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1. Radioisotopes for the identification of rates, routes and 
reservoirs of trace contaminants 
Even though, for political and environmental reasons, the 
reputation of radioisotopes among the general public is 
steadily declining, one should also remember their benefi- 
cial aspects in environmental and health related sciences. 
Much of our knowledge of the kinetics of chemical and geo- 
logical processes on this earth is derived from radioactive 
tracers. Aquatic ecosystems make no exception to this. 
There is a wide variety of radionuclides, originating from 1) 
the natural UITh decay series, 2)  cosmic radiation, or 3) 
bomb fallout available for the study of the kinetics of physi- 
cal, chemical, biological or geological processes in aquatic 
systems. Many of them are suitable for systems with time 
constants ranging from hours to centuries, which is the time 
scale of interest in environmental sciences. 

The information on rates, routes and reservoirs, which can 
be derived from studying the behaviour of radionuclides in 
the environment, often become essential for our under- 
standing of the fate (i.e. transport and transformation) of 
chemical substances. The primary advantage of radionu- 
clides is their known input function and is given by 
1) the disequilibrium of motherldaughter nuclides of the U I  

Th decay chains, 
2) the cosmic ray flux producing radioactive isotopes by in- 

teractions with athmospheric gases, and 
3) the spike inputs of radioactive isotopes by the atomic 

bomb tests in the 1960's and 1950's. (For mathematical 
details, see table 1) .  Another advantage is their use as 
both tracer and process chronometer. Time is measured 

Debris m 

Fa = wet and dry deposition (=He ZioP~, 239. Z40P~, 14C, 'Be); I = Sur- 
face water inputs (3He. 222Rn, 224Ra): G = Groundwater inputs (=H, 
222Rn); GE= Gas exchange (3HPHe, 222 Rn); P, R =  Primary produc- 
tion and respiration ('"I?, J Z P ' ) ;  A, D = Adsorption, Desorption 
(234~h. Zlopb, ZlOPo, 212 pb, 214Pb. 224Ra, Z28Ra): So, S,, S2= Sedimeta- 
tion (234 Th. 230Th, 2ioPb, 226Ra, 239. zeOPu, '*C, I3'Cs): F = Filtration 
(tracer microspheres'); K,, K, = Vertical and horizontal eddydiffu- 
sion and circulation (222Rn. 3H13He, 1412): De = Bioturbation (23''Th. 
'Be, 2'0Pb. 231. 240P~, I37Cs); R3 = Sediment resuspension (23,'Th. 
13TcsI  --,. 
' = used as artificiai radionuciides in enclosed systems 



Table 1: 

Equations of radioactive decay, removal rates (A,) and residence times ( T d  

a/ General 

A =Activity = number of disintegrating atoms (N) per unit time 
A = dN1dt = A. N (A- decay constant) (1) 
N = No exp (-At) or A = A, exp (-At) (2) 
tli2 = ln2lA (= half-life) or T= 11, (= residence time) (3) 
Age = t = In (A,IA) 1 A (4) 

bJ Parent-daughter relationships (N,~-PN~"-D) 

dNDldt = Ap. NP-AD. ND 
ND= (Ap. NB) (exp (-Ap. t) - exp (-A,. t))l(Ao-A,) 

cJ Radioactive decay and chemical removal from system (steady state) 

Production from radioactive decay of parent nuclide = 
radioactive decay of daughter nuclide + removal of daughter nuclide (7a) 

An. AP= AD- AD + An. AD= A.(AR+ AD) (7b) 
TR = I I A R  = TD. Aol(Ap-AD) (8) 
Examples: 228Th122aRa, 234Th1238U, 230ThIzJ1U, 23'Pa1235U, 210Pb1222Rn 

dJ Removal of cosmic ray produced isotope (constant flux, steady state) 

Input flux= F, =radioactive decay + removal flux (=F2) Pa) 
W =  integrated activity in water column 

FI = (AD. &) + (AR. W o )  (9b) 
i n  = TO (Fs - Fz) I Fa (10) 

Example: 'Be 

Table 2: Example of radioisotopes used in aquatic sciences as tracers for processes with time scales of days to centuries 

Radioisotopes produced by: 

U 1 Th decay r / Cosmic Radiation 

Atomic Bomb Tests 

Reactors and Accelerators 
(artificially produced isotopes) 

I Tracer for: 

I Dating of 
Groundwater surface waters 

Particle transport Gas exchange Biological 
Activity 

234Th1238U 
228ThlZZBRa 
230Th/23dU 
Z'QPblz2ZRn 
23, palZ3Su 

'Be 

( )  = Isotopes set in brackets cannot generally be used, but are potentially useful 
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Figure 2: 
Comparjson of radionuclide proflies in marine sediments o_b!ainea 
from field or e n c o s ~ r e  siud~e? 
a )  This o ro l~e  of rlarura 12'0Pb.: and?lATh.. n domla'~ and lailoul .. 
raa~olsoiopes ("1 '.'OPu in 10 hpm~g) In a sedfmenl core from the 
New York B~ght USA It], shows the panicle-assoc~ated radlonuc- 
lide 239. Z4OPu penetrating as deep as 30 cm where activities of ex- 
cess 210Pb (= 2lTbJ26Ra) become insignificant. This indicates that 
benthic mliina caused bv bioturbatino benthic macrofauna is the 
pr~marycause-forthe penktratton of these nuclides tnto the surface 
sed ments A numerlca 3-layer mixlng and sedlmentat~on model 
can explain simultaneously the penetration of ail 3 tracers which 
have either different half lives (t,,,) or times ( ~ t )  since addition to 
sediments lz3'Th: t.,, = 24 davs. is continuouslv oroduced bv Z38U . 
decay in the vrate;'column and rapidly remo.vbd to sediments. 
Z'oPb :I,, = 22 years, supp ied lo the sedlmenls by pafiicies wh~ch 
continuously scavenge 2'0Pb originating from the decay of atmos- 
oheric222Rn:239.2doP~:nt -16vears.)These coastal sedimentsthus 
acqulre trdce elements not malniy by sedimenlation but by a com- 
binat on of sedtment resuspenslon ana benth~c mlxlng, wh cn 
orlngs more aasorb~ng sed~ment surfaces Into contact with the 
overlying water column. 

