre cuyos fines figuraba la -
programacifn de tareas a realizar por parte del DPA. El dia 2/
1v/83 se dieron por concluidos los reconocimientos de campo, -
procediéndose a listar las tareas requeridas, las gque apunta--
ban, en lo esencial, a completar al nivel necesario los datos
topogrédficos, catastrales y batimétricos y a actualizar datos
de explotacidn y costos de energia.-

Particularmente llamativo resultd el advertir que el predio --
destinado al Establecimiento estaba subdividido, con tres (o =
mds) construcciones en probablemente seis de los lotes de la -
manzana 214, lo cuwal nos movid a solicitar un estudio dominial.
Tambi&én se determinaron las tareas geotopogrificas necesarias

y dos perfiles para relevar batimdtricamente.-

Se scbrevold la zona, tratando de completar una imigen ajusta-
da de la interaccidn del lago con sus costas a los efectos de
preveer la descarga.-

El entusiasmo evidenciado por los té&cnicos no ha alcanzado pa-
ra superar reales dificultades que, lo sabiamos, iban a presen

tarse, razdn por la cual gran parte de las respuestas corren -
con atraso.- '

El estudio dominial coﬁfirmé nuestra inquietud, revelando la -
para nosotros novedad de que hay 28 lotes privados, 10 de los

cuales han sido declarados de utilidad ptGblica, siendo los de-
mas pertenencia del Fisco Provincial. Esto motivd 18gica incer
tidumbre, despejada recién-el dfa 3/V/89 con la recepcidn de -
un telegrama manifestando la decisidn por parte de las .autori-
dades provinciales de disponer de los terrenos gque el proyecyo
requiriese, afin por via de expropiacién. De cualquier manera,

esa situacidn se tuvo en cuenta al momento de generar subalter
nativas de disefio, tratando de no interferir con las obras de

primera ejecucibn.-—



MEMORANDUM del Experto Contratado Ing. Marcelo Fujol
al Jefe de Servicio S.C.deBariloche Ing., Viotti

En relacidn con el Proyecto ESTABLECIMIENTQ DEFURADOR CLOACAL
se convienon las siguientes tareas a cargo del D.P.A.?

1L)Tareas Topogrdficas.

-Referenciacidn del poligono del predio al teglido urbano. Ve-
rificacidn de cesidn de calles laterales. Ancho de rute y de
calles. Estudlo de t{tulo y verificacidn de eventuales res -
tricciones al domindo.

-Relevamientos de hechos existentes, referenciadoe al poligo
no.Caeqa de Bombas, desague a la costa, cafler{, de vuelco,
manantiales, eventuales intruros, etec. Relavamiento de las -
lineas de alta y baja tensidn y de teldfonos. '

=Vinculacién altimdtrica de la nivelacidn realiz.da por OSH -
con el sistema del I.G.M.Eventualmente, densificacidn de pts.

-Tres (3) perfiles batimdtricos hasta superar la profundidnd-
de 50 metros en 'los siguientes lugares:

" @) sobre el cafio de vuelco existente.
b) 200 metros aguas mhajo (al E) - -
c) En el extremo saliente de la punta, frente al vive-
ro Steiner, reconocido por el Ing. Milano.

-Poligono de vinculaciédn entre los Limites del predio y la -

punta del vivero Steiner.
2)Datos del Servicio

~Implantacidn de una escala y determinmcidn de la funcidn H/Q

en la Estacidn de Bombeo.
~Determinacidn del mdximo caudal en tiempo seco y en tiempo -
lluvioso. Voldmen diario vertido.

~Temperaturas seriadas del lago, del liquido cloncal y del ai
re.

~Muestreo para andlisis fisico quimico de los l{guidos, con -
la frecuencia que se puveda (por. ej. diario). Incorporar de-
terminacidn de DO y de ‘Fdaforo.

-Facilitar los FPlanos s/obra de la Est. de Fom. y de la Cafie-
ria médxima.

~Disponibilidad y detalles de tramitacidn y condiciones para
lograrzx loa pervicios de Teldfono, gas y energia eldctrica.

~Fosibilidad y maneras de lograr agua corriente.

-Bstudio de tarifas sldctricas en las siguientes condiciones
de consumot

a) 400 v uniformes, en decir 238000 kwhora/mes.
b)Idem para 399kw y 401kw.
c)para 300 kw de consumo promedio, es decir a ra
zén de 2160C0 kwhora/mes pero con picos de hag
ta 800 kwo o .

Eotrepade o/ 1/4/89



PMCARCELD JOUOSE IUIOL . I

La Plata, 27 de abril de 1989.

Senor Secretaric General del
Consejo Federal de Inversiones
Iing. Juan Jos& Ciacera
S/DESPACHO

" REF: Establecimiento Depurador Cloacal
para San C. de Bariloche.

" De mi mayor consideracidn:

Tengo el ,agrado de dirigirme a Ud. en relacifn a la
marcha de los trabajos de referencia que se llevan a cabo mediante el con
curso del suscripto en calidad de experto, el Departamento Provincial de
Aguas de la Provincia de Rio Negro y personal profesional y té&cnico de e-
se Consejo. .

De acuerdo con el Cropnograma previsto, en ocasidn de
nuestra visita al lugar llevada a cabo el 30 de marzo ppdo., hemos acorda
do con funcionarios del D.P.A., las tareas de campo necesarias para el de
sarrollo de la primera etapa del trabajo. Una reciente comunicacién reci-
bida el 25 del corriente, da cuenta de la marcha de esas tareas, las que
por diferentes razones estdn retrasadas (se adjunta copia).

Por otra parte, al confrontar los resultados parcia-

les de nuestro an&ilisis de antecedentes sobre los que veniamos trabajando

" con la informaci®n recibida, surge -un imprevisto que requiere una defini-
. tiva toma de decisidn por parte de la Provincia de Rio Negro.

Concretamente, los terrenos destinados al emplaza-
‘miento de las obras est&n en parte subdivididos y enajenados; afin m&s, en
algunas parcelas se advierten construcciones’ de caracter permanente.

. Ademds, conforme progresan nuestros estudios scbre
implantacifn de las unidades de tratamiento, surge como alternativa acon-
sejable la afectacifn de una parte del predio vecino perteneciente al I.N.
T.A. (unas dos hectéreas).

: Sin perjuicio de avanzar en temas desvinculados, es
obvio que los antecedentes mas importantes estin asociados con el predio
del propio Establecimiento, tanto én cuanto a su superficie, forma, alti-
metrfa, costas, etc., razbn por la cual, la etapa en curso, "anflisis de
Antecedentes", no puede ser conclufda.

En base a lo expuesto, corresponderfa prorrogar el
plazo previsto para esta etapa, y consecuentemente para la siguiente, has

ta diez dfas contados a partir de la fecha en que las autoridades provin-
ciales comuniquen la decisidn al respecto. //A

Saludo a Ud. muy atentamente.

rr—— T

RECIBIDO]J
_ag) 4 /89 (| ,

COHSY FEDEPn_'«_t DE MYERSIOMES / " Ina, y{cer_o J. PUJOL
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3 - ESTUDIOS BASICOS COMPLEMENTARIOS

La primera parte de este apartado ser8 destinada al diagndsti-
co y prondstico del Lago Nahuel Huapili en cuanto a su estado --
tr8fico, un tema que conceptuamos de suma importancia, y pen—--
diente de estudio, a los efectos de dar consistencia a la poli
tica a adoptar en materia de tratamiento de eliminaciln de £0s
foro.-

En la segunda parte se:ahticipa el desarrollo del diseno y di-
mensionado de la planta depuradora, movidos por la necesidad -
de chequear la aptitud dglpfedh:disponible y la eventual nece
sidad de promover nuévas expropiaciones, comenzando por una re
visibn minusciosa de las hipb6tesis de trabajo en un nivel en -
que, por los alcances proplios del Anteproyecto Preliminar pu—;
dieron no haber sido desarrolladas en esa etapa. En esta segun
da parte se desarrolla el proceso de eliminacidn de la carga -

orgdnica carbonicea.-

En la tercer etapa se volverda al tema del f6sforo, proponiendo

la estrategia que se juzgue mas conveniente.-



3.1.-

3.1.1 -

3.1.2 -

PRONOSTICO DE LA EVOLUCION DEL ESTADO TROFICO DEL LAGO NAHUEL
HUAPI

INTRODUCCION

La materia orgénica gque llega a un lagoc es descompuesta por -
organismos heterotrofos que la convierten en di6xido de carbo
no a costa de insumir oxigeno. En cambio, los organismos foto
sintéticos utilizan dib6xido de carbono y producen oxigeno y -
materia orgénica vegetal, La eutrofizacidén es la pérdida de -
estabilidad del ecosistema hacia un crecimiento desmedido de
los fotosintéticos (algas). Cuandos estos mueren se convier--
ten en sustrato orgdnico que'ejerce nueva demanda de oxigeno;
atn sin morir, muchas algas utilizan oxf{geno para oxidar com-
puestos organicos fotosiptétizados cuando disponian de luz,

para asi conseqguir energfa sustitutiva.-

Los lagos de montaha suelen ser oligotréficos, es decir gque -
contienen pocos nutrientes en solucidn. Permanecen limpidos,

con buenos niveles de oxigeno disuelto, el crecimiento vege--
tal no prospera y formas superiores de peces que como la tru-

cha se alimentan de insectos, se ven favorecidos.-

Hay una evolucidn natural de los lagos hacia la eutrofiza---
cibén, pero es muy lenta. El principal factor antrdpico o cul-
tural que acelera extraordinariamente esa evolucidn es el ver

tido de aguas cloacales.-

PARAMETROS DE EUTROFIZACION

Los principales indicadores del estado de un lago comunmente
utilizados son: transparencia o profundidad Secchi, fésforo -
total, clorofila algal, nitrdgeno particulado, oxigeno disuel

to y tasa de utilizacibn de oxigeno hipolimnético.-

Vollenweider en 1968 fué_él pfimero en fijar concentraciones -
1imites. Recientemente, H. Dobson ha presentado el siguiente
cuadro:



3.1.3 -

Fésforo Nitrdgeno Cloreofila

Estado ..Toﬁal Particulado Algal
{en primavera) (en verano)
ug/1 ng/1 ug/1
Oligotrdfico <10 < 50 < 2
Mesotréfico 10-30 5-150 2-6
Eutrdfico 30-90 > 150 6-18
Hipertrb6fico > 90 > 150 > 18

También se ha utilizado el "Volumen de Algas" en cm3/m3, como

los consignados por Rosech,Cullen y Bek para lagos de Austra-
lia (5):

Volumen" Fosforo Nitrdgeno Clorofila

de Algas Total Total "A"
Oligotréfiqos <1 < 5 < 250 0,3-3
Mesotrbficos 1-3 5-30 250-1000 2-15
Eutrbficos 3-5 - 30-1000 1000-10000 10-500

CONTRQL DE LIMITANTES

Para controlar la eutrofizacibn puede actuarse scbre algunocs
elementos nutrientes, tales como C, N 6 P, los que intervie-
nen en la materia algal en relacibn de peso 40-7-1. Actual--
mente hay consenso en que el mds apropiado de los tres como

elemento de control o limitante es el P, por varias razones:

- En la mayoria de los lagos no polucionados por el hombre,
el f6sforo es el limitante natural. E1 C y el N estén siem
pre presentes en forma facilmente utilizables, como didxi-
do de carbono y carbonatos el primerc y como nitratos y --
amonios el segundo.-

- Est& comprobadc por la préctica de eliminacifn del fdsforo



3-1-4 -

3.1.5 -

de los liquidos cloacales, que controlando el f£6sforo huma
no se controla el lago. Mas afin, reahadiendo fosfato, los
efectos se invierten (7).-

- La eliminacibén del f&sforo estd facilitada por el hecho de
que los liquidos que lo vehiculizan, son concentrados y -

manipulados en las plantas depuradcras.-

FORMAS DEL FOSFORO AGREGADO

El f6sforo puede presentarse en forma de f&6sforo orginico -
en 1l a materia org&nica y en el protoplasma celular, como
fosfatos inorg8&nicos complejos (polifosfatos) tales como los
usados en detergentes y como ortofosfatos inorgdnicos solu--
bles, Estos Gltimos son los que corresponden al estado final
del ciclo de degradadién (Pof , HPCy , H,PO, , HyPO,) y pue-
den ser facilmente asimilados sin necesidad de posteriores -
rupturas. Durante el tratamiento biolbgico, mucho del fésfo-
ro orgénico y de polifosfatos se vuelven ortofosfatos solu--
bles, y se van con el efluente; una pequefia cantidad de f&s-
foro orgénico tambié&n fuga con las c&lulas no retenidas y ~-
ptra, con los barros en ekceso, son devueltas al suelo. Si -
el tratamientc incluye remoccidn de f&6sforo mediante precipi-
tacibn quimica, el efluente contendri formas insolubles, co-
mo fosfato de calcio, aluminio o hierro. La préictica ha de-
mostrado que estos compuestos no liberan el fdsforo ni en —-
las unidades de tratémiento, ni en los cuerpos receptores --
(6). En cambio los polifosfatos, si bien son duros o refrac-

tarios, terminan en ortofosfatos por hidrb6lisis.-

FUENTES DE FOSFORO

Las fuentes pueden ser difusas ¢ puntuales. Las primeras com
prenden el escurrimiento superficial sobre areas rurales ur-
banas que llegan al lago sin canalizar y las segundas, los -
lanzamientos y vuelcos de aguas servidas, domésticas o indus
triales. También hay f6sforo metebrico aportado por las 1llu-

vias.-
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Para evaluar el f6sforo total ‘aportado por la poblacidn huma-

na, esti el cuadro siguiente, segfin Vollenweider:

.Cargas de f&sforo sobre superficies de aguas
superficiales debidas a excrementos humanos
y otras fuentes,_basadas en un promedioc de -
2,25 g P/hab.dia.

Densidad Poblacional résforo

Hab. /Km2 g/m2/afio
50 . 0,04
100 0,08

150 0,12 .

200 0,16
300 0,24
500 . 0,40
1.000 0,80
2.500 : 2,00
5.000 _ 4,00

L.as concentracicones normalmente encontradas en aguas cloaca-
les van de 8 a 10 mg ﬁ/i o bien 1%; de la concentracidn de -
DBO5 (6). En el Anteproyecto Preliminar, se menciona que en

el curso del estudio, el liquido cloacal de SC de B. presen-
t5 valores relativamente bajos de fosfato: 1,6 a 5,5 mg/l. =~
No se mencionan valores de P total. Sin embargo, estos valo-
res pueden cambiar con los hibitos de la poblacidén y con el

consumo de detergentes y los lavaderos.-



En (5) se cita como concentracidn comfin 12-15 mg/l de P total.
En la planta de Gral. Sarmiento, P.B.A., hay valores entre --
7,1 vy 12,5 mg/1l de PO, lo que equivale a proporciones de en--
tre 7&; Y 15; con respecto -a la DBOB. Metcalf-Eddy proporcio-
na el siguiente cuadro:

Fuerte Medio Débil
Fosforo Total 15 mg/1l 8 mg/1 4 mg/1
Orgénico 5 " ’ 3 1 "
Inorgénico 10 ™ 5 " 30"

P

El fosforometebrico depende fuertemente del desarrollo indus—f
trial de la zona y de la préctlca de fert1112ac16n unida ar‘"-
grado de erosidn del suelo. Se citan valores entre 0,01 vy 0'
mg/m2/ano pero dadas las caracteristicas del lago N,H. afin el

limite inferior parece alto.-

Finalmente, las aguas subterrineas que descargan a los lagos,
no transportan cantidades. apreciable de fésforo debido a la -
insolubilidad de los fosfatos contenidos en los minerales y -
en el suelo (1).-

3.1.6 - CICLO DEL FOSFORO EN EL LAGO

Ya en el lago, el fosfato tiende a pasar por ciclos estaciona
les, El1 fosfato disuélto se acumula en invierno cuando las ac
tividad fotosinté&tica es baja y las aguas no estén estratifi-
cadas. En primavera y verano, con el gradiente térmico y la -
actividad fotosintética, los fosfatos disueltos en el epilim-
nion se agotan debido a su utilizacibén y almacenamiento por

parte de los vegetales, Por eso que el tenor de fosfato di---
suelto debe medirse en invierno y el de clorofila en verano.

Al abatimiento inicial suelen suceder florecimientos algales

{(lo cual puede parecer contradictorio) debido a la utiliza---
ci6n del f6sforo almacehado por los propios organismos. Esa -
modalidad de acaparar foéfato por encima de las necesidades -
actuales también se da.eﬁ las bacterias y es la base (capta--

cidén lujuriosa) de los métodos bioldgicos de eliminacién de -



3.1.7 -

fo6sforo. -

Mis tarde, la muerte y sedimentacidn de las algas da lugar a
un lento transporte deé f6sforo del agua a los sedimentos, en
contraste con la répida daptaci&n por parte de las algas y

plantas. M&s lenta afin es la complicada cadena de reacciones
que devienen en los -depbsitos bentdnicos, como resultado de

las cuales una parte del f6sforo contenido es liberado nueva
mente y reciclado al aéua. Mucho del f&6sforo queda sepulté—
do en forma de compuestos muy estables. Md&s aflin si el fondo
del lago recibe descargas periédicas de suelos. Este efecto

de entrampamiento e$ m&s importante en lagos muy profundos y
con altos perfodos de retencién hidriulica. Ambas caracteris
ticas son distintivas del N.H. asi como la ausencia de termo
clinas, Posiblemente se deba a ellas el hecho de gue hasta -
el dfia de hoy los signos de eutrofizacidén estén circunscrip-

tos a algunas costas, y no en forma dramética.-

Pero a nuestro entender, este comportamiento inercial del N.
H. es un arma de doble filo, gque obliga a actuar anticipada-
mente, porque tambi&n serd muy lenta y trabajosa cualquier -

accidn correctiva que pretenda encararse en el futuro.-

MODELOS DE PRONOSTICO-

Tanto para pronosticar una evolucidén hacia la eutrofiza-
cibn como para predecir los resultados de una accidn tendien

te a limitar la carga, se han desarrollado varios métodos.-

El primer estudio sistemdtico comenzé a partir de la década
de los 60, como una decisibdn de la Organizacibn para Coopera
cién y Desarrollo Econdmico (OECD). Vinculade.z2 ese programa

Vollenweider present6 en 1968 el siguiente cuadro:

NIVELES PROVISIONALES DE CARGAS PERMISIBLES PARA

NITROGENO TOTAL Y FOSFORO TOTAL BIOQUIMICAMENTE

ACTIVO, EN q m 2 aio™l (1)



3.1.7.1.

Profundidad Carga Permisible | Carga Peli§rosa
Media . —
(m) N P N P
5 ' 1 0,07 2 0,13
10 L 1,5 0,10 3 0,20
50 ' ' 4 0,25 8 0,50
100 B - 0,40 12 0,80
150 S 7,5 0,50 15 1,00
200 - 9 0,60 18 1,20

Mas adelante (1975), V. desarrolld un diagrama de carga super
ficial anual de P vs. el cociente entre. la profundidad media
y el tiempo de retencidn hidr&ulica. Este criterio ha sido --
respaldado por la EPA como base para establecer cfiterios de
aportes para lagos y embalses de EE.UU. {criterios de calidad
de Agua, EPA, USA, 1976) asi como también por el Comité Con--
junto Internacional Canadid - USA. Luego V. modificd nuevamen-
te su planteo, haciendo intervenir més activamente la reten-
cibn hidr&ulica (1976).-

El &xito de este nuevo modelo, llevd también a aplicarlo, me-
diante correlacibn, a otros parémetros indicadores de eutrofi
zacidn tales como clorofila en verano, profundidad Secchi en
verano y tasa de agotamiento de oxigenoc hipolimnético (2). En
general se lo cita como: "Modelo Volenweider-OECD". Dada su im
portancia como herramienta préctica, nos hemos detenido en --
analizar brevemente sus fundamentos, apareciendo algunas rela
ciones muy interesantes y no siempre explicitadas, que expon-
dremos a continuacidn.-

Modelo Conservativo de Mezcla Completa

En un reactor de mezcla completa que trabaja en régimen hidrda

ulicamente estacionario Q, se viene adicionando un caudal ma-

sico qb de un cierto componente gque no se destruye. A partir

del tiempo t = 0 ese caudal misico se incrementa en g. La --

concenéraciﬁn € en el reactor comienza a prosperar desde ----
o :

Cy = -5~ hasta llegar en un tiempo infinito a €, = 'g‘ - Ve

remos de hallar € = 2(t} -



‘Un balance masico diferencial nos da:

MASA ENTRANTE = INCREMENTC DE MASA ALMACENADA + MASA SALIENTE

gdt =Vdec +c Qdt

dec

Vg t oc=a, sit=0, c=

Ecuacifn lineal cuya solucibn e:

9 Q.
R i s R
o bien, utilizando C_ = 9o C = 9 = Y 5 &1
’ o 0 ' © QYTH a 5 tiempo
de retencidn hidriulica, la anterior puede escribirse:
: S
C=c, - (C - C) e TH

en la que el segundo té&rmino, representa la carrera de C des
de el origen de la perturbaciftn hasta su estabilizacibn. Si
quisieramos plantear en que tiempo serid recorrido el 64% de
esa cafrera, bastaria plantear:

t

- =
1- 0,64

)]
il

|
n
[ —
o
o
-~
w
P
ot
il
—



3.1.7.2

it

El tiempo de retencidn hidr&ulica del N.H. es de 12,4 afnos, y
en un lapso como ese, la mayor parte de la carrera de C hacia
su valor de estabilizacifn habrd tenido lugar. Una primer con
clusidn importante es qgue el lago tiene una respuesta relati-
vamente répida y que no convendria especular demasiado con la
capacidad de almacenar sustancias en solucidn de sus aguas. -
Por el contrario, las concentraciones observadas en los filti-
mos tiempos, pueden considerarse bastante prdximas a los valo
res estacionarios correspondientes a los actuales estados de
carga, sin cometer errores importantes. Esta aproximacidn, --
evita la complejidad de los modelos dindmicos y lleva a consi
derar solo los estados estacionarios.-

Aplicando el criterio de la concentracidn critica de fésforo,
podria entonces lograrse un diagrama como &ste:

q
(mg Rkﬁa)4

eutrdfico

tgoa=C=10 mg P/m3

. . Fig. 1
oligotrofico

= () (m3/dia)

Modelo no Conservati?o de Mezcla Completa

Este modelo se basa en la misma ecuacifn de balance masico --
del modelo anterior, pero corregida con el agregado de dos —-

t&rminos que tienen en cuenta dos hechos importantes (3):

a) Los sedimentos retienen hasta su total mineralizacibn par-
te del f6sforo, sin regenerarlo o liberarlo a la masa acuo

sa. Luego, se comportan como un sumiderc de fésforo.-

b) La mezcla completa debe interpretarse como hipbtesis de di
fusién instantdnea en sentido horizontal. Verticalmente, -
empero, la estratificacifn de las aguas hace que la concen
tracibn del efluente (tomado como es lbgico de las capas -
superiores del epilimnion) no represente la concentracidn

 media del lago.-



i'Y
Para matematizar la parteque se "pierde” en el fondo se formu-
la una ecuacién de primer grado, es decir que se aprecia como
constante la tasa anual de decaimiento:

MASA DE FOSFORO PERDIDO
MASA DE P CONTENIDC . INTERVALO DE TIEMPO

MASA DE P PERDIDA = K (V C) dt

siendo como antes, V el volfimen del lago y C la concentracidn

nmedia.-

La estratificacifn se tiene en cuenta apreciando la parte ---
« < 1 de la concentracibén media que presenta el efluente. Es
decir: '

MASA DE P QUE FUGA = a C O

La ecuacidn de balance resulta:

gdt =V de+ KV Cdt + o C0 dt

o bien:

dc.

-

+ (K V +Aa Q) C =g

ecuacidn lineal cuya solucidn es:

-t
9 - 9, v
e

- q (e
€= %V +o 0 ‘( KV +aQ )

en la gque, como antes, d, representa el flujo mésico estaciona

rio antes del cambic de régimen. Llamando:

_ (o) = . . _
C0 = FV T30 conceﬁtrac16n media a t 0
- q _ . . s 1 .
Coo KV + o0 chcentrac16n media de estabilizacitn
—%— = Ty = tiempo de retencidn hidr&ulica
c v C e - MASA DE P CONTENIDO
C {a« Q + KV) 'P  FLUJO MASICO PURGADO Y PERDIDO

]

tiempo de retencidn quimica del fésforo en ré

gimen espacionario

P



la ecuacidn de estado puede escribirse:

_ - Tt/
C=COO-(COO—CO)e
que nos dice, otra vez;'que cuando t = Tp la concentracidén C -
ha recorrido el 64% de su carrera. Como Tp ©8 Menor que T, de

este modelo surge que la respuesta del lago es todavia mis ---
dgil que la que esperabamos del modelo anterior. Poniendo énfa

sis en los estados estacionarios:

c = Q V.o _ o . o
o KV +aQ v v P O
9 Tp
Co = 0
: ™
T
C = q v = q T _Q._=_g-... P
o KV + o Q v AY P Q Q TH
c -.a _'p
(v) Q TH
T

En la préctica interesa entonces el cociente

el gue puede
ser ajustado evaluando simult@neamente d, Y Co' En estos casos
es necesario medir Co en invierno o al comienzo de la primave-
ra cuando, por enfriamiento de las capas superiores, las aguas
estén mezcladas. Luego, con la estratificacidn térmica, apare-
ce el estancamiento de primavera.-

Tp

De observaciones realizadas en 17 lagos surgen valores de =
) H

de entre 0,13 y 0,8, es decir, siempre 1., < T El efecto "su-

midero" tiende a disminuir el tiempo de 5eten§ién quimica mien
tras el efecto "estratificacidn" a aumentrala: domina la prime
ra. El1 valor o es adimensional (por ejemplo a = 0,8) y el de K
es t71 (por ejemplo K = 0,3 afo t para N,H.). En funcifn de o

y K, el cociente resulta:




3.1. 7.3

El Modelo Vollenweider - OECD

Afin cuando muchos esfuerzos se han destinado a f6rmular mode--
los dinamicos en los qﬁe se trata de matematizar los procesos
de crecimiento algal y utilizacidn de sustratos, relacion&ndo-
los con las cargas. de diferentes nutrientes y las condiciones
ambientales (8) hasta el momento (1982) no se ha logrado ningu
no con buena capacidad pfedictiva (2) .-

Una alternativa de estos modelos dinfimicos la constituye el mo
delo estadistico conocido como de V - OECD (1975). Rast y Lee
(1978) ampliaron la base experimental de ese trabajo, lo cual
contribuy® a consolidar esta importante herramienta. En 1976
V. ha;lé una correlacién estadistica entre el cociente TP/TH y
la retencidn hidré&ulica T

. H!
"carga superficial normalizada" la que relaciond con la cloro-

comenzando a utilizar el parémetro

fila (4). En esa misma linea, Rast Yy Lee hallaron también ----
otras relaciones entre ese’ parmetro perfeccionado y otros in-
dicadores de eutrofizacién como la profundidad Secchi y la ta-
sa de abatimiento de oxigeno hipolimnético. La calibracién de

esas correlaciones fué un tema muy de moda. En el pais dispone

mos de un valioso trabajo del Dr. R. Quiros (9).-

Todos estos trabajos tienen una base empirico-estadistica. El
principal aporte es la ele¢cidn de las coordenadas del plano -
en gue las observaciones son mostradas. La primer idea fu& la
de dividir ambas coordenadas de la Figura 1 pér'él drea del la-
go, Y transportar las rectas "permisible" y "peligroso" al pla

no doble logaritmico. Entonces:

Q .
log. —9- = log {C, —-) C., = concentracibn
' A K 2 K critica

Oligotrdfico Fig. 2

i i 1
T Ll
1 2 3
[]

Y

lOg-K
0/A

1

o1 ol 1 10 100 1000
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Resultan dos rectas paralelas a 452.-

Es decir, el "estado" queda determinado por la carga mésica su
perficial aplicada de f&sforo y por la carga hidriulica super-
ficial del lago. - '

En lugar de hablar de carga hidr&ulica superficial

o

r V. pre
firid una definicidn enteramente equivalente:

0 _ Q3% _ 0% _ -7
A AT \' TH
Siendo Z = profundidad promedio, -

La novedad resultd en gque al mostrar los resultados de la expe
riencia, los limites resultdron distorcionados hacia —%— = cte
en la zona de baja carga hidr&ulica superficial, como si en —-
esa zona el lago se compbrtaSe como un eficiente sedimentador

de fdsforo: sblo con cargas.mésiCas superficiales aplicadas --
por encima de un cierto_umbrai, el proceso de eutrofizacibn, se
pondria en marcha. A este modelo se lo conoce como Vollenwei--

der 1975.-

Posteriormente, V. adopt& los conceptos del modelo no conserva
tivo antes expuesto, o sea el modelo de la permanencia quimica.
Al contrastarlo con la experiencia hallé una dependencia del -

cociente TP/TH con la retencidn hidraulica Ty

Tp 1

T T ———
H 1+ 'VTH (anos)

Entonces, como

c = q/A Tp
K  Q/A Ty
resulta:
q/Q = Cx (1L + - Ty (anos})
gue representd en gr&fiéo doble logaritmico con coordenadas --
—%-— vS. Ty

log.-g— = log C, + log (1 + ‘V_?;)



iyt

V. adopt6 Cp = 10 mg/m3 como concentracién permisible y Cy = 20

mg/m3 como peligrosa. A este modelo lo llamaremos V.1976 (4) .-

En la Figura. 3 se muestran superpuestos en el planc log -4

A
log —%—, los tres modelos;‘a) conservativo, b) V.1975 vy ¢) —---
V.1976 para CK = 10 mg/m3. En el modelo V.1976 &n el plano —-

log g/A-log Q/A la curva de nivel CK = 10 mg/m3 debe ser elegi
da en funcidn de Ty (anos). Un punto de esta curva de abcisa -
-%— se corresponde con un Zz (m) = Ty —%— gque puede ser halla-

do interpolando entre las curvas (rectas) de nivel Z = cte.

