Radioisotopes in Aquatic Sciences
Peter H. Santschi

1. Radioisotopes for the identification of rates, routes and
reservoirs of trace contaminants

Even though, for political and envircnmental reasons, the
reputation of radiocisotopes among the general public is
steadily declining, one shouid also remember their benefi-
cial aspects in environmental and health related sciences.
Much of our knowledge of the kinetics of chemical and geo-
iogical processes on this earth is derived from radioactive
tracers. Aquatic ecosystems make no exception to this.
There is a wide variety of radionuchlides, originating from 1)
the natural U/Th decay series, 2} cosmic radiation, or 3)
bomb fallout available for the study of the kinetics of physi-
cal, chemical, biological or geolegical processes in aquatic
systems. Many of them are suitable for systems with time
constants ranging from hours {o ceniuries, 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 mother/daughter nuclides of the U/
Th decay chains,

2} the cosmic ray flux producing radicactive isotopes by in-
teractions with athmospheric gases, and

3} the spike inputs of radicactive 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
hoth tracer and process chronometer. Time is measured
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Fa = wet and dry deposition 3H, 2°Pg, 2% 20py G 7Be); | = Sur
face water inpuis (*He, 222Rn, 2**Ra}; G = Groundwater inputs (3H,
222Rn); GE = Gas exchange {*H/*He, 222 Rn},; P, R = Primary produc-
tion and respiration ("¢, 32P*); A, D = Adsorption, Desorption
{234Th, 20ph, 219Pg, 212 Ph, 214Pb, 224Ra, ?2*Ra); 5, 5, S, = Sedimeta-
tion (234 Th, 230Th, 0P, 228Rq, 239 20py, G, WICs): F = Filtration
{tracer microspheres*}; K,, K, = Vertical and horizontal eddydifiu-
sion and circulation (2%2Rn, *H/2He, “C); Dy = Bloturbation {(2*¥7h,
TRe, 210Ph, 238. 20py, WICs); R, = Sediment resuspension (¥4Th,
Cs).
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Tabie 1:
Equations of radicactive decay, removal rates (Ag) and residence times (1q)

a) General

A = Activity = number of disintegrating atoms (N) per unit time

A = dN/dt= A- N (A« decay constant) {1}
N = Npexp (—A)orA=A,exp (~At) : {2)
tyz = In2/A (= half-life) or 7=, (= residence time) (3)
Age =t=In (Ag/A} /A (4)
b) Parent-daughter relationships (Np"_\fND’iPE)

dND/dtﬁAp’Np—Ag‘Nn (5}
Nop= (e NB) (exp (= e 1) — exp {~Ag- 1))/ (A= Ag) {8)

¢} Radioactive decay and chemical removal from system (steady state)

Production from radioactive decay of parent nuclide =
radioactive decay of daughter nuclide + remaval of daughter nuclide {7a)

Ao+ A= Ap- Ap -+ Ag- Ap = Ap (Aq+ Ap) {7b)
Ta = 1/ ha=To* Ap/{Ap— Ap) {8)

ﬁxa!‘npies: ZEBTE-] /225[:!3’ 2TH/ 235U' EGGTh / ZJE)U, 2pg /2351_" 210Pb]‘2228{§

d) Removal of cosmic ray produced isctope (constant flux, steady state)

Input Hlux = Fy = radicactive decay + removal flux (=Fp) {Sa)
IA == integrated activity in water cojumn

Fi= (Ao ZAg) + (Aq ZAp) (9b)

Tre=Tp (Fy~ Fa) /Fa {10}

Example: 'Be

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

Tracer for:
Radioisoiopes produced by: Datin .. R ]
g of Mixing of : Biological
Groundwater surface waters Particie transport Gas exchange Activity
U/ Th decay A22Rn/226Ra 234Th /2380 2220 /2283y
ZZBRa, (EZdRa) EEBTh/ZEBRa
ESDThJZSAU
210pR/222Rn
231?3/235“
Cosmic Radiation 3H, MG, AT {3H/3He), {MC), 3%Ar, Be BAr
{(85Kr), 25| {#5Kn), ("Be)
Atomic Bomb Tests 34, 1C 34, MG, 95y, W Cs s5Fe, {7Cs), *iCe | 3H/%He, “C
EMAm' 239, E‘mPLE
Reactors and Accelerators Y, 85Kp JH, 22Na 54Mn, 59Fe, €Co, B5Kr ue, 12p
{artificially produced isotopes) 85Zn, 138N, 28Th, (%P
(13&83)