xs = excess; dpm = disintegrations per minute 

b) Radionuciide profiles in a sediment core from the MERL tank 
ecosvstem. taken bv Adler 1141 46 davs after the addition of the ra- 
dfotiaccrs totnevieli m xea waler colLmn Net sedimentatlon isiov,, 
and the pan cle patnivays are i,r marl y resuspenslon of s~rface 
sedlment aria bentncc m xmg D fferenr mob.llties of raoionuc, aes 
in the sediments are due to the presence of bioturbating benthic 
macrofauna. which mix sediment oarticles and oore waters diffe- 
rent y .n t~me an0 space. Over longer time scalestnc erratic mixrig 
events sho.jlo become more reguiar in spaceana tme ano oecome 
more amenable to eddydiffusional modelling. 
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by the radioactive decay of the atomic nucleus, which is 
independent of chemical and physical state, and inde- 
pendent of temperature and pressure. The age dating. 
evaluation of residence times and exchange rates (e.g. 
rates of adsorption, particle settling, sediment resuspen- 
sion, mixing and accumulation, gas exchange, water mix- 
ing, etc.), are the primary applications of natural and 
fallout radionuclides (table 2). Fig. 1 exemplifies the pro- 
cesses of an aquatic ecosystem which are amenable to 
characterisation by radiotracers. In fig. 2a, natural and fal- 
lout radionuclides are shown to yield not only information 
on the influence of benthic mixing on the dating of sedi- 
ments, but also on the mechanism of accumulation of 

since several decades. However, only during the last decade 
orso have chemical limnologists and oceanographers made 
good use of such systems.The cooperative studies of heavy 
metal transport and effects inside the MELIMEX "limnocor- 
rals" in Lake Baldegg, carried out by scientists of EAWAG 
(e.g. [2] and references therein) have to be mentioned here. 
Another example are theMERLmesocosmson theshoresof 
Narragansett Bay, R.I., U.S.A. [3]. In these 12-14 tanks, stu- 
dies of oil pollution, recovery of polluted marine sediments, 
and most recently, of eutrophication of coastal marine eco- 
systems have been carried out successfully in the last 7 
years (e.g. articles [4,5] and references therein, and [6-81). 
In this latter system, radiotracers have been utilized exten- 

trace elements in these sediments. s:vely to elucidate a number of transfer mechanisms and ra- 
2. Artificial radionuclides: the need of enclosed experimen- tes in th~s  coastal marine ecosystem 1e.g 19-13]) 
tal ecosystems 
Not all processes in aquatic ecosystems can be studied 
equally well using as tracers those "natural" radioisotopes 
mentioned before. Often, it is desirable to use artificial radio- 
isotopes, tailored specifically to the investigation of acertain 
chemical or biological process in an aquatic ecosystem. 
Yet, only rarely can artificial radionuclides be directly used to 
study these processes in the natural aquatic environment. 
In most cases, one needs an enclosed experimental ecosys- 
tem, which is replicating the natural system to a high degree. 
Such systems are also called "microcosms", "mesocosms", 
"limnocorrals", or simply: tanks, tubes, bags, bell-jars or 
aquaria. Such enclosures have been used by biologists 

In experiments in controlled ecosystems, one only utilizes 
the tracer properties of the radionuclides, which are given 
by the easy means of detection of the gamma-ray emitting 
nuclides. The time parameter lies in the time course of the 
experiment itself. 
The radiotracers in the controlled experimental ecosystem 
make it possible to identify the transport agent, the impor- 
tant reservoirs for the transport of a particular chemical 
substance and the determination of the rate limiting pro- 
cesses and its rate constant. Examples are given in table 2 
and fig. 2b,3a, 3b. In addition, thecharacterization of the bio- 
logical activity (e.g.: primary production, respiration, ac- 
cumulation or exchange of nutrients, trace metals or food 

1 ,  [ d a y s ]  (observed) 

Time (days) 

Figure 3: 

Th as an analogue for removai o i  particie-reactive substances from 
aquatic ecosystems 
a) Activities of Th, Po. Pb, Am. Hg, Fe and Cr isotopes in unfiltered b) The measured initial half-removal time 1, for Z2BTh in the MERL 
water samples versus time in a MERL tank ecosystem (5 m deep. tanks is plotted versus the predicted t,' from 23"Th/230U disequilibria 
13 m3, 30 cm sediments) during summer 1978 LIZ]: Initially, the iso- in Narragansett Bay, R.i.This figure demonstrates that removal pro- 
tooes are removed with half removal times of a~proximateiv 2 davs cesses inside these model ecosvstems are occurrinu at similar 
caused by the adsorption onto falling particlei. Laterin theexpeh- rates as in the natural ecosystem~[l2, 131. 

- 
men!, removal is controlled by the simultaneous action of resus- 
pension and benthic mixing (bioturbation) of surface sediments. 
The slower removai of Cr after 3 days is due to oxidation of Crllli) to 
Cr(VI).Thisiiuure then demonstrates that theabove mentionediso- - 
topes are remove0 at s m~lar rates uy the same mechanism Tn can 
thus serve as a su lanle dnalogue lor these part clc-reacl~ve poiu- 
tdn! trace meta s n mar.ne ecosystems 
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Figure 4: . 
Artficio~ radionuclides . asanaloguesforthe behavlour of stableele- 
ments in aquatlc ecosy~ems 
a. (:Zn and stab e Zn. whlch were added tnillally a1 10 '' and 10'M 
(iube 16), respectively, are removed from the water column of 1 m 
deep and lm wide tubes in EL.-lake 114 (Northern Ontario, Canada) 
at similar rates, indicating that 6SZn is a reasonable analogue of 
stable Zn over a concentration range of 1-2 orders of magnitude 
[15]. Note that tube 15 has ambient concentrations of Zn (i.e. 
(10-'M). The removal and backdiffusion of Zn (after HCI addition to 
pH=4 6) can be predlcteo reasonably well by in~merical transpon 
model and using measurea parametersol d~strlbul~on coefficenls. 
padicle Lux. dilluswe s ~ b  ayerthickness and benthic mixing rates 

particles of planktonic or benthic organisms, eto.), the kine- 
tics of the partitioning of elements into different soluble or 
particulate chemical forms, and sediment-water-air ex- 
change processes are facilitated by using radiotracers. 