En la Figura 4 se muestra el modelo V.76 en el plano log -%—
vs. log Ty. para CK = 10 mg/m3 (permisible) y para CK = 20 ﬁg/

m3 (peligroso o excesivo).-

La eleccidn del Cx esgérllena,de connotaciones. La eutrofiza--
cidn es un fenbmeno gradual. En muchos casos se considera de--
seable cierto grado de eutrofizacidn porgue aumenta la produc-
cidn de peces. En el casb del N.H., por las caracteristicas --
gque lo distinguen, as! como las de la zona que lo rodean y, en
fin, por sus tradiciones turisticas y culturales, nos inclina-
mos por limites muy estrictos,-

Una consecuencia directa del modelo V.76 fué que a partir de -
2l se comenz® a plotear la clorofila, la profundidad Secchi y

el abatimiento de oxigeno hipolimnético en funcidn de
. 1
1+ \[TH {anos)
Ejemplo de estas correlaciones se muestran en Figuras 5, 6 y -
7 (2).-

d. =
Q

3.1,8 - APLICACION AL LAGO NAHUEL HUAPI

3.1.8.1 Datos del Lago

La pocd densidad de informacidn reunida sobre el estado trb6fi-
co del N.H. y los propios limites de este estudio, dificulta -
la tarea tanto de diagndstice como de prondstico, relativizan-
do- sus resultados. Dentrp de ese marco, el trabajo de R. Qui--
ros {(9) es de gran valorgy mucha utilidad. Otras de las fuen--

tes utilizadas se citan én (10) v (11).-



Datos Morfoldgicos

VOLGIMEN . e esia ev e e er e vesas o1 0e 10 00 e bese b as s st 40 s0 00 sv 00 sesamnsnns snneceneee 87+ 449 HM3
— 557 Km2
ALEULA S/T1aTu sveereeeesesesesorogenpeveeeonenan e e sssem osoese vt et os oo se st b1 snan 764 m.
Profundidad media""""”a";"""""""""""""“"""u“""" 157 m.

SUpPerficie, v e e e

Profundidad MEXIMAB.. . u s e eesrsrononssveonseonss e soness s s e s sasn e 438 m,
Relacidn profundidad/‘Jiluuuuuuunnnun"“““"""""" 1/53,8
Longitud linea MEALA s et ee e e e er e et se et em e o 74,4 Km
ANChO I 8L SE. . iiiiieieienoseneeneeeeeronse s se onne an a0 50 a6 20 0t 01 00 000 00 00 00 7,4 Km
Ancho: en Nariz del Diablo inclusc I.Victoria,.,, 10,2 Km
Longitud de COSta..uuummumuinmmnmiwnnnmnnannans 32735 Km
Desarrcllo de costa: 357,35/2/ YT557 . cconeuwnn 4,27

Profundidad - . % de Superficie

0

25
100
200

25
100
200
300
300

8,13
21,71
30,38
33,90

A R+ T
8 8 28 3 32

Datos Hidroldgicos

Superficie de cuenca“ 2.758 Km2
Caudal mddulo o 224 m3/seq.
Caudal medioc anual méAximo 326 m3/seq.
Caudal medio anual minimo - . 134 m3/seq.
Crecida méixima posible - 5,195 m3/séq.
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Datos Limnol&gicos

Temperatura en °C (ver 10)

Tém. ae Superficie Tem. de Fondo
Mes

1927 [ 1928 [1930 1927 (1928 (1930

Enero 1 —- | 12,5 {—=-- -—== (7,10 [-—--
Febrero —mm | e [ ———— = | m——— | ==
Marzo S [ p—— ———— | == =
Abril | = === 114,56 ———= | —--- 7,3
Mayo ———— 9,2 |-=--- ~==— 17,55 | -——-
Junio ‘ el [T =ru RN [ e | =
Julio ~=-= 17,42 | —=—- === | 7,45 | --—=
Agosto d === 17,25 | === | === | 7,2 [----
Setiembre | -] 9,3] 9,3 {--——|7,05]7,35
Octubre 9,110,057} 10,3 7,2 7,1 17,35
Noviembre | e 13,3 ——— | ——— 7,4
Diciembre 15,8 | ==== | ===~ 7,3 | === | ===

Ciclo Anual:
Julio/Agosto: Periodo de circulacidn invernal - Homoterma.

Setiembre: Se inicia la estratificacidn térmica en las capas -

superiores.

Octubre/Noviembre: Estanéamiento de primavera. La masa esta es
tratificada. La termoclima es pobre y peque
ha. No hay‘epilimniOn.

Diciembre: Preparacidn del estancamiento de verano.

Enero/Febrero: Estancamiento de verano.

Abril/Mayo: Preparacidn del perfiodo de circulacidn invernal.



Estado de nutricifn en el verano tardio de 1984 (9).

Profundidad SecChiu.aucuuwmnnnnnwuwinmnmmnmmnnsnnnes 12,5 m.,
Clorofila totalaucanmamnwinnnnnnnwnnmnomnnmnnenewe. 0,41 mg/m3
FOSEOLO EOEALuuuuuuuiueiteens e st eeeesesesesese s st ss st ee s sesnseseseaess o0 seense e 3,8 mg/m3
Nitrdgeno Kjeldahl. . ...cccuommmmmmimmi oo 15 mg/m3
Color escala cloro platinado de cobalto......ociervieens 5

v, = 87.449 x 105/224/86.400/365 ... 12,4 afios
L4 A T s sesnie s anessesran s sesrmn e sosmnssinescsesns 4952

Carga hidrdulica superficialucueuecanewmewnwnnonnas 12,7 m/afio

Todos estos datos son bastante consistentes, salvo los de nu-

tricibn, que se requeririan sistemfticos.-

3.1.8.2 carga de Fdsforo

Se desarrolla a continuacidn el cllculo delos aportes anuales
de P,
a) Debidos al Terreno
. Aporte especifico: 0,01 g P/m2/afio
Superficie de cuenca: 2.758 Km2

q, = 0,01 g p/m2/afio x 2.758 x 10° x 1073

27.580 Kg P/afo

b) Debido a la Precipitacidén Directa
Aporte especifico: U,Ol g P/m2/ano
Superficie del lago: 557 Km2

q, = 0,01 x 557 x 10° x 1073 = 5.570 kg P/afio

¢) Debido a Efluentes Domésticos de S.C. de Bariloche

Aporte especifico; 2,00 g/hab/dia



Poblacidn estable (Censo 1980
Turistas entrados. ..o nee i

Tiempo medio de pPermanencia................ ...

Poblacibn media anual (1980)

1980

q3
. 2000
* =
93
2010
* m
q3 -
2020
* q3 —
d) Debido

Tanto en las margenes rionegrinas como en las neuquinas, 1la

41,302 +
= 45.137 x 2
128.000 x
184,000 x

263.000 x

R

N Y I TR T R TNY Y)

350.000 x 4

365

-3

x 10 x 365 =

3

2 x 1077 'x 365

3

2 x 107° x 365

2 x 107> x 365

20 4k &4 0o 2o us an ne ey

]

I

3

41,302
350.000
4

45,137

32,950

93.440

134.320

191,990

f\l
)

hab.

tur/ano

dias

hab.

-Kg/afio

Kg/afio

Kg/ano

Kg/artio

a efluentes domésticos de la poblacidn dispersa

poblacidn radicada en sus mArgenes no es despreciable y su

crecimiento esti vinculado al de S.C. de B., El1 término en

concepto de aporte neto'de P al lago se considerard igual -
al 10% del calculado en c).-

* Se aceptan las hipbtesis de crecimiento del Anteproyecto

Preliminar,

e) Carga anual de f&sforoc sin tratamiento, en Kg P/afio
Afto Terreno |Precipitacidn|{S.C.de B. |Pob.Disp. Total
1980 27.580 '5.570 32.950 3.295 69.395
2000 27.580 5.570 . 93.440 9.344 }135.934
2010 27.580 5.570 134.320 13.432 [180.902
2020 . 27.580 5.570 191.990 19.199 (244,339




3
vy “‘

f) Carga anual de fésforo con tratamiento de desfofatacidn del
efluente cloacal, en Kg P/ano.-

Se considerarid que el 75% del fésforo producido por la po--
blacibén conectada al sistema es eliminado con el tratamien-
to de sus desaglles cloacales

Afo Poblacién |[Fésforo * i Carga sin | Carga con
Conectada|Elimihado |[Tratamiento |Tratamiento
2000 80.000 43,800 135.934 92.134
2010 160.000 87.600 180,902 93.302
2020 236,700 129.593 244,339 114.746

* Ejemplo: 0,75 x 2 x 80.000 x 1073 x 365 = 43,800 Kg/afio

3.1.8.3 Representacidn en el Gréfico del Modelo V.1975

Considerando la totalidad de la superficie del lago y el mddu-
lo del Rfic Limay, la abcisa resulta:

Q _ 224 m3/seqg x 86.4000 x 365

A 557 Km2 x 10°

= 12,7 m/ano

vy las ordenadas, en gr: P/m2/afo:

Carga MAsica Superficial de P
Afo

Sin Tratamiento Con Tratamiento
1980 0,12 7 e
2000 0,244 0,165
2010 . 0,325 0,168
2020 0,439 0,206

3
Ejemplo: ?9'3?5 X 12 = 0,125
557 x 10

Se representa en la Figura 8 conjuntamente con lascurvas de ni
vel C = 10 y 20 mg/m3.




3.1.8.4

3.1.8.5

Interpretacidn segfin el Modelo V.76

Aplicando la ecuacibn C = g (1 i o podemos. hallar la con-

centracién de P que es dable esperar en el lago en las distin-

tas condiciones de carga: . -

Concentracidén de P en mg/m3
A h o

Sin Tratamiento Con Tratamiento.

1980 : 2,17 ————

2000 4,25 2,88

2010 5,66 2,92

2020 . 7,65 3,59

69.395 Kg/aho x 10° 1

Ejemplo: 5 ="2,17 Kg/m3

224 x 86.400 x 365 14 ‘VIE_E
- r

En la Figura 9 se repreéentan los valores tabulados y las cur-

vas de nivel para C = 5, 10 y 20 mg/m3.

Niveles de Clorofila, Profundidad Secchi y Tasa de Abatimiento

de Oxigeno Hipolimnético - ResGmen

Entrando con las concentraciones de P calculadas en el apartado
anterior, en los grificos de correlacidn de Jones y Lee se ob-
tiene el siguiente cuadro de valores de los principales parime

tros de eutrecfizacibn:.
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~ CONCLUSIONES

En su estado actual, el Lago N.H. se ubica bastante ctmodamen-

te en la categoria de‘oligotréfico segfin los criterios habi---

tualemnte utilizados para la clasificacifn de los lagos. No -~
obstante, evoluciona desfavorablemente. Afin de mantenerse en -
el nivel actual la cargada de nutrientes, la concentracidn de --
clorofila llegaria all mg/m3 y la profundidad Secchi se esta--
cionaria en un valor inferior a 8 m.;—

Pero aceptando hip&tesis razonables de crecimiento demofdrico
se concluye que, de no adoPEarse precauciones, la salud del -
lago empeoraria con ritmo sostenido aungue no dramédtico, lle-
gédndose a convertir, en la década del 2020, en un lago modera
damente mescotrbfico.- '

Este prondstico considera a todo el cuerpo, en su conjunto, -
como una unidad. Pero.asi como la profundidad y el tiempo de

retencién son factores a favor, asi también en las costas, de
sembocaduras y fiordos de poca profundidad -particularmente -
aquellos sometidos a los efectos antrdpicos o culturales- no

esti&n alcanzados por las anteriores. conclusiones y es asi co-
mo en esos lugares se apfecié ya proliferacibébn de fitoplanc-=-
ton y de macrofitas, es decir, signos de eutrofizacibn par---

cial o zonal.-

-
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A PHOSPHORUS RESIDENCE TIME MODEL:
THEORY AND APPLICATION

W, C.‘Sur;'zn(;Nl*, P. C. Utrormarkt and G. ¥, LEE

Institute for Environmental Scionees, The Universily of Texas at Dallns, Richardson, TX 75080, US.A.

. ' (I.l('(‘e'iwd 13 March 1975)

Chemieal residence time has been used as a basis for
madcling the chemical content of the oeean for some
time (Barth, 1952). Recently, Vaollenweider (1969) and
other workers have used what is the chemical resi-
dence time approach to maodel the rate of recovery
of several lakes following poltution abatement. The
purpose of this paper is to rchte the theorctical basis
for the chemical residence time model, as it applies
to phosphorus, discuss the limils, C'|p.l|)l|1ltc< arxl ap-
plications of the model. v

DEYELOPMENT OF THE MODEL

In some early atlempts to model chemical concen-
trations in likes it was assumed thai from the stand-
point of fong term trends, a lake may be likened to
a completely mixed reactar subjecled o continual
and constant chemical influx. Losses from the reactor
occur only through the outlet. Conlinuity consider-
ations then give

, de . .
! &= Qo — Qe £h]

where V is the volume of (he lake. L*; @ is the volu-
metric Now rate, L3771
centration, M L7 and ¢ is the concentration in the
lake, M L™7. Integrating and applying the boundary
condition that at time = 0, ¢ = ¢ yiclds

e=c(eg —afe™™e 2

where R = Q7' the hydraulic residence  time.
qumhnn (2) shows that following a deerease (or in-
erease) in the chemical influx, steady-stute conditions
are approached exponentially in accordance with the
hydraulic residence time of the basin and that three
hydraulic residence times would be required Tor a lake
to reach 957 of #s new slcady-stale concentration.
Thus. based on considerations of this type. it has been
cstimated that 90 yr would be required for Lake
Michigan to achicve a 957%, response to a dcerease
in phosphorus input {Raincy, 1967).

Although the hydraulic residence time mode nmy
be applicable for conservative elements, it has serious
deficiencics when nenconservative clements, such as
phosplerus, arc consitered. The model has two
characteristics which should be noted:. the steudy-

* Great Likes Basin Commission, Ann Arbor, Michigan.
t University of Wisconsin, Madison, Wisconsin.

;¢ is the eenstunt fnllux con-

slate concentration in the lake is identical to the mpnt
concentration, and the losses from the kike occur only
through ihe outlct. Neither of these conditions apply
to many lakes. Mean annual concentrations in lakes
are often much lower (han mcan annual inputl con-
centrations, and the major loss of phosphorus fie-
quently results from deposition to the sediments, not
from discharge througl the outict.

For non-conservative elements, the validity of the
madel s improved iF indernal losses ax o well s
oulwash lusses are laken into account in the moss

balance. Thus, cquation (1) must he maodilied 1o -

account for the reactivity of the clement in the Joke.
Studies have shown that the sediments of lakes act

as sinks or traps for phosphoras, Allhough fhere bs

some release of phosphorus from sediments, the net
Nux of phosphorus over an annuzl cycle is to the
scdiments. This follows from e fact that a signilicant
portion of the organists that settle onto the bottom
are refractory so Wt regeneration of the phosphorus
upon mineradization is less_than 100 pcrccul {Jewell,
19710

T'o uccount for internal losses, equattion (1) is modi-
lied to

Vo= Qo -

when k is the inlcrnnl loss rale conslant, T~

The rate of internal loss is wrillen as a first erder
reaction, in which the loss is dircctly proportional
to the mcan contemt of the like, This assumption is
reasonable, at keast as a first approximadion {sce Vol-
fenweider, 1969, In the case of phosphorus, &
accounts for the net loss of 1 to the sediments and
kCV is the net phosphorus scdimentation rate. The
above modification conld alse be adapted to nutrients
such as nitrogen and carbon, but the relationship
would necessarily he more complex since o gas phase
must be considered in the agueous chemistry of
nitrogen and carbon. Lquation (3) may be potentially
useful as a model for the silicu cycle in nitural waters,

Qe — keV H

however.

In 2 stratilicd luke the possibility that the surlace
Iayer may contain dilferent amounts of @ non-conser-
valive chemicnl than the bottom walers due to bio-
Jogical, cliemical or physicsl processes must also he
considered. For example. phosphorus concentrations
in the surface water of a stralified fake during certain

429
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times of the year may be only a fraction of the aver-
age concentrition over lhe whole lake on account
of its removal fron the surface lkiyer by biological

and chemical processes. Thus, the oulwash concen- -~

tration during those periods of the yeor when the ke
is not well mixed may be significantly dilferent than
the average concentration over the whole lake. In
many situations, this clfect will be of minor signili-
cance whien an annual cycle is considered, particulacly
when the hydraulic residence time is long in relation
to the perivd of stratilication. However, in those situ-
ations when stratification must be taken intlo account,
Equation (3) may be modilied in the following man-
ner:

V-(F = Qc; — Que — ke 4
where o = dimensionless proportionality factor that
relates the mean annual outwash or surface water
conccniration 1o tic mean annuitl concentration over
the whole ke, Consequently, it is assumed that the
average annual outwash concentration is directly
related (o the annual concentration over the whale
take by 1 constant factor. Since the total phosphorus
concentration in the epilimnion of most lakes is less
than the hypolimiion concentration, o will generally
be less than one. For example, over the last two years
the average concenlrition of total phasphorus in the
surface walers of Lake Mendota, Madison, Wiscon-
-sin, was about 70, of the average concenlration for
the entire [ake. Thus, o would have a value of aboult
0.7 for lake Mendotx, For fakes which do nol stratify,
o would be equal to unity. Nole that in the above
models, it has been assumed that the waler balance
is such that yvearly inflow equals yearly outllow. Ding-
man and Johnson (1971) have more properly cquated
the water balince equation with the mass bakwce
cquation, but Tor the purposes of this paper the above
simplilication will be utilized.

RESPONSE TO CHANGES IN NUTRIENT INFLUX

Of special interest to those concerned with Take
management is the rate of improvement which might
be expected as a resull of reduced nutricnt loadings

{or viee versa) to a lake. For example, how fast and

to what extent will 2 Take respond to a step-change
in the phosphorus influx, such as would result from
improved wastewaler treatment? Equation 4 may be
applied directly Lo gain insight regarding the antici-
pated response. Rearranging Equation (4) gives

Oz + kV) Q )
de + —V—cdl =5 dt )]
By substitution, this can be simplified to:
de 4 ! cdt = ! dr 6
TR, R ©
where
R,= —V-m-,
Qo + kV

W, C. Sonzogny, P, C. U‘! 1ormark and G. F. Leg

- which is the phosphorus residence time for the hike,

Equation (6) may be integrated directly, and il at
t =0, ¢ = c¢q then

The steady-stale concentration in the fake, ¢,,, for this
model is not identical to the input concerdration, but
differs by a fuctor which is the ratio of the phosphorus
and hydraulic residence times.

T,

.. o

R
= h"" (8)

Equation (7} may then be expressed in terms of the
ultimate steady-state concentration by

o= ey — (e — Cole TR )
or
.(m__c =) = g~ R ' X
T e {9a)

Equations (8) and {9) can be vscd to estimate the
gross response of a lake to a step reduction in the
phosphorus influx. If the fake was nt sicady-state
prior 1o the input reduction, il can be scen from
+Equation (8) that, ultimaiely, the mean conlent of the
lake will be reduced in direct proportion to Lhe
change in the influy, ie. a 507 reduction in the input
will resull in a 507 reduction in the mean content
.of the lake. Equation (9) shows Lhat the new steady-
state concentralion wifl be approached exponentiafly
as a function of the phosphorus residence time (Fig,
1). The time required lo veach 5077 of the expected
change is 0.69 R,: 95 of the expeeled change will
be reached in a period cqual (o (hred plosphorus
residence times.

where
c = chemical contant af fime t
€g lnllial gtecdy sate phosphorus
conleny
tm= ling!l sleody state phosphorus
contenl
vaﬂmphorus tskdenca time

. |
° .
1
|
|

crtq-log -, 1R

¢+ 95% of IMPROVEMENT

of
MPROQVEMENT

S lim
t—+a

I
8

Phasphorts  Content in  Lake, ¢
-
th
(=]
r

1 1 1 { | L
[T AU
Time

Fig. 1. Rate of recovery of a lake following a step-chinge
reduction of the phosphaorus influx.
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A phogphorus residence time model

DETERMINATION OF R,

For sicady-state conditions, ), can be determined
most conveniently from equation (8).

(t

€

Equation (10) shows that the phosphorus residence
time for a lake which is in equilibrivm with its input
can be determined if e mean annual content, Fe,,,
is divided by. the annual inpul 1o the lake, Q¢ If
it is assumed that the lake is a1l steady-stute prior
to the input reduction, then equdion (1) may be
used to compute R, using data ubiained before the
input reduction. Since R, is a funclion only of ¥, (,
k and &, R, is not influenced by changes b the input
concentrition,

Once the phosphorus residence time is known, the
rate of response lo phosphorus abatement (or polu-
tion) can be predicled from (e madel, The phos-
phorus residence lime accounts for the overall sedi-
mentation process as well as eflects of stratilication,

The use of chemical residence fime ., circamyents
determining the values of &k and .2 Alternatively, il
k and o are known or estimated (as for example from
phosphorus sedimentation rates) and ¥ and @ are
known, R, can be caleulated directly. IT R, is known
and the stoady-stale phosphorus. content is known,
then the input of phosphorus could be estimated by
solving cquation (10L This would be o possible
method of roughly estimating the loading of phos-
phorus to a like. : ‘

It is interesting to note the relationship hetween
the phosphorus residence time and e hydraulic resi-
denee time, From their basic dedinitions, it can be
shown that ' ‘

R : (11)
!

=t &

W .
If the lake wnder consideration is weil mixed (@ = 1),
equation (11) shows that, for o given &, the larger
the hydraulic residence time becomes the less cffect
it has on the phosphorus residence time, Thus, as
R, becomes large, R, approaches Ik In contrast,
as the waler residence Lime becomes smadler, the
chemical reactivity becomes less important and R,
approaches the value of R,. Also, when k is smull
R, approaches R, which indicales that Tor this condi-
tion phosphorus acts like a conservative subslance,
Plois of equation (11} for various valucs of k are

given in Fig. 2.

STEADY-STATE ASSUMPTIONS

A basic assumption of the model is that the inllux
of phosphorus 1o a lake is constunt. Realisticably, the
annual influx of phosphorus to a ke may differ
somewhat from year to year due to natural randotn
variations in, for example, the annual amounl of

A3 |3 7

251-
ne0. 01 yr !
20f-
Rp
{yrs) 154~
10 05y
10]-
keOlyp!
s
- ] l‘()!ayr:1
o i 1 1 1 |
o8 0 Ti ES 23 30
Rulyrsh

Fig 2. Reltionship between R, and R, 1A ()/R,] + k]
for hypothetical values of k (a = 1),

runolf or precipitation. Also, the inllnx may he chang-
ing conlinuously for some  lakes, reflecting, Tor

cxample, the steadily increasing use of phospliates hy
mat I the dnput of o chemica! s continuously ching.
ing, the phosphorus concentration within the like witl
not reach a steady-stale concentration with the infnx,
but will fag continuously rom the steady-state condi-
tion. 11 Lurge, this lag could kad to signilicant crrors
in cstinating R, and {he extent o which in-lake con-
centration will change as a result of reduced influx.

To estinitte the potential sipnificanee of continually
increasing input concentralions, cquation [6) was
solved for the condition thal the inpunt concentration
was a lincar function of time rather than a constant,
The effeet of Tag was then evaluated by comparing
al a given time the concentration which would occur
in the lake from o confinuously incrcnsin}; input to
the steady-state concentration which would result if
the input concentration was constant. For the condi-
tions described, it can be shown that mean annual
concentrations would lag the predicled steady-stale
value by an amount given by

Rl
luy = A, 'ﬁ"l (1)
w

where Acy = the annuad rale of increase in the input
concentration, MT ™!, Since R, is normally smaller
than R, often by a considerable amouni, the error
in concentration which resulls from  stendy-state
asstitnptions s always smaller than the product of
R, and the yearly incremental increase in the hipwt
concentration. Since Lhis annual increase is often
small, Tong term temporal trends can be ignored in
many praclical situations, '

CALCULATIONS OF R

Although the model was derived Dased on the mean
aunual phosphorus content (obtamed from the aser-
age of systematic measurements over o whole year),
the mean content al spring turnover or during the
winter period might be used as the basis for the
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annual total phosphorus  comtemt.  During  these
periods, kikes are generally well mixed (cxcept under
ice cover) and biological productivily is olten at an
annual minimum. The use of concentrations obtained
at the time of spring turnover to forecast whether
a# lake may be expected 1o produce excessive growths
of alpae or other aguatic plants is well known (Saw-
yer, 1947; Vollenweider, 1968). It is, therelore, reason-
able that winter or spring-turnover phosphiorus levels
are proportional to the annual loading to the lake
{sce Vollenweider, 1968 for a discussion of this rela-
tionship), One obvious advantage of using winler or
spring turnover measurements would be that one
sample could be used 1o characterize the entire lake.