{) == isotopes set in brackets cannot generally be used, but are potentially useful.
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Figure 2:

Comparison of radionuclide profiles in marine sediments obtained
from field or enclosure studies

a) This profile of natural {2'9Pb,,* and 23Th,, in dpm/g*} and fallout
radioisotopes {229 2¢0Py in 10 dpm/g) in a sediment core from the
New York Bight, USA [1], shows the particle-associated radionuc-
Jide 239. 240p; penetrating as deep as 30 cm where activities of ex-
cess 219Ph {= 2WPh-225Ra) become insignificant. This indicates that
henthic mixing caused by bioturbating benthic macrofauna is the
primary cause for the penetration of these nuclides into the surface
sediments. A numerical 3-fayer mixing and sedimentation model
can expiain simuitaneously the penetration of all 3 tracers which
have either different half lives {t;,,} or imes (1) since addition to
sediments (?¥Th: t,,; = 24 days, is continuously produced by 238
decay in the water column and rapidly removed o sediments;
2i0ply + t,,, = 22 years, supplied to the sediments by particles which
continuously scavenge 29Pb originating from the decay of atmos-
pheric ?22Rn; 239.240Py: ot ~ 16 years.) These coastal sedimenisthus
acquire trace elements not mainiy by sedimentation but by a com-
bination of sediment resuspension and benthic mixing, which
brings more adsorbing sedimeni surfaces into contact with the
overlying water column.

-

Xs = excess; dpm = disintegrations per minute

b} Radionuclide profites in a sediment core from the MERL tank
ecosysiem, taken by Adler [14] 46 days after the addition of the ra-
diotracers to the well mixed water column. Net sedimentation is low,
and the particle pathways are primarily resuspension of surdace
sediment and benthic mixing. Different mobiiities of radionuclides
in the sediments are due to the presence of bicturbating benthic
macrofauna, which mix sediment particies and pore walers diffe-
rently in time and space. Over longer time scales the erratic mixing
gvents should become more reguiar in space and time and become
more amenable to eddydiffusional modelling.



by the radiocactive decay of the atomic nucleus, which is
independent of chemical and physical stale, and inde-
nendent 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
failout radionuclides (table 2}. Fig. 1 exemplifies the pro-
cesses of an aguatic ecosystem which are amenable o
characterisation by radiotracers. In fig. 23, natural and fal-
lout radionuclides are shown te vield not only information
on the influence of benthic mixing on the dating of sedi-~
ments, but also on the mechanism of accumulation of
trace elements in these sediments.
2. Artificial radionuclides: the need of enclosed experimen-
tal ecosystems
Not all processes in aquatic ecosystems can be studied
equally weli using as tracers those “natural” radioisotopes
mentioned before. Ofien, it is desirable to use artificial radio-
isotopes, tailored specifically to the investigation of a certain
chemical or biological process in an aquatic ecosystem,
Yet, only rarely can artificial radionuciides be directly usedto
study these processes in the natural aquatic enviranment.
In most cases, one needs an enclosed experimental ecosys-
tem, which is replicating the naturai system to a high degree.
Such systems are also called “microcosms”, “mesocosms”,
“fimnocorrals”, or simply: fanks, tubes, bags, bell-jars or
aquaria. Such enclosures have been used by biologists
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Figure 3:

