CHEMISTRY AT EAWAG

935

Chimia 51 (1997) 935-940
© Neue Schweizerische Chemische Gesellschaft
ISSN 00094293

The Fate of Trace Pollutants in
Natural Waters - Lakes as
‘Real-World Test Tubes’
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Abstract. Lakes play an important role as ecosystems and drinking-water supplies, but
they are also ideal ‘real-world test tubes’ for studying the fate and behavior of trace
pollutants in natural waters. The trace metals Cu, Zn, and Cd and the organic herbicide
atrazine are used to illustrate the combined approach of field measurements and
mathematical modeling to assess the behavior of pollutants in natural waters. In
contrast to fast flowing waters (i.e., rivers), lakes act as integrators of pollutant inputs
from surface waters of the respective catchment area, thus being regional indicators of

human activities.

Introduction

Protection of lakes ranks high among
the political priorities in Switzerland. Be-
side their value as aquatic ecosystems,

lakes play an important role for recreation
and tourism, as drinking-water reservoirs,
for fisheries, and, last but not least, they
are aesthetic elements of our landscape.
Forenvironmental scientists, lakes are also
very appealing for studying the biogeo-
chemistry of natural and man-made chem-
icals under natural conditions. Further-
more, since lakes have clear boundaries
and, in contrast to rivers, they act as inte-
grators of contaminant inputs, they are
also very well-suited for assessing human
activities in the catchment area. Whereas

in the past the excessive nutrient input —
leading to eutrophication and subsequent
degradation of the water quality — was of
major concern [1][2], today the continu-
ous input of inorganic and organic trace
pollutants into surface waters has become
of increasing importance.

In this article, the approaches taken at
EAWAG toevaluate the input and dynam-
ic behavior of trace pollutants in lakes are
addressed. First, the different processes
acting on pollutants in lakes (Fig. I) are
reviewed and a brief overview of the (math-
ematical) models developed for describ-
ing quantitatively the combined effect of
the various transport and transformation
processes on the distribution and resi-
dence time of a given chemical is given.
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This general approach is then illustrated
by two examples. The first example dem-
onstrates how biological processes influ-
ence the speciation and thus the bioavail-
ability as well as the residence time of the
trace metals Cu, Zn, and Cd in the water
column. In the second example, a study
focusing on the evaluation of the inputs
and persistence of one of the most widely
used herbicides in agriculture, i.e., atra-
zine, in different lakes is presented.

Transport and Transformation of
Pollutants: From Processes to Models

Physical Processes. The most simple
model balancing the mass of a pollutantin
a lake is the continuously stirred tank
reactor. The input-output analysis of a
mixed reactor model (including river in-
put, rain fall, gas exchange, outflow and
sedimentation) can already yield consid-
erable insight into the behavior of a given
pollutant [3]. The rate of elimination by
flushing is given by k,, = Q/V [a~'], where
Q 1s the average outflow and V is the lake
volume. Typical flushing rates of Swiss
lakes range from 7 a-! and 0.07 a~! (corre-
sponding to hydraulic residence time of
the water of 0.15 to 15 years, respective-
ly). Since elimination by flushing is im-
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portant for all compounds (dissolved and
particulate species), this rate constant de-
fines the intrinsic timescale of the system.

For volatile compounds (such as vola-
tile organic pollutants and trace elements
forming volatile species, e.g., As or Hg),
gas exchange has to be included. The rate
constant for this process is given by k, = f3/
h[d~"], where Bis the piston velocity of the
exchange and £ is the depth of the surface
water volume, which stays in contact with
the atmosphere. For a typical value of 8=
0.5md" and a 5-m thick surface layer, the
residence time of such a species would be
ca. 10d (k, = 0.1 d-'). The modeling of
volatile organic compounds and gases
which are part of the biological cycles
(such as O, and CO, ) requires also a
careful parameter estimation for gas ex-
change. Furthermore, for less volatile spe-
cies, more sophisticated models have to be
applied.