Howcever, caution shoukl be exerciscd when using
spring turover concentrations. It was obscrved at ice
out (late April) of 1971 on Lake Mendota, that the
total phosphorus content decreased by over S0
compired 1o the content measured just prior to ice
oul. The cause of s decrease was deduced to have
been caused by a bloom of diatoms (the lake actually
appeiared brown to observers along the shore). The
diatoms touk up the available phgsphorus (oost of
the total) and then settled to the bottom; the process
removed n darge portion of phosphorus from he
waler column. Phosphorus was subsequently released
from the distoms as they decomposed on the lake
bottom. By hute, when sumimer stratification first de-
veloped, the phosphorus content had increased to
near the level measured belore ice ont and was again
available for swmmer ulgae blooms. Although this
nray have heen an unusual occurrence, such a possibi-
lity must be considered when me.l‘;urmg the spring
turnover phosphorus level,

The phosphorus residence time has been ealculated
for & number of lakes where sufficient data is avail-
able. ‘The restils are given in Table 1 along with he
hydraulic residence times of the respective lakes.
Table | shows thal in all cases the phosphorus resi-
denee time is less than the bydraulic residence time,
indicating the lakes are acting as a sink for phos-
phorus. It should be noted that although the chemical
conlent of lakes, cither the mean annual content or
the mean vernal content, may be delermined with
reasonahle reliability, the rate of phosphorus influx
is often much less precisely known, especially when
the inllux is estimateed from land use patterns and
generalizations from the literature (see Sonzogni and
Lee. 1974b). Nevertheless, the fact that all phosphorus
residence thnes listed in Table | ase ess than the
hydraulic residence times, even considering that they
are crude cstimales, gives strong evidence that the
response of a lake to phosphorus abatement will be
more rapid than that predicted from the hydraulic
residence time.

TESIS OF HIE MODEL

One of (he best examples of a lake which has res-
ponded (o a decreased mrtrient flux is Lake Washing-

Table 1. Estimaled mean residence times for witler and

phosphorus for various lakes

Hatep Fhcaphorue
kridence Renidunce
Lake Tlue Ting Boupee
(L] years IRPJ
WYashlngton T 0.8 Hepard 119723
Hinnatonkan | 18 ! [N} Hegard 118713
Sebanticook 3.3 1.4 Hegard (1421}
Norrviken 0.g L a.1 Hegwrd [1971)
Clear [ 3 H Hagard {1871}
.
Hendots . 5 b9 Senzopnl and Les
(SR 211
Hichlgsn w L] Lea (197)
Irie T.4 G, 34 Dobaen (1973}
ontaris LN .3 bobacn ¢ta71)
Agerinee 8.7 1.3 Vollawuridar (198934
Turlernre 1.t 0.7 Yollenweidar (1989}
leliwlTarnan 1.1 7.1 . Vollenwebder 11859)
Bodensee - T
Oberyas n_g 1.4 Vollamwelder (1969}
Plafltkermes 2.8 k.7 Vollenwelder (1369}
Zurichyee -
Unterges 1.8 1.2 Vollumueldrr (1349)
Greifensas T 1.0 L. Vollemwelder (1169]
Baldepgerses »,5 L1 Voltenweldor (18881

l 48 calculsted froa Follemwelder (1969) Basad on mean wymrnal
cBntent nm-—.n n{ mrsn AnnUAY gontent.

ton (Edmondson, 1969: 1971). Between 1963 and 1968
sewage ellluents were diverted from entering Lake
Washington so that the annual input of phosphorus
was reduced by about 50%7. The response of the lake
to the decreascd nutrient influx was both proanpt and
seusitive. During the winter of 1969 the concentration
of soluble orthophosphorus was only 28% of (he
winter concenlration beflore diversion, Megard (1971)
has compared the actual rate at which the phos-
phorus content "decreased following diversion  with
that predicted from the phospliorus residence time
model. The obscrved rate of decrease was parallel 1o
the predicted rate and 1he 1969 measured concen-
tration was similar to the predicted concentration for
1969. Megard found that the observed rate al which
the phosphorus content deercascd was pasallcl to the
predicied rate, despite the fact that his model assured
that the complete diversion was done in onc slep
whereas the diversion was actually completed in
slages over o few years. Furthermore, he found that
the measured mean annual concentration in 1969 was
very close to the new steady-state concentration pre-
dicted by the model. in general, the Lake Washington
case provides a reasonably successful tcst of the
model.

The 1958 diversion of sewage ellluent from Lake
Waubesa and Lake Kegonsa, the third and fowrth
lukes, respectively, in the Yahara chain of Iakes
located nicar Mudison, Wisconsin, provide ollier
examples of the response of lakes Lo a decreased phos-
phorus loading. Tt is of interest 1o compare, using
the limited daia available, the observed rate at which
the lakes responded to the diversion with that pre-
dicted based on the phosphorus residence time model
(sec Sonzogni and Lee, 1974a).

The hydraulic residence times of Lhese shallow, well
mixed lakes were of the order of a few mohs so
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that, as discussed previously, the phosphiorus resi-
dence tine may be assumed 1o be about the same
#s the hydraulic residence time.

For Lake Waubesa, the theoretical hydraulic resi-
dence time (and, conscquently, R,) was aboul 0.22 yr
afler diversion (Sonzogni and Tee, 1974a). IT sewage
cllfuent is taken to have contributed 907 of soluble
uble inorganic phosphorus (Sawyer ef al, [944), then,
according to the exponential recovery model, in less
than a year afler the December, 1958, sewage diver-
sion the equilibrivm phosphorus content should have
been reduced by nearly 9057, Unlfortunately, there is
no information on what he soluble inerganic phos-
plorus was the winler immediately prior to the diver-
sion. However, comparced to 1950 and carlier the
mean winter concentration | yr alter diversion was
reduced by over 5%, '

Lake Kegonsa, which had a post diversion hydrau-
lic residence time of about 0.31 yr, was thought to
reccive most of its soluble inorganic phosphorus input
from Lake Waunbesa (Sawyer er of, 1943 [944). so
that o 9077 reduction in the phosphorus Nue to Lake
Wiubesa should also have resulted in ncarly o 9077
reduction of the input lo Lake Kegonsa. Flowever,
Kegonsa's rate of recovery depended mot only on
its own {lushing periad bul also on’ that of Luake
Waubesa and the reach of the Yahara River between
the two lakes (this reach includes o small. shallow
lake-like widening of the river). Since 1he combined
theorctical hydraulic residence times is slightly preater
than 0.51 yr, Lake Kegonsa should have rcached 957
of its new cquilibriom  phosphorus  concentration
within two years. This represents an upper tigure,
since it has been assumed hat Lake Keponsa did
not begin to recover until Lake Waubesa lrad CL]LII'I-
brated with the new input.

The first winter after diversion the data shows a
small decrease in the soluble inorganic phosphorus
concentration in the outlet of Lake Kegonsa com-

parcd 1o 1950 values, while the second winter alter
diversion the soluble inorganic phosphorus concen-
tralion was reduced by nearly 7027, Again, the lack
of data immediately prior to diversion precludes a
more accurile assessment of the sitution, but i
appears that the observed rate at which Lake
Kegonsa equilibrated to the decreased chemical Mux
was close lo the rate predicted by the cxpdnential
decay model. Thus, both Lake Waubesa and Lake
Kegonsa appeared to have recovercd at a rale corre-
sponding to that predicted by the model,

Of considerable importance is the fact thal the sedi-
menls of Lake Washinglon, Lake Kegonsa and Lake
Waubesa did not act as major sources of phosphorus
1o the overlying walters following diversion. The Zel-
lersee, a Ewropean lake, as cited by Vollenweider
(1969), is another cxample of a lake whose sedintents
were not i, source of phosphorus following o reduce-
tion of the phosphorus influx. As discassed hy Lee
{1970). shallow Iakes such as Luke Waubesa and Lake
Kegonsa which have received very large amounts of
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phwsphorus should show the greatest overall release
of phosphorus from the sediments duc 1o the much
higher wind and erganisim induced mixing between
the sediments and the overlying waters. Consequently,
the above examples present sirong cvidence against
significant bulfering effeets of the sediments  sulb-
seqquent Lo a reduction of the phosphorus income of
a lake.

PHOSPHORUS SEDIMENTATION RATE

It is of interest to comparc the phosphorus deposi-
tion rate caleulated from a muss balosge [Cyuration
{3)] with the rite estimated from sediment amulyses.
Tuking Lake Mendota ns an example, the rute of
phosphorus deposition during recenl years wias esli-
mated from sediment coré studics 10 bé 119 x 10}
mg Pm~2 yr~! for the deep hole aren (23 m) of the
lake (I!mlh.mn, 1971). This rale was founed to increase
toward shallower waters. the maximuam rate (1.6 times
the rate found Tor the deep hole arca) observed at
a twelve meter stition, The average phosphorus sedi-
mentation e over e whole ke was nol estinn ted
by Bortleson (1971} bhat the rate might be cxpeuted
to fall somewhere belween the deep hole and 12 m
rate.

At steady-state, cquation (4) shows that the phos-
phorus sedimentation rate (k1) is equal to the anpual -
input rate (Qei) minus the annual outlfow rate (Qre).
Using an average ow rale of 80 mgd for Lake Men.
dota (McCaskey. 1955). i o vatue of 0.7 (sce previons
discussion). nud o mean annual phosphorus concen-
tration of 0.12 myg 1 7' (Sonzopni and Lee, 1974a),
the phosphorus sedimertation rate s caleukiled to
be 1.35 % 10} mg 1m° ' oyr ' This valne is remark-
ably close to the rate estimated from Bortleson's
(1971) scdiment core studics,

Megard (1971) made simitar cateultions for Lake
Washington and found exccllent agreenient between
the phosphorus deposition rate as calealated from
sediment analysis (1.5 > 10" mg Mn~? yr7 ') and the
rate estimated from a materials balanee (1.7 x 10° my
Pm~? yro"). While the close agreamnent of phos-
phorus sedimentation rates as calculated by the two
independent methods may be fortuitous in view of
the roughness of the data, the results support the
basic mass bakmce relation and indicate that the
model is not grossly in error,

UTILIZATION OF 'THE MUDEL FOR
LAKE MANAGERENT

When considering the costly diversion or climin-
ation of nuirient sources o i lake, it is oflen asked
what effeet such action will have on the wiler quality,
especially with regard 1o the phosphorus level in the
take, and how fast this clfeet will 1oke place. Lake
Mendota, the fivst frke in the Yahara chain ol Lkes,
provides an example of o cutrophic. dimictic lake
whose phosphorus income was recently reduced by
an estimated 207, (Sonzogni and Lee, 1974a). The
effect of this reduction on the phosphorus content
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of the lake has not yet been determined, although
it is winder investigation (Sonzogni, 1973). Because it
is estublished that the sediments of Lake Mendota
serve as a sink for phosphorus (Borlleson and Lee,
1972). the time needed to equilibrate to & new phos-
phorus flux shoulkd be more rapid than predicted from
the hydraulic residence time (4.5 yr).

The phospliorus residence time for Lake Mendota
may be estimated by dividing the mean annual steady-
stule phosphorus content by the annual phosphorus
loading, The mecan annunl phosphorus content was
determined Tor 1970-1971 {assuming the conlent at
this time was an equilibrivm content) from detailed
sampling sl nearly weekly intervals. The annual phos-
phorus loading for Luke Mendola was recently esti-
matled by Sonzogni and Lee (1974b). [t should be
noted that the estimated annual phosphorus loading
i only o rough npproximation and may vary widely
from ycar to year. Nonctheless. using this data, a
mean phosphorus residence time ol about 0.9 yr is
obtained for Lake Mendota,

Since the change in @ duc to the diversion was
tiegligible, the mean phosphorus residence time for
Luke Mendotn should not have changed after diver-
sion, so thal a new steady-state phosphorus content
shoukd be reached about 3 years following the start
of diversion. Thus, the (otal phosphorus content is
predicled to decicase by abouwt 205 about three years
after diversion. “The mean annual concentration of
total phosphorus woukl decrease from about 012 to
(.10 mg 7' P, or by about 0.02 mg I7'P, as a resuil
of the diversion.

Unfortunately, beeause of the relatively small de-
crease in the estimaled phosplorys loading as @ result
of the 1971 diversion, it is doubtfu! that the predicted
change in the mean annual phosphorus content will
be scen analytically. Normal year Lo year variability
in the loading rom other sources, as well as other
factors, may overshudow the elfect of the diversion.
Thus, the diversion will probably not serve as a sig-
nilicant lest case for the model. This is not to say
that the 1971 diversion was not of value. Gu the con-
trary. he diversion served essentially as o preventive
meastre lo avoid fulure degradation of the water gua-
lity of the luke. This degradation could have occurred
il waste witler, steadily increasing in amount as a
eesult of 1 rapidly expanding population on the north
and west side of Lhe lake, were to conlinue to be
discharged into the ke,

Consitderable atlention has recently been focused
on the cutrophication of Lake Michigan and the eflect
of curbing excessive phosphorus enrichment of the
lake. Water pollution control agencics of the states
bordering on Lake Michigan and the federal govern-
ment (EPA) established in 1968 an R0%, phosphorus
removal standard [or waste waters discharged into
Lake Michigan, The criteria was essentially met as
of December, 1972, This action has, according to an
estimate recently made by Lee (1972), reduced the
annual phosphorus influx to the lake by over 507,

W. C. Sonzoan, P Co Urrormark and G, IF L

A _qiestion of great importance is the rate at which
Lake Michigan witl respond to this limitation of the
phospharus influx.

Because the hydraulic residence time of Luake
Michigan is on the order of 30 yr, some persons hinve
inclicated that it may take nearly 100 yr or longer
for Lake Michigan (o cyuilibrate to the reduced phos-
phorus llux (Bmwmgartner, as ciled by Risley, 1968).
Such predictions are based for the mosl part on the
hydrailic residence time model which necessarily
assumes phosphorus behaves conservatively, THow-
ever, it .view of the long hydraulic residence time of
Lake Michigan, it is felt that it is much more appro-
priate Lo use a residence time model based on the
chicmical reactivity of the elament,

Recently, Lee (1972) has made an cstimnale of the
phosphorus residence time for Lake Michigan, and
thercby predicted the response of the lake to the
reduced loading using the phosphorus residence time
model. Using data from the Phosphorus “Technicnl
Commitlee to the Like Michigan Enforcement Con-
ference (Zar, 1972), o lotal loading of 120 million
pounds yr ™' of phosphorus was assumed Lo enter the
lake prior lo the reduced foading. The steady-state
content wis cideulated by assuming an average phos-
phorus cobhcentration of 001 mg 1 7' P {Schelske, 1972)
over the whole volume of the luke (5 x 10'% L Hat-
chinson, 1957). Thus, it is compuled that the phos-
phorus residence time in Lake Michigan is about 6
yr. Therelore, hased on the phosphotus vesidence time
model, it would be expected that about threc resi-
dencg times, or 15-20 yr, will be needed to achieve
95% of the expected change in the phosphorus con-
tent,

I should be noted that the above rate of recovery
assumes Lhat the phosphorus content of Lake Michi-
gan in 1971 (hefore thie decreased loading was accom-
plished) was in equilibriune witls the pliosphores loud-
ing to the lake (Lec, 1972). The Phosphorus Technical
Commiltee. Report (Zar, 1972) presenls ditla which
show that, on the average, the total phosphorus can-
centration in the water supply intake of the Chicago
Water Filtration Plant has been increasing al a sig-
nilicant rale during the past 15 yr, indicative of 2
smail but steady rate of increase of the phosphorus
loading. If this data is considered representative of
the entire Eike, it meuns that if the annual phosphorus
load were (o be maintained constunt at the 1971 level,
the phosphorus concentration would increase for
several yeurs before equilibriunt is reached. Neverthe-

less, a8 was discussed carlier, cven if the phosphorus |

concentrations were tonding to increasc as a result
of a small, steady increase in loading prior to (972,
the assumplion of a steady-state coundition in 1971
is reasonable within the limits of the data, Morcover,
the dramatic drop in the total phosplorus input
approxinutely G070 during 1972 would completely
overshadow (he loading effect prior to 1972, This
follows from {he fact that the residence time model
utilizes an exponential recovery with the greatest
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recovery immediately following the input reduction.”
To he sure. a new steady-state concentration will be
reached in much less time than predicted from a
hydraulic residence lime modd, . :
It should be noled that the phosphorus concen-
tration wseel in the above cirlenltions may be high
for Lake Michigan as a whole, Some of the data on
the total phosphorus present in the open witlers of

the lake have a totab phosphorus concentration of

kess than Q.01 mg 7P (Lee, 1972). Thus, the phos-
rhorus residence time muy be less than the 6-yr value
conipuled on the hasis of the 0.01 mg PP value
Tor the mean amual concentrattion of e lake.

CONCLUSION

The phosphorus residence time model is potentinlly
uscful for assessing a varicty of lake relabilitition
procedures, Elfects of improved waste waler (reat-
ment may be simudated by reducing the influx concen-
tration, ¢;; the impact of diversion projccts can be
cstionated by aliering both o and Q5 while in-lake

- schemes such ns nlum treatiment, artificial destratifice-

tion or hypolimnelic acration may bec assessed by
modiflying k. As wtiemipts ot lake renewal increase, nnd
more is lcarned about the phospliorus batance in
lakes, the model will became more relined, Nonethe-
less, the phospliorus residence time model described
above, though admittedly crude, does provide a sim-
ple, casily used and cenerally realistic basis for pre-
dicting the result and rate of many lake rcncwal
endeavors,
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Abstract

Models [or defining eritical loading values foi phosphorug, propostd dver e

last yenrs, ate rewicd.  Using the concept of relalive residence thine of phoaphorns

(i. e. the phosphorus residenen lime relalivo to that of waler ifee) new loading eri-
terin are developed.  Accordingly, for phosphorus conbrolled lakes, the transition
range helween oligo- and eutrophy is derived from

Tie (mp/m?-y) = (10 to 20) » q. (L -} VEJ:T.]

applicable over a large variely of Inkes of different mean deplh % anit hiydeaulic.

fond q.. These criterin are not in contradiction o previons onea but represent a
further refinement in direction of moare universnl criterin. Further, an atlempt has.

been made to relate plosphoras loading to predicting the average c¢hilorophyll a con-
centrations duriug the suwinmer growth phase. )

1. — INTHRODUCTION.

It is wow well nceopted thalb ecubrophieation of kules depends on ex-

eessive dischinrgés of phosphorus nud nitrogen to inland waters. This.
led Lo the developinent of what is now culled the wuwtrient loading con-

cept (ef. Vollenweider and Dillon, 1074 Vollenweider, 1975). This con-
eept implics that a quantifinble relndionship exists between the amount
of nubviends rewching o lake and Hs {rophie ldegree measurable wilh

some kind of - trophic seale index. The call for a trophic seale index.

evolved fram a need generally felt Lo give better meaning and signifi-
cance to the classical limnological categories of oligo-, meso- and cu-
trophy. This question is not entircly solved as yet, but advancemaent

toward the development of pouniversal seale of this sorl is unilerway:

by o number of resenrches.

Meanwhile, further progress hag been muvle toward improved eriteria.
for estimatihg critical levels for phosphorus lowding, This notion applies.

to lakes in which the production level is controlled by phosphorus, awd
implies that the trophic nature of o loke may chanpe if discharge of
phosphotus exceeds a certain bub guantifinble level, which in twm, de-
pends on the limnological characteristies of the body of water in question.

e establishiment of such eritical fevels has undergone several stages
in the past. Breause of the scanty information available at the time,

the first possible estimation of the Lransition range for crition] loading,
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of phosporus secounted for the effeel of mean depth as the sole refer-
enee parmneler, giving the following approximation

Le (mgfm? - v) = (25 to 50) 70 (1)

(Vollenweider, 1968). Further improvement en' this eriforion was pus-
sible using v simplitied mised reactor model which — in addition to menn
depth —included terms for the hydeanlic residence time nnel o sedimen-
tution Tunction (Vellenweider, 1969, 1975; ¢f. aiso Dillon nn Rigler, 1074

Lorenzen, 1974). At this basis, then, the next level of approximation
may be written

Le (mg/m® - y) = [Pz (p“- - 0p) . (2)
= |PI" (e -+ Zep) (22)

where [P is a critical concentration of total phosphorus (mg P'1'/m",
for simplicity faken at spring overturn, % s the mean depth (m),
pw = Htw = Q,/¥ defining the flushing rute per vear, and g, refates to
the sedimentation rate of phosphorus. - Common limnological expericnce
suggesls that the lower limit of [ may safely be assumed to be
1 mg /o with nn upper limit nol in exeess of 20 mg/mt. g, the only
unknown in (2), however, could not Le estimated independently, but
had to be derived from availuble dada indircetly (see below),
L. (28) offers two interpretalions:

) The eritical foading of J(!Ulll]):lt‘:lbl() Inkes is direetly proportional to
threir mean depth, and Lo some extent indireclly proportional to {he
hydraulic residence time of waler (); in addition, the Joading tole-
rinee depends alse on the apparent veloeity of sedimenfation of
phosphorus (sccond term in parenthesis),

b) Considering the meaning of 7z, which ¢quals {he haydraulic Toad q,
in mfy per unit surface, however, it appenrs {hat mean depth, as
an ndependent. parameler, in part is lost. ‘1he extent to which this

may be true depends on the relationship between z and T

2. — NUMERICAL SOLUTIONS For g, {2).

According to what has been said above, the development of (2) into
an equation useful for cstimnting erilical loadings depends on how o,
is dealt with. In principle, several ways nre open. From the steady
state equation underlying (2), onc can derive that '

") The proportionalily to 7 rolates Lo the dilulion of the incoming phosphorms
Irael and the recipraeal propartionalily to <. to its likely timo of residence in the lake.

-r
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Critical loading levely for phosphorus in lake cufrophication 57
_F®
o
z- [Py

where I (7) represenis the fluy of P through the horizon at 3 in mg

Py, and [IPly represents an averafre total phosphorts concentration
in mg P/ over the column from 0 to % Accordingly (2 1) becomes

L (mghnt - 3) = (PE" (/ —‘L—”_) . @)
GN

The sherteoming of Lhis cquation lies in the searcily of dala nvailable
for evaluating M) /1), Table 1 Jists svmme vulues cnlewlnted for o fow
Bwiss lnkes using estimated deep point sedimentation rates and spring
overluri concendentions. ‘The few values are in the sune order of N
nitude; however, it would be premature o gencralize these date over n
large speetrum of lukes, ‘

Table 1. - Byvaluntion of l",..(i)/ll’l;\".

Fo () PEP | Fp R)/[PEP
Sedimentation Spring Overturn | Apparent Sedimenta-
Concentration*) ! tion Velocity .
ng/m?. y .mg/m3 n/y
Aegerisee 130 7.6 17
Zirichsee | . 310 32 9.7
Hallwilersee 460 40 11.5
Greifensee 950 118 8.1

Avernge 11.0 + 3.9

*) For original dala of. Vollenweider, 1959,

For a second atteinpi, ¢, may nlso be estimated from -

Gy = _%_L,. -
R ‘ B

which follows direetly from the steady stale equakion pertaining to the
mixed reactor lake model {cl. Vollenweider, 1. ¢.). In this procedure, it
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was possible to use nomuch Lirger data bank ineluding kikes of various
Results for some 25 lukes

phasiographic and trophie charncteristios,
wre plotled in Fig, 1 ngainst mesn depth,

The tred over this Luge speetrum indieates that s, deponds inver-
sely on & althongh the sealtering of the individual Jakes is bul Jittte
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Fig 1.- 0, m ot
z f[l'])

related fo cither trophie conditions or other limnological charncteristics

except that kikes of eonsiderable surface extension (e, g the Laurentian

Great Lakes) consistenlly show higher o, values than smaller lnkes of

comparable mean depth. This peenliarity ennnot be explained ns vel.
As nogeneral rule, however, o, may be approximaled by

g, = 10/%
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Introducing this rekition into (21), then Le would be given as
L, (mg/m?-y) = ﬁ;],’." (z/zv -+ 10),

or, assuming for [UJ" = 10 mg/m?

4’ ’

4 d

(1)

gTPfmz.y : -
1 |
. 10 ] ) :
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1 .
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| . C
) by 1
2 104 et s @ 270 )
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o
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2Ty
Fig. 2. - Test of onding tolerance for phosphorus aceording to Fq. (1). Resnlt
from an OLCD Workshop,
Le {mgfm? - y) = 100 + 10 7/, . (1)

Lakes vecciving o phospoius load essentially below the corresponding
estimakes from (4 n) shoull be oligotroplic. Conversely, it is rensonable
to predict thad Iakes recciving ab lenst twice the load as ecaleulated
from (4 a) would be on the cutrophic side.
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Eq. (4) has been tested in a workshop exercise on a lage varicly of
lukes recently studicd in eonnection with the North American project
of the 01CD Cooperative Programme on Futrephieation M. In order
to account for the statistical wncertainties regarding g, in (3}, allowince
has been made for some marginad variabilily of the constants in (4).

The result of this workshop exercise is shown in Fig. 2. Irom the
more than 60 lakes plotled, only a small fraction (three or four Jnkes
definexd as «cutrophics and «mesolrophic », respectively) do not fit ihe
expeeted pattern.  Conversely, a corresponding exercise plotling 1,
against Z only resulled in a much larger - fraction of misplaced Inkes.

In view of this expericnee, it can be eoncluded that {4) represents
a congiderable improvement over (1). It is furiher remarkable thaot the
two procedures discussed thus far give practically the same order of
magnitixle for the apparent setiling velocily, i.c. about 10 m/fy (*). low-
ever, Lhis value lies considerably below experimentally determined sink-
ing velocities (cf. e. g Burns and Pashley, 1974); accordingly the ap-
parent settling velocily, as used in this paper, is not a physical entily
per 8¢, but a balance value integeated in time over all posilive and neg-
ative scttling velocities which in addition includes he effeets due io re-
minerilization over that period of time, Therefore, it would be mislend-
ing Lo introduce real sctlling velocities into 1q, (4). H done, this wonld

result in an inereased apparenl loading tolerance, partienintly for lnkes

of low hydraulic load, and hence, lead (o cironeous predictions.

3. ~ CIUTICAL ASSESSMENT.

Although Tq, (4) appears to be by fnr more sulisfactory for predict--

ing loading tolernnees than the origina eriteria based on e depld
ounly, there is legitimate ground to argue that, using Eq. (4) as refer-
ciee crilerion, one ignores, or at least underestimales, the effect of mean
depih, i. e, the dilution function. Indeed, #fxy = g, represents the hy-
draulic lond which is independent of mean depth.

At the basis of his Lwo-layer niodel — which is more elaborate than
our mixed reactor model — 1mboden (1974) has demonstrated that the

(") OECD Workshop 1974 at CCIW, Burlington. Participauls lave been re-
quested to plot thelr I domding values apgninst zlew of o Dlank dingram indienting
al the same time the trophic character {oligo-, meso-, cutrophic) of the lake in
question. By, (4} lins been drawn after completinn of the cxercise. Names of the
lnkes in Ifig. 2 nre omitted to preserve the anvnimily of participants, '

(7 ™o a comment of & C. Chapra (1975), nsimg data of Kirchner nnd Dillon
(1975} nwd their empirieal relationship of phospliorus relention against hydraglic
load derived on 15 Ontario lakes, (he author feund by least syuare technizjucs
16 m/y fur the apparent sctlling velucity.