3. Radiotracer mobility and behaviour of stable elements 
Can the observed mobility of a radiotracer in the environ- 
ment be used to learn about the behaviour of stable chemi- 
cal substances? The answer to this question could be yes 
and no. First, any fractionation effects during chemical reac- 
tions have to be negligible. This is usually the case for iso- 
topes with atomic weights larger than 10. Second, chemical 
forms of radioactive and stable isotopes have to be similar. 
This is strictly only true if both isotopes are introduced in 
similar ways to the environment. Often, however, an equili- 
bration with the principal phases lasting long enough is suf- 
ficient. 
Some of the natural radionuclides originating from the U/Th 
decay series or cosmic radiation can directly act as ana- 
logues for the stable element under natural conditions, e.g. 
21QPb for ZQTPb (or 7Be for SBe, or l4COZ for '2C02). Since they 
are introduced differently into the atmosphere and hydro- 
sphere (e.g. Pb, mostly as Pb-halides and -sulfates from 
automobile exhausts, Z'OPb produced by the decay of222Rn in 
airand water), theirdistribution in the aquatic environment is 
similar but often not exactly the same. Another example are 
Th-nuclides, which do not have a stable isotope but which 
have been shown to act as analogues for a number of other 
"particle-reactive" elements in marine ecosystems [12]. This 
behaviour is further illustrated in Fig. 3. 
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b) A comparison of $*Mn activity and stable Mn concentrations of 
natural levels in the water column of a MERL tank is shown [lOI.Af- 
ter 30 days S4Mn has reached a quasi-steady state with respect to 
removal and backdiffusion, with a concentration curve similar to 
that of stable Mn. 

Some artificial radionuclides can also act as analogues for 
their stable elements under natural conditions, if care is 
taken to introduce the radiotracer in the predominant che- 
mical form of the stable element. A comparison of 65Zn and 
Zn removal is given in fig. 4a. 
However, the short-term behaviour of the radioactive iso- 
tope might not reveal the long term fate of the stable ele- 
ment. Radioactive and stable Fe would be a good example 
here. The slow aging processes of the amorphous Fe-oxy- 
hydroxides would not allow a rapid equilibration. If the ob- 
servation time becomes comparable to the cycling time in 
the entire ecosystem, as is the casefors4Mn and Mn insidea 
MERLtank (fig. 4b), then both theradioactiveand thestable 
element do acts similarly in a water column, even when in 
contact with sediments. 
The mobility behaviour of a radionuclide underoneset of en- 
vironmental circumstances has then to be seen in the con- 
text of a thorough characterisation of the chemical proper- 
ties of that system. Only then may we extrapolate the beha- 
viour of the radioisotope to that of its stable element. The 
general applicability of results from radiochemical investiga- 
tions depends thus heavily on a cooperative effort of physi- 
cists, chemists, biologists and geologists characterizing in- 
dependently the same ecosystem. 
Even though the examples given here are mostly taken from 
the experimental work carried out by the author and his col- 
leagues in various projects in the U.S.A. and Canada, many 
of the techniques mentioned and questions raised here can 
also be relevant to EAWAG for the investigation of the mobll- 
ity of pollutants in Swiss water ways and reservoirs. 
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Acid Precipitation and its Influence 
on Swiss Lakes 
Jerald L. Schnoor; Laura Sigg, Werner Sturnm, Jiirg Zobrist 

Even Swiss rain water is acid. Precipitation contains traces 
(mgll) of sulfuric acid, nitric acid, heavy metals, and organic 
pollutants. As Zobrist and Stumm [l] have shown, based on 
routine analysis of precipitation. performed regularly by the 
EAWAG (Hydrologic Yearbook of Switzerland), Swiss rain 
water typically contains about 40-50 microequivalents per 
liter of acidity (free H+ ions), with the exception of Alpine re- 
gions.Thus the pH in rain water is presently about 4.3. A pure 
water sample which is in equilibrium with atmospheric C02 
would contain approximately 20 times less hydrogen ions 
(pH - 5.6). 

Genesis of Acid Precipitation 
Most of the major and minor gaseous components of the at- 
mosphere (O,, N,, CO,, CO, NO. NO,, SO,, CH,) participate in 
elemental cycles which are governed by oxidation-reduc- 
tion reactions of biological origin-photosynthesis and re- 
spiration are major reactions in this cycle. These oxidation 
and reduction reactions both consume and produce the 
gases of the atmospheric reservoir, and steady-state con- 
centrations are established over a period of millions of years 
for each component. 
The atmosphere is moresusceptible toanthropogenicemis- 
sions than the terrestrial or the aqueous environment be- 
cause, from a quantitative point of view, the atmosphere is 
much smaller than the other reservoirs. Furthermore the 
time constants concerning atmospheric alterations are 
small in comparison to those of theseasand the lithosphere. 
When the rate of oxidation of carbon, nitrogen, and sulfur in- 
creases relative to the rate of reduction of CO,, nitrogen. 
oxides.S02 and H,SO, (which is caused by the activities of 
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civilization during the fossil fuel age), then the delicate ba- 
lance isdisturbed (Tablel). Accordingly, theconcentrationof 
CO, has increased globally, and the concentrations of SO,. 
H,SO,, NO, NO,, HNO, and HNO, have increased regionally. 
Buffering of these interactions in other reservoirs is very 
long. For example, the mixing time of the ocean is on the or- 
der of 1000 years. 
In oxidation-reduction reactions, electron transfers (e-) are 
coupled with the transfer of protons (H+) to maintain a 
charge balance. A modification of the redox balance corre- 
sponds to a modification of the acid-base balance. Conse- 
quently, the potential acidity of the atmosphere increases 
vis-a-vis the bases (Figure 1, upper part). Resulting from the 
oxidation of sulfur and nitrogen in the atmosphere, the 
strong acids H,SO, and HNO, are generated and are the 
main participants in the formation of acid rain. As H,CO, is a 
weak acid, the increase in the C0,-acidity over the last 100 
years hasan insignificant effect on the composition of preci- 
pitation. 
A considerable part of the strong acids originate from the 
oxidation of sulfur in the combustion of fossil fuels and the 
"fixation" of nitrogen from the atmosphere to NO and NO, 
(during the combustion of gasoline in motor vehicles or 
other combustion processes of sufficiently high tempera- 
ture). HCI resultsfrom thecombustion and decomposition of 
organochlorine compounds, for example, in polyvinyl chlo- 
ride plastics during incineration. But it should also be men- 
tioned that there exist natural sources, resulting from vol- 
canic activity and the oxidation of hydrogen sulfide from 
anaerobic sediments as well as dimethyl sulfide and OCS 
originating from the ocean. Bases originate in the atmo- 