Most time of the year, lakes are verti-
cally stratified: The surface acts as a heat
collector for solar radiation and as a conse-
quence, during summer, the surface layer
reaches temperatures of more than 20°,
whereas the deep layers stay cool at typi-
cally 4-5°. This leads to strong density
stratification and decoupling of the sur-
face water (epilimnion) from the deep water
(hypolimnion). Consequently, vertical
mixing is weak during summer, and the
surface and deep water masses can be
regarded as separated layers (boxes). In
winter, the combined action of surface
cooling and wind leads to basin-scale ver-
tical water exchange. In contrast to the
vertical stratification, lakes are usually
well-mixed horizontally. Describing the
lake by using a mixed reactor in winter and
two mixed, but separated, reactors in sum-
mer offers the most simple of the vertically
structured models. For detailed studies,
affecting the fate of a pollutant within the
vertical structure of the water column, the
more appropriate one-dimensional (1-D)
vertical model should be applied. This
includes the vertical rates of exchange
within the water column — usually quanti-
fied by diffusivity — which can be derived
from vertical profiles of tracers such as
temperature [(4].

The lake internal, biological processes
such as photosynthesis and respiration
strongly influence the chemical conditions
such as pH and redox potential as well as
the particle type and concentration in lake
water. Large O, oversaturation can occur
in the surface layer. However, typically
10-30% of the biological production settle
in the form of particles to the lake bottom
where a large fraction of this organic ma-
terial is mineralized by microorganisms.

Oxic respiration depletes dissolved oxy-
gen, and reductive conditions are com-
monly encountered in the hypolimnion of
stratified lakes. Reductive transformations
of pollutants may occur under these condi-
tions [5). However, during the intense
mixing of the water column in winter,
oxygen-depleted water is brought in con-
tact with the atmosphere and gas exchange
reloads the oxygen reservoir of the lake.

Particles from the epilimnion can act
as a ‘conveyor belt’ and transport associ-
ated pollutants into the hypolimnion. Var-
ious sorption processes play a role for the
binding of metals and of organic pollut-
ants to particles [6]. Gravity drives the
sedimentation of particles from river in-
put, photosynthetically produced biomass
(algae, plankton), and calcite crystals. Dur-
ing this process, reductive dissolution of
iron and manganese oxides and the reox-
idation of Fe?* and Mn?* in the water
column may produce an additional source
of particles in the deep water [7]. The
sedimentation of a pollutant out of a well-
mixed box can be described by the charac-
teristic rate constant, k., which is defined
as k, = v *(1-f))/h where v, is the average
particle settling velocity, (1) is the frac-
tion of the compound in particulate form,
and 4 is the depth of the box. Pollutants,
however, may be released at the sediment
surface or they may accumulate in the
final storage — the lake sediments. There-
fore, the processes at the sediment-water
interface play akey role in the modeling of
pollutants such as heavy metals which
strongly adsorb to particles [8].

We can now combine the lakes physi-
cal and biological processes with the pol-
lutant-specific processes. Beside flush-
ing, gas exchange, and sedimentation, pol-
lutants in the water column of lakes can be
eliminated by chemical transformations
(e.g., hydrolysis, direct and indirect pho-
tolysis) or by microbial transformations.
For low pollutant concentrations typically
encountered in lake waters, all processes
can be expressed as first-order or pseudo-
first-order reactions which can directly be
compared to ky, k4, and k;. Such rates can
often be estimated by simple ‘back-of-
the-envelope’ calculations based on liter-
ature data and on theoretical considera-
tions (for details see [9][10]).

To describe quantitatively and dynam-
ically the physical, biological, and com-
pound-specific processes, different tools
for the numerical modeling have been
developed at EAWAG. CHEMSEE is a
versatile program for the general mode-
ling of concentration profiles based on a
discrete 1-D transport-reactionmodel [11].
MASAS has been optimized to predict the
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fate of organic pollutants in different lake
systems [12]. It contains a database of lake
parameters and compound-specific infor-
mation. AQUASIM [13][14], on the other
hand, is a modular simulation package
allowing different aquatic systems to be
combined and coupled. It includes mod-
ules for batch reactors, river sections, or a
water column of a lake [15].

The assessment of the fate and behav-
ior of pollutants in lakes will be illustrated
in the following by two case studies on the
sedimentation and bioavailability of trace
metals and the quantification of the input
and dynamic behavior of atrazine.