‘N
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ciffects of menn depth and hydemlic load on permissible Joading levels
can be seporated in principle. At a first glanee, it would appenar that
his eriterin nve more adequale than ouwrs, However, n critical analysis
of his diagram revenls an inconsisiency not casily noled, i.c. the strong
negative hcm!mq of derived loading tolerance curves for likes having a
mean depth of less than 20 o 30 m. From his theory, it would follow
c. g. that for lukes having o mean depth of soine 20 m, the loading tol-
crance woukd range from 100 mg/m?® -y for lakes receiving n hytlraulic
loet of about 0 mfy (1.025 m/day), to only 250 mg/m? - ¥ for lakes ve-
ceiving n hydraulic load of 73 mfy (0.2 mfday). This is in contradie-
tion to oxperience on highly flushed lnkes. Indeed, Tor the above exam-
e, the average inflow concentration in the first ense would be 11 mg/m?
(100/0}, in the scrond, however, only some 3.5 mp/m? (250,73). Studics
conducled by Dillon 'm(l Rigler (1. ¢.) and Kerckes (1975} on Canadian
ladees, show thal highly flushed lakes with average inflow coneentration
as high as 10 mg P/m* can receive a total annual load of several thou-
rands of mg/m? -y without noticeable alteration of their oligotrophic
character. Accordingly, one would expect the loading toleraee cwrves
in Imboden’s disgram to bend in the opposile sense, i flatlen out
with decreasing mean depth. The usclulness of the notion of «average
inflow concentration» shall be further explored laler on,

The two argiuments have given rise to further studics on the critical
loading concept.

4. - [MYLICATIONS OF PHOSI'IIORUS RESIDENCE TIME
AS A REFEHENCE PARAMETER,

In light of what hias been staded above, Eq. (4) needs to be modified
to account for meon depth in addition to hydraulie load. As bas been
* discussed elsewhere (ef. Vollenweider, 1. ¢.) the basic altempt in pursuing
a mixed reactor model was to conserve, as far as possible, the dimen-
sional consistency. llowever, this ennnot be done without forcing the
system by over-simplilyiug the connceted relelionships. 1n order (o over-
come the problem, one has at least two ways open, cilber to attempt
to model Jakes from the point of view of an interactive dynamic more-
Inyer system in the sense as discussed by Lmboten (L e}, or to try to
citcumvent lhe pontrivial difliculties connected with this concept by
giving up the dimensional consistencies, using instead statistically given
parameter conneetions, ‘Uhis, indeed, ean be defended not only beeause
of our inability to sufficiently cope with the complex inferactions be-
tween the different systems components in real situations, but nlse that
ab least some of the interactions, in addition to being non-lincar, are to

a considerable degree stochastic in nature.  Accordingly, whatever the
way of choice might be, we are forced into adopling certain more or

less defendable shorteuls.
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The possibility of a shorteut. resulls from considerntion of the resi-
denee tine of phosphorus. An adequante definition of this notien eneoun-
tera the same diflicully ns the corresponding delinition ol the water
residenice time (el iontelli and Tonolli, 1061; Bovee, 1975). Nowever,
for n variely of practical purposes, theoretical filling-1ime of p Inke,
T = V/Qu appears to be as appropritie as nny other more claborate de-
finition. In principle, the same concepl can be expanded to any sub-
slance enlering a lnke and requires 1he sole kuowledge of the total Jond
and the nverage, or an approprintely selected value for the (otal con-
tent of that substance in the lake, i.e. ’

- M, . )
™M= —1 - )
M

or, for ])IIUSIJIIOI'US
p— SJ} 3‘) Vo [l)ll
1 ’ - )‘/ = . (.—)

" R 1":- }L,./V Tt [l’ g

Eq. (6) defines the. filling time, i e the hiypothetical {imo neeessary o
bring the phosphorus concentration of o Inke-1o its present lovel sinrling
from concentimtion cqual 0. This version los been used by Sonzogni
et al., 1973; Vollenweider, 1975, a. o, :
However, this definition contains some unrealistie ennnotalions. Be-
cause of the fact that the phosphorus loading — with the exceplion of
direel inlels of high eoncenlration which aecornt, ouly murginally for the
total water discharge — is not independent from the water halanee, [, .
(the volumnar loading) has primarily  computalional menning, There-
fore, it would probably be more meaningful for comparative purposes to
consider the residence time of phosphorus relative to that of water, i, e.

" = ';"I/.:w U = (6)
' L, vQ

T

which defines the ratio betsween average lake concentration, 1Ph., and
the average inflow concentration [Pl. The question then arises of what
rclation exists between =, and the residence time ., considering a large
enough sample of Inkes of different, limnological churacteristics.

In Fig. 3, numerical values of Toite from some 21 lukes are ploticd
against 7., Lakes having tv < 1 have been excluded.. As expeeted, the
statislieal relutionship belween oftw 18 neither independent nor inver-
sely proportional to t, but somewhere in between, i. e Tofte londs to
deerense with inereasing 7. Regression caleulations have been made in
lwo sleps, originally including only 14 Inkes, supplemented in o luter
slage by another 7 lukes. Botlh steps are shown in order to demonstrate
that inclusion of further data would hardly alter the piclure. The two

-
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regression lines sire nol signilicantly different. Therefore, it can Le con-
cluded that e relative residence time of phosphorus depeds on the
residence time of water by & statisticn] relationship of the form

e =n ()% 5 0 < a<l. - (7)

From the mixed rexetor theory fellows further that

— Pre )
T ,/‘T“— = = %, 8
' P + Tn e - . ( )

i.e. gy can be estimated from = whatever the specifie meaning of g,
may be. Combining (V) nnd (8), nnd introductng this in {2), one there-
forec ean postulate bt

L. = -I—l;]l; c(BfTe) T = -[L;cl- C(Zfry) 0@ {9

The first expression &f (9) gives the eritical loading ns nr function of the
hydraulie foxd nud water residence time, the sceond ns n function of
the hydrandie load and mean depth; bolh expressions are equivalent, As
has been discussed in the introduetion to this scelion, Liq. (9) is no
longer correct in the dimensions unless is redefined.

5. - Imrnovenp LOADING CRITERIA,

As afirst step one may inloduce jn (9} values for & and x which
result cliveetly from the correlation analysis of Fig. 3. Accordingly.

L. (mg/m?-y) = 154 (z/z, ) . (7)o - (9 n)

which may be simplified
L (mg/m® - y) = 17 (3/v,)™8 - (z)4 (0 b)

With Eq. (92) and (9b) it is therefore possible to define {he relative
conlribution of the hydraulic foad and menn depth sepneately, and ne-
cordingly can be developed into a simple nomogriunme (cf. Fig. 4). Prior
lo discussing ils shorteomings, we shall discuss its relation to (1). Essen-
tally, Bq. (9b) and (1) differ in the magnitude of the exponent in 3
(0.4 versus 0.6); further, the. factor which takes caro of the hydiaulie
foad in (9 b) can be thought of to be jucluded in the proportionality
fnctor of (I). Indeed, a review of all ltkes which originally had been
included in the I, — 3 dingramme revealed that the average (z/t.) for
all lakes was aboul 8.5. From this the following loading tolerances for

&Ih-.__.__ [ERE -_...,______ e ——
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lnkes of 10 and 100 m respeelively, using T, (1} dower limil) and
Eq. (9h), are compuled. .

Eq. (1) Ol (L)
25 700 17.(8.5)0-0 704
3
10 m 1) . 154
100 m 396 | 387

Aceording, for lakes of an avernge hvdraalic loard of some 10 m/fy, the
estimaled loading tolernnee resuliy in the snme order of mapnitude, yel,
BEq. (1) would fall for lukes of very low and very high flushing rates

o/t

1

PR S W

| a——e By, e0728 (L) L

1 r==0702; P=0.01 ] 3

] b) I_P/Iw=0-649 ()~ 0416 i
r=-0674; P=001 '
01 ey et mmre
Twy—= 1 10 100 {years)

Fig, 3. - Relative phosphorns pesidenee time as fanetion of water residence time
(filling titne).
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respeelivety, (It is, however, comforting how close the estimates are
for avernpge C!)lldlllutﬁ

In regard to the shortecomings of (9), one ean see from Fig. 4 that
the londing tolerinee curves — although accounting for the hydranlic
lond — do nol Matten out for lakes of lower mean depih, as expeeled,
vel, Uthe pattern, wenerally speakivg, is considerably different from that
of Limboden’s dingramme.

S
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g Fig. 4. - Critieal Loading (lower limit) fur phosplorus according to 15y, (§h).

i The inadequacy of (9) for the mean depth range of less that 20 m
: andl lakes of increased hydraulie load is duc to the fact that the sbatis-
tenl relntion given in Iig. 3 regarding the dependeney of Tofte o e
iy cannot be linearly extrapolated b(.luw e < 1. Indeed, one would have
i to expeet that '

Tpfowe = 1, for 1, = 0.
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An approximation which takes eare of this would be

— 1
':1:/7“' =,

x
1 _" Tw
which, for our purposes, can be steuplified to

— 1 i
v )":w = — = - =7 ! I”
M 1+ Ve, 1+ Vifq, o)

Numerically, (10) gives practicalls the same values for Tite b val-
ues of <y > 6, with an interseet of 0.5 for <, = 1, ice slightly less
than the statistienl intersection. Therefore, it might be that (10) un-
derestimates the average trend slightly for 7, values < 1. Unless lnrger

X e w13l 1 IS A W | T S I A
mg R/m?y ) ' N
i I/ Ty =qs
00
Lg =10qg{1+yZ/ag)
iy 50
20
1000 ] -
1 10 :
g .
1 1 L
Q
J
™
L2 ]
":T,
Q
100 -
| 5 w0 25
LB E A SR A .
1 10 _ 1060
Mean Depth Z (i)

Fig, 5. - Critieal Loading (lower Yimit) for pho=plarus neerding to Fa. (11 0)
plotted as function of mcean depth. :
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inconsislencics are encouitered, however, there is no reason for esson-
tially mocifying 1. (10,

Combining (10) with (8) and (2), then-the more generalized reln-
tionship ’

Tw

_ /T '
L. (mg P/m?-y) = T (ﬁ.&) (1)

gives a criterion which holds over the total spectrum of combinations of
menn chepth and hydraulie load. Considering that zft, = q., 1, = z/ta

and assuming [PJ2" = 10 mg/m' (11} may also be wrillen as

Le (mg P/m?y) = 10 - q, (1 + x/ém_ (11 a)

(11 8} expresses the loading tolerance in terms of the sole characteristics
of morphometyic properties of the lake cuvette — condensed in the term
of mean depth Z —, and the hydraulic load ¢y = Z/te which — in cs-

n S R Y | 1 34 aaaal N 1w 1y sl i M

mg F/m?y

1000 A

Critical Loading L¢

100

1 10 100 Z/ Tw=qg (M)
Hydrautic Load

Fig. 6. - Critical Loading (lwer limit) for phosphorus recording to Ligq (11 a)
plotted as function of hydraulic load. '
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sence — expresses the retationship between the hydrologic propertics of
the basin and the lake. This means that, in prineiple, the loading ole-
rance for phosphorus — or more genoralized, the Produetion capacily —
of any Iake can be understond as poverned to n lnrge extent by two
independent funetional properlies ontly.

(11 a) has been developed in the form of two equivalent diagrammes.
In version 1 (Fig. 5) L. is plotied against mean depth, and parnmeter-
ized ns a function of q.; in version 2 (Vig. 6), instead, L. is plotted

ngainst the hydraulie lond and split up in terms. of meun depth. Al

though identieal in content, ench version has its proper merit,

Version (1) shows the cluracteristic flattening toward the left; this
means that the loading tolerance of lakes of moderate mean depth is
alinost. entirely governed by flushing; vice versa, version 2 shows that
the londing tolerance of lukes, recciving a modest hydraulic load, is gov-
erned more by mean depth.

With (11) and (11a), therefore, a loiding tolerance definition is ob-
tuined essentially different than that of Imboden. Remarkably, the samg
pattern — though not in absolute terms — has been derived by Snodgrass
{1074) using a two-layer simulation model which — in conlrast to that
of lmboden — puls particular emphasis on the veriical exclunge pro-
cesses belween the layers. Our methed, and the method of Snodgrass,
therefore, seain Lo be complementary. .

On the other hand, it is also worthwhile to note {hat our New cii-
lerin, and those of Imboden, are practically identienl for large, decp
lakes as shown frem Tabic 2; of. column ¢ versus (3) and {4). This
would mean that the model assumplions made by Imboden nre prob-
ably applieable for such Inkes but would fail for shallower lakes.

Figure 6 supports further a version which 1 proposed earlier, and
which was derived from simple inspection of lakes plotied in n Ly~ (%)
dingramme (cf. Vollenweider, 10¢5). In this dingramme, the loading cri-
terion for separating oligntrophic from cutrophic lakes was assumed to be

Le (ng/m?-y) = (100 to 200) (7/=.)% (12)

which indced is n shortent well in agreament with (11a). s usefulness
has already been demonstrated by Michalski et al. (1973), Stockner ot
al. (1974) and several reporte in preparation by G. Tred Lee and his
collaborators. Its mhin weaknesses, of cowrse, are the same ns those of
Eq. (4a). B

6. - YERtricaTion.

Loading crilerin eannot be verified, of course, in the proper scose of
the term. However, any of the former equalions implicitly contain the
hypothesis that a relation exists belween the actual phosphorus loading
and production level atlained by the lake(s) in.question. Up until re-
cently, it was impossible Lo diseuss this nspect in quantitative terms be-
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caust: of lack of comparable data, With the initind results availuble from
the OECD programme, however, n preliminary exploration is now fensilile,

For this, 12q. (11) may be rewritten, not in the terms of eritieal longd-
ing and eritienl concentration, but sjply relating phosphorus concen-
tration to loading, i.c,

— ' |
2 = IJ:: LT . == .
(Pl = ( ts) (1.+- N ) (13)

In this {L,/q. represents the average inflow eoneentration as discussed
carlier. s further implication shall be considered further below,

Several authors have shown that a relation exists between the spring
overlurn phosphorus concontration and the avernge chloroplyll build-up
during the following season (Sakamolo, 1GG; Lillon, 1974). According
Lo this, we may postulute that (13) could be read in the sense of a pro-
duetion equation in which the LIS is mensured by a bislogical enlity
such as chlorophyll. -

In order to lest this hypothesis, average epilimmetic chlorophyll cons
centralions for some 6D lakes have boen plotied ngainst

1
(pf1s) ( 1+x/§k7_s>'

(ef. Fig. 7). Although there are a fow uncerlain vitles ("), the reladion-
ship is unquestionable, giving a correlalion cocfliciont of 0.868. Also, the
exponent derived from the least square [it, though slighily less than 1,
deviates only marginally (rom unity. .

In addition to this, each lake plotted has been charnelerized as oligo-,
meso-, or eulrophic, according to the subjective judzement, provided by
the author. The nbove discussion on eritical phosphorus loadings im-
plies that oligotrophic 1akes would be found to the left of the 10 mg/m?
marck, and eutrophic to the right of the 20 me mark. ‘Ihis is indeed
the case for the majority of lakes considercidl with a few notic able ex-
ceplions. The data availuble do not allow, however, analysis of (he na-
ture of such uncerlain lakes. ‘ ’

As n whole, however, IMig. 7 can be considered ns valid prool for Lhe
realism of the new phesphorus londing eriteria presented here. The spee-
tram of Jakes covered includes shullow to deep, and little to highty flush-
ed basin, and hence, represents a valid sunple of lakes of the temperate
zone.  Lakes outside this zone, however, will probably have to be ex-
cluded from the application of this criteria.

("} The vatues plotted refer to a large part to summer averages: however, in-
cluded also are n few yearly nverages and averages for which it was not possible
to clearly wnderstand their time limits.
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7. — I'tBDICTION OF CHLOROVHYLL FROM LOADING CHARACTERISTICS.

It is scll-evident thai the relationship in Fig. 7 enn be used to predict
biomass, in terms of chioraphyll, in relntion to tho specific phosphoros
tonding characteristice. I nbsolute terms, the prediction is probably
quite good for tow and medium productive lakes, vob less eertain for
highly productive lnkes. According to the experience gained thus far in
applying the prediction Lo lakes not included in the correlation analysis,
one cun expeet (hat ot least the peak values of ehlorophyll mensured

100 1 vl 1 R IR R i B a1t aesl 1 g

4
* DLUIGOTROPMIC LAKES R Wasd'o'

o MESOTROPHIC & MODESTLY ¢ -
EUTROPHIED LAKES "Sh »~
. o 3
EUTAOPHIC & WNGHLY LMes o JRN s
EUTNOPHIED LAKES S W
KiMFe "Ca il Wa .
IM7a%s’ ® o Ceges
S e » WRE

3 Hg, o SCy o7 ooR
¢ -
# -
. 4 - - ’
. ’l' Qnf ';’OCBE ; Bre }
Ward FEBE o5, {
s - te " -
-—

S, .

Ca
!
DIL..’ ¢ !4‘
i “ o e Mich
] :' Cleg JHur

e .
#

- .
L - ', r=0.868

# - *Tg

T T

T VT

0.1 e — — —

o1 1 . 10 100

(Ln/qs)/(nml

Fiw. 7. - Btatistienl velationship between averape cpilinnelic cldorophiyll concentbrn-
tion and phosphoras loading charaeteristion aceording to Eq. (13). Original
data by courtesy of anthors cotlaborating in the OECL Covperalive Prog-
ramine on Jolrophication, North American I'roject: I'. Brezonik, G, J. Brun-
skill, 1L Carlson, N, Cleseeri, 12, Cook, IR, Daley, M. Dickman, P'.1. Uillon,
T, Bdmuondson, C Gokdman, U.F. [amner, T, Hetling, N, A Jawor-
ski, J. Kalll; I, Kerekes, G, F. Lee, K. Maluce, 1. O, Megor:d, J.I{. Neel,
T. G. Norlhcote, H. Ogleshy, C. F. Powers, [I. Robinson, €, Schelske,
1. Sehindier, I. Shapire, J. Stockner, 8.J. Tarapchak, It R. Weiler,
C. Weiss, 12 Weleh, n. o, sources.

it

» -




e

e 1 e

PREDICTED AVERAGE CHLOROPMYLL a CONCENTRATION (mg/mr)

72 ‘R. A. Vollen werder

will fadl within the 999, eonfidence linits given iniFig. 8. VYor lakes re-
ceiving novery high phosphorus Ioad ‘one has reason (o believe that (heir
preduetion Tevel is nob solely eontrollad by phosphotus, and henee, one
would expeel the velationship to breale dewn, )

A spectflic upplication has been made o Lake Washinglon over the
period of i recovery, cf. Fig. 9. During the period from 1957 (o 1964
during which the load still increases, the summer clilorophyll alsy in-
creases within the confidence limits of the prediction; after sewaee diver-
sion has been implemenfed, however, the measured chlorophyll values re-
main slightly above predietion until 1971 which may be interpreted as n
lug phenomenon. From 1972 o 1974, the summer clilorophyll follows
the variativns of the louding charactoristios practically on the line, in-
cluding the 1957 pre-diversion situalion. 16 has to be mentioned that
the loading characteristics over all years huve been derived from varia-
tions of the hydraulie diseharge each year; mean depth has been Lreated
consbant. ’
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8. - Tue = RrATIO.

Fqg. 6 defines the =, ralio as the guotient between the avernee lake
concenlralion and the avernge inflow concentralion, I principle, this
definition extends to any substance flowing into a lake. Jor highly
flushed Inkes with bat little sedimentadion, this ratio i= expeeted o ap-
proach unity, yet, with increasing involvement of the substanee in ques-
tion into the ke metabolism, this ratio cun devinle more or less from 1,
Values <1 signify that the substance hag o poesitive net flow to sedi-
ments; conversely, valugs > 1 signify thatb the nct exchange with sedi-

. menls iy negalive, i.e. the substance accumulates in the water phase of
the lnke system. .

e

1] In the ease of phospliorus, one would expeet that, statistically,
3
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Washington prinr and after sewage diversion, Original data by conrtesy
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Indeed, this relationship has proved Lo be extramely valuable. Ficst of
all, it serves ns a guideline to judge the validity of the basic data, Strong

< devintions of =, {rom the expecled value make the basie data snspect.

I, for example, in a highly flushed lake, =, is sighificantly above the
value from (14), one is entitled to believe that the londing has been un-
derestimaded; conversely, if e enlenlaidd =, is lower than the value
from (14), one has to suspect that. the total londing has beon overcsti-
miled, Uhese considerations are particularly useful in enses where the
londing has been obtained from indireet esiimates,

If, however, the basic dia are such that any uneerlainty would have
little effeet on e, then this ratio gives ndditional information about the
metabolic properties of a lake relative to phosphorus. In the case of =,
significantly smadler then 1/(1 4 V1,.) 1he secumulation of phosphorus
in the sediments of the lake in question must oceur at o rade whove nver-
age; this situation may be eaused by high setdling rules of inorganie sus-

wnsions, or by phytoplankion having high specilic density such s hi hly - -
I 3 3 £ g M guly

silieatled dinloms. Strong positive deviations of =, from {14), on the
other hand, may signify sedimentation rdes  below average as cauged
by light tiny pliytoplankton or mineral turbidities, or reduced capacily
of sediments to-take up phosphorus permanently 1s enn be expeeted in
highty ewlrophic ikes, Indeed, in o few cases of highly cutrophied likes,
the =, ratio has been found to be in excess of 1.

In this Jight, then, it is also possible Lo define Toading criferin, for

phosphiorus ng avernge inllow concentralions. This is done by dividing

botlusides of Eq. (9h) and (11a) by g =%/x,; the resulting relationship
is shown in Fig, 10 which also includes o fow specifie oxaninples, These,
in addition to demonstrating the transition range from oligo- to eulroply,
corroborates also il correelion wich was deemed necessary in (9) to
properly deseribe the charncter of highly flushed Inkes. It is evident (hat
the loading {olerance of Inkes to the lelt of the dingranune which are high-
Iy flushed oligotrophic lnkes, would erroncously be judged with Eq. (1,
yet, they are reasonably comprehended wilhin the hounduries of (a1 M.

Used in this sense, the average inflow coneentration gives a reference
fignre valid for the lake as a whole. However, {he reference figure for
the critical loading does not necessarily imply that locnl areas may not
be affected adversely. Indeed, judging from the experionce made on a
number of lukes listed in Fig. 10, one would have to conclude that local

() Becnuse of the washont effect which can ban expeeted to oceur ab waler resi-
dence times conpneable with the tean lifo sy of phytoplankton populations, it
cotld be argued that the Tonding tolernncn in terms of average inflow coucentrations
may inerease somewhat at very high fushing rates, i n. al residetce times < 1+ 2
weeks. Yet, at the present stale of knewledge, no precise quantitative statements
ns to 1he magnitudes involved ean be made, but the problem could be explored at
the basis of npproprinte dynamie growth models.

we

e

o E e r e AT e



3]
-

Critiral laarting lcvels for phosphorus in lake ewtrophication

“0510 01 HuuIagel (FiG] wotQ woay Tivp jeutSuo) muied payruspr
el penold syutog  Cwaal® are syun saddn pus i3m0

sONT] oumug pogsny AySy swudon
N IsUWENy umouy 10 Jaqumu ¢ oy
auwiry (Jurg) 2oudpIsaa Jateam Jo unung s

paopt b1} vnronusoued sogur sdtiaav Jo swiia) ut 1dadrod Suipro) snioydsoyd ag) jo GO ITZ{IIanan

(s/eak) M ool ol L 1o

L AT

I heae 4 L i a P i i ba o oy n "
¥ j S 1pE+ 21}« 5B/ >
d ! sower paudonne Auby § oudonng e 4
] SaMe| pAIdoNna Allsapow g onydonossy & o o
. e ]
1 sawe) dwdonobng « . [
- ’ ) e o 3
. e ———— g
. z
- - m
i Qd.. ""lhtlv-va.’ w
) ong * BA Y \\\ 28] m
. : MU . 3
T - : Tl T Ue IS &8
: T {mf+i102+ 00 5o/ b §
1 Pt e . . A =
- ; g . ~ 001
* e ' L —
o o8- vt T
- uony - A
4 - \\\\\ . N L ®
- .\\\ B
i - .m.z.mm»o.rw 8 -
4 - - i
e e — - T rrr——— T _ - guyd Bu

L T s

¢ et o iy
: Ay vk 2o

e i e A ST

il S

. S R Y
T ST S ML i | e 8 e Dty b 3

ot S

X TR




— ———-

76 It. A. Vollenweider

probiems, such as inerensed growth of periphylon, noliceably Cladophora,
would have to be expecled Tor avernge inllew concentrations exeeeding
40 to 50 mg Pimd. The implications for & number of eases have been
diseussed clsewhere (Vollenweider, 1975).

9. — Discussion. .

T'he improvement on available loading eriteria for phosphorus was es-
senlinlly possible only by including terms for waler residenee time and
relative residence Wimes of phosphorus in the lnke. The importince of
water rosidence time was recognized by Vollenweider (1968, 19G9) and has
been stressed Turther by Dillon (1974), Imboden (1974), Snodgrass (1974),
Kerckes (1975), wherens the phosphorus residence time has been consid-
ered by Lerman (1974), Sonzogni and Lee (1974),

There are n number of aspeets which are worth disenssing separately,
First, the agreement in principle of our results, with those derived from
Shoderass’ theory appemrs to be more than accidental, although the un-
derlying concepts used are quite different,  Snodgrass follows the way
designed by (' Mclia (1972) and Imboden (1. ¢.), considering mass bal-

canees as depending on the fnternal thermnl eyeles and the mass exchanges

taking place between vertically connceted layers, whereas in our freat-

“ment, this dynamic aspect has been lurgely neglected and substituted for

by a global treatment of the phospherus residence time.

Although not supporting fully linboden’s gaalitative conclusions, the
partinl agreement between his and our eriterin for deeper not oo highly
flushed Inkes could, in no sense, be expeeted a_prior. Indeed, Imboden's
mensural criterion refers to oxygen depletion in the hypolimnion during
summer stagnation — arbitrarily set at AQ; = 1 g/m?, which is quite strin-
gent — whereas the mensural criterion used here refers to an average phos-
phorus concentration of 10 mg/m® arbitrarily selected at spring overturn
time. Therefore, it appears that these criteria for lakes of the kind in
question are limnologically compatible.

On the other hand, it is alsy clear why Imboden’s criterion fuils for
shallow, highly flushed lakes, Tirst, au oxygen depletion of 1 g/m? for
Iakes having a hypolimnion of 5 m has quite n different meaning in terms
of the epilimnetic productivity than the same rate would have for Inkes
having o hypolimnion of 100 m. In addilion —and this scems to be the
more siringent reason — the seasonal cycle and the verlical thermal strue-
ture, and their consequence for the intensity and rate of water snd ma-
terial exchange belween superposed layers in shallow highly fiushed
lakes, is hardly comparable to that of deep modestly flushed lakes. The
sheur forces acling between the layers of a highly flushed shallow lake
undoubledly favour a higher rate of vertical oxygen transport lo the
Liypolimuion over the period of stagnation (if such a stagnation ever oe-
curs at all) as compared to deep lake situstions. Accordingly, in the for-
mor ease, the apparent hypolimuctic oxygen depletion rute ropresents a
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balanee value Lelween supply and respirafory consumplion, wherens in
the latler cose the smme vxyeen depletion mte will be eloser to respirm-
tory constmption alone.  ‘Therefore the hypolinmetie oxygen depletion
rale, for a large spectrum of lakes, eannot be tuken as a reference with-
out due considertion of the conneeted vertieal oxygen transport funetions,

Conversely, the nutrient availability in the production earrving epi-
limnetie layers, scems to-be more closely connecled to productivity, at
least in terms of nvernge standing crop, generally,  Ditheulties will arise,
however, with the variubifiby of food transfer from phyto- to zooplankton
in different lakes, and this may aceount for part of the statisticnl varia-
bility of the mensured aveenge phytoplankton standing crops {in terms
of chlorophyll) in Likes of different Nomologienl characteristies.  The

phytoplankton-zooplankion interrelationship in highly cutrophic Inkes

appears to be particululy dependent on the kind of species composition
of the biota; hevee; if the phyloplankion is composed primarily of gpe-
cies cidible for zooplankion, one may find a relatively low phytoplankion
statding crop vis-n-vis the standing crop of zooplinkton and rvire versa,
As shown by Sleel (1975), Shapiro of al. (1975) n. 0., this arca needs care-
ful eonsideralion for improving on our underslanding of the trophic na-
ture of lakes as depending on nutrient loadings,

Secondly, the relation of the relative phosphorus residence time, or =,
s defined here, to the residence time of waler, seems to infegrale b num-
ber of basic Hmmologienl processes in balanee.  Iiplicitly, the same rela-
tionship has been found recently by Larsen and Blercier (1075) using
daba from a different set of lakes, concluding that the retention coefli-
cient, statistically can be approximated by

1

I{.n =
1+ \/p“.