GENESIS OF RAIN WATERS : 
Acid-Base Reaction : 

I HNO3 I H ~ S O ~ + S O ~ ~ H ~ O I H C ~  G:kzdAt-re : 

CaC03 

+ M g C 6 w ]  aqulred 

~aS04 K4+Na+ 
+ N ~ c ~ + K c ~ , ' - - - - - - /  DUST 

k.--..r'. - 
Si02 +A[-Silicate 

----- 

RAIN WATER (resulting ionic compo- 
sition ) 

(strong acids) 

Terrestrial or Aquatic 
Environment : 
WEATHERING 

Aluminum oxide and ca2'- 
Na', Kt-Aluminosil icates: 

Synthesis of Biomass 
(Phytomass or Humus ) 
with Assimilation of M H ~ , S O ~ ~ ;  
CaZt, K t  and A l  (Ill) 

Nat ISi IH' (strong acids) I N ~ : K * ~ C ~ ~ : M ~ ~ '  ,0H45-8 -1 
,0Hs4. I caZt'+MgZt 

SCALE : 
P 
0 10 50 l o o p  equivll +AI2O3tH2S 

Genesis 01 acid ran (from 12). 
Froni tne oxloation of S an0 N o-r ng the comoLstfon of f o s s ~ l l ~ c  s, 
there isa build-up in theatmosphere (in thegas phase, aerosol par- 
ticles, rain droos, snow fiakes and fos) of CO, and the oxides of S 
and N, which leads to acid-base interaction.ihe importance of ab- 
sorption of gases into the various phases of gas, aerosol, and at- 
mospheric waterdepends on anumberof factors. (in this figure, we 
assume a yield of 50%for S0,2- and NO,-, of 80%for NH, and of 
100%for HCi.) The genesis of acid rain is shown on the upper right 
as an acid-base titration. Various interactions with the terrestrial 
and aquatic environment (see Table 1) are shown in the lower part of 
the figure. 



Table 1: Processes which modify the H+-Balance in Waters [2J 

Alk = alkalinity = acid neutralizing capacity 
H-Acy = Mineral acidity. 

In the build-up of biomass (or the exchange of ions) the uptake o i  
each equivalent of anions causes an equivalent increase in alkali- 
nity, and each equivalent of cations which is taken up results in 
an equivalent decrease of alkalinity. One comes to the same 
conclus~on as .ong as the biomass or h u r n ~ s  1s formeo of neutra. 
compunenls ((CH20)..(Nh,~,lHjP0,~c~H~SOO)~ IC~IOHI?,,, 
IMQIOHI.I,IKO~) tNaOHI,IH,O).I and Drovdea that one has w r ~ l -  . - . . . . . . . . . . - . . . . . 
ten the corresp0"ding stoichiometric equations for formation and 
decomposition. 

Changes  i n  f l l k a l i n i t y  
A = - A [ / / -  A C Y ]  

l a )  W e a t h e r i n q  R e a c t i o n s  

CaC03 (s) * H' = ca2* + HC03- 
Cant:! 512 08(s )  + 2Hf =Ca2'+H20* At2 Si2 05 (OH14 ( 5 )  

K AiSi308(s) +H' +4 ' /2 H 2 0  = Kf 2H45i04 +1/2 At2 Si2 O5 (OH14 (s)  

At2 0 3 . 3 H 2 0  + 6H* I 2Ai3' + 6H2O 

I b )  I o n  E x c h a n g e  

2 ROH + ~ 0 4 ~ -  = RZ 504 + 20H- 
NaR +c = HR +Na* 

2 )  Redox  P r o c e s s e s  ( M i c r o b i a l  M e d i a t i o n )  

N i t r i f i c a t i o n  NH4 f+202  = N 0 3 - + H 2 0 + 2 H *  

D e n i t r i f i c a t i o n  ~ c H ~ O + ~ N ~ ~ - + ~ H ' - ~ C O Z  + 2 N 2  + ~ H ~ o  

Oxidation o f  H2S - H 2 5 +  2 0 2 -  5 0 4 ~ - + 2 ~ *  
~ 0 4 " -  Reduction - 5 0 4 ~ -  + 2CHzO + 2 H'- 2 C02 + Hz 5 + Hz0 
P y r i t e  O x i d a t i o n  - 1 s ) + 3 ~ / ~  32  + 3 ' h  H2O- ~ e ( 0 ~ ) 3 + 2 5 0 4 ~ - + 4 ~ *  

E q u i v a l e n t s  p e r  n l o l e  
r e a c t e d  ( r e a c t a n t  i s  u n d e r l i n e d )  
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sphere as the carbonates of wind-blown dust and from am- 
monia, generally of natural origin. The NH, originates from 
NHt ions and from the decomposition of urea found in soil 
environments. Redox and acid-base reactions occur in the 
gas phase, in aerosols, in rain drops, cloud droplets and fog. 
The reactions for oxidation of SO, in the atmosphere yield a 
sulfur residence time of several days at the very most; this 
corresponds to a transport aistance of hundreds to a tnou- 
sand kf ometers Tne formatfon of hNO, bvoxidation .s more 
rapid, and compared to H,SO., this resilts in a shortertravel 
distance from the emission source. H,SO, can also react 
with NH, to form NH,HSO, or (NH.,),SO., aerosols. In addition, 
the NH.,NO, aerosols are in equilibrium with NH,(g) and 
HNO,(g). The importance of gas and aerosol scavenging by 
atmospheric condensates and rain drops depends on many 
factors. 