Sedimentation and Bioavailability of
the Trace Metals Cu, Zn, and Cd in
Lakes

The most important elimination proc-
esses of Cu, Zn, and Cd from the lake
water column are sedimentation and flush-
ing. To predict concentrations of metals it
is therefore important to analyze the rela-
tive rates of sedimentation and of flush-
ing. As a prerequisite of sedimentation,
the trace metals have to be bound to the
settling particles. The extent of binding to
particles depends on chemical factors such
as the affinity of metals for the surfaces of
the particles, the speciation of metals in
solution, and the pH. The following inves-
tigation was focused on the quantitative
description of the sorption/sedimentation
process, the evaluation of the bioavailabili-
ty, and the establishment of a mass bal-
ance for these trace metals in different
lakes.

The settling particles in an eutrophic
lake such as Greifensee consist, as men-
tioned above, to a large extend of autoch-
tonous material with large fractions of
organic matter (settling plankton biomass),
calcium carbonate as well as manganese
and iron oxides [16]. Manganese and iron
oxides precipitate in the lake when anoxic
water containing dissolved Mn2* and Fe2+
comes into contact with oxygenated water
[16]. These freshly precipitated Mn and Fe
oxides typically exhibitlarge surfaces with
numerous surface sites, to which trace
metals may be bound.

Binding of metals to plankton com-
prises uptake into the cells, as well as
binding tosurfaces. Essential elements are
taken up in typical concentrations, accord-
ing to the necessary amounts for the cells
and to their availability in lake water,
which is linked to the speciation. The
correlations between the content of vari-
ous elements in the settling particles in
Greifensee as well as between their sedi-
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mentation rates, indicate that organic mat-
ter, on one hand, and manganese oxide, on
the other hand, are of particular impor-
tance for the sedimentation of the trace
metals copper and zinc [16][17]. Large
variations of the sedimentation rate are
observed over the year for Zn, with a
maximum during summer. The maximum
sedimentation of Zn in summer coincides
with the maximum sedimentation rate of
organic C and P, whereas during lake
overturn, high Zn sedimentation rates oc-
cur together with the sedimentation of
manganese oxides.

A mass balance using field measure-
ments for Zn in Greifensee based on meas-
urements in the settling particles and in the
water column, revealed that ca. 87% of the
Zn inputs were retained in the sediments
(Fig. 2). The riverine input shown in Fig.
2 was estimated from the mass-balance
calculation and was found to be in a sim-
ilar range as Zn concentrations in compa-
rable rivers. Preliminary model calcula-
tions to simulate the temporal and spatial
variations of Zn in the water column, per-
formed with CHEMSEE [11], indicated
that the available data were insufficient to
validate such a model. A better identifica-
tion of the particles to which Zn is bound
(biological particles, CaCO5, aluminum
silicates from soils, Fe and Mn oxides,
etc.) and a quantification of the sedimen-
tation fluxes of these particles would be
needed to simulate the Zn sedimentation.

Depending on the sedimentation rate
and on the extent of binding of metals to
the settling particles, the metal concentra-
tions in the water column of lakes are kept
at low levels in spite of significant inputs.
The metals accumulate almost quantita-
tively in the sediments.

With regard to the bioavailability and
the toxic effects of trace metals, the key
parameters are, however, not their total
concentrations, but their chemical specia-
tion and especially the concentration of
free aqua ions. The essential elements Cu
and Zn are toxic only at elevated concen-
trations, whereas the nonessential element
Cd has mostly toxic effects. The free ion
concentrations of Cu, Zn, and Cd are gen-
erally regulated by organic complexes in
lakes. Therefore, phytoplankton may ex-
ert a feedback control on metal speciation
in solution by releasing organic ligands.
We studied the speciation of Cu, Zn, and
Cdin various lakes to examine these inter-
actions.

Sensitive techniques of ligand ex-
change and voltammetry have been devel-
oped to determine the free ion concentra-
tions and the organic complexation of Cu,
Zn, and Cd in lake waters. These tech-
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Fig. 2. Mass balance of Zn in the epilimnion of Greifensee. The fluxes to the sediments, in the effluent,
and from the atmosphere are calculated from measured data; the flux into the lake is evaluated from
the mass balance. Ca. 87 % of Zn is retained in the sediments (adapted from [17]).
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niques are based on ligand-exchange equi-
libria between an added well-character-
ized ligand and the natural ligands in a
water sample. Following sample equili-
bration, the metal complexes formed with
the added ligand are measured by voltam-
metry. The free metal ionic concentrations
and complexation parameters are deter-
mined from equilibrium calculations 18-
20].