’l‘ll‘is, indeed, is identical to what one would derive from Eq. (6), defining

_wae-wrhe ‘ (15)
[Pl Q ‘

Subslituting =, = <,/1w from IBq. (10), then

UL & MU (16)
14 v, 1+ v/, 14 V.
ar . . \/T
I, = ““754_75? . (16 1)
N Ve

-

Accordingly, I, would be an incrensing funetion of mean depth with an
upper limit of 1 for vory deep lakes (73 q.), but inversely retated to ga
Tor lakes of comparable mean depth, The sense of this is obviously that




78 AL Vellenweider

the likelihood of setiling of particles, formed in, or reaching the lake
from owtside, deereases with the rute of flushing, whereas the dependency
on mean depth relates tos the probability- of «ivapping» of parlicles in
the hypolimaion as well as the oxtent of mineralizution of organie par-
ticles along thetr way of sedimentation,

Although (16} is in agreement with our previous deductions, one might
guspeet that IR, would be slightly underestimated for ¢, < 10, Ax has
Leen pointed oud elier, the statisticn] relationship between Tuftw Ver-
su8 7y gives an inlerseelion of 0.6-0.7 for 1o =1, yet 1/(1 4 \/T“-) would
give only 0.5, Indeed, Kirelmer and Ditlon’s stadistical analysis Tor On-
tario lnkes of some 10 m mean depth would give higher R, values for
Q. 10, yel values for g.> 10 ate in fait nprecment, with onrs.” Con-
trary lo this, Snodgrass’ theory would give lower retention cocllicients
for y.>HY, 7> 100m. The only known case to {hie nuthor, apt 1o pro-
vide a judgement whether or not (162) or Snodgrass’ eslimates ngree
more closely with reality, is Lake Maggiore " (7 = 177 m, ] = 44 m,
ww = 4y}, The two values would be 0.67 and 0.32 respectively, From
available dala on louding and outflow (Calderoni in Barbanti ef al., 1074)
R has been estimated to 0.6. Therefore, (161) seems o give the beller
estimale of R for such lakes. Ilowever, prior to- giving a final judge-
ment, nneh more duta from «extremen Jakes shonld be available,

“I'he diseussion of these two aspects indicates the lmit of simple mass
balunee madels. 1 further progress should be possible, then more coni-
plex models are needed. 16 seems 1o be particularly important 1o obtain
a better hold on parameters which also exerl nn influence ou loading

tolerance, such as lenglh of stratitication, mixing eyclos, depth of thermo-

cling, hypolimnetic entrainment, water discharge and londing eyveles, ete.
Also, the trophic-dynamic interrelationships in the seuse of Lindeman
(1942) requires much more sophislicated analyses: :

Atlemps of this nattre are underway in several places; however, there

are & number of pitfalls to be avoided in order Lo significantly exceed -

what Riley et of., (1949) have alveady prospeeted. Tu spite of the farge

amount of limnological Jiternture on the subject the tropho-dynamic in-

terrelniions nre still insufiiciently wnderstood ;- also, careful mass balance
studies, broken down into monthly, or even timely closer episodes, are
seant.  In wldition, much of the dala used for « verification » of limnol-
ogical models hnve been drmwn from nonrelinbie or ot loast inappropriaie
data banks, and henee, this has hardly been to the advantage of model
development. : :

Finally, it has to be staled that — whilst much effort has been put
into the analysis of the phosphiorus situstion, the dynamies of other sub-
stances has been Lugely neglecled. I we should arrive at more glohal
criterin in the future relative to eutrophication, then, over the neh period
of time, more substanlinl studics are required for other nuiricnts, such
as carbon, nitrogen, maero- aiid micro-clements, and their metabolic iu-
teractions:
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Appendix 1, - Usk oF Frounes 5 anp G, RESPECTIVELY FOIL PREDICTING
TOLENANCE LEYELS FOIt PHOSPIIORUS LOADINGE,

Enter dingrammes cither wilh appropriade figures for mcan depth 2
(in melyres), and hydraulie load q. (in metres per year), or, alternatively,
follow Lhe izolines Tor the residence time Ty =T (in yenrs) instead of
separately ealeulating . Doth entries ave equivalenl. N

Ezample:
Lake Ontario (Z=84m, 7 =70y, = Z/te = 10.6 m/y}.

The londing tolerance, from cither Fig. 5 or 6, would approxinutively
be 350 nnd 400 mg P/md -y, Thix value specifies the lower limit not to
be exceeded to keep Lhe luke in nceeptable oligotrophic conditions.  Iix-
cess loading over nboub twice the nhove values, i.e. 7T00-800 mg/m? -y
would eause the ke to beecome cutrophic.

‘ The Joading of this lake, prior to the inilindion of the phusphorus re-
duction programme which is now jn full progress according to the US-Ca-
nadn Agreement, was estimaled 1o 680 mg/m? - v {el. Anon. LJC Report,
1969}, indeed, the condition of the lake has been judged mesotrophic ex-
hibiting pronounced problems of eutropliicition inshore {extended growlh
of Cladophora). ‘This is in ngreement with the stntement made in the
paper (¢l p. 76} that local problems are to be expecled, il the average
inflow concentration exceeds 40 o 52 mg P/md From the data given

. here, the average inflow concentration would be

680/10.6 = 64 mp Pfni’.
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REVIEW

RECENT ADVANCES IN ASSESSING IMPACT OF
PHOSPHORUS LOADS ON EUTROPHICATION-RELATED
WATLR QUALITY

R. Anng Jones* and G, Freo LEg

INTRODUCTION .-

Eutrophication—cxeessive  fertilization,  which is
manifested by excessive growths of planktonic {sus-
pended) and attached algae, and aquatic macrophyles
{water weeds), can have significant deletericus eflects
ot the benelicial uses of lakes, impoundments, estuar-
ine, and m:}rinc waters. Lee (1973), who reviewed in
detail the causes, impacts and  common control
oplions for cutrophication. pointed out Mhat excessive
growths of aquatic plants can interfere with the use of
waters for domestic and industrinl water supply, irsi-
gation, recreation, fisherics, cle. Further, it has
recently been determined for some waterbodics that
there is an apparent refationship between the degree
of culrophication and the amount of trihalomethanes
formed during chlorination of the water during treat-
ment Tor domestie use, Tribalesnethines are chloro-
form-like compuunds which if iigested in larpe
amounts, are known lo be carcinogenic to animals.
The widespread applicabilily of the apparent relation-
ship between trophic status and tribalomethane for-
malion, however, is not known at this time.,

As discussed by Krenkel et ol (1979). excessive
growths of aquatic plants in a walerbody can also
eause detericration of waler quality downstream of
the aflfected waterbody. Of particular goncern in this
regard is the release from a reservoir of deoxygenated
hypolimnetic {bottom) waters which cuan resull from
excessive growths of algac. Such rcleases can ciuse
obnoxious odors as well as impair the fishery poten-
tial of downstream walcrs,

Recause of the potential and realized waler quality
deteriosation associated with excessive growilis of
algae and other aquatic plants, considerable effort is
being expended in the US. and abroad 1o conlrol
cutrophication. Presented below is a discussion of the
recent advimces in assessing cutrophication-related
water quality and in developing and evahiating cuiro-
phication control options with cinphasis on rhos-
phorus Yoad control.

* Present address: Coordinator foe Ayuatic Biology, Tin-
vironmental Scicnces Department; Floor Engincers and
Constructors, Irvine, CA, US.A,

a Department of Civil Engincering, Colurado State University, Fort Collins, CO 80523, US.A.

AF’I'R(J.\\CH TO EUTROPHICATION MANAGEMENT

Cause of Entrophication

The most cost-effective approach loward eutrophi-
cntion management is usually to eliminate or reduce
the causc of the excessive aquatic plant growlhs.
Alpac, as well as other aquatic plants, need a0 wide
varicty of chemical constituents, in addition 1o sun-
light, for growih, Ordinarity, alt constituents needed
for Uwcir optimum growth based on the light avail-
able, are present in aquatic systems in o surplus
amounts compired to the organisms’ needs, exeept
for nitrogen andjor phosphorus. It is generally the
rate of supply of algal available forms of nitrogen or

phosphorus which limits the maxinum algal biomass

reached in a watcrbody, When the load of the
nutrient which is limiting algal growth is decreased, a
deerease in the maxiwum algal biomass that is pro-
duced would be expected. As discussed herein, it
usually requires a fairfy substantial reduction in the
available load of the limiling nutrient to ciause a
noticcable improvement in  cutrophication-related
waler quality characteristics. Common sources of
aqualtic plant nulrients to waterbodies include dom-
estic wastewaler treatment plant cllluent, dircet and
indirect (tributary streams) runoll frem land, and
2 mospheric  precipitation and  dry  fallout. The
¢ nounts of N and P that are derived from fhese
sources can be readily and Tairly reliably estimated
using techniques deseribed in a subsequent section of
this paper.

There are several elements which are basic to devel-
oping an clleclive, in terms of both cost and water
guality improvement, cutrophication-nutrient man-
agement progeam, each one of which must be evalu-
afed on a site specific basis. First, clforls should be
eriented to controlling the nutrient which limils maxi-
mum algal biomass in the walerbody of concern.
Most commonly, focus is placed on phosphorus con-
trol sinee it most oflen is the limiting nutricnl anet
methods to control its loading from demeslic waste-
walers, often a substantinl source. are readily avai-
able and relatively inexpensive to implenwent, Itis im-
porlant to note that even in waterbodies in which
algal growth is limited by milrogen or some other
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Factor. phosphorus Toad reduction can result in im-
proved water qualily if the phosphorus load reduction
is sufliciently large to drive the witerbody to P limita-
tion, and then redoced sufficiently beyond that 1o de-
crense algal growth. Second, if phosphorus control
elforts wre practiced, they should be direcled toward
those soueces of phosphoros which permit the great-
est reduction in algal available phosphorus and which
are most readily controllable. Lee et al. (1980) provide
a statc-of-the-art summary of the availability to
stimulate algal growth, of various. forms of phos-
phorus and of the phosphorus derived {rom various
sources, as well as methods of evaluating the avail-
ability of phosphorus from  a particular - source.
Finally, a guantitative assessment should be made of
the improvement in water guality—beneficial vses of
the water that can be achieved by implementing P
management  oplions. While some  cspouse  the
'lpploach to P load reductions to waterbedies that
“gvery little bit helps”™, there is no technical justilica-
tion for that approach and following il will not lead
1o the most cost-¢ffective, technicnlly sound, yet envir-
onmentally protective cutrophication control pro-
prams. Rather, it can readily lead to the public's
spending large amowunts of money in the name of
“pollution control” with little improvement in walter
quality beyond that which could be attained using a
rational, techmically defensible approach te nutrient
load assessment and control. To assess the impact on
water quality that will result from a given control
program, a verilicd method should be vsed to relate
the phosphorus load and projected change in load to
the cutrophication-relited waler qualily responsc {in
terms of benelicial uses and public pereeption) of the
waterbody.

Numerous attempts have been and are currently
being made to quamiily the causc-cffect coupling
between nutrient load and  eutrophication-related
waler qualily response, to create models which could
be used ns a basis for eutrophication-related water
quality mranagement. Such models, if properly formu-
lated and verified, would allow determinations to be
made of the changes in water quality that would
result from piven changes in nutrient load as well as
projections to be made of the water guality that will
exist in an impoundment that has not yet been
created. Most of this modcling elfort has been di-
rected towards formulating “dynamic” madels which
are mathematical representations of the key physical,
chemical, and biological processes governing algal
grawth in waterbodics. While it is possible 1o develop
a sct of dilferential equations which can describe atgal
population dynamics in relation to nutrient loads for
a given sct of circumstances, few of these models have
demonstrated capability for predicing response when
the nutrient loads are substantinlly altered or when
applicd to a waterbody other than the onc vpon
which it was developed. The Canada Cenire for
Inland Waters (1979) has recently conducted a review
of “dynamic” eutrophication models developed for
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" ¢lusler in one area,

Lake Onlario and concluded that such maodels have,
at tliig time, Hmited predictive capability for water
quality managcment purposes. An allernate appraach
to the dynamic model is the statistical modeling
approach such as the Vollenweider QECTY models
deseribed below, Oceasionally reference will he made
to the stidistical cutrophication models of 1Xillon &
Rigler (1974) and Larsen & Mercicr (1976} As dis-
cussed by Rast & Lec (1978), these models have the
same technical Toundation as the Vollenweider-
OECD models. However, the correlations or lines of
best fit for these models were not developed on as
broad a data base as those of the QECD lo.ul 105~
ponse maodels discussed in this paper.

OLECD Futrophication Modeling Approach
Backgraund

‘The Organization for Economic Cooperition and
Development (OECD) Futrophication  Study  was
undertaken to guantitatively deline the relationship
between the nutrient (phoasphorus) load to o waler-
body (lake, impoundment, or estuary) and the cutio-
phication-rclited water quality response of the waler-
body to that load. This recently-completed live year
study involved the cxamination of I’ lead and re-
spouse characleristics of about 200 witerbodics in 22
counlrics in Western Europe, North Amcerica, Japan,
and Austialia. The 3 US. waterbodics or parts
thereef included in the OLECI Ewtrophication Study
Program were selecled becruse a considerible body
of information on their nutrient loading, hydrologicat
and morphological characteristics was olready avail-
able and individuals who hud isvestipgnted  these
waterbodies were willing 1o assemble the information

“on (hem. Lee had the contract with the ULS, EPA 1o

critically review these data and evaluate the water-
bodies” overall load -response charncieristics.
Vollenweider (1975), through his work with the

OECD, devetoped & model which described a re-

lationship between the phospherus lowl to a waler-
body and the relative, gencral acceptability of the
waler for recreational use. Figure 1 shows this model
applied to the U.S. OECD wulerbodies. Rast & lcc
(1978) and Lee of al. (1978a) found, as Vaollenweider
(1975) had for a smaller group of primarily Furopeun
lakes, that when the annual areal ¥ load to a ke or

impoundiment is plotied as o funclion of the quotient

of the mean depth (volume + surface arca) and hy-
dravlic residence time (lilling time).  waterbodies
which were eutrophic (higherly fertilized) tended o
as the olipotrophic waterbodics
(poorly fertilized —lower amounts of aguatic plint
growth) clusiered in another arca. As the phosphorus
load to a P-limited wilerhady having o given mean
depth/hydeaulic residence time guotient is reduced,
cutraphication-related water quality js gencradly im-
proved, provided the reduction is sulliciently |II]_..L‘ h
is important to note that the “Excessive” and
“Permissible™ lines in Fig. 1 do not represent sharp
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boundarics of water quality between oligoteyphic and
cutrophic waters. For any set of waterbodics having a
given mean deptli/hydraulic residenée liine quotient,
there is a gradation in water quality along the verti-
cal, with waterbodies having better water gquality plot-
ting toward the bottom and those having poorer
water quatity, toward the top. ' )
Vollenweider {[976) subsequently developed a stat-
istical correlation between the areal annual P loading
[L(P)] to a waterbody normalized by mean depth (2)
and  hydravlic  residence  tme  (r,) (e
LAV e )0 + 7). and the cutrophication re-
sponse of the waterbody as measured by mean
chlorophyll concentration, for a small group.-of waler-
bodics. Based on the data from the .U.S. OECD
waterbodies, Rast & Lee (1978) and Lec et af. (1978a)
substantiated that general relationship and defined it
for a grealer number of waterbodics, deriving a some-
what different line of best fit than Vollenweider's.
They also cxpanded Vollenweider's concept and de-
veloped corrclations between the normalized P load
and Secchi depth {water clarity), and between the nor-
malized P load and hypolimnetic oxygen depletion
rate. Figure 2 shows these lhree load-response re-
Iationships for the US, OECD walcrbodics.

Results of recent work

Since the completion of the U.S. part of the QECD
Eutrophication Study, the awthors and thcir associ-
ales have cvaluated the P load-response relationship
for another approx. 40 1.8, watcrhodies, including a
dozen Tennessee River Syslem impoundments, and’a
variely of waterbodies in Indiana, Wisconsin, Color-
ado, Wyoming, and Texas. These additional water-
bodies were not sclected per se in any way, but rather
are the group of waterbodies which the authors have

- been able to investipate and cvaluate over the past

several yenrs for nuirient load eutrophication re-
sponse relationships. The results of these specific
stuclics are in various stages of publication and in-
clude Lee et of [1978b, 1979, [98), Newbry of ol
(1979, 1980), Lee & Mcockel (1974), Horstinan et o,
(1980), Lec & Jones {1981c), Jones & Lee (1978), and
Lee & Archibald (1981).

The locations of the approx. 80 U.S., watcrbadics
evalualed to date are shown in Fig. 3. Figure 4 shows
the lines of best fit for the I load chlorophyll, P
load Sccchi depth, and T load hypolinmclic oxygen
depletion rate relationships lor these U.S, waterbodics
and the associaled 95%, conlidence inlervals for the
dala. {Except for the conlidence limits, Figs 20C) and
4(C) are identical, as no additional P load-hypolimne-
tic oxygen depletion rale couplings were available) As
can be scen by comparison of Figs 2 and 4, the regres-
stons develeped based only on the .S, QECD dala
are essenlially identical to those developed by includ-
ing the additional lakes and impoundments.

Further, the remainder of the approx. 200 water-
bodies have also been found to Tollow the general
relationships shown in Figs 2 amd 4 (Clasen, 1979;
Vollenweider & Kerckes, 1980). I therclfore appears
that these relationships have a wide-spread applicabil-
ity to most waterbodics ~those in northern as well as
southern climates, shallow as well as deep water-
bodics, lakes as well as impoundments. large witer-
bodics and small walerbodies. Conlrary to some
assertions which have been made by the US. Army
Corps of Engineers (1979) for cxample, and as shown
in Fig. 4, the OLECD eutrophication studies have
demonstrated that as a group, lakes do not respond
differently to nutricnt input than impoundments: the
sume toad-response regressions are applicable to both
lakes and impoundments. However, as discussed
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below, there is o number of characteristics of im-
poeundments as well as some lakes and csluarics,
which may nccessitale modilication of input pa-
rameter values.

Based on the resuits of the OECD cutrephication
study and the subjective opinions of the individual
investipalors regarding the limnologicul trophic con-
ditions of ticir waterbodics, Vollenweider (Vollen-
weider & Kerckes, 1980) devetoped distributions of
the probubility that a waterbody will be classified in a
certain limnologicu! trophic category given a certain

chlorophiyll concentration, Scechi depth, or tofat P
concentralion, among other parameters, Following
the - probability  distribution for chlorophyll and
through the U.S. wulerbody Jomd «wesponse couplings
shown in Fip. 4 the anthors develuped the sesponse
parameter values in Toble I which tend (o be indica-
tive of certain trophic desipnations for waterhaodies, It
is important 1o understand, however, U these values
should not be strictly applicd for the classification of
waterbodies, especially Tor water quality manapement
purposcs. Lee et of. (1981c) discuss how this table and
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Table ). Limnological elassilication of trophic status of lakes and reservoirs

Avcrage

Average in Inke
_planktonic atgal Average total

chlarophyl Scechi depth phosphorus

Classificalion (g1~ Yy (m} (rel™ "
Oligotrophic <20 >4.6 <719
Oligotrophic-mesotrophic 2129 45 38 311
Mesotrophic 30 69 37-24 12 27
Mesotrophic-culrophic 10 99 23-1.8 28 39

LEutrophic =10 <17 =40

Afier Lee et al. (1981c). -

the OECD eutraphication modeling appronch should

be used in conjunclion with desired beneficial water-
body uses, for water quality management—-L 92-500
Section 314 A classilication purposes. They stress the
fact that Tor most applications, planktonic algal
chlorophyll concentration tends o be the most re-
linble eutrophication-related water quality indicatos;
for thosc watcrbadies having average amounts ol in-
argianic turhidity and color, Scechi depth is an ad-
equale secondary parnmcter. The total ' concen-
trations in a watcrbody should not, in gencral, be
uscd as an indication of water qualily response since,
as discussed by Lee et al. (1981c) as well as others,
unless the P is used in the production of undesirable
amounnts of algae it docs not typically. ciuse an im-
pairment of beneficial uses of the watcr. )
Lee & Jones (1979) have further extended the- Vol-
lenweider-Rast & Lee-OECD nutrient load -response
concept and developed a rclationship between P load
and fish yicld (Fig. 5). While additional data arc
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Fig. 5. Relationship between normalized P load and fish |
yield (alter Lee and Jones, 1279).

nceded to better define the correlation, the relation-
ship is clear. It should be noted that (his relationship
does not explicitly ndidress the types or quality of fish
present. While the overall fish yield will increase with
increascd fertilization, there is a point at which in
certain waterbodies, the wquatic plant growth would
be suflicient to significantly deplete hypolimactic oxy-
gen and preclude the survival of cold waler fish types

such as salmonids (tronth, Further come highty cutio-.

phic waterbodics tend Lo have large populations of

stunted pan fish. Therefore, 8 plot of vield of desirable

fish vs normalized T* londing would likely huave two
breaks in it, onc corresponding (o the load which
causcs suflicient algal growth o Giuse complete hypn-
limnetie axypen depletion and the other correspond-
ing to the lead resulting in stunted fish growih, Tt is
important (o note that while in more developed coun-
trics. thc management cmphasis is on control of
eutrophication-related water quality lo reduce the
production of agquatic plants in order to improve the
recreational-acsthetic quality and treatability of the
waltcr for drinking. in many lesser developed coun-
trics, the emphasis wilt likely be on maximizing pro-
duction of fish for food without rendering the waters
unsuitable for other purpeses. The latter philosophy
can now be handled at least in a redimentary way,
through the Lec and Jones relationship (Fig. 51 As
discusscd above and in detail by Lec & Jones (1979)
however, the wse of this approach for estimating
edible lish abundance must be made coutiously.
Recenlly, the pE‘cdiclivc capability of the QECD
modeling approach has been verilicd by Rast ¢ ol
(1981). They examined the P loads and waterbody
response (chilorophyll) for the approx. 10 waterbodics
to which the P loads had been substantially changed.,
and on which suflicient “before™ and “after™ P load
change data were available, Using the OFECTY cutio-
phication modceling approach and pre-change data,
the post-change chforophyll, Secchi depth, and hypo-
limnetic oxygen depletion rate values were estimated
and compared with reported measured values for the
respective charactenistics after the P load reduction,
As shown in Fig. 6, the steady stale load- tesponse
coupling for any given wateibody tends to move
parallel to the U.S. waterbody regression line. The
response predicted based on a perfectly parallel re-
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al,, 1981).

sponse in peneral compared Tavorably  with  the
measured values, Rast et al. (19871) discussed the devi-
ations and likely reasons Tor them; they are related to
the model constraints presented below, While the
confidence imervals around the lines of best 1l may
appear large, this does not affect the predictive cap-
bility when one load -respouse coupling for a water-
body is known. It should be noted that the Vollenwei-
der-OECD eutrophication modeling approach has an
inberent verification within it since the models were
developed based on the load -response characleristics
of approx, 300 independent waterbodics Iaving a
varicty of characteristics.

Rast et al {1981) as well as Sonzogii of al. (1976),
discussed the response time necessary to achieve the
predicted steady state response to the altered P loml,
Pravided no other substantial load changes oceur,
new, cssentinlly steady  state conditions  will be

reached after a period equal to three times the phos-
phorus residence time of the walerbody. They emplhia-
sizedd that the residence time of P, a nonconservative
chemigal, is vsoally substantinly shovter than that of
a conservative chemical or the hydraulic residence
time.,

Madel constraints

In their current Torms, the OECDH loud response
relationships have some constraints, Tlicy sre gener-
ally applicable only 1o waterbodics in which algal
growth is limited by phosphorus, They can only be
used 6 assess entrophication as manifested by plnk-
tonic algal growth and have no applicability to other
waler quality probleins such as sanitary quality, toxi-
cants, sillation, ete. Nydraakic residence the during
the growing scason must be at least 2 weeks, ie. suf-
ficient time foi algae lo grow in response 1o it load of
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nutricnds. Further, the P load -Scechi depth relation-
ship was developed for waterbodies Taving only small
to moderiale amounts of inorginic turbidity and
color, Those walerbodics having a high'inorganic pae-
liculate load or karge amounts of suspended scdiments
ar color would be expeeied to plot below the lines of
best it in Figs 2(13) and 4(B). The variation in the
turbidity of various waderbodics plotied.in Figs 2(B)
and 4(B) probably accounts for much of the scalter
about the lines of best fit - .