Interaction with the environment 
The chemical or ecological effect of acid rain depends di- 
rectly on the concentration of Hi ions (or more precisely on 
their activity). Thus the solubility of dust mixed with rain, the 
dissolution of minerals (weathering rate), the release of cat- 
ions by the soil (ion exchange), and the effects on biologi- 
cal processes are all influenced by the pH. The pH can also 
have an indirect effect because it determines the chemical 
speciation of solutes. For example, the proportion of free 
metal ions increases as the pH decreases, due to less com- 
plexation of metals with other inorganic and organic iigands 
(e.g. OH-, CO:-, RCOO-) or due to decreased complexation 
at soiid surfaces. Thus one supposes that the ecological ef- 
fects of acid waters on vegetation or the toxic effects on fish 
or the failure of reproduction of fish are due, in large part, to 
an increased concentration of metal ions, expecially AP+. 
Even more imoortant forthe treesand the olants is thedirect 
absorption of'S02(g). 
After the deposition of acid precipitation, the minerals and 
the aquatic and terrestrial ecosystems modify the pH, i.e. the 
acidity and alkalinity of the rain water. The interactions with 
rocks can be represented, as a first approximation, as acid 
titration of bases in the rocks (Cog-, oxides, silicates). The 
reactions with carbonates (limestone and dolomite) is very 
rapid, but with oxides (e.g. aluminium oxide) and aluminosi- 
licates, it is not so rapid. In non-calcerous soils, CaZ+ and 
Mg" are less availabie for dissolution, and thus the release 
of A13+ occurs (fig. 1, lower part).The terrestrial and aquatic 
ecosystems are able to buffer and mitigate the effects of 
acid rain to some extent. On the other hand, biologically in- 
duced processes may even increase the acidity of rain wa- 

ters. In principle, acidic surface waters can result without 
acid rain [2] (see Table 1). 
Every temporal or spatial decoupling of the production and 
mineralisation of biomass leads to a modification of the H i  
balance in the environment. This is a result of intensive agri- 
cultural and forestry practices and of seasonai fluctuations. 
The production ofbiomass (plants, phytoplankton, and hu- 
mus) through the fixation of CO,, the assimilation of NH,+, 
and the uptake of CaZiand K+-, all together lead to the subse- 
quent acidification of water and soil. The absorption of more 
cat ons than anions must be compensatea by tne absorp- 
tion of OH or the iossof r i .  to theenvfronment Thisleads to 
leaching of cations from the soil and to podsolization. Hu- 
mus and peat can likewise become very acid and deliver 
some humic acids to the water. 

Acid Lakes in the Tessin Mountains 
Although the concentration of free acidity in Swiss rain has 
approached that of Scandinavia, the consequences of acid 
rain have been minimal compared to those of Scandinavia 
and North America, because the soils and sediments con- 
tain relatively great amounts of carbonates (predominantly 
in calcerous soil) which provide rapid neutralization of ex- 
cess acids. This is not the case for some iakes in non-calca- 
reous mountainous regions. South of the Alps, there is an 
area of mountain lakes situated essentially in the vicinity of 
the watersheds of the Maggiatal in the Verzasca Valley 
where one finds exclusively cristalline rock. In chemical 
weathering of these cristalline rocks (granite, gneiss, and 
mica schist), i.e. the reaction of free acidity with the bases of 
the rocks is much slowerthan the dissolution of carbonates. 
Therefore, there are acid lakes in this area although precipi- 
tation analyses by the EAWAG show that the precipitation is 
not as acid as in the lowlands of Switzerland. Such lakes are 
acid when the residence time of acid rain or snowmelt in 
soils and the watershed is relatively short. Since the soils in 
question are very thin with exposed and weathered rocks 
and only iittle fine material available, the water has little time 
to react with the minerals. Also, any buffering effect of trees 
or thick vegetation is lacking at these altitudes. As analyses 
by the Office of Water Protection of the Canton of Tessin 
have shown 131, there are 20 small lakes in the mountains 
with pH values less than 6 (10 lakes have pH less than 5.5: 
the lowest pH measured was 4.6). In a first approximation, 
acidity is highest in those lakes with very small surface and 
catchment areas and the shortest residence times in the wa- 
tershed. If the lakes receive runoff and snowmelt watervery 
rapidly, then the acidity of its water is not greatly different 
from that of the snow. 
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Figure 2: 

Chemical composition of several waters in adrainage pattern in the 
area of the upper Maggia valley (in the vicinity of the Naret dam, at 
2100-2500 m) 
The extent of acid neutralization of rain or snowmelt water (chemi- 
cal weathering) increases with the relative catchment area, E, and 
thus the residence time of the waters. 
Tnis nejlralizalon s accompanied b y  increases .n pd, stlic c ac~d 
concer~lratlon H:SiO:,, ana oy lne liberation of cat~onsfrom disso- 
lul on BecaLse of hydro ogic changes from snov~mell there are 
seasonal variations. This figure gives the condition from measure- 
ment at the of end July, 1982. 
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Figure 3: 
Alkalinity of natural waters as a function of Acid Loading (modified 
from 151\ .-.,. 
The acid deposition in the drainage area of lakes is neutralized by 
chemical weathering (the reaction with bases contained in rocks 
and minerals). f is theequivalentsof acid neutralized by weathering 
(f = 0 signifies no neutralization; f = 1 corresponds to a perfect buf- 
fer; f>1 signiiiesan alkalization ofthe water, for example the disso- 
lution of CaCO, by CO,). 
The difference between the acidity added and the resulting alkali- 
nity corresponds to thedegreof neutralization. Each lake would fol- 

low a titration curve (similar to the oneon theupperright) with pro- 
gressive acid loadings. The dashed line represents the temporal 
trend or reaction pathway as more acid is added to the system. It 
corresponds to the titration curve. 
a and bare lakes in Minnesota and Wisconsin (USA); c represents 
the Birkenes stream and two other lakes in southern Norway; d sig- 
nifies 5 lakes in southwest Sweden; e are waters in New York and 
New Hampshire (USA); g representents 6 lakes in the La Cloche 
Mountains of southern Ontario, Canada; h indicates the Swiss 
Lakes in the upper Maggia valley of Tessin (in comparison to low- 
land Swiss lakes which have an alkaliniiy of more than 1000 eqll). 