In the eutrophic Greifensee, more than
99% of dissolved Cu ( [Cuyyl/[Cu?t] =
105-107), 98% of dissolved Cd, and ca.
50% of dissolved Zn exist in strong organ-

Fig. 3. Titration of lake-water samples with Cu:
Concentration of free aqua Cu?* ions vs. total
Cu. The extent of complexation of Cu is larger in
eutrophic lakes (Greifensee, Sempachersee) than
in the oligotrophic Vierwaldstittersee and in Lake
Orta with metal pollution and lower pH.

ic complexed form in the epilimnion; the
free metal concentrations are very low
with pCu (-log [Cu?*]) = 14-16, pZn =
8.6-9.5,and pCd =12. On the average, the
conditional stability constants of the strong
organic ligands were in the range of log K
= 14.6 for Cu, 9.0 for Zn, and 10.2 for Cd
(pH ca. 8), with available ligand concen-
trations of 54 nM for Cu and Zn, 6 nM for
Cd in the euphotic zone of Greifensee.
The links between the complexation of
the trace metals and the biological pro-
cesses, mostly the growth of phytoplank-
ton, are indicated by several observations,
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Table. Characteristic First-Order Rate Constants

Jor the Elimination of Atrazine from the Epilim-
nion of Greifensee from Literature Data and
Simple Calculations (see Text and [9])

Elimination by [d']

0,009

The comparison between various lakes
shows stronger complexation of Cu in the
more eutrophic lakes (Fig. 3). In the eu-
trophic Greifensee, the complexation of
Cu by strong organic ligands exhibits sea-
sonal variations, which are parallel to the
biological productivity [18]. Cd complex-

Flushing (k,,) . % ; e
v ation in the eutrophic lake is also stronger
Sedimentation (k) <0091 than in the oligotrophic lake. Therefore,
Gas exchange (k,) <<0.001 the strong natural ligands, presumably of
Chemical transformation ~0.001 recent biological origin, play an important
Bt bt bt bt e role in controlling Fhe metal speciation.
! Bl oni Phytoplankton influences thus the cy-
eCl photolysis < 2 2
o cles of trace elements in various manners.
indirect photolysis <0002 The presence of strong ligands binding
Biological transformation ' Cu,Zn, and Cd appears to be linked with
the phytoplankton productivity. The sed-
atrazine concentration (mg m-3)
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Fig. 4. Selected vertical atrazine concentration profiles (dots) and water temperature (dotted lines)
measured above the deepest point in Greifensee in 1991. Solid lines: Computer simulation (for details

see text and [9]).
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Fig. 5. Time course of the experimental and modeled total amount of atrazine in Greifensee over the
study period (1991). The dots indicate the experimental values calculated from the measured profiles.
Line a represents the model calculation using the experimental input function and assuming
conservative behavior of atrazine in the lake; line b represents the model calculation with input
correction and in situ elimination during the months of July and August. The atrazine-application

period is marked with the shadowed bar.
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imentation of organic matter coniributes
to the transport of trace metals to the
sediments. The primary productivity and
the subsequent decomposition processes
of organic matter affect the redox condi-
tions, and thus the cycling of the redox
sensitive elements iron and manganese,
which in turn influence the sedimentation
of other trace metals [16][17][21]. How-
ever, to be able to model quantitatively the
behavior of trace metals in lakes, the role
of the strong organic ligands with regard
to the uptake and adsorption of metals
needs to be better understood.

Input and Dynamic Behavior of
Atrazine in Lakes

The widespread use of pesticides, in
particular of herbicides, in agriculture re-
quires an evaluation of the impact of such
biologically active compounds on surface
water quality. In 1959, Ciba has marketed
the herbicide atrazine which is still one of
the most widely used herbicides world-
wide. The mobility of atrazine, its persist-
ence, and the large amounts applied, e.g.,
on corn fields and along railroads, lead to
considerable concern about contamina-
tion of drinking and surface water in the
late 70s. Atrazine concentrations above
the drinking-water limit of 0.1 pg/l were
the reason for restricting (Switzerland) or
even banning (Germany) its application in
the late 80s early 90s in several countries.
In the following example, atrazine is used
as a model compound to assess the input
and behavior of a contaminant in lakes. It
further represents an excellent case for
evaluating the effects of herbicide-appli-
cation restrictions on surface water quali-
ty.