There is also a number of waterbody charcteristics
peculiar to impoundments and somé other water-
bodics which must be evaluated before applying this
approach, and acdjusted i deemed appropriale. The
depth of water in some reservoirs can be highly vari-
able over an annual cycle. Depending on the depth-
time pattern. it may be necessary, lor example, lo nse
{he mean depih commonty found in early summer
instead of full pool mean depth, in the models. For
some reservoirs, water wilhdrawal is made from
hottom waters, This may impact the nutrient loading
since it may affect normal nutrient recycling hy sclec-
tively removing hypelimnelic waters conlaining ¢lé-
valed  phosphorus  concentrations.  Reservoirs and
smne lnkes often have one or more arms or exicn-
sions. IT these are clearly physically ér chemically dis-
tinguishable from the main body of the reserveir, they
are likely to have discrete nulrient load-response re-
lationships and should be considered scparately, It

should also be notcd that these arms often trap sub--

stantinl parts of the 1’ load to the reserveir: in the
casc of Lake Ray Hubbard (Lee et ¢, 19785), one of
the arms trapped aboul 9077 of the inflowing P load.
IT this occurs, the P load to 1the main body should be
adjusted accordingly. Finaly, because of the nature of
the systems in which reservoirs arc typically con-
structed, many tend o contain karge imounts of sus-
pended inorganic matter, As discussed previously,
stich reservoirs should be evilualed to detcrmine il
the inorganic turbidity is suflicient to alter algal

prowth in response (o hulrient toad or to affect the

Secchi depth measurement, .
Because of the extensive number and variety of
types of waterbodics 1o which 1he Vollenweider-
OQECD modcling approach is applicable, if a waler-
body docs not appear. to fit these relationships, it is
wsually an indication that either the vatue for one or
more of the parameters has been incorreclly estimated
ar the users did not follow the procedures outlined by
Rast & Lec {1978) of evaluating the walerbody's

characteristics for any propertics which would causc

the nuirients to be used in a way different from the
300 waierbodics upon which the models were hased
(such as cxcessive inorganic turbicdity. the presence of
arms or bays which would trap nutrients, nutriemt
limitation, hydraulic-hydrologic characterislics, etc.
as discussed previously) and making lechnically
appropriale alterations ta account for these proper-
tics. As in the cuse of the U.S. OECD study, Tor the
several walerbodics which at first at first did not

.ceptible  change i

appear to have a load response coupling similar to
the other waterbodics, there were definable reasons
for their behavior which could be corvected for in @
technically valid manner for each waterbody based on
knowledge of how the characteristic affects general
nutrient utilization by planklonic algae, ar by correet-
ing errors in the data. I should be noted thal such
adjustments are technically appropriate 1o make and
do not involve arbitrarily alicring numbers to force
the watcrbody to fil. They nced to be made vnder
cerlain circumsiances  because this  load - response
modeling approach was developed based on theoreti-
cal nutrient utilization in completely mixed systems
having a fuirly simple morphology. The regressions
{lines of best fil) were developed from data on water-
bodies with similar “simple™ characteristics or wilh
unusual characteristics normalized. It would not be
appropriate to usc this approach for a watcrbody
having “unusual” characteristics without making such
modification,

EXAMPLE OF THE APPLICATION {9 OFECD
EUTROPIICATION MODELING ATPROACH FOR
WATER QUALITY MANAGEMENT

Rast & Lec (1978) provided an extensive discussion
of how this modeling approach can be used for water
quality management by applying it 1o a “hypothetical
waterbody™ (Figs 7 and 8) with assigned mean depth
of about 18 m, hydraulic residence time of shout 2.5
years, ained having about 55%, of its P load [rom point
sources {i.e. domestic wastewalcr inpuls). These
characteristics are similar 1o those of Loke Erie dur-
ing the mid-1970s. Figure 7 shows thal hy reducing
the poinl source P load to the waterbody by 907
(which can readily be done threugh chemical precipt-
tation of phosphorus at domestic wastewaler treat-
ment plants), there could be some relative improve-
ment in the recreational acceptability of 1his water-
body. Further improvement would be seen alter
reduction of the nonpoint source P load in addition
to the point seurce conlrof,

By using the relationships shown in Figs 2 or 4, the
improvement in water quality, in the hypothetical
waterbody can be determined in terms of chlorophyll
concentration, Secchi deptl, and hypolimnetic oxygen
depletion rate. Figure 8 shows, for example, that 907,
point source P load reduction would cause the
chlorophyll concenlration o decrease from an initial
Tpgl™ ! to about 4 g1~ additional P load redic-
tion from control of nonpaint sources by 4057 would
result in a mean chlorophyll concentration of about
Ipgl™ ! Changes in chlorophyll concentration on
this order (ie. from 7 to 3-4 ppi1~1) could be per-
ceived by the public as improvements in waler
yuality, Figure 8 also shows thal the P load reduction
that could result from detergent P bans in the
watershed Gie. 20 257, reduction of the domestie
wastewaler cilfuent P load) would not resull in a per-
eutrophication-related  water
quality in the lake.
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Assessing impact of phosphorus loads on water quality

The authors and their associates have made use of

this Vollenweider-Rast and Lee-OECEH meadeling
approach in eutrophication-related water guality
asscssment and management for a number of reser-
voirs in the U.S. and Europe. For cxample, it was
used for about a dozen Tennessee Valley Authority
impoundments (Newbry et ol 1979, 1980); the Great
Lakes (Lee of al., 1979); Lake Ray Hubbard, a walter
supply-recreation impoundment near Dallas, TX {Lec

& Meckel, 1978; Lee er al.. 1978h): a group of water-
bodies in Indiana (Lee & Archibald, 1981); Dillon '

Rescrvoir near Breckenridge, CO (Horstman ef al,
1980): as well as the Potomac Estuary (Lee & Jones,
1981c). Tt is currently being used by the Spanish
government under the dircction of the awthors, as a
basis for developing a eutrophication controf. pro-
gram for Spain’s more than 700 waterbodies.
Through their work with the Amcrican Water
Works Association Quality Control in Reservoirs
Committec, Lee & Jones (1981a,b) and Lee of al.
(1981a) developed a series of manuals to aid in the use
of the OECD entrophication models for waler quality
management. One munual describes in detnil how to
estimate nutrient loads (o waterbodies based on land
usc in the watershed: another describes how tf) AS5C5S
the limiting nutrient and factors that should be con-
sidercd in making this assessment as part of a water
quatity management program; and the third discusses
the minimum waterbody and watershed monitoring
programs to collect requisite data 1o apply the OECD
cutrophication models. Lee et af. (1981b) have
recently developed a step-hy-step manual providing
insiruction on the praper application of this modeling
approach for water qualily management. Further, Lee
et al. {(1981¢c) have provided a discussion of how it can
be used to comply with PL 92-500 Scction 314 A lake
classification-restoration reguirements.

Estimating nutrient loads

Because of the importance of developing appro-
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.priaie P load estitmaies in the vse of the QOECH (or

any other) eutrophication modeling approach for
evitluating the eflicacy ol nurient load management
options as part of cirophication manngement pro-
grams, a summary ol key points in nutrient load esti-
mations is presented below. Lee e ol (1981n) and
Rast & Lee (1981} present more detailed discussions
on this topic and should be consulied for Turther in-
formation.

In order to use the Yollenweider- OECH eutrophi-
cation modeling approach to predict Tuture waler

.quality characteristics or to predict characicristics of

impoundments which have not heen constructed, il is
necessary to make estimations of nutrient loadings.
As discussed previousty, the nutrient foad 1o a waler-
bedy generally consists of that derived rom domestic
wastewater input (point source), and that derived
from nonpoint sources such as band eunoll and the
atmosphere. It is well established that over an annual
cyele, the sediments are a sink for phasphorus (Lee ot
ol 1977). In the ULS,, the typical load of nutrient 17 in
domestic wastewater frentment plant ellluent (from
plunts not practicing P removall is on the order
of LS5k Pperson 'year ', To  cstimate  the
amounts of nuteicnts coming from the Land and the
atmosphere, Rast & Lee (1978) developed, based on
the literature and the U.S. QOECD notrient load and
land use information, a set of notrient expornt coclli-
cients which ave been found o have gencral applica-
bility throughout much of the US. These are
presented in Table 2. Ihe export cocflicient For a par-

“ticular Tand use is multiplied by the area of land in 1he

watershed devoted to that wsg, o determine the
annual [oad from that type of Jand. With this infor-
mation it is possible lo estimate with an adequate
degree of reliability for modeling associated  with
management purposes, the eutrophication-related
waler quality impact of. for example, increased wrbin-
ization {both in terms of incrensed nutrient input from
fand runoff and increased domestic wastewaler treal-

Table 2. Watershed nutrient export cocllicients

Watershed land use

Watershed export coellicient
(gm ™ yr ")

Urban
Rural/agriculture
Forest
Other:
Rainfail and dry lallout

Urban
Ruralfagriculture
Forest
Other:

Rainfall

Dry fallomt

A. Total phosphorus
0.1
005
om

0.02

B. Total nitrogen
0.5(0.25)* _ _
0500
03{on

08
1.6

* Export coeflicicnts used in caléulnting witrogen londings for walerhodies in

the western U S,
Afier Rast and Lee {1973).

“mm

[

—
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ment plant nutrient lead) on entrophication-related
water quality: of other aitered land use or agricultural
practices: of phosphorus removal at domestic wasle-
witter treatment plants (90% removal of P in the elMu-
ent can he reacdily accomplished by precipitation with
iron or aluminum salts); of decreascd PP content in
faundry detergents (detergent P ban could resull in a
20-25%, reduction in domestic wastewater treatment
plant ¢Muent " concentration); and of the relative
micrits of vagious nutrients management strategies. It
is important o note that while the Yollenweider-

OFECD models are based on total P load, because of .

the madel formulation and the dala base used, for

many waterbodies the availability of phospharus from’

virious sources is in large parl accounted for.

CONCLUSIONS AND RECOM MENDATIONS

IThe OECD Eulrophicalion Study nutrient load-
eutrophication response models provide water quality
managers with a reliable, relatively easy-to-use tool
for developing cutrophication-related walter quality
managemenl programs. Significant advantages of the

OECD  modeling  approachi over  the “dynamic” .

madeling approaches used or proposed for use in-
clude the facts that the OECD approach lins minimal
ity royquisemends nod Tes demonstroted predictive
capabilily.

The Vollenweider—QCEIY nulrient load -cutrophi-
cation response models should be incorporaled into
afl 114-A lake and reservoir classification and man-
apement activitics. This would include establishment
where necessary of a water quality monitoring pro-
gram such as that outlined by Lee & Jones (1981b).
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3.2.- DIMENSIONADO DEL ESTABLECIMIENTO DEPURADOR

3.2.1 - PARAMETROS EXTERNOS

]

El tamaific de una planta depuradora biol6gica urbana para elimi
nacidn de la materia orgénica esti fundamentalmente gobernado

por los siguientes parametros externos:

- carga orgénica

- caudal de pico

los cuales, a su vez, surgen de otros que preven las caracte--
ristica del servicio o de la explotacidn:-

poblacidn conectada equivalente

- carga orginica per clpita

dotacidn o afluente per cépita
- factores de pico

En tanto gue la concentracién o fuerza del liquido cloacal pue
de utilizarse como parémetro de control.-

Dada su tradicibn, se utilizar8 como medida de la carga orgéni
ca la DBOg, como masa de oxigeno, referida a la unidad de tieg
po, © a la unidad de volGmen y, a veces, al habitante equiva--
lente.-

En este esquema, las previsiones del Anteproyecto Preliminar -

se traducen en las siguientes:

a) Parametros del Servicio

Poblacifn un mBAULO, ... eeevvieiisnisinmmsassnriosnes 80.000 hab.
Carga orgnica per CAPLLa....uieioerorsromsrsmeesmnens 90 gr/h/dia
Dotacidn media anuUal. . .. ... oo soesoses oo 318 1/h/dia
Factor de pico estacional. ... 1,55
Dotacibn media estacional.....u.uieiinininns 493 1/h/dia
Factor de pico diario....... veereenne 1,20

b) Parémetros Externos para Disefo
Carga orgénica"";""""“"""","“""““""""""""" 7.200 Kg/DBOsg/dia

Caudal de pico"""yau;;"u"n“"""““"""u"""""" 1.972 m3/hora



¢} Parlmetro de Control

Concentracidn media anual. .. ..c.cveiiosoioissienn, 283 p.p.m.
Concentracidn media estacional..........cooessn.... 182 p.p.m.
COMENTARIOQ;

- El tamano del ler. mSdulo se juzga acertado. Debe tenerse en
cuenta gue para su éficiente aprovechamiento deber& empren--
derse, simultineamente, la. ampliaci6n de la red. Empero, afin
cuando esas ampliaciones se retrasacen, la planta podria ope
rar con toda eficiencia ya que cada mddulo constari de dos -
calles.,- .

- El tamafio definitivo del establecimiento (80.000x3 = 240,000
hab.) a partir del -afic 2010 (o algo mas tarde) que seria uti
lizado a pleno a partir del afioc 2020, impresiona algo genero
SO o excesivo.- )

La ejecucidén del tercer mddulo conforme a las pautas de este

proyecto 1989 resulta incierta, debido no solo a la impresi-
cibn de toda proyeccifn sino tambidn al progreso en la tecno
logia de depuracidn que cabe esperar en los anos venideros.

No obstante, la pretensibn de resolver la totalidad del pro
yecto con las técnicas‘que hoy juzgamos md3s acertadas, crean

condicionamientos al prqyecto inmediato. Sobre todo en cuan-
to a la utilizacidn del terreno. En materia de tratamiento -
de barros, por ejemplp,.se bueden preveer progresos importan
tes en cuanto a la mecanizacién de los mismos. Adem&s, la --
propia explotacibn de la planta durante 20 afos brindari con

seguridad conclusiones muy fitiles a la hora de su ampliacidn.

- La carga per cépita adoptéda de 80 gr/hab/dia es, a nuestro
juicio, alta. No se compadece con las habitualmente observa-
das en ciudades del pais, . ain las de alto grado de desa--
rrollo. Como los Consultbres lo senalan (Inf.Final, p.4) en
paises altamente industrializados como BElgica y Holanda se -
utiliza entre 54 y 65 gr / hab/dfa y en el Reino Unido se -—-
adopta entre 50 y 60, en tanto que en paises en desarrollo,
se utilizan entre 35 y §0 Qr DBOS/h/dia y en Brasil 50. Se -

advierte asimismo que en_S.C. de Bariloche no hay fibricas



polucionantes de importancia.-

El 15.10.86 se extrajo muestra compensada en la estacidn de
bombeo cloacal, la que arrojd una concentracifn de 81 p,p.m,
DBO5 (Est.Preliminar p.249) .-

En ese mismo dia, se aforaron los caudales en la E.B. hallan
dose un caudal medio de 631 m3/h (Est.,Preliminar p. 220). La
poblacidn conectada. se evalud en 19.000 habitantes, mé&s los

equivalentes al matadero que faena 50 vacunos diarios. Enton

ces:

. Poblacifn conectada en 1986, ...uuiiiiieesennnen.. 19.000 hab.

. Poblacién equivalentedel matadero............. 6.000 hab.

. Caudal medio diaric al 15.10.86.. . ..cccevuveeinnnens 631 m3/h

. DBO5 muestra compensada del 15.10.86...0..... 81 p.p.m.
631 x 24 x 81

Resulta: e b b et e ha et ae 4o aa 0o b be b ao no oo oo po nn 49 gr/h/dia

25,000 ,
Es decir gue un vaior como el adoptado, de 80 gr/hab/dia su-
giere un exceso de cobertura (Inf. Final, p.5) sobre todo si
al momento de diseiiar cada una de las etapas, se aplica un -
nuevo incremento que resulta de adoptar 180 ppm y, simulténea
mente, 500 1/hab/dia 1lo que'representa una carga per clpita -
de:

500 1/hab/dia x 0,18 gr/1 = 90 gr/hab/dia

Cabe aclarar, ademds, que en estos dias el Matadero Munici--
pal se trasladard a sus nuevas instalaciones con tratamiento

propio.-

Coincidimos con la apreciacidtn del caudal de pico formulada
en el Anteproyecto Preliminar en el que se propone un valor
de 2.000 m3/h para cada etapa de 80.000 habitantes.-

Ese caudal coincide con .la capacidad méxima de transporte --
del colector costero existente en condiciones e;tremas de —-
funcionamiento, esto es, con la boca de registro.N2 16 {cru-
ce Nireco) desbordanao;—



3.2.2 -

Preferimos en cambio llegar a ese valor a partir de una dota
cidén algo menor de 500 1l/hab/dia pero afectada de un factor
de pico mayor. En la préctica, esta discrepancia no tiene --

ningGn efecto en el dimensionado de la planta.-

Conclusidn: Se advierte que una serie de posiciones de cobertu
ra {crecimiento, concentracidn, dotacidn) se.han -
potenciado para dar como resultado una carga orgé-
nica que juzgamos algo excesiva. En cuanto a la --
carga hidr&ulica hay coincidencia. En concreto, --

proponemos trabajar sobre los sigquientes nfimeros:

a} Parametros del Servicio

- Poblacifn un m8Aulo, ..., 80.000 hab.
. Carga orgénica per cépita,, ... 60 gr/h/dia
. Dotacidn media estacional ' . 400 1/h/dia

Factor de pico diario, . .. ....c.uweeioon. 1,5
b) Par&metros Externos para Disefio

Carga OrgaRica,, . .. ..o sssoommonn 4-800 KgDBO,/dfa
Caudal de PLCO........ooiooososon. 2-000 m3/h

c) Parfmetro de-Control

Concentracifn a caudal estacional 150 p.p.m.

PARAMETROS INTERNOS

Llamaremos asi a los pardmetros propios de la planta depurado-
ra que cambian o varfan segfin el proceso y el punto de funcio-
namiento que se adopte como hipStesis de trabajo.-

Descartada la derivacibn de las aguas al Rio Limay, coincidi--
mos con el Anteproyecto Preliminar en la eleccifn del proceso
(oxidacibén prolongada) y dentro de esa categoria coincidimos -
también con la eleccibn dél punto de funcionamiento, en tanto
gque propondremos algunas variantes en el disefio y dispositivos

de las camaras de aireacidn.-

El punto de funcionamiento viene caracterizado por los siguien

tes parametros, principa@mente bioldgicos:



&1
X = concentracitn de s6lidos en el liquido mezclado, en térmi
nos de SST o de SSV por unidad de volfimen

C, = carga volimica o carga orgfnica diariamente aplicada por

unidad de volfimen

C._ = carga madsica o carga orgénica diariamente aplicada por --

unidad de sblidos ‘suspendidos totales

I = indice de crecimiento de lodos, en literatura anglosajona
SG1
ec = edad del lodo o tiemo de residencia celular

OC/L = relacidn oxigeno consumido o demandado vs. carga organi
ca aplicada

Es decir que siguiendo a Vosloo, cuando no se indique lo con--

trario, se hara predominar:

- S88lidos suspendidos'totales sobre S6lidos suspendidos vol&ti
les '

- Carga orgénica aplicada sobre Carga orgfnica utilizada

Estos par@metros no son todos libres. Solo hay dos parimetros
libres, los demds son dependientes. Elegiremos como pardmetros
libres a ec y X. Los dém&s quedan vinculados o bien por leyes
gue gobiernan los procesos biol&gicos o bien por las propias de
finiciones convencionales. Las leyes pueden ser descriptas me-
diante modelos matemlticos o como resultado de observaciones -
de campo, forma esta que, a la hora de disefar, se impone por -
su fuerte apoyatura experimental. Esas relaciones empiricas en
tre parémetros,pueden buscarse en distintas fuentes, tales co-
mo: normas y manuales (por. ej. ASCE-WPCF en Estado Unidos o —-
ATV en Alemania Federal), tratadistas o autores cldsicos (por -
ej. Imhoff o Metcalf-Eddy) o investigadores {(por eij. Downing o
Vosloo) .~ |

Desde mediados de la década del 70 y hasta ahora, los crite---
rios expuestos por Vosloo sobre la base de observaciones reali

zadas por Wurhman, Downing y Hopwood cobraron gran prestigio -
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entre disenadores, en gran parte por su sencillez y pragmatis-
mo, Hemos completado esa informacidn con los criterios de ATV,
gue son m&s explicitos en materia de tratamiento bioldgico de

1iquidos completos o brutos, es decir sin sedimentacién prima-
ria.- ' '

Los paré@metros dependientes, se obtienen entonces al aplicar:

1= (8

1 c
1
C =
m I GC
C =C X
v - —
0C/L = £, (6)

Ademas, Vosloo propuso un factor de pico para calcular la capa
cidad de oxigenacifin, que tiene en cuenta la falta de uniformi
dad en que la carga orginica ingresa a la planta. Normalmente
lo hace con fuertes picos (por caudal y por concentraci®n) en
horas del mediodfa. Ese factor de pico tambié&n depende del pun
to de funcionamiento, es decir de Bc: '

Tasa de Oxigenacidn Maxima
Tasa de Oxigenacidn Media

B o= f3 (Bc)

En definitiva, se transcriben los par&metros gue nos propone~--
mos utilizar, en comparacién con los que se desprende del di--

mensionado realizado en el Anteproyecto Preliminar:

- Paré8metros Libres

Utilizado en el Propuesto para el
Ant. Preliminar Ant. Definitivo

Bc (dias) . : 25 25

X (Kg SST/m3) 4 4

X (Kg Ssv/m3) - 3



- Parametros Dependientes

Utilizado en el Propuesto para el
Ant. Preliminar Ant. Definitivo

Kg SST sintetizados.

o Kg DBO, aplicada ) 0,8 0,666
Kg DBOg aplicada ., - '
Cr | Kg SST dia ) 0,05 0,06
Kg DBOgs aplicada
Cn (— %3 8sv aza ) 0,08 0,08
Kg DBO5 aplicada
Cy ! m3 dia ) 0,24 0,24
Kg 0
’ 4
oC/L ( Kg DBO5 aplicada ) 1,479 o 1,8
" NO | 1,33
Comentario:.

- En general, hay buena coincidencia en el tipo de planta depu -

radora gque se pretende.-

- Nos inclinamos por una mayor capacidad de aireacién que la -

prevista en el Anteproyecto Preliminar.,-

- Como tambi&n se ha propuesto trabajar con una carga externa
menor, la capacidad de aireacidn serd a la postre casi coin-

cidente.-

3.2.3 - PROCESO DE DIMENSIONADO'A‘

En este apartado se dimensionan las principales unidades de --
proceso para ir conformando el esquema general y su insercidn
en el terreno disponible. Se obvian los ¢&lculos hidrdulicos

y los disenios de detalles, Tambi&n se citan las unidades equi-

valentes desarrcllados en el Anteproyecto Preliminar.-

®
T, ] L e m
A '
I Desin-
3 —~ feccidn
***vh—"i—“~r Aireacitn Sedimentacitn
‘ Espesamiento,esta
Deshidrata- bilizacién ylalma
©ifn de ba- cenamiento dg ba- ESQUEMA BASICO

£Yos rros
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DIMENSIONADO:

a) Reactores aerébicos para 80 habitantes

Ant.Prel, Ant ,Def, Ref.
= VOLlUumen., .iicivrserrevennmerens we 30.000 . 20.000 (1)
— Cantidad (N9) . uvivvnonnnnne, 2 2
— Velumen unitario (m3)......... 15.000 10.000
- Profundidad (M.) ceeeeeeeenconssseenens 4,50 3
- Superficie Neta (m2)..waweeonw 3,333 3.333

b) Aireadores para 80.000 Habitantes

- Tasa de Oxigenaci®n de

campo, pico (Kg O,/hOra)....... 443 480 (2)
~ Tasa de Oxigenaci®n : '
Standard (Kg Oz/hora}"“""“"""u 654 670
- Rendimiento al Eje (Kg OZ/KWhn 2 2
— .Rendimientoc en Linea (Kg 02/KWh) 1,75 1,6
- Potencia al Eje (KW)auwwwnmeounn 327 T 335
— Potencia en Linea {EW).waurrwn 372 420
- Tasa de Oxigeno por &
metro de rotor(Kg 02/h (1] R 8
- Longitud de rotor (m)........o.. 84 (3)

— Densidad de Potencia :
Disipada (W/m3} . ...ccomerivmnnnnnn 10,9 16,75 (4)
¢} Sedimentadores para 80.000 Habitantes

- Carga hidr&ulica superficial

o velocidad ascensional (m/H).... ... 1 1
- Superficie total (m2).......... 1.973 2.000 (5)
- Cantidad (N2} ... .. cevaneinmmnon 2 2
-~ Superficie Unitaria (m2)....... 987  1.000
= DI&GMEETO (M) reooorosoeo oo seme 35,45 35,68
- Factor de recirculacibn en
operacidn normal,. .......eiieieen 1 0,8
- Carga m&sica media (Kg/m2 h)..... 4,8 (6)
- Carga masica pico (Kg/m2 h)..... 6,13 (7)

- Velocidad de aproximaci®n
(M3/A1AML) | e s g e en se eeer e ea e 218 (8)
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d) Silo de Barros para B0.000 Habitantes

Ant.Def. (Ref.)
- Caudal de purga con licor

mezclado (M3/d45a) cunvnnmunmnnnnnnnnnnnnn. 800 (9)
- Caudal masico purgado (Kg/dia) ..cemeseveennes 3.200 (10}

- % de Metanizacibn sobre los

- Permanencia buscada‘(dias)“"""""""""“"”u 20
- Masa acumulada en el 8110 (Kg) wuwmwwiaweaa. 38.400 (11)
- Concentracidn media estimada (Kg/m3)..... 20
= Volamen (M3)..cuvvvevmmenmmemmmesmmmmemn, L1920 (12)
= ALEUTA  (IN) fiitreernvrne voen s srcnne vese e on aeon on on 0 0d o0 s0 0n ee s ne on 18
= DIi8MetrO (M) .viiiiicimi e v s e m s srar e 12

e) Playas. para 80.000 habitantes

- Materia seca anual (Kg/ano) cerrserene e 100.800 (13)

- Carga socbre playas de secado
(Kg/m2.afio) ., e e b et st b 2o et et e g e 100

- Superficie necesaria (m2) . ....cumeueennn 7.000
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ACLARACIONES DEL DIMENSIONADO

Recordemos gue:

A: Carga orgénica entrante 4,800

Q0: Caudal de pico . 2,000
Qm: Caudal medic _ 1.333
Cy: Carga vollGmica _ ' 0,24
OC/L: Relacidn oxigenoc-carga orgénica 1,8
p: Demanda de oxigeno pico/media 1,33

6 : Edad cdel lodo ' , 25

De las referencias anteriores:

L 4,800 "
(1) v = <, = 0,34 = 20.000 m3,
(2) co= uw O0c/L L = 1;33 x 1,8 ~25800 499 kg o /n

(3) LR= 670/8 = 83,75 m.

(4) DP= P /¥ = —535%%5—x 1.000 = 16,75 W/m3
Q9 2.000 _
(5) § = —& = 2202 = 2,000 n2
* _ (L4 R/QD) O X _ 1,8 . 1333 , 4 _
(8) Ypegio = s o= T5%500 = 4,

* + : + .
(1) dhe, Q+ R/Om On o _ 2000 + 0,8 . 1333 ,_

s 2,000

6,13 Kg SST/m2 h

* 0 _ 2.000 _ .
{8) v.ap = T D - 2 x 314 x35 ° 218 m3/dia m
(9) O o0 = 3= = =500 - 800 m3 mt/dfa
purg c :
(10) dg ga™ @ - X = 800 x 4 = 3.200 Kg ssT/dfa

(11) M.B, = 3.200 (1 -0,4) 20

(12) V.s. = -225%92_ = 1.920 m3

(1L - 0,4) 3.200 x 365 = 700.800 Kg/afio

38.400 Kg SST

(13} M.s.