Some typical waters in the Maggia Valley are schematically 
shown in fig. 2. It iliustrates the successive reactions and 
neutralization of the source water as i t  flows; the concentra- 
tion of cations (AlZ+, Ca2+, K+ and Na+) and silicic acid in- 
creases as the dissolution process occurs [4]. 
The concentration of free aluminum can only increase to the 
solubliity of aluminum oxide: the lower the pH, the higher is 
the Ai3+ concentration. Fish cannot reproduce in acid lakes; 
this is probably due to the high concentrations of the A13+ 
and eventually also the concentrations of other heavy me- 
tals and free hydrogen ions rather than to the concentration 
of free acids. For the most part, the lakes are by no means 
sterile. But the supply of nutrients is extremely small-the 
water contains less than 5 pg per liter-and thus the producti- 
vity is small too. The rate of chemical weathering in the wa- 
tersheds of these lakes can be calculated on the basis of the 

difference between precipitation acidity and that remaining 
In the lake; it amounts to 500 eq ha-' yr-1 and is only about 
half of the rate of chemical weathering of alumino-silicate 
minerals in the alpine valley of the Rhine [6]. 

From a comparison of acid lakes in the mountains of Tessin 
with other acid lakes In Scandinavia and North America (fig. 
3) [5], i t  seems that theTessin lakes only recently ceased to 
be able to compensate for an increasing acid loading (5-10 
years ago). The analysis of similar lakes by H. Marrer some 
ten years ago appears to confirm the decreasing trend In the 
p H  of theseTessin mountain lakes. It is feared that theacidity 
of precipitation will continue to increase. If the concentration 
of H+ ions in precipitation were to double, the majority of 
lakes situated in the crystalline rock regions will probably 
have pH values of less than 5 [4]. 



Early Warning Systems of Nature 
The atmosphere is not only an important vehicle for the de- 
position of acid pollutants but also for a number of other 
substances which affect ecological systems, both aquatic 
and terrestrial. Atmospheric deposition accounts for about 
100 g ha-' yr-7 of polyaromatic hydrocarbons in rural envi- 
ronments. 
In populated regions, rain waters contain concentrations of 
heavy metals considered excessive for surface waters. At- 
mospheric deposition of heavy metals to Lake Constance 

results in concentrations which are two orders of magnitude 
higher than those in the oceans. Acid lakes and crippled 
trees, therefore, are indicators of atmospheric pollution. 
They represent a warning system for anthropogenic pertur- 
bations of important hydrogeochemical cycles. 
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Denitrificatioffi by Methane-utilizing 
mixed Bacterial Cultures 

Geoffrey Hamer and Klaus Mechsner 

Introduction 
In aquatic and terrestrial environments the overall order of 
magnitude of anaerobic production processes for methane 
(methanogenesis) and that of aerobic utilization processes 
for methane (methanotrophy) can be predicted to be similar 
as only a small proportion of the methane produced by me- 
thanogenesis escapes to the atmosphere. 
The processes provide two important stages in the global 
carbon cycle. The major elemental cycles are, of course, 
linked at many points but here only one aspect of linking be- 
tween the methanotrophic stage of the carbon cycle and the 
nitrogen cycle will be discussed. 
Methane, produced as a result of the degradation and mine- 
ralization of complex organic matter under anaerobic condi- 
tions (equation I ) ,  is ubiquitous in both aquatic and terres- 
trial environments, and not unexpectedly, methane-oxidi- 
zing bacteria are widely distributed in such environments. 
Methane-oxidizing or methanotrophic bacteria are strictly 
aerobic and most species are obligate, being able to grow 
only on methane and a restricted number of single carbon 
atom compounds derived from methane, as carbon energy 
substrates (equation Z).Traditional techniques employedfor 
the enumeration, enrichment and isolation of microorga- 
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@ dearnination by heterotrophs 

@ hydrolysis by heterotrophs 

@ fixat ion by rnethanotrophs 

@ lysis and dearnination by heterotrophs 

@ a s s i m i l a t i o n  

@ ni t r i f i ca t i on  by methanotrophs 

@ den i t r i f i ca t i on  by hyphornicrobia 

Figure 1: 
The role of methane o x i p ~ z ~ g  mixeo cult i res in rhenlroqen cycle. 
In naturd env,runments, methane is ill iizad oy m xeo assoLlatlons 
of bacteria that oomprize a methane oxidizer, a methanol oxidizer 
(usually a Hyphornicrobiurn sp.) and several heterotrophs. Only the 
methane oxidizer utilizes methane as its carbon energy substrate. 
The other components of the mixed culture utilize either a by-pro- 
duct of methane oxidation (methanol) or lysis products to relieve 
inhibition of the methane oxidizer. The capabilities of the several 
components of such mixed cultures with respect to nitrogen com- 
pounds are extensive. 