In contrast to fast flowing rivers, lakes
are integrators of pollutant inputs to sur-
face waters from soil runoff in the respec-
tive catchment area. Therefore, lakes can
be used to quantify the input of atrazine to
surface waters. However, as discussed
earlier, the processes affecting its fate ina
lake (transport and transformation pro-
cesses) must be known or experimentally
determined.

In order to get an idea of the relative
importance of the various processes af-
fecting atrazine in the water column of
Greifensee (i.e., elimination by flushing,
gas exchange, sorption and sedimenta-
tion/resuspension, chemical, photochem-
ical, and biological transformation), it is
helpful to perform some simple calcula-
tions to estimate the various elimination
rates as introduced in the first section of
this article. Because in lakes, some of the



CHEMISTRY AT EAWAG

939

CHIMIA 57 (1997} Nr. 12 {Dezember)

1990 1991 1992 1993 1994
50 50
2 0] VA L 40
£ : f\\.\
o O
=g~
© — j
) 301 \‘hv \ 30
£ Wi
Qo
8 £ 201 \\h.f\_‘\ ""‘,_\-r\. r20
5= 2o/
©
_§ 101 r10
k<)
2 23
E=]
o m ——
= = +
Q. >
£ E3
> 3E
‘©
ke
w
& = 104 10
Eg
L
B Iy )
= ‘ I\
0 Y, l.ﬁ‘.‘ ..... U .":-L.‘— ....... . “.-i ...... ol b 0
Jan Jul Dec'Jan Jul Dec Jan Jul Dec Jan Jul DecJan Jul Dec

Fig. 6. Top: Time course of the total atrazine amount in Greifensee for the period 1990-1994. Dots: Measured values (calculated from the concentration
profiles and the corresponding water volumes). The solid line represents the results of the computer simulation (for details see textand [22]). Middle: 71990,

1993, and 1994: Calculated daily input (thin solid line), calculated cumulative input (thick solid line); 1991: measured input, see [9]; 1992: no
measurements, only simulation scenario. Bottom: Water flow in the main tributary Aabach. The atrazine-application period is marked with the shadowed

bar.

most important processes occur at or near
the surface (e.g., gas exchange, direct and
indirect photolysis), the epilimnion is the
most obvious compartment to be used for
preliminary calculations. The pseudo-first-
order rate constants compiled for atrazine
in the epilimnion of Greifensee (see Ta-
ble) show that flushing is, besides possible
biodegradation, the by far most important
elimination process (for details see [9]). In
situ rates for microbial transformation in
the water column of lakes are not available
for atrazine, and the extrapolation of bio-
transformation rates determined in labora-
tory systems to the conditions prevailing
in the field is extremely difficult. None-
theless, results of laboratory degradation
studies using natural waters imply that
atrazine would be transformed rather slow-
ly. In summary, atrazine can be expected
to be quite persistent in the water column
of the lake, however, its seasonal input
variation and its in situ fate in the ‘test
tube’ lake have to be assessed using field
measurements and mathematical mode-
ling.

To evaluate and quantify the various
processes, it is crucial to establish a mass
balance. To this end, the atrazine input

(data not shown) and the atrazine concen-
trations at various depths in the lake have
been measured (see Fig. 4), taking the
vertical stratification into account. The
total atrazine amount in the lake was cal-
culated from the concentration profiles
and the corresponding water volumes (see
dots in Fig. 5). Asis evident, a significant
input of atrazine occurred after the atra-
zine-application period in April/May (see
Figs. 4 and 5), which was caused by sev-
eral rain events (surface runoff and/or
drainage channels).