Kg DBOS/dia
m3/hora
m3/h

Kg DBO./m3.d

Kg 0, /Kg DBO

dias

8 Kg SST/m3 h

5

(*) Se acepta hasta 5 Kg/m2 h para la carga media y hasta 7 Kg/

m2 h para la de pico (Metcalf-Eddy, 1985).
(**) Se acepta hasta 250 m3/dfa m (M.E. p.570)




COMENTARIO:

En lineas generales, hemos coincidido tanto en los parfmetros
internos como en el proceso de cilculo con el Anteproyecto --
Preliminar. La discrepancia mis significativa radica en la a-
preciacién de la capacidad de aireacidn, tema en el que arri
bamos a una potencia algo mayor .para una carga orginica me---

nor .-

En cuanto al disefio del feactor, nos inclinamos por el tipico
de aireadores de eje hdriéontal, es decir, de flujo orbital y
mezcla completa. El sistema carrousel esti patentado por D.H.V,
Y conducird seguramente a una restriccibn muy fuerte de la --
oferta {conccemos una patente muy similar estadounidense sis-
tema Activox, a favor de Eric Johnson, con quien D.H. V. dispu
ta los derechos) .- '

El sistema carrousel ha ganado mucho mercado en los paises ba
jos debido sobre todo a la mayor profundidad que se le permi-
ten a sus reactores, 1o que entrafia una economfa de espacio -
valiosa en esos paises. Otra ventaja gque se le atribuye es el
buen rendimiento en desnitrificacifn debido a la sucesibn de

regiones anbxicas, pero estd bien demostrado que estos efec--
tos no son privativos de los aireadores de eje vertical, sino
que se puaden lograr tambi&n con aire comprimido o con airea-
dores de eje horizontal a condicidén de proveer un arreglo ade

cuado.-

In aspecto interesante del sistema carrousel es la concentra-
cifén de la potencia de aireacidn que se logra: requiere pocas
m&quinas y muy grandes. Esto hace caer los costos de inver—---
sidn. Pero como todo tiene su contrapartida, ese menor costo

de inversidn se paga de dos maneras: con mayor fraccionamien-
to de la potencia se consigue mejor rendimiento energdtico --
{no es econdmico elevar mucho el nivel de oxigenc disuelto) vy
mayor flexibilidad (otro factor de economia paré_fégimenes re
gulados) y tanbién es més ficil y econdmico proveer miquinas

en "stand by" para atender los inevitables perfodos de mante-

nimiento.-
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En el planteoc del Anteproyecto Preliminar, para conseguir 500
CV en linea se instalan dos miquinas de 125 CV en cada reac--
tor. En nuestro planteo, para conseguir 560 CV en linea se --
instalan cuatro méquinas de 70 CV en cada reactor. Con ese nd

mero de maquinas no es necesario proveer de stand by.-

En cuanto a la etapa de sedimentacidn, hemos coincidido en --
fraccionar la misma en dos calles con sedimentadores de 35 m.
Es ese un diametro critico para el sistema convencional de ba

rrido.-

Pudo optarse por un sedimentador de 50 m. (y posiblemente no

falten esas iniciativés al momento de cotizar) peroc a nuestro
juicio, para conseguir eficiencia en ese didmetro se impone -
el barredor de succidn, -que es mis complicado y de oferta mas
restringida. Ademés se perderian las ventajas de tener dos ca
lles por etapa.- o

Como era de esperar,.cdn concentracicones de 4 Kg SST/m3 y se-
dimentadores de 35 m. de difimetro comienza a mandar la carga

midsica superficial, que Se.ubica en los limites de lo aconse-
jado con una recirculacién del 80%. Este hecho no aparece des
tacado en el Anteproyecto Preliminar debido a un error de ---
plantec que se comete al no tener en cuenta la recirculacibn

{(p.226, Inf. Final).-

Es probable que se trabaje con recirculaciones mayores (por -
ej. 100%) y ante eventualidades, mis afin. Ello cbligarfia a to
mar algunos recaudos en el disefio del sistema de barrido, ta-
les como puente de dos radios y sedimentadores mis profundos

o con pronunciada pendiente de fondo.-
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18 to the Design -of

Activated-Sludge Plants
By P. B. B, Vostoo, i!.Sc., M.SA.Chem.I., M.SA.I.Chem. L5 (Fellow)

InTRODUCTION

During the last decade or two, there has beena-
considerable increase in the knowledge and under--

standing of the activntcd-sludue process, with the
result that it is now pussible to predict, ‘with
reasonable aceuracy, what effect various design
parameters and methods of operation will have on
the efliciency of the process,

Among the more important advances have
been the application, mainly hy Dowiiug and his.
co-workersti2.3.4.3 a¢ he Water Pollition Research
Laboratory, of the theories of population dynamics
to the micro-organisms inhabiting an activated-
sludge system, and the almost universal recognition
of the importance of the sludge loading rate as the
main parameter in the successfnl operation-of an
activated-sludge plane, . ‘

PoruLation Dypamics

A given organism, under a fixed sct of con-
ditions which are siritable for s growth, will
multiply at a fixed rate, normally expressed in
terms of a “growth constant”, which is defined ag
the rate of increase in concentration per mitit con-
centration present, For example, if the growth
constant of a certain organism under certain defined
conditions is given as (-18 day=1, it ;means that the -
total number of individuals of that type-ol organisin
will, under the specified conditions, increase by

18 per cent per day.

Nene of the aerobic organisms that perform
the useful functions in an activated-slidge system
is present in ‘the influent in suflicient numbers to
be of any practical value, but has to be developed
and maintained in the studpe by natural mieltiphi-
cation. At the same tine, as they increase by natural
multiplication some of them are constantly being
lost in the surplus sludge which is drawn off,

{Tn a practical system it st he assumed: that the -

wastage of surplus sludge is exactly equal to the
preduction of new sludge in the system). From this
it follows that, if the op 2rating conditions are such
that the rate of productinn of new sludge is greater

_than the growth constant of a certain organism,

that orgamsin cannot develop inthe system, hecause
the number of new individuals preduced per day

would not be sufficient to make up for those lost
in the surplus sluclge. '

The validity of these arguments has been
proved beyond doubt jn the ease of the niuifying
organism, Nitrotomaonns,
Downing and his co-workers! 2, Lt must be reatized,
however, that exactly the same principles apply to
alt the differcnt types of organisims found in an
activ:ﬂed-slmlgc system. In a high-rate Process,
where the rate of production of new sludge is aleo
high, oaly those organisms with g high prowtly
constant under the conditinns pertaiming in the
system can develop, or, having heen establishad

under a different set of conditions, can be majn-

tained under the new conditions.

This is of the utmost Importance in research
work on the activated-sludyie process. I{ the operat-
ing conditions arn changed so that there js 2 change
in the rate of production of new sludge, it may tike
quite a long time for the sludge to adapt itself to
the new conditions. H, for cxample, the rate of
production of new sudge is inereased 1o a value
Just higher than the growth constant of a certain
organism which is present in large numbers in the
sludge, this orpanism will gradually be washed out
of the system, hue jt 1y take weels before it has
disappeared altopether. It js obvions, therefore,
that the composition amd properties of an activated
shedge depend upen its innnediate past history,
rather than upon the conditions to which it js
subjected at the moment.

SLUNGE Loaping Rave

It seeins logical 1o aceept that a given number
of aernbic organisms, under a given set of con-

“ditions, will be able to n.\'itlfzcunly alimited amount

of organic material, even if they are supplicd with
an excess of oxygen. In other words, the amount of
biolegically oxidizable material supplied per unit
weight of micro-organizins in unit tine wan be
considered as one of the major factars govetning
the efficiency of the treatment process.

The amount of biologically oxidizable material
supplicd in unit time can be expressed with a fair
degree of Accuracy as kg BOD applicd perday, bie
untortunately it js not practicable to inake even a

- - S T o UM
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rough estimate of the actual weight of micro-
organisms in a system. These are confined wlmost
entirely to the solid phase, however, and ns the
weight of solids can be estimated quite easily it is
convenient to accept the latter a8 a measure, albeit
only 2 very approximate one, of the weight of
organisms present: In the absence of 2 better
easure, therefore, the food to micro-organisms
ratio may be expressed in terms of ke BOL) applied
per day per kg mixed liguor suspended solids (AL S.5)
in the system. 1n the rest of this paper, sludge load-
ing rates will be expressed in these units, without
specifying the units every time.

There. is a tendency, especially in the USA,
to express the loading rate in kg BOD per day per
kg mixed liquor volatile suspended solids (MLVS3S),
but the additional complication hardly - scems
justified. In the treatment of normal waste waters,

there is no reason to believe that the figure for .

volatile suspended solids provides 2 better mieasure
of the number of organisms than that for total
suspended solids does. Lf it is argued that the use

of the MLVSS value makes provision also fdr -

abnormal cases, such as those where the sludge
may be “diluted” with inorganic material, it is as

“well to remember that the sludge could also be-
such as -
cellulose fibre, and that the presence of the latter -

“diluted™ inert wolattle

with matter,
would prebably upset the figure for the weight of
organisms pér unit weight of solids just as badly

as the presence of asbestos fibre would. :

Relationship Between Shudge Loading Rate .and
Various Other Faclors . .

Neéin sludge productivn and sludge age. The rate
of production of new sludge is most convenjently
expressed as a growth constaat, or as a percentage
increase in existing weight per day. The sludge age,
of course, is the reciprocal of this. For exarmple, if

“the weight of sludge mcrea?EEhr 20 per cent per

day (which means that the surplus shudge wasted
per day must amount to 20 per cent of the weight
of sludge in the system) the sludge age is 5 days.

The studge loading rate is the main factor
controlling the rate of production of new. sludge.
"The relationship between the two was demon-
strated by Hopwood and Dowaing® in 1965, when
they reported on the results of a series of experi-
ments carried out on settled domestic sewage from
Stevenage. The present author has collected and
recaleulzted data from various sources,-including

the tesults obtained by Wuhrmann? from an:
exhaustive series of tests carried out on a very weak -

settled sewage from Ziirich over the years 1957-61.

Ifin ench case the percentage increase in the weight -

of sludge per day is plotted against the shudge
Toading rate, it is found that the curve with the best

"'I'nnLr. 1.
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fit corresponds very closcly to the original one

" published by Hopwood and Dawning®. Admittedly

there is a great deal of scatter in the points, but this
is only to be expected. For any particular value of
the sludge loading tate the points for the sludpe
growth rate may lic between 0-7 and 1-4 timnes the
value on the curve.

Some of the scatter of the points may be due
to the presence or otherwise of large numbers of
predators in the sludge, a factor which appears to

_be beyond the control of either the designer or the
_"operator of the plant. If it were possiblc to omit the

results obtained in cases where large numbers of
predators werc present, it is possible that the

* remaining points may lie much closer to the best

fitted curve.

For settled sewage mainly of domestic origin,
the relationship between studge loading rate and
sludge prowth rate, obtained from plotting all the
available data, is given very approximately by the
following table. The sludge age and sludge growth
index (weight of sfudge produced per unit weight

loading rate and are included in Table 1.
ReLaTrONSHIP BETWEEN SiLvoce Loamne

ItaTE, - Rate ofF Propucmion of New SLupce, Stuoce
AcE anD Scupce GrowTti [NMDEx

Rate of praduction Sludpegrowthindet
Sludpe lnading of new sludge (weight of studge
raee (kg BOD Hpercentage increase | Sludpe | produded per wnit
per day per ki | in existing weight age weight of B0
MLSS)y | per day) {days) npplied}

01 H i 050

G2 15 67 075

188 ) 25 +0 0-3)

04 hH 29 0-88

05 45 2 0-90

0-6 55 1-8 092

D-7 1] 13 0-9]

o8 75 1-3 034

09 B5 1-2 94

-0 95 1-0 . G9s

This relationship will probably vary with
temperature, but the variations that can be pro-
duced by other unknown factors are so great that
it would be difficult to demonstrate the vaciations

- dye to temperature changes. Furthermore, it must

be realized that the growth rate of the sludge at 2
given loading rate must depend upon the nature of
the waste to be treated. For exarnple, no data ore
available for the rate of production of tew sludge
in extended-acration plants, where the feed consists
of crude sewage. It is reasonable to assume that,
per unit weight of BOD, crude sewage contains a
larger proportion of unoxidizable suspended
material than scttled sewage does, and that there-
fore, at equivalent sludge toading rates, tive sludge
growth rate shontd be higler than in the case of
settled sewage.
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As will he shown later, this relationship can
be a powerful tool in the design of activated-sludpe

,$ystems, and on appeal is made to research workers

to establish and report on values for different types
of waste. - .

BOD of effiuent. While the sludge ‘loading

rate affects the degree of purification that takes

place in an activated-sludge system, it is not the -

only factor that does so, and there is therefore only
an approximate correlation between it and .the
percentage removal of BOD, - . :

Downing*® has collected and plotied data
from various sources, including those of Wuhr
mann?, and finds that, below a sludge loading rate
of about 0-4 a 90-95 per cent reducticn in BOD
can be cxp?c[ed, while at higher loading rates there
is a steady decrease in the petcentage removal of
BOD. o . _ -

—~

Haseltine? also collected operating data on
numerous conventional activated-sludge plants in
the USA, and plotted curves of b BOD temoved
per 100 Ib sludge solids against 1b BOD applied
per 100 1b sludge solids. He draws the following
conclusion: ““The curves indicate that the activated-
sludge process alone, exclusive of primary treat-
ment, can be expected to yield ahout 90 per cent
BOD reduction, so long as the daily 5-day BOD
load does not exceed about 50 tb per 100 b of

suspended solids in the acration tank. 1f higher -

loads are applied, lower percentage. reductions

_result™, This conclusion is almost identical with

that reached by Downing,

It would appear that if one atms at a BOD
reduction of more than 90 per cent in the activated-
sludge plant alone, cxclusive of primary treatment,
it is imperative that the sludge loading rate be-kept
below 0-4. . :

Nitrification.  If the principles governing the
population dynamics of aun activated-sludge system
are consideéred, as discussed briefly above, and it is
accepted  that there is a definite relationship
between studge loading rate and rate of production
of new sludge, it is obvious that, for any given set
of circumstances, there must be a sludpe loading
rate below which Nitrosomonas will multiply in the
sludge, but above which they will be “washed out"
systematically in the surplus sludge.

In ordér to establish what this critical sludge
loading rate is, it is omly necessary to know the
growth constant of Nitrosomenas under the con-
ditinns prevailing in the system. For example, if
the growth constant ol Nrfrosomonas were (325
day=1, the critical sludge loading rate would be

]

|
@ 25"{1{1..4. ~ 1.55/3rn.ss -

¢
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0-3 kp, since at this loading rate the growth rate of
the sludge is also 25 per cent per day.

Unfortunately, the growth vonstant of Nitro-
somonas is influenced by a number of factors, and
can assume widely different values in different
circumstances. Firstly, it is very sensitive to the
presence of toxic or inhibiting substances in the
waste water, There is evidence, for instance, that
its value in_tiver_waters ‘i much higher than in
sewage. Sccondly, it varies with pIL ‘Thirdly, it
depends very largely on temperature. Downing and
KnowlesS state that in mixtures of activated sludge
and domestic sewage in which the pH value is in
the range [tom nbout 7 to 8, the growtl constant of
Nitrosomonas (in days™?) will vary with the ton-
perature, °C, in the range from 5°C to 25°C,
approximately, according to the empirical erfquation:

= {) 0-12{1—-15)
k 0 188 ' ] g sboctin

i.e. & increases by about 13 per cent for each -
§ degC risé in temperature.

The valucs caleulated from this equation arc
given in Table 2,

T'anLe 2, REetationsuir nerween GrowTtnn Rate or
Nitrosamiortts AND 'TEMIERATURE

Growth rate of Nitrosuwmnnag
‘Tempermure (percentage increase in existing
- {*C) number per dav}
10 1o
15 . L
10 . ) 13 R
b4 ) 60

From 'T'ables 1 and 2 the critical loading rate
above which nitrification cannot be midintained _
can be deduced for any temperature that may be
encountered in practice in South Africa. Uor
example, if nitrification is to be maintained at 20°C,
whete the rate of increase of Nitrosomonas is 33 per
cent por day, the studge loading rate must not
exceed 0-38 kg, wheee the rate of production of new
sludge 75 also 33 per cent per day. If the mean
tempcrature drops to 15°C, however, the sludpe
loading rate will have to be kept below C-23 kg if
nitrification is o be maintained. -

Settleability of sludge.  "I'le settleability of the

‘solids in an activated-sludge systerh js uwsunlly

expressed in terms of the sludge volume index
{SVI).. This is dchined as the volume, in m!,
occupicd by 1 g of dry solids in the sludge foyer
formed after 30 min quiescent settlement. The
solids concentration in the sludge layer can, of

6
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course, be expressed as myg/L
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The value of the SVI is of the utmost impor-
tance, since in the final analvsis it is this that deter-

be maintained, and therefore the minimum volume
of aeration tank required to keep the sludge loading
rate below the desired value,

There is, of course, a dcfinite relationship
between the concentration of mixed liquor sus-
pended solids (MLSS), the concentration of return
sludge suspended solids (RSSS) and the sludge
return ratio (p). It is obvious that, under ste:uiy
conditions, the weight of solids entering the
secondary sedimentation tank in unit tine must
0 . equal that leaving it in unit time. In other words:

MLSS (1-+ p) = RSSS.x p

_ _Pr
or MLSS = g R5S5.
: If the scttling conditions and the sludge

thickening time in the secondary sedimentation
. tank were the same as those in the cylinder used
, " for deterrining the SV, the value of RS3S would

where # is a factor depending mainly upon the
retention period of the return studge in the sludge
taver in the secondary sedimentation tank, and to
some -extent also upen the actual depth of this
sludge layer {as distinct from its volume). The

GD tank naturally depends on the rate of flow of return
sludge (i.e. on p), and on the volume of that

process of being thickened.

tton, one arrives at the relationship:

' 106 :
MLSS = 21 % s
T p ¢ §v1 "Bt
which clearly demonstrates the effect of SVI and
sludge return ratio oh MLSS concentration. It
must be clearly understood that, while a high SVI
will lower the figure for the maximum attainable

sarily result in a high MLSS concentration. Unless
the draw-off of excess sludge is stopped or reduced
when l_he SVI decreases, this decrense will merely
result in a “shrinkage” of the sludge layver in the
fnal sedimentation tank, a consequent reduction
in the retention period of the return sludge in this
I;'}"-"f. and a decrease in the value of the ractor r,
lc:u-mg the MLSS concentration unchanged.

mines the maximuem MI.SS concentration that can -

6
he equal to Slgi . ‘This is not the case, how-
ever, and all that can be said is-that:
| ARSSS —' e ——19-{-;- {1
: =T X yr meh

retentinn period in the sludge layer in the settling

proportion of the tank occupied by sludge in the . .

Substituting for RSSS in the previous equa- .

MLSS concentration, a low SVI wifl not neces-

439

Under these conditions the operator is at liberty,
of course, to increase the MLSS concentration by
temporacily reducing the wastage of excess studge.
This will increase the volume of the sludge layer,
the retention period, the value of r and so also the
MLSS concentration. '

if there were a fixed relationship hetween the

_sludge lnndin;{ rate and the SV, aud if the values

of r under different operating conditions were

known, it would~be possible to predict with

certainty what the maximum attainable MLSS

_concentration at the desired sludge loading rate

.

and the given sludge return ratio would be, and
one would be able to install the minimum size of
acration tank in the certain knowledge that the
weight of solids in the systent would never decrease

below the required amount,

Unfortunately there is practically no informa-

tion on the value of r for different operating con-
ditions. In the author's expericnce it would appear

_that it can be as high as 2-0 where the SV is high

and the retention period of the return sludge in the
sedimentation tank sludge kwver is 4 or 5 b, while

it may be as low as (-5 where the SVI is low and

the retention period in the sludge layer is only’
20 or 30 min. A secondary scdimentation tank

designed for effective clarification of the final
effuent will always be capable of providing the
return sludge with a retention period of at least
11 hin the sludge layer, provided the sludge retuen
ratio does not exceed about 1-5 and the sludge fayer
iz allowed to come up to about half the tank volume.

Under such conditions it may be assumed that r

will have a value of about 1-2.

While the sludge loading rate undoubtedly
has an effect on the SV1, there does not seem to be
a fixed relationship between the two. 'The Water
Pollution Research Laboratory!0.51 has publishcd
at least two curves showing how the SVI varied
with the sludge loading rate in various experiments
carried out by the Laboratory. These two curves
agree only in so far as they indicate that the highest
values for the SVI (300 nnd 250 respectively) were
obtained at sludge loading rates between 02 and
0-5. The shapes of the curves are different, how-
ever, and the points are so scattered about the
mean curve that it is impossible to predict with any
degree of cerfainty what the SVI would be at a
given sludge loading rate.

A similar curve was published by Stewart and
Ludwig!? in the USA in 1962. It shows quite low
values for the SVI at sludge loading rates below
0-35, with a rapid rise thereafter to a maximum of
330 at about 0-5, followed by a slow decrense to a
minimum valte at loading rates above 3-0. The
values are still very high at 0-8 and 1.0, where the
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curves of the Water Potlution Research Laboratory
show low values. '

In this connection, Ilaseltine® inakes the

following staternent:

An aversge Mohhnan Index (SVI) of about 100 "

_is generally considercd very satis(actory at conven-
tional activated-sludge plants of the diffused-air
type. However, Pearse and his comrmittee rhow that
even at plants where the avernge index is nhout 100

the daily index may range from a minimum of 30 :

to a maximum of 300 to 400, I'he maintenance of a
constant BOD-to-solids loading would probably
reduce much of that variation but, in view of the
highly varisble BOD input to most plants, such an
ideal sitwation is impossible of attainment. There-
fore the desipner should provide for satisfactory
operation at a Molilman Index considerably above
100, It is sugpgested that moderate to larse plants be

designed for an bndex of 250, and smatl plants, -

where continuous skilled operation is improbable,
be designed for an index of 350, .

" Because of the evidence that the SVI tends to
increase to high values at sludge loading rates above
about 0-3, it would seem advisable to design fof
toading rates below this value. If this is done, it will
probably be unnecessary to make provision for
SVI values in excess of 250 ml/g.

Therefore, even if a satisfactory effluent could

-be obtained at a sludge loading rate above 0-3, no

advantage would be gained by designing for such
a higher studge loading rate. The acration tank
volume would have to be about the same as befare,
since the possibility of having a lower MLSS
concentration than before would have to be taken
into account. This argument .docs not apply to
high-rate plants, since it is possible to have low
SVI values at sludge loading rates of 0-8 and
higher. ;

Oxygen requirements.  On mixing sewage with

“activated sludge most of the colloidal and sus-

pended material is adsorbed on to the shidge. Some

of this adsorbed material may be oxidized in the -

aeration tank, but some of it is removed from the
system with the surplus sludge without having
been oxidized completely. Consequently, the longer
the shudge is retained in the system (i.c. the greater
the sludge age), the greater must be the proportion
of the adsarbed suspended and colloidal snaterial

that is oxidized, and the smaller the proportion that

-is deawn off with the surplus sludge,

It follows that the weight of DO required per
unit weight of BOD removed in the system must
depend to a large extent on the shrdge age, or in
other words on the. rate of production of new
sladge, which itsell is governed by the sludge
loading rate, -

War, Poll.Control 1570

At bigh sludge loading rates, where a large
amount of surplus sludge is formed and therefore
a large proportion of the BOD-producing material
is drnwn off from the system, less than 1 kg of DO
is required per kg of BOD removed. At low sludge
loading rates, on the other hand, the adsorhed
suspended and colloidal material may be retained
in the system for lonper than 5 days, and therelore
undergo more extensive oxidation and consume
mare oxygen in the process than they would have
done in a 5-day BOL test. In such cases, therefore,
more than 1 kg of DO will be required per kg of
BOD removed.

Although a great deal of information has been
published on oxygen requirements in the activated-
sludge process, very little of this is presented in
such a form that onc can deduce a relationship
between the weight of oxygen required per unit
weight of BOD ramoved and the sludge loading

" rate. Apart from this, much of the information that
has been published is contradictory.

" In attempting to estimate the oxygen require-
ments it will be advisable to omit the oxygen
required for nitrification and to estimate this
separately for those cases where nitrification can
occur. 'The reason for this is that there will be a
discontinuity in the curve for total oxypen require-
ment apainst sludge loading rate at the loading rate
below which nitrification can take place under the
conditions prevailing in the plant,

From the available evidence it appears that,

“for carhonaceous oxidation alone, the ratio of DO

required to BOD removed is about 1-6 at the one
extreme, where the sludge age is 20 davs or more,
and about 0-65 at the other extreme, where the
sludge age is 1 day or less. "To obtain one point in
between, it seems reasonable to assume that for 2

Tasre 3. RELATIONSHIP BETWEEN SLUDGE Loapive
Rate, SLubGE Ace, AND DissoLvep Oxvers Requine-
- MENTS ~O2 ¢ xR,

Sludge loading rate | Digsol\'ed oxyern
the f!{)D npthd i S!udgf ge requirernents ( e per
per day per hg MLSS) (days) kg BOD remroved)
0-10 and Tess 10 and more 1-R0 1 .
015, - 10:0 o1 Okt
< om0 87 1-22 Ol
PTI 50 tg0 0
o030 10 100 '
040 19 ' 0-88
060 1-8 074
: 0-fu 13 068
1-00 and miare 1:0 and less n-a5 ' ‘-
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sludge age of 5 days the oxygen consumed would
be somewhat more than that consumed in a S-day
BOD test, since in the latter, without any specially
developed aerobic culture like that used in the
activated-sludpe process, the oxidation is probably
less cfficient than in an activated-sludge system.

[t is therefore assumed that at a sludge age of 5 days I

1-1 kg of DO is required per kg BOD removed.
Since the sludge loading rates giving rise to sludge
ages of 1, 53 and 20 days, respectively, are 1-0, (425

and 0-1 kg BOD per day per kg MLSS, it follows

that for the latter loading rates, in that order, the

oxygen reqnired. for carbonaceous oxidation alone

must be 0:05; 1-1 and 1-6 kg per kg BOD removed. -

Interpolation between these three points gives the
valucs set out tn Table 3. .

Apprications TO0 DesicN oF CONVENTIONAL
ACTIVATEDSLUDGE SYSTEMS

In the design of any activated-sludge system
the main iterns to be decided upon are size of
aeration tank, rate of sludge return, capacity of

aeration equipment, and size of final sedimentation.

tank. These will now be considered . in turn for the

hypothetical case of a conventional activated- .

sludge system required to treat 1-1 mil gal/d

(5000 m¥/d) of settled sewage with a BOL of .

200 mgfl,

Size of aeration tark and sindge return ratio.

In order to calenlate the size of aeration tank to be -

peovided it is necessary to decide on the maxitnum
shidge loading rate that can be applicd to produce
an effuent of the desired quality. The quality of
effluent to be expected at various sludge loading
rates was discussed above, and the conclusion was

reached that the sludge loading rate has to be kept

below 0-4 kg if better than 90 per cént BOD

removal is to be obtained. If nitcification is to be -
maintained, even when the temperature droeps to -

15°C, the sludge loading rate should be kept to
below ©-23, and if high SVI values are to’ be
avoided it should be kept to below 0-30.

In South Africa, the repulations fr-amcd under

the Water Act No. 54 of 1936 require, inter afia,
that efMluents shall contain not more than 10 mg/l
of ammoniacal nitrogen. In order to achicve this,

an activated-sludge system would have to be

capable of nitrification in all normal cireymstances..

For most parts of the country this means that -

nitrification would have to be maintained, even if
the temperature dropped to 15°C. Consequently,
the sludge loading rate would have to be kept to
helow Q-23. . S

In the hypothetical case under consideration

1
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the applied load would be 1000 kg BOTY per day,

“and af the sludge loading rate is not to cxceed

0-23 the system would at all times have to contain
at lcast 4350 k;lz of MI.S5. Duting operation, a
proportion of the solids would always be in the
sedimentation tank, so the aeration tank would not
neeessarily have to contain the full quota of solids
required. Attcmpts have been made to cstimate
the weight of solids that the sedimentation tank
could normally be expected to contain, but this
depends on so many factors (SVI, relative sizes of
acration and scdimentation tanks, variations in

flow rates and in sludge rcturn ratios during the

day, ctc.) that it is impgssible- to-arrive at cven an
approximate estimate. In any case, the solids in the
sedimentation tank usually constitute quite a sinall
proportion of the total weight” of suspended
material, and it is therefore suggested that these
solids be left ont of reckoning and be regarded as
providing an ndditional factor of safety. In the case
of an influent with a very low BOD the sedimenta-
tion tank will be large compared to the aeration
tank, and in such a case the dcsi%ner may wish to

make some allowance for the solids in transit in the

" sedimentation tank,

In the case in point it is assumed that the
aeration tank alone will have to contain at least
4350 kg of solids at all tinwes, which means that it
must be large enough to contain this ameunt under
the most unfavourable conditions, i.c. when the
SVI is at #ts maximun and the MU15S concentra-
tion at its minimum value, the latter still being the

‘maxtmum attainable under the unfavourable con-
“ditions. This MLSS concentration ean be calcu-

lated from the previously derived equation:

pr 108
i+p SVI

MLSS = me/l.

