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CEE 370

!’_ Environmental Engineering

Lecture #25

Water Quality Management III:

Lakes & toxic models
Reading: Mihelcic & Zimmerman, Chapter 7 & 3.10
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* Lake life cycle

= Succession in lakes
. O||90tr0phlc Fertl'lirrun-orf
= Mesotrophic i

1. Algae grow fast,
using up lots of oxygen
and blocking sunlight

= Eutrophic
= Other _
2. A_quanc_plants
m Dystrophic begin to die
= Hyper- i i
eutrophic

4. . increasing the
competition for oxygen

5. Water becomes
deoxygenated - fish die
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* Lake Eutrophication

= As lakes age, they become more
productive
= Natural processes: natural Eutrophication
= Pollutant loading: cultural Eutrophication
= Limiting nutrient
= Liebig’s law of minimum

= Redfield Ratio
= C:N:P in most phytoplankton is 106:16:1
=« When P<16*N, it limit's growth
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Discharge of untreated
~ municipal sewage

_ municipal sewage
{primary and secondary
treatment:

Nutrient loading and Eutrophication

MNatural runoft
(nitrates and
phosphatas)

(nitrates, phosphates,
ammenia)

Funoff from sireats,

W-mtrams and phosphates)
:

Lake ecosysien lots {nitrates and
nutrient overload phosphates)
and breakdown of
chemical cycling

lawns, and construction

Dissolving of
nitrogen oxides
{from internal combustion
engines and furnaces)

Ruroff and erosion
{from cultivation,
mining, construction,
and poor land use)
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Estrogen lake study

Collapse of a fish population after exposure

to a synthetic estrogen

Karen A. Kidd**, Paul J. Blanchfield*, Kenneth H. Mills*, Vince P. Palace*, Robert E. Evans*,

James M. Lazorchak®, and Robert W. Flick*

*Fisheries and Oceans Canada, Freshwater Institute, 501 University Crescent, Winnipeg, Manitoba, Canada R3T 2N&; and *Molecular Indicators
Research Branch, United States Environmental Protection Agency, 26 West Martin Luther King Drive, Cincinnati, OH 45268

Edited by Deborah Swackhamer, University of Minnesota, Minneapolis, MN, and accepted by the Editorial Board March 29, 2007 (received for review

October 27, 2008}

Municipal wastewaters are a complex mixture containing estro-
gens and estrogen mimics that are known to affect the reproduc-
tive health of wild fishes. Male fishes downstream of some waste-
water outfalls produce vitellogenin (VTG) (a protein normally

present (9) and has been linked to the feminization of male fishes
in rivers receiving municipal wastewater (4, ).

Despite growing do ation on the inization of male
fishes in waterways receiving municipal effluents, a critical

synthesized by females during cocyte ion) and early-stag,
eggs in their testes, and this feminization has been attributed to
the of genic sub such as natural estrogens
[estrone or 17p- diol (E2)], the heti used in
birth-control pills [17 a-ethynylestradiol (EE2)], or weaker estrogen
mimics such as nonylphenol in the water. Despite widespread
evidence that male fishes are being feminized, it is not known
whether these | level, chronic impact the
of wild We a T-year, whole-
lake experiment at the Experimental Lakes Area (ELA) in north-
western Ontario, Canada, and showed that chronic exposure of
fathead minnow (Pimephales promelas) to low concentrations (5-6
ng-L~") of the potent 17 led to of
males through the production of vitellogenin mRNA and protein,
impacts on gonadal development as evidenced by intersex in males
and altered oogenesis in females, and, ultimately, a near extinction
of this species from the lake. Our observations demonstrate that
the concentrations of estrogens and their mimics observed in
Prvigy P¥can impact the inability of wild fish lati

g in the field of endocrine disruption research is whether
these low-level, chronic exposures adversely impact wild popu-
lations {13). Although laboratory studies have shown decreased
reproductive success of fish exposed to <1-5 ngL~" of EE2 (14,
15). it is unknown whether this response would be observed in
wild populations and whether it would result in a subsequent
decline in abundances. To assess the ecological risk posed by this
class of compounds, we must understand population-level effects
of estrogens and their mimics on aquatic organisms.

The fathead minnow (Pimephales promelas) is a common
species in North America, and its range extends from the
southern United States to northern Canada (16). It is an
important food source for numerous game fish species, such as
lake trout (Salvelinus namaycush), walleye (Sander vitreus), and
northern pike (Esox fucius). In the lakes used for this study,
fathead minnow have a lifespan of =4 years, but few individuals
live past 2 years of age (17). Asynchronous spawning starts in
early summer and extends for a period of =2 months: multiple
females will typically spawn in the nest of a single male. who will
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i Concern over drinking water

= Drugs?
Azl melanien fos 5308
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Organic Compounds: Types?