Quantitatively, the fate of atrazine has
been assessed by combining the measured
atrazine input with a 1-D vertical transport
model using the simulation tool MASAS
[9][12] (see first section of this article),
and assuming a conservative behavior of
atrazine in the water column, i.e., no elim-
ination other than flushing. The solid line
in Fig. 5 represents the simulation result:
As can be seen, the total amount of atra-
zine measured in the lake before the appli-
cation/rain event is well represented by
this (conservative) model (January to
May). To match the experimentally deter-
mined total atrazine amount in the lake in
July and August, however, an additional

input during the rain event (which was
clearly underestimated) and an additional
elimination process with a rate constant of
ca. 0.003 d-! (one third of k) in the
epilimnion in July/August had to be intro-
duced (see solid line in Fig. 4 and dotted
line in Fig. 5, model b). Obviously, it is
very difficult to determine experimentally
the input of a compound that is primarily
introduced into a lake by runoff during
rain events, even with an extensive sam-
pling effort. On the other hand, the combi-
nation of measurements in the lake with
modeling yields very accurate source/in-
put functions. This study clearly shows
that atrazine was quite persistent in the
water column of Greifensee. Further, the
fact that atrazine has only been applied to
corn fields since 1989 allowed close esti-
mates of the total amounts vsed in the
catchment area (1590 kg) and showed that
ca. 1.8% of the atrazine applied in 1991
has been transported into the lake.

In 1994, Murtensee and Sempachersee
wereincludedinthe investigations to eval-
uate to what extent the results obtained for
atrazine in Greifensee in 1991 (persist-
ence and input fraction) could be extended
to other lakes and/or to other years. In
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addition, a long-term study in Greifensee
(1990 to 1994) was conducted in order to
evaluate the effects of weather conditions
(particularly rainfall) and application re-
strictions on the total atrazine input into
the lake. These studies are discussed in
detail in [22]. In the following, a few
important results are summarized.

First, the ‘fate and behavior model of
atrazine in Greifensee’ assuming only elim-
ination by flushing and some additional
elimination in July/August in the epilim-
nion could be applied successfully to the
vertical concentration-profile measure-
ments taken in Murtensee and Sempach-
ersee, allowing the atrazine input to be
quantified: Despite the quite different
catchment areas and hydraulic properties
of the three lakes, the atrazine input frac-
tions were very similar in the same year
(2% * 0.1%). The long-term study in
Greifensee using the same input-quantifi-
cation approach (see Fig. 6), however,
revealed that, over several years, the annu-
al input varied between 0.5% (very dry
weather) and 2% (very wet weather) of the
total amount applied. A good correlation
was found between the input (expressed as
percentage of the total atrazine applied,
which includes, e.g., the reduced applica-
tion rate in 1994) and the amount of pre-
cipitation during and right after the appli-
cation period (expressed as percentage of
the average water flow in the main tribu-
tary).

Furthermore, the input of the primary
atrazine metabolites, desethylatrazine,
deisopropylatrazine, and hydroxyatrazine,
as well as other triazine herbicides could
be quantified in the three lakes using the
same model. However, for this study a
new, sensitive and precise analytical meth-
od had to be developed [23]. Note, that the
precision and accuracy of the analytical
method is decisive for the quantification
of the compound behavior [24].

Presently, the approach developed for
evaluating the input and behavior of atra-
zine and various other pesticides is used to
investigate the effects of the Swiss agri-
cultural policy measures (e.g., direct pay-
ments to the farmers) on the input of
pesticides into surface waters.

Conclusions

The examples presented here illustrate
how field measurements in lakes, labora-
tory studies, and mathematical modeling
can be combined to understand and pre-
dict the behavior of pollutants in lakes as
well as their interactions with the biogeo-
chemical cycles. The same concepts have

already been applied to other pollutants,
such as tetrachloroethene (PER), nitrilo-
triacetate (NTA), and fluorescent whiten-
ing agents [9][25][26], for which different
elimination processes are important. Gas
exchange is most significant for PER, a
volatile compound, whereas NTA is most-
ly biodegraded in the water column. The
fluorescent whitening agents are subject
to photochemical degradation and sedi-
mentation [25][26]. For each of these pol-
lutants, careful field studies in lakes under
well-understood conditions allowed a ver-
ification and a quantification of their
behavior. The field observations in the
lakes, used as ‘real-world test tubes’, may
be compared to predictions based on chem-
ical properties of pollutants and on labora-
tory studies of the chemical and biological
transformations affecting them. From the
comparison between predictions and ‘real
world’ observations, gaps in the present
knowledge are identified, and predictions
about the future fate of pollutants can be
revised and refined.
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