It was decided earliet that the maximum SVI
to be provided for is 250 mlfg, and that the value
of r in these circumstances will be approximately
1-2. In order to calculate the maximun attainable
MLSS concentration, therefore, one merely has
to sclect a value for the sludge return ratio, p,
maldug this as large as is practicable or useful.
It is necessary at this stage to considzr the factors
affecting the choice of p.

When the SVI increases, the sludge layer in
the secondary sedimentation tank will expand, in

« order to increase the retention period of the return
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sludge in this layer, raise the value of r and main-
tain the MLSS concenteation. This process will
continue until the sludge level reaches the overflow
level of the tank, after which a further increase in
the SVI will result in the carry-over of solids in the
effluent and a decrease in the MLSS concentration.
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At this stage an increase in the sludge return ,

ratio would increase the factor , tending to

4
I+p

" increase the MLSS concentration or to arrest its
decrense. It must be horne in mind, however, that .

an increase in the sludge return flow will decrease
the retention period in the sludge layer and so
decrease the value of », partiatly undeing the
bencefit derived from increasing p. As pis increased
further, a stage will be reached where the increase

4
1+ .
pletely by the concomitant decrease in r. It is not
ccrtain at what value of p this stape is reached, but
the consensus of opinion seems to be that there is
little benefit in increasing the sludge return ratio

will be ncutralized com-

-beyond 10 or 1-5. This becoies quite credible if

one considers the following.

With a reasonably high MLSS concentration
such as 4000 mg/l, and a tow sludge return ratio
such as 0-5, the sedimentation tank has to concen-

trate the studge to 12000 mg/t (L2 » MLss),

which may be very difficult unless the SV is low.
If the sludge return ratio is increased to 15, the
tank only has to concentrate the sludge to 6700°
mg/fl, which is quite a rensonzble figure. A further
increase in the value of p to 2.0 will only allow the

teturn sludge coneentration to” drop to 6000 mgfl, -

which is rather a small benefit considering the-rela-
tively large increase in the sludge return ratio. With
a high SV1it may be no more difficult to concentrate
the studge to 6700 mg/fi with a slurdge return ratio
of 1-5 than to concentrate it to 6000 m flin the
shorter retention period in the sTut.Fge fayer
occasioned by increasing the sludge return ratio
to 2-0, : . )

It must be realized that, in the equation, ?
docs not refer to the average sludge return ratio
{which is the ratio of the sludge return rate to the
average dry-weather flow), but to the actual ratio
that applies at any pacticular time. If the sludge
return rafe is kept constant over the 24 h, the value
of p will increase during periods of low flow,
resulting in an increase in the MLSS coneentration
and a réduction in the amount of solids contained
in the sedimentation tank. This increase will be
less than the anticipated amount, howéver, duc to
a decrease in the valuc of r, occasioned by a reduc-
tion in the volume of the sludge layer in the
sedimentation 1ank. During periods of high tlow,
on the other hand, the vaiue of P will decrease,
leading t0 a decrease in the MLSS concentration
in the aeration tank and an increase in the amount
of suspended matter held in the sedimentation
tank. “I'he latter factor wilt increase the value of r,
which will Jimit the decrease in MLSS concentra-

Wat. Poll.Cantrol 1970

tion to some cxtent. If the incoming flow rate is

~high enough and remains so for a sefficient length

of time, the scdimentation tank may fHl up with
sludge, resulting in a loss of solids by carry-over
with the efiluent, unless the return shidge rate is
increased in order to raise the value of p. Fortu-
nately the transfer of solids to the sedimentation
tank is a pradual process and in inost cases the
incoming flow will have dropped before the sedi-
mentation tank is full of sludge.

M 1-5 is accepted as the maximum usclut value
of p, and this is substituted for p in the above
equation, together with the previously sclected
values for SVI and r, it is found that the maxintum
attainable MLSS concentration under unfavour-
able conditions will be 2880 mg/l. ‘This means that,
with an SVI of 250 ml/g, it should be passible to
maintain 2n MLSS concentration of 2830 mpg/l at
average dry-weather flow. At low flows the MLSS
concentration will rise above this figure, but at a
wet-weather peak of 3 x d.w.f. the value of pwill
decrease to 0-5 and the MLSS concentration will
tend to decrease to 1600 mg/l. It will not quite
reach this figure, liowever, as the value of r will
tend to increase. :

At tiines when the SVI is helow 250 it will he
possible to operate at higher MLSS concentrat ions,
and therefore at lower sludge loading rates, It will
also be possible, during periods of high wet-
weather flow, to maintain an MLSS concentration
reasonably close 1o the desired figure, If however
such flows coincide with high SVI values, or they
are sustained for too long 2 period, it may beoome
necessary to bypass part of the flow in order to
prevent loss of sludge, which would lead to higher
sludge loading rates and most probably to further
increases in the SVI, thys setting up a vicious
circle. '

In the hypothetical case under consideration,
if provision is made for 2 maximum sludge return
rate of 1-5 times average dry-weather flow, i.c. a
sludge return ratio of 15, it may be accepted 1hat
there will be times when the masimum attainable
MLSS concentration will be 2880 mgjl. In arder
to ensure that, cven at such times, the aeration tank
still contains 4350 kg of suspended solids; its
volume will have to be 1510 m3, which corresponds
to a volumetric loading rate of about 0-66 kg BOD
per day per m? acration tank (41 1b per 1000 f13),

A reduction in the sludge return ratio would
give rise to an increase in the value of 7. If it were

. possible, with a sludge return ratio of 1 ‘0, to get the

value of 7 up to 1-44 when the SV1 js, 250, the
maximum attainable MLSS concentration would
remain unchanged at 2880 nig/l and the necessary
aeration tank volume would still be 1510 m3. Even

: el

rma—y



Wat.Poll.Control 1970

if r could be increased to 144 in the same sludge |

layer voluime in the sedimentation tank as before,
the retention period in the sludge layer would be
50 per cent longer, which would certatnty not be an
advantage. At the same rctention period as before
and therefore at the same value of r, the maximunm
attainable MLSS concentration when the SVI is
250 would be only 2400 mg/l, and the aeration tank

volume would have to be increased from 1510 m?

tv 1810 md. :

It must be pointed out that the opcrat-or of an

_activated-sludge plant is not necessarily tied dowon.

to the sludge loading rates envisaged by the
designer. He may, lor example, rediuce the MLSS
_concentration and increase the sludge loading rate
in order to reduce the oxygen requirements and so
save power. Under favourable conditions, e.g. 4
temperature of 20°C, this could probably be done
without detriment: to the TOD of the effluent, or
loss of niteification. The sole aim of the designec

should e to provide a plant that will enable the ~

operator 1o produce an acceptable effluent, even
when conditions are unfavourable. '

- Capacity of aeration equipment. Earlier on,
an estimate was made of the weight of DO required
per kg BOD removed at various sludge loacding
ratcs. From Table 3 the daily oxygen requirement
for carbondceous oxidation can be estimated. For
example,

_ where the Aow is 5000 m?/d, the BOD of theinfluent
_is 200 mg/l and the sludge loading rate is 0-23, the

oxygen requirement wottld be 1-15 kg per kg BOD .

removed. 1F one assumes a maximum BOD reduc-
tion of 95 per cent, the weight_of BOD removed
"per day would be 950 kg, which would require
1090 kg of DO. "T'o this must be added the oxygen
required for nitrification,, Supposing the influent
contains 30 mgfl of aminoniacal nitrogen, 20 mgjt
of this, or a total of 100 kgfd, would have to be
converted into nitrate. This would require 100 %
4.5, or 450 kg of oxygen per day, making the total
oxygen requirement 1540 kgfd, The average hourly
requirement would therefore be 642 kg, but it
would not be sufficient to install aeration equip-
ment with this capacity only since theré.can be

considerable fluctuations in the oxygen démand

over the 24 h of the day. The peak tlow may be
twice the average, and the BOD of the influent
during peak hours may be 1} times the average.
‘This means that the peak load may amount to
3 times the average load, while the minimum load
may be only about } of the average.

If aeration were applied at the average
required rate over the full 24 h there would be long
periodds during the day when the DO concentration
would drop to zero, while there would be tines
during off-peak periods when the concentration

in the hypothetical case used above,.
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wonld rise to quite high values, and considerable
energy would be wasted in trying to introduce
oxygen into a liquid in which the concentration is
already approaching saturation.

It is essentinl, therefore, that provision be

made for varying the rate of oxygenation over the

74 h in relation to the variations in the incoming
load. The variations in rate of oxygenation need
not be in direct proportion to the variations in the
incoming load, however, in view of the considerable
balancing capacity that the acration tank and the
shidge solids have. The oxygen reserve in a latge
aeration tank containing 2 or 3 mgfl of DO is not
insignificant, while a large amount of activated-
sludge solids can adsorb quite a lot of suspended
and colloidal material for oxidation at a later stage.

. The lower the siudge loading ratc the greater

will be the volume of the zeration tank and the
weight of activated sludge solids in it, and pre-
sumably therefore also the greater will be the
balancing effect on the oxygen demand.

. .. ‘ . .
No information on this aspect of aeration
could be found in the literature, and once’ again

‘there seemned to bé no alternative but to put for-

ward estimates that appeared to be reasonable.
Such estimates are given in ‘Uable 4, together with
those for the weight of DO required per unit
weight of BOD removed, which are repeated from

Table 3.

Tapre 4. RELATIONSHIP peTwEEN Stusce LoaniNg

Rate, DissoLven OXYGEN REQUINEMENTS AND RATE OF

OXVYCENATION
Sludge teading l Dissolved axygen . Ratio of Ratio of
rate (kg BUD requirements maximum atirimumn
applicd per day % (kg per kg BOD . to mean to mean
per kg BIL5S) | removed | oxygenation | oxygenation
| : rate rate
0-10 and tess l 1-60 - ] s, 05
|
015 ! 1-38 ]' t-6 0-5
0-20 1-12 i 7 0-5
0-23 e Ii T 0
030 T o100 R G s
040 0-88 i T 20 ‘03
o-60 0-74 | 212 1.1
0-30 0-68 | 14 05
. 4
1:00 and inore 0-A% i 25 0-§

From Table 4 it appears that, in the hypo-
thetical case under consideration, the maximun
capacity of the acration equipment should be
642 % 175, or about 112 kg DO per hour, and
that provision should be made for varying the
capacity between this hgure and a lower litmit of
64-2 % 0-5, or about 32 kg per hour.

ot e —
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" With the reagsonably reliable DO meters that
.are available today it has become possible to adopt
automatic control of the acration equipment in

order to maintain any desired DO concentration -

in the mixed liquor. Alternatively, a DO meter
tnay be installed with electrodes in various scctions
of the zeration tank and an indicating dial and
sclector switch in a convenient centralized position.
This weuld enable the operator to control the
seration equipment manually. Dissolved oxygen
should be maintained at about 2 g/t throughout
the acration tank at all normal times, but it may be
allowed to drop to 0-5 mgfl at peak demand
periods, and to rise to 3 mgfl at times of minimum
demand.

Sise of sedimentation tank. A high sludge
volume index is one of the most serious problems
that can be encountered in the operation of an

activated-slidge plant. Tt way result in the carry-.

over of sludge with the effluent, teading to a redoc-
tion in the amount of sludge in the system and a
consequent increase in the sludge loading rate,
This, 1n turn, usually causcs a further increase in
the SVI, resulting in a greater loss of sludge.

This snowballing effcet may be triggered off
by a loss of sludge occasioned by an abnormally
high flow through the plant for an hour or two, at
a time when the SV1 is somewhat above normral.
Because of this danger it is recommended that the

upward velocity in the final sedimentation tank,

Lased on the rate of flow of the effluent leaving the
tank, should not be higher than 4 fifh (1-2 m/h) at

peak dry-weather flow, or 6 [tfh (1-8 mfh) at peak -

wet-weather flow, with the proviso that, should the

latter condition result in a carry-over of sludge,-it -

should be possible for the operator to reducn the
rate of flow through the plant to the point where
this will no lenger occur. . :

If, in the case under consideration, the peak.

dry.weather flow is taken as twiee the average, the
secondary sedimentation tank has to have an area
of 348 m2, If the cffective depth is 3 m and the
studge layer is allowed to occupy half this depth,
the retention period of the return sludge in the
studge Iayer will b= about 1-7 I at times when the
return sludge rate is 1-5 times the average dry-
weather flow. This should allow the valuc of 7 to
rise to at least 1-2.

CONCLUSION

The approach to the problems connected with
the design of activated-sludyge plants, as set out
above, is not claimed to be an ideal one, It is being
put forward, however, in an attempt to simplify and

-rationalize a rather complicated subject, and_to

Wat.Poll.Conirel 1970

highlight the regions in which additional experi-

“mental data would be of the greatest value.
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The ahove Paper was presented for discussion at a
mee=ting of the Southern African Branch held in Johan-
nesburg on 12 Junz 19569,

Discuesion

Mpr.'D. W. Otson (Johannesburg City Council),
opening the discussion, said that Mr. Vosloo had given
an excellent sunimary of curtent literature on activated
sludge, had indicated areas of deficiency in our know.
ledge, and had drawn on his own extensive practical

- experience to fitl some missing gaps.

Reliable data on the rate of growth in extended-
aeration plants were required, but plant-scale detivation
of this information was rendered diflicult by the inahility
of works aperators to obtain a representative sample of
the incoming sewage. -

Factors affecting the SVI were still not clealy
understood, and it was not impossible-that the hivh
intake (and also wastage) of certain carbohvdrate foods
(mainly maize meal) by African races could have an
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adversc effect on the npe}ntion of nctivated -abhudge plonts
in South Aftrica, 'This needed investiguting.

DNceause of the temperature susceptibility of the
rowth constant of Nitrosomonas, he enquired whether
1r. Vosloo would recornmend an inerease in MISS

concentration during winter operation as a compensatory
technique to maintain nitcification, oc whether he would
rely on the Initial design of the plant beinyg such that
nitrification would be maintained even at fow winter
temperatures.

In regard to oxygenation, Mr. Oaborn compli-

mented the outhor on introducing the concept of

. diminishing oxygen requircments for diminfahing sludge

. age, but enquired whether oxygen requirements so

caleutated would result in the supply of sufficient air to -
the mixed liquor to ensure adequate mixing,

The concept of sludpe age ne usedi by the author
differed from, and was perhaps mata logical than, the
definition given in many textbooks. .

The procedures ontlined in the paper were adequate
for determining the total volume of neration tank required,
but did not indicate the desirability or otherwise of
spliting this capacity into two or more units. M,
Voslon's views no the sepacation of the carbonuceous and
nitrogenous oxidation steps were therefore solicitéd, -

The paper was 2 useful South African cantribution
to the subject, and data presented were likely ta Liecome .

the basis of Jdesign for future activated-studge plants, at
least in that country.

Me. E. ].r HaLL {Johannesburg City Council) said’

that increasing the MLSS concentration to about 5000
mgfl in order to teduce foaming would mean that, ona .

1:1 recirculation basis, the return sfudige would have to
contain about 10 000 me/l or 1 per cent of solids. He
considered this to be too high. '

Al P. G. 1. Memse (Pretoria) said that Me.

Vasloo's paper was an excellent preparation for the
tuture, ss Seuth Africa would sgon sce many petivated.
sludge plants in operation. Mr. Dleiring considered that
there were many places in South Africa swhere the average
temperature of the mixed liquor would drop’to below’
15:C in winter. It would be uneconomical to design
plants to maintain nitrification down to, say, 10°C and it
waz hoped that the authorities would not insist that the
ammenia nitrogen in purified effluents be kept below
10 mz | throughout the winter manths. He also enquired
sbout the difference between total oxidation and
cxtended-aeration.

Repiy 1o Discussion

i Replying to Mr. Osborn, Mn. Vosron {lgrcc:l that
it would be difficult to obtain rcliable data on sludge

R
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growth entes In extended-neration plunts, but the
roblem could possibly be overcnme by ciarrying out
aborntory  investigations  with  hemaogenize cricte
sewage, ns had bren done by the Wnater DPollution
Research Laboratery.

- "There was little or nothing a works operator could
do by way of operting procedures to overcome the

_difficultics caused by tow temperaturcs. The desinner

had to altow for this by providing sufficient aeration tank
capacity to enable the operator to carry the proper
amount of studge required for preventing the loss of
Nitrosomonas in winter. During the summer months the
operater could reduce the MLSS concentration in order
to lower the oxygen consumptinn, but there was no harm
in running omn.a high MLSS concentration, provided

- gulficient oxypen could be supplied. "This would decrease

the amount of surplus studge to be disposed of.

Mr. Vosloo did not considee that the lower oxygen

, reriirement at low sludge age would Tead to difficultics

in ensurinp adequate mixing. Tt had to be borne in mind
that a low sludge age usually went hand in hand with a
smaller than normal acration tank, so that the intensity
of neratinn would not necessarily be lower than in the
ease of a large volume of nir in a large acration tank.

Regarding carbonaceous oxidation and nitrifieation,
a two-stage process would be highly desirable o meet
South Alrica's stringent elfuent standards. "Uhere should
be a high-rate process for the first stage to remave the
earhbonaceous load, follewed by a second stape for renov-
ing ammonia by nitrification. Each staee would have to

| caery its own sludge, which meant that each stage would

also have to have its own sedimentation tanks.

In reply to Mr. Hall, Mr. Vosloo said that 10000
mpfl of suspeaded solids in returned studge was not
uncommen, but not enoupth was known pa yet about the
conditions that were necessary to ensure that such n
figure could be maintained at all times, and it could not
be used as a basis. for design. It would probably be
extremely difficult to maintain an MLSS concentration
of 5000 mg/l at times when the SVI was above 200 mlfg.

In teply to Mr. Mriring, he said that he saw no real
difference between total oxidation and extended -aeration,
The former was probably intended to apply to an
extended-neration process employing 2 particularly low
sludge loading rate, but actual total oxidation was out of
the question. [t rppeared that, no matter how low the
loading rate or how long the aeration period, ordinary
sewage would always produce at least 0-3 ke of excess
sludge per kg BOD applied. IF this excess sludge was not
drawn off at some stave or other, it would be shed in the
form of finely-divided solid material eartied over with the

effluent. While it appeared to be common practice in the -

United States to nllow this to take place, it would not be
perntissible in South Africa where very strict efliuent /
standards applied.

1
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3.

REMOCION DE FOSFORO

De lo gue surge dei punto 3.1, las urgencias para la imple-
mentacidn del tratamiento de eliminacidn de fésforo no son-
apremiantes, aunque deben preveerse. En el interin, otras -
medidas para reducir la carga socbre el lago podr&n ser estu
diadas. -

Los parémetros adoptados conducen a estimar una concentra -

cib6n de P de: - .

2 gP/h./dia

C= : = 0.005 gP/1 = 5 ppm P
400 1l/h./dia

y comc hemos planteade una eficiencia de remocidn del 75%,-
el efluente no deber& contener mds de 1 ppm de P.

Se puede llegar a ese umbral de dos maneras:
a)por precipitacidn quimica, principalmente de orto-
fosfatos. '
b)mediante procesos bioldgicos basados en la "capta-

cidn lujuriosa", un mecanismo celular poco conoci-
do hasta 1986.-

El método quimico de eliminacidn puede llevarse a cabo me -
diante adicidn de cal (pH alto), cloruro o sulfato férrico,
sulfato de aluminio o aluminato sédico(pH bajo). El fésforo
es eliminado de  la fase liquida mediante una combinacidn de
precipitacidn, adsorcidn e intercambio. Como tratamiento --—
terciario,requiere importantes instalaciones y disponibili-
dad de terrenc. Como tratamiento conjunto, la eleccidn del-
reactivo queda reducida praéticamente al cloruro férrico,un
insumo de bajo costo en zonas industrializadas(es un subpro
ducto del decapado). En cambio, el sulfato de aluminio impo
ne altos costos. Adeﬁés, la asociacibn con la aireacidén ex-
tendida no nos parece clara, dado que la finica forma de eli
minar los fosfatos es conjuntamente con el barro biolb6gico-
y esa operacidn estd étada a la necesidad de mantener una -
concentracidn apropiada en el reactor.
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La eliminacidn de f6sforo por via biolbgica estd en pleno
desarrollo y ha despertado gran expectativa. Por ahora los

procesos mejor estudiados estin protegidos por patente,ta-

les como: )
Bardenpho Eimco Process Equipment Co.
Phostrip Biospheric Inc.
A/O " Air Products & Chemical Inc.

Particularmente interesante nos parece en este caso el ---
"PHOSTRIP" debido a que:

-~ puede ser incertado sin dificultad en el cir -
cuito hidr8ulico de la aireacidn extendida(pax
ticularmente de distribucidn funcional) ain---
cuando requiere obras de cierto porte.

- el f6sforo es eliminado con el scbrenadante de
elutriacidn, independientemente de los barros-
biolégicos que pueden ser integramente recir -
culados;

- puede precipitarse, a la postre, con cal, un -

' insumo de bajo costo.

~ una alternétiva que se nos ocurre interesante-
es la elutriar &on agua subterrfinea de bajo --
contenido de P disponiendo el sobrenadante en
el suelo, donde los mecanismos de fijacibn son
muy eficientes, mediante riego de superficies-

de extencidédn suficiente.

Como desventaja, se sefiala las todavia escasas referencias
existentes scbre el tema. Ademds, un desarrollo consisten-
te de este tema no podria ser resuelto dentro de los limi-

tes impuestos a este‘Anteproyecto.

CONCLUSION:A la luz de los resultados del pto. 3.1 la eli-
minacidn del f6sforo comienza a ser importante a partir del
afic 2010 o cuando 5. C. de Bariloche tenga 184.000 habi -
tantes. Hasta entoncés,'la accidn debe orientarse a:
- seguimiento de la investigacibn y de los pro -
gresos en el tema.
- seguimiento del estado trdfico del lago median

te mediciones sistem&ticas a cargo del D.P.A.
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- investigaciones‘propias utilizando el Estable-
cimiento Dephrador como centro.

- promocibn y fomento de medidas tendientes a -
contener.o limitar el consumo de agentes tenso
activos ricos en polifosfatos {(p.ej. regla -
mentacidén de lavaderos, desgravacidn de cier -

tos detergentes, educacibén y difusibn, etc.).




4 - PLANTEQO DE SUBALTERNATIVAS

Se han desarrollado seis (6) alternativas de implantacidn gene

ral mostradas en otros tantos planos gue se adjuntan.-

La programacibn en etapas obliga a pronunciarse por una de las
dos formas de organizar el Establecimiento: a) con distribucio

nes unitarias y b) con distribuciones funcionales.-

Las distribuciones unitarias son agquellas en que cada etapa se
comporta como una planta autdnoma. No hay grandes conductos -
comunes, se recircula el propio barro y las unidades se aso-—--
cian por etapas, no por funcidn. A favor de ella se pueden ano
tar las éiguientes ventajas: Hay minimos problemas de interfe-
rencia en el momento de ampliar la planta, los conductos de re
circulacidn son cortos y no estln sometidos a regimenes diver-
sos, con la segunda etapa construida se crean condiciones idea
les para la optimizacién y la investigacidn pudiéndose operar

una etapa como testigo y la otra con las variantes que se in--
vestigan. Como desventajas, .presentan las siguientes: ninguna

unidad puede emplearse en socorro de las otras etapas y por --
consiguiente las reservas (mAquinas en stand by como bombas de
recirculacidn) se multiplican, hay operaciones que resultan --
descentralizadas, la operécién es menos flexible y el refuerzo
selectivo de alguna de las efapas del proceso es muy dificil -
de lograr. La distribucifn unitaria se utiliza generalmente en
plantas pequeias o medias. La subalternativa D responde a esta

categoria.-

En la distribucidn funcional las unidades semejantes se aso——-
cian en distintas &reas. Se consigue con ello las siguientes -
ventajas: se gana en confiabilidad y flexibilidad y son mis fi
cilmente corregibles algin desajuste inicial d= los tamanos --
(son "todas para todas") y las operaciones resultarén, en el -

futuro, m&s centralizadas.-

En el caso de Bariloche, la flexibilidad resulta particularmen
te atractiva, por las dudas que hay scbre la concentracidn (di

lucidn) de los futuros l%quidos.-
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Suele achacarse a este dispositivo la desventaja de grandes --
distancias de transporte de los barros y compromisos dificiles
de superar en los esquemés y perfiles hidriulicos, pero se es-
tima posible evitar esosrinconvenientes mediante la utiliza---
cifn de canales lo cual requiere mayor elaboracidn arquitectd-
nica del proyecto. Las alternativas B a F transitan pbr esta -

tendencia, la que se impone en plantas grandes.-

En las alternativas B a D se ha hecho uso de la totalidad del
predio, lo cual evidentemente: favorece al conjunto, pero ello
implica expropiar tres lotes que tienen obras construidas, aun
gque de escaso valor. El resto de las alternativas prescinde de

esos 3 lotes.-—-

En todos los cascos se ha considerado gue, a tamafio completo, -
los barros serin deshidratados mecinicamente. No obstante, se
confia que durante la primer etapa (y quizid tambi&n en la se-

gunda) la disposicidn enreras de secado resultar&d prictica,-

Ello es posible dentro de los limites del predio a condicién
de hacer uso transitorio de las &reas destinadas a futuras uni
dades de proceso, pero las instalaciones de las eras tendrian -

gue ser removidas.-

Finalmente, la alternativa F se programd sobre la base de un -
cambio en el punto de funcionamiento de las etapas construidas
{lra. y 2da.) para afrontar 1os requerimientos del tamaho com-

pleto. Ese cambio de funcionamiento consiste en:

- Reducir la edad del lodo a 15 dias, con lo que la carga mési
: ca se eleva a 0,10 Kg.DBOS/Kg SST dia y con X = 3,5 Kg/m3 la
carga volGmica a 0,36 Kg DBOS/m3 dia.-
Es decir se ingresa a la zona de activacidn, en reemplazo de

la de oxidacibn prolongada.-

- La relacibén OC/L caerd a 1,6 Kg Oz/Kg DBO poer lo gue no se

5!
llegard a compensar los efectos de la mayor carga orgénica.
Ser& necesario, posiblemente, implementar una miguina mis --

por reactor, cosa perfectamente factible.-

- Con este punto de funcionamiento, se obtendrd un barro mis -
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floculento, y por consiguieﬁte, ia velocidad ascensional po-
drid ser aumentada a 1,2 m/h. Como consecuencia del incremen-
to de carga hidrAulica podr& ser absorbido agregando s8lo un
sedimentador igual a los anteriores.-

- Segfin ATV, el Indice de crecimiento I se mantendri al mismo
valor, pero como es mayor la carga aplicada, habr§ mayor pro
ducecibn de barros, vy serdn mis vitales, es decir menos esta-
bilizados. Ser& necesari¢ por consiguiente perfeccionar el -

tratamiento de los mismos.—

~ Ese perfeccionamiento podrid ser hecho de dos maneras: o bien
por via bioldgica implementando calefaccisn Yy recoleccidn de
metanc en los digestores o bien confiando a los progresos en
el tratamiento quimico—mecénico de los barros (por ejemplo,
coagulacidn con polieléctrolito y filtro banda u otro) .-

- Las eras de secado ser&n autosuficientes para las dos prime-
ras etapas y de inclinarse la solucin por via dela diges——-
tidén anaerfbica, en la tercer etapa seri posiblemente necesa
rio socorrer a las playas con miquinas centrifugadoras.-

Demostrada de esta manera la factibilidad de esta interesante
alternativa, se tomarén las previsiones en cuanto a las obras
comunes de pretratamiento y bombeo. En este, como en los demis
casos, seria ildgico proyeéctar por anticipado, sobre la base -
de hip&tesis de trabajb inciertas y con las tecnologias actua-
les.-
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