= Natural Compounds = Pharmaceuticals, etc
« Fulvics = Anti-epileptics
= Proteins, carbohydrates, etc = Beta-blockers
= Domestic WW Organics = X-ray contrast media
= Industrial Synthetic Organics = antibiotics
= Plasticizers: phthalates = Home & Personal Care Products
= solvents: tetrachloroethylene = triclosan
= waxes: chlorinated parafins = Musks, flame retardants
= others: PCB's = Endocrine Disrupters
= Hydrocarbons & oil derivatives = Steroidal estrogens

= includes products of combustion: | Natural process byproducts
PAH" . .
. ° . = Conjugated pharmaceuticals
= Agricultural Chemicals .
esticides: DDT. kepone. mirex Engineered process byproducts
P ' + KEPONe, = disinfection byproducts, etc
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i Pollutant loss in lakes

Photolysis

= Destruction by solar light energy
Biodegradation

= Metabolism by microorganism

Hydrolysis

= Chemical decomposition
Volatilization

= Loss to the atmosphere

Adsorption and settling

= Loss to particles that end up buried in sediments

David Reckhow CEE 370 L#25 9

i Photolysis

= Chemical breakdown initiated by light energy

= two types
= direct photolysis
= sensitized (or indirect) photolysis

= Several steps
= some solar light reaches water surface
= some of this light penetrates to the solute
= some of this is absorbed by the solute

= some of absorbed light is capable of causing a
reaction

David Reckhow CEE 370 L#25 10
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i Solar Radiation

ultra- yigiple infra-
violet red

edge of outer atmosphere

Solar radiation

earth’s
surface
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$ Susceptible bonds?
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N [ ey
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i Biotransformation

= Microbially mediated transformation of organic
and inorganic contaminants

= Biochemical processes:
= Metabolism: toxicant is used for synthesis or energy
= Cometabolism: not “used”, but transformed anyway

= Chemical Effects:

» Detoxication: Toxic to Non-toxic
= Mmineralization

= Activation: Non-toxic to Toxic

David Reckhow CEE 370 L#25
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Refer to lecture #17

i Bio kinetics

= Michaelis-Menten equation: k= Hinax X

s Hpnax= Maximum growth rate (yr?) " Y(ks +c)

= X=microbial biomass (#cells/m?3)

= Y= yield coefficient (cells produced per
mass toxicant removed, #cells/ug)

» k.= half-saturation constant (pug/m?3)
» k,= rate of biotransformation (yr?)

s If c<<k,, then: e
km = ﬂn{/a]; = kaX

S

David Reckhow CEE 370 L#25
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i Bio kinetics (cont.)

= Wide environmental range

= phenol: k,,=4.0 d! @°“

= diazinon: k,,=0.016 d*!

CoHs S
~
0.

~7 CHy
o/ o N CH_
= Temperature correction o W/\(T
= 0=1.04-1.095

CHs

(, ); = (K, )0
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i Hydrolysis

= Reaction with water and its constituents
= H,0 k,=k,
= OH- kh :kb[OH_]
- H* k, =k,|H"]|
= Autodissociation &, =|or |&"]
= Combining: &, =k|0H |+k, + & [H]
= OF: %
k, =k, To T +k, +k,1077"
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i Volatilization: The two film theory

Bul:Gas |, M

©as [Film

i Interface

LiquidiFilm

BulksBiguid

17

i Two film model

= Flux from the bulk liquid to the interface

= Flux from the interface ot the bulk gas

Mass transfer
velocities (m/d)

= And the K's are related to the molecular
diffusion coefficients by:

David Reckhow 370 L#25 18
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i Whitman’s 2 film model (cont.)

= According to Henry's law: ' = ¢

= And relating this back to the bulk
concentration

Jl
potifgre)
= Now solving and equating the fluxes,
we get:
1 1 RT
I
The net transfer Yy Kl Hng

velocity across the air-
water interface (m/d)

David Reckhow CEE 370 L#25 19

i Whitman’s 2 film model (cont.)

. H

= Which can be v, =K, eK
rewritten as: ‘_fj_’ +RTa( %{J

. NOW, applylng It tO Conti‘minant Environment specific
toxicants SPeete
n ngO

= And converting to the
appropriate units: k=

David Reckhow CEE 370 L#25 20
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iolatilization: Parameter estimation

= Liquid film mass transfer coefficient (d!)