Light Micrograph 
Phase Contrast ca. 1500x 

Scanning Electron Micrograph 
Scale bar: 1 vm 

Figure 4: 
a) Light (phase contrast) Micrograph. 
b) Scanning Electron Micrograph of mixed methanotrophicl Hy- 

phomicrobium sp. co-cultures. 

i = Hyphomicrobium sp 

nisms in or from water and soil do not permit methanotrophic 
bacteria to assert themselves, and consequently, their role 
in the natural environmental process cycles involving car- 
bon and nitrogen has been grossly underestimated. 
In natural environments, methanotrophic bacteria are inva- 
riabiv found in close association with facultative methanol- 
oxidizing bacteria of the genus Hyphomicrobium (see Fig. 4) 
and various heterotrophic bacteria. The primary reason that 
hvohomicrobia occur in natural associations with methano- 
trophic bacteria is that the latter bacteria, undersub-optimal 
growth conditions, produce excess methanol, which, if ai- 
iowed to accumulate, will inhibit further methane oxidation. 
Hyphomicrobia are abie to grow under both aerobic and 
anaerobic conditions with methanoi as carbon energy sub- 
strate. The dominant role of hyphomicrobia in denitrification 
(equation 3), both in the natural environment and in waste- 
water treatment processes, is extensively documented. 
When assessing the role of various bacteriai species in ei- 
ther environmental or technicai processes, it is their role in 
association with other bacterial species functioning in par- 
ticular micro- and macro-ecosystems that must be consi- 
dered to be of primaryimportance. Here, it is the denitrifica- 
tion capacity of associations of methane-oxidizing bacteria 
with hyphomicrobia that is subject to examination. Prior to 
more detaiied discussion, it is instructive to consider the 
probable roies of such associations in the overall nitrogen 
cycle, as illustrated in fig. 1. The key question of concern 
is the conditions under which the various process steps are 
abie to occur. 

Denitrification in heterogeneous microbial systems 
In acomoletelv homoqeneo~ssystem,denitrification w811 oc- 
cur oniy'unde; anaerobic conditions. However, ail microbial 
culture systems are markedly heterogeneous (see Fig. 4) 
with significant concentration gradients. In such systems, 
the detection of oxygen in the overall systems does not ne- 
cessarily indicate an availability of oxygen at the sites of en- 
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zymic reaction within the microorganisms and the presence 
of oxygen gradients in such systems is almost certainiy re- 
sponsible for claims that denitrification occurs under appa- 
rently aerobic conditions. Several hypotheses concerning 
denitrification by methane-utilizing mixed cuitures can be 
formulated for heterogeneous environments. 
However, of the several hypotheses, those proposing com- 
piete denitrification by methanotrophic bacteria themselves 
are devoid of suooortina evidence. Some ootentiailv olau- . . - 
sibie hypotheses that remain include: 
(i) ~enitrification in flocculated mixed cultures where the 

methanotro~hic bacteria utilize methane and ~r0dUCe 
methanoi under aerobic conditions, and the h;phomi- 
crobia utilize methanoi and simultaneously denitrify in 
the anaerobic regions of the fiocs; 

(ii) Denitrification in discretely dispersed mixed cuitures 
where the methanotrophic bacteria utilize methane and 
produce methanoi and the hyphomicrobia utilize me- 
thanol and simultaneously denitrify in the overall pre- 
sence of oxygen but where the hyphomicrobia have a 
relatively lower affinity for oxygen than do the methano- 
trophic bacteria and are, therefore, ineffective competi- 
tors for oxygen and are forced to use nitrate as an aiter- 
native electron acceptor; 

(iii) Denitrification in discretely dispersed mixed cuitures 
where the methanotrophic bacteria utilize methane and 
produce methanol and the hyphomicrobia simulta- 
neously utilize methanol both aerobically and anaerobi- 
caliy because of intra-cellular differences in oxygen 
availability. 

One interesting implication of denitrification by metha- 
notrophic/methylotrophic associations is that the denitrifi- 
cation could become dominant in environments that would 
normally be considered unsuitable for the process, i.e.. 
where oxygen is present and conventional carbon sub- 
strates for microbial growth are deficient. 



Experiments and results 
Experiments were undertaken using both mono-cultures 
(Hyphomicrobium sp.) and mixed cultures in stirred flasks. 
The mixed cultures contained a methanol-utilizing Hyphomi- 
crobium sp. and either a pure cuiture of the methanotrophic 
bacterium Methylococcus capsulatus or enrichment cul- 
tures of methanotrophs. 

1) Denitrification rates under anaerobic and under aerobic 
conditions 
in a first series of experiments, batch mono-cultures of the 
Hyphomicrobium sp. were grown, with methanol and nitrate, 
under three sets of conditions, (i) where oxygen was present 
in the head-space of the fiasks and oxygen transfer between 
the head-space and the iiquid culture occurs. (ii) where 
strictly anaerobic conditions were maintained, and (iii) 
where anaerobic conditions were maintained until after the 
start of denitrification, where upon oxygen was introduced 
into the head-space and subsequent transfer to the liquid 
cuiture occured. The results of these experiments are 
shown in fig. 2a, b and c where the head-space concen- 
tration of oxygen and nitrogen and the concentrations of ni- 
trate and nitrogen and the drv weight of bacterial celis are 
plotted against elapsed time. The results shown in fig. 2a 
clearly indicate simuitaneous oxygen uptake and nitrate re- 
duction in a pure mono-culture of the Hyphomicrobium sp. 
and those in fig. 2b show nitrate reduction under typical 
anaerobic conditions with the pure mono-culture of the Hy- 
phomicrobium sp. Under strictly anaerobic conditions, the 
observed rate of denitrification per unit dry weight of bacte- 
ria was somewhat less than the observed rate of denitrifica- 
tion in the presence of oxygen. On a unit liquid volume basis, 
the increased rate was even more apparent because of the 
significantly higher biomass yield coefficient and, hence, 
higher cell density, achieved under aerobic conditions. The 
results shown in fig. 2c indicate that no immediate inhibi- 
tion of the rate of denitrification occurs when oxygen is intro- 
duced into an anaerobic denitrifying culture of the Hyphomi- 
crobium sp., and, after a short lag, the rate of denitrification 
increased to approach the rate observed in experiments 
where oxygen was present throughout. 
However, what still remains unclear from these experimen- 
tal results is whether, under conditions where oxygen is 
present in the headspace and being continousiy transferred 
to and utilized in the liouid cuiture medium, a siqnificant dis- 
solved oxygen conceiration is maintained in the iiquid cul- 
ture medium orwhetherthedissolved oxygen concentration 
in the liquid medium approacheszero throughout the expe- 
riment. To elucidate this particular point requires insitu mea- 
surements of the dissolved oxygen concentration in the ii- 
quid medium. Such experiments are presently in progress. 