32 0.25

K =K, ,|=

~(2)

= Gas film mass transfer coefficient (d1)

18 0.25
K, =168U, (ﬁj
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*Toxics Model: CSTR with sediments

nternal Transport Processes (between
compartments)

= dissolved: diffusion

= particulate: settling, resuspension & burial

= Expressed as velocities (e.g., m/yr)

RESUSpEnsion (v,)

Settling (v,)

Mixed Sediments (2)

Burial (v

Dave Reckhow
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Functionally identical to

i Sorption f k=1

= Linear Isotherm g = oo

dissolved

¢, ¢,
See M&Z,
section 3.10 Ms kad
<> .
Kge Particle

K
k,=v,
1+ K D _
Particle can
then settle

David Reckhow CEE 370 L#25 v s 23

Also in Lecture #16 biomagnification &
Lecture #22 on groundwater retardation

i Octanol:water partitioning

= 2 liquid phases in a separatory
funnel that don’t mix

= octanol
= water

= Add contaminant to flask

= Shake and allow contaminant to
reach equilibrium between the two

= Measure concentration in each (K,

is the ratio)
= Correlate to environmental K
K= fn(K,,)
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i Bioaccumulation

= Mercury in food
chain

= Data from
Onondaga Lake

o

Biomass Concentration
(box size) (Shading)

David Reckhow

From Lecture #16

{piscivone |
091 gy

Giaeurd Shad
iplanktivere
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Lonplankton
SN0 upy

S6u L0 pgde

Phytoplankron

From Lecture #16

i Lab to Field

= Octanol water partition coefficients and
bioconcentration factors
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iompletely-mixed lake or CMFR

Often useful to assume perfect mixing
= Same concentration throughout system

Accumulation = loading — outflow — reaction — settling

Mass Balanc® %
; — C
> cactio Q

David Reckhow CEE 370 L#25 27

ither Terms in the Mass Balance

= Outflow Outflow = Oc
= Reaction Reaction = kM = kVc
= Settling T=ve
Settling = vAc
AS
Note HW#6, - ks Ve Sediment-
problem 2 water interface

Since: ks = %‘I V= ASH

David Reckhow CEE 370 L#25 28
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i Combining all terms:

dc
V—=W(t)-Qc—-kVc—vAc
dt

= Units for each term: mass/time

= Dependent variable: ¢

= Independent variable: t

= Forcing function: W(t), the way in which the
external world “forces” the system

= Parameters: V, Q, k, v, A,

David Reckhow CEE 370 L#25
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i Steady State Case

= Mass balance

d
O+kV +vA,

= assimilation factor
Where: g =Q+kV + VA,

= solution

The assimilation or “cleansing” factor

David Reckhow CEE 370 L#25

With Settling

\ 4

V—j =0=W(t)-Qc—-kVc—vAc

30
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i Simple lake model without settling

P [accumulation] =
x W(t) [loadings] + [transport] + [reactions]
Q,

e kv
= W(5)=Qc—kVe

For a 1st order reaction (n=1):

e W
t

W
CO+kV

David Reckhow CEE 370 L#25 31

Steady State Solution: ¢

Lake Model: Steady State

i Example

A lake has the following characteristics:

Volume = 50,000 m’
Mean Depth = 2 m

Inflow = Outflow = 7500 m’d "'
Temperature = 25°C

The lake receives the input of a pollutant from three sources:
a factory discharge of 50 kg d-!, a flux from the atmosphere
of 0.6 g m? d-!, and the inflow stream that has a
concentration of 10 mg/L. If the pollutant decays at the rate
of 0.25/d at 20°C

a. compute the assimilation factor

b. steady state concentration

c. show breakdown for each term

David Reckhow CEE 370 L#25 32
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i Lake Model: Solution

First correct the decay rate for temperature

k =0250""" =0.25(1.05)>°
=03194""

Now the assimilation factor
a=0+kV
= 7500+ 0.319(50,000)
=23,454m°d™"
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i Lake Model: Solution (cont.)

The surface area of the lake is:

The atmospheric and inflow load is then:

/4 = JA, =0.6(25,000) =15,000g / d

atmosphere

W =7500(10) = 75,0002 / d
Combining all loads: W =Wy + . W

acto atmosphere inf low

= 50,000 + 15,000 + 75,000
= 140,000g / d

David Reckhow CEE 370 L#25 34
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i Lake Model: Solution (cont.)

And finally, the concentration:

c=—
a

~ 140,000g / d
23,454m’ / d
=597mg/L

David Reckhow CEE 370 L#25 35

;_L Dimictic Lakes

e _—

Epilimnion 3

Thermocline
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i Temperature & Density

1001
1000
999 |
998 |
997 |

996 |

995

0 5 10 15 20 25 30
Temp., C
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i WQ Profiles in Stratified Lakes

Temperature
Dissolved oxygen

Epilimnion
s b
15 Thermocline
A

Hypolimnion

Manganese
Concentration
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Temp. Profiles in Stratified
Lakes

Winter | |Fall | | Spring | | Summer
\
|
- —
T . .
Epilimnion
<
) :
a v Thermocline
[ — Hypolimnion
<1 9
Temperature
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i

m 10 next lecture
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