. 

Typical consumption and production curves for aHyphomicrobium 
sp. utilizing methanol 
al in the Dresence of oxvaen. 

hrs 

6 t I I I 

.- . 
bi in the presence of oxygen, 
c) initiaiiy in the absence of oxygen, 

but subsequently in the presence 01 oxygen. 
Denitrification is clearly evident under aii three conditions. In the 
presence of oxygen simuitaneous denitrification and respiration 
are observed. 
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Figure 3: 
Iyplcal consumptton and p rop~c l l on  curves lor a met@trophlc/ 
Hyphorn~cr~D~urn c0-cu l t~ re  utlllzlng methane inthepresence of 
oxygen 
Thc apparent ow level o l  den,lrd callon results from tne low levels 
of methanol produced and acorrespond ngly low fracllonol theHy- 
phornrcrobrurn sp in the m~xed  culture 

2) Mixed cultures 
In order to determine the validity of the hypothesis that hy- 
phomicrobia can dentrify in the presence of oxygen when 
their source of carbon substrate results from an overproduc- 
tion of methanol during the aerobic growth of methano- 
trophic bacteria on methane, stirred flask experiments were 
undertaken in which co-cultures of either Methylococcus 
capsulatus or enrichment cultures of methanotrophs and 
the Hyphomicrobium sp. were grown with methane as sole 
carbon energy substrate in the presence of oxygen. For 
such a culture, the head-space concentrations of oxygen, 
methane and nitrogen and the concentration of nitrate and 
the dry weight of bacterial cells in the liquid culture medium 
with respect to elapsed time are shown in fig. 3. In such 
co-cultures the Hyphomicrobium sp. represents some 5 per- 
cent of the culture. Light and electron micrographs of such 
cultures are shown in fig. 4a and b. The results shown in 
fig. 3 clearly indicate the onset of denitrification after the 
initial development of the methanotrophic population and 
associated carbon substrate production for the hyphomi- 
crobia. The level of denitrifying activity per unit weight 
of bacteria present in the system is consistent with the frac- 
tion of hyphomicrobia present in the overall population. 

16 

Conclusions 
The results obtained from the experiments so far undertaken 
lend support to the hypothesis that denitrification occurs in 
mixed cultures containing methanotrophs and hyphomicro- 
bia. The methanotrophs grow methane as a sole carbon 
source in the presence of oxygen. Methanol is a by-product 
of this process. Hyphomicrobia oxidize methanol by using 
oxygen and/or nitrate as electron acceptors. 
However, the results do not discredit either the hypothesis 
concerning inter-species competition for oxygen or that 
based on marked segregation and associated oxygen gra- 
dients within the culture system. 
As far as the application of these results is concerned, useful 
information is provided with respect to the nitrogen cycle 
during the summer stratification of lakes, on the one hand, 
and interesting possibilities are indicatedforachieving deni- 
trification during aerobic sewage treatment by the introduc- 
tion of methane produced during anaerobic sludge diges- 
tion, thereby contributing to theoverall integration of the unit 
processes used for sewage treatment, on the other hand. 
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News about EBWAG collaborators 
Dr. Dieter lmboden has submitted a habilitation thesis -Tra- 
cers and Mixing in the Aquatic Environment,, to the authori- 
ties of the Swiss Federal lnstitute of Technology. He is now 
Privatdocent for Aquatic Physics. 
0,: Alexander J. B. Zehnder who has been a research micro- 
biologist in EAWAG's Technical Biology Department has 
been appointed professor in microbiology at the Agricultural 
University of WageningenINetherlands. Dr. Zehnderwho ob- 
tained his Ph.D. (with Professor Wuhrmann) at Zurich was a 
postdoctoral fellow at the University of Wisconsin (Prof. 
TD. Brock) and was an assistant professor at the Depart- 
ment of Civil Engineering at Stanford University before join- 
ing EAWAG. 
0,: Christine Matter-Miiller who has been the editor of 
EAWAG News has left EAWAG to accept a major manage- 
ment task in a family-related enterprise. She got her Ph.D. at 
ETH Zurich and joined EAWAG after a postdoctoral fellow- 

Prof. RudolfBraun will resign from his position as head of the 
EAWAG Department of Solid Wastes in order to devote full 
time to his functions as a professor of solid wastes. 
Prof. Braun has been building up the Department of Solid 
Wastes at EAWAG since 1955. Under his direction, his de- 
partment has provided most useful services in the national 
interest and in the interest of environmental protection. 
EAWAG is most grateful to Prof. Braun for his dedicated en- 
gagement. EAWAG will continue to support Prof. Braun in his 
duties as a professor. 
Prof. Peter Baccini will become new head of the Department 
of Solid Wastes (1st October 1983). Prof. Baccini will conti- 
nue to serve as a professor of chemistry at the university of 
Neuchatel. 
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ship at Stanford University. She has been very influential in 
coordinating multidisciplinary projects at EAWAG. She is be- 
ing replaced in some of herstaff functions by Dr. PeterPerret, 
a biologist. 
The editorship of EAWAG News has been taken over by 
Diana Hornung. She is achemist with a degree from the Uni- 
versity of Zurich with experience in research at Rensselaer 
Polytechnic lnstitute and in private industry and is a gradu- 
ate of our postgraduate program in water pollution control 
and water technology. 
Professor Werner Stumm was invited to the Chinese Acade- 
my in Peking. He gave a series of lectures at Academia Sini- 
ca's lnstitute of Environmental Chemistry. 
A workshop conference on "Chemical Processes in Lakes" 
with ca. 50 Participants will be hold in September. The pro- 
ceedings of this conference will be published early in 1984 
by Wiley Interscience, New York. 
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