Th as an analogue for removai of particie-reactive subsiances from
aguatic ecosystems

a) Activities of Th, Po, Pb, Am, Hg, Fe and Crisotopes in unfiitered
water samples versus time in a MERL tank ecosystem (5 m deep,
13 m3, 30 ¢cm sediments) during summer 1978 [12]: initially, the iso-
topes are removed with half removal times of approximately 2 days
caused by the adsorption onto falling paricles. Laterin the experi-
ment, removal is controlled by the simultaneous action of resus-
pension and benthic mixing (bioturbation) of surface sediments.
The slower removal of Cr after 3 days is due to oxidation of Cr(ill) to
Cr{Vi). This figure then demonstrates thaf the above mentioned {so-
topes are remaoved at similar rates by the same mechanism. Th can
thus serve as a suitable analogue for these particle-reactive polu-
tant trace metals in marine ecosystems.
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since several decades. Howaver, only during the lastdecade
or so 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 the MERL mesocosms on the shores of
Narragansett Bay, R.l, 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 coasial marine eco-
systems have been carried out successfully in the last 7
years {e.g. articles [4,5] and references therein, and [6-8]).
In this latter system, radiotracers have been utilized exten-
sively to eiucidate a number of transter mechanisms and ra-
tes in this coastal marine ecosystem (e.g. [8-13]}.

In experiments in controlied ecosystems, one onfy 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, the characterization of the bio-
{ogical activity (e.g.; primary production, respiration, ac-
cumulation or exchange of nutrients, trace metals or food
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b) The measured initial half-removal time §, for #28Th in the MERL
tanks is plotted versus the predicted §,’ from 22*Th/238 disequilibria
in Narragansett Bay, R.1. This figure demaonstrates that removal pro-
cesses inside these model ecosystems are occurring at similar
rates as in the nalural ecosystem {12, 131,
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Artificial radionuctides as analogues for the behaviour of stable gle-
mentis in agualic ecosystems

a) ¥9Zn and stable Zn, which were added initially at 103 and 10-5M
{tube 16}, respectively, are removed from the water columnciim
deep and im wide tubes in ELA-lake 114 (Nerthern Ontario, Canada}
at similar rates, indicating that %5Zn 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 HGI addition to
pH=4.6} can be predicted reasonably well by a numerical transport
model and using measured parameters of distribution coefficients,
particle fiux, diffusive sublayer thickness and benthic mixing rates.

particles of ptanktonic or benthic organisms, etc.), 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. Eirst, any fractionation effects during chemical reac-
fions 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 radionuctides 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.
20Ph for 207Pb (or 7Be for °Be, or “CQ, for 2C0,). Since they
are introduced differently into the atmosphere and hydro-
sphere {e.g. Pb, mostly as Pb-halides and -sulfates from
automobile exhausts, #°Ph produced by the decay of 22 Rnin
air and water), their distribution 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 1o act as analogues for a number of other
“particle-reactive” elementis in marine ecosystems [121. This
behaviour is further iliustrated in Fig. 3.
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b} A comparison of 5Mn activity and stable Mn concentrations of
natural levels in the water column of a MERL tank is shown [10]. Af-
ter 3G days 5*Mn 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 predoeminant che-
mical form of the stable element. A comparisen of Zn and
Zn removal is given in fig. 4a.

However, the shori-term behaviour of the radioactive iso-
tope might not reveal the long {erm fate of the stable ele-
ment. Radicactive 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 case fors*Mn and Mninside a
MERL. tank (fig. 4b}, then both the radicactive and the stable
element do acts similarly in a water column, even when in
contact with sediments.

The mobility behaviour of a radionuclide under one setofen-
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 resuits from radiochemical investiga-
tions depends thus heavily on a cooperative effort of physi-
cists, chemists, biclogists 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.5.A. and Canada, many
of the technigues mentioned and gquestions raised here can
also be relevant to EAWAG for the investigation of the mobil-
ity of pollutanis in Swiss water ways and reservoirs.
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Acid Precipitation and its Influence
on Swiss Lakes

Jerald L. Schnoor, Laura Sigg, Werner Stumm, Jirg Zobrist

Even Swiss rain water is acid. Precipitation contains traces
(mg/1) of sulfuric acid, nitric acid, heavy metals, and organic
polutants. As Zobrist and Stumm [1] 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 sampie which is in equilibrium with atmospheric CO,
would contain approximately 20 times less hydrogen ions
(pH ~ 5.8).

Genesis of Acid Precipitation

Most of the major and minor gaseous components of the at-
mosphere {O,, N;, CO,, CO, NO, NQ,, 50,, 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 more susceptible to anthropogenic emis-
sions than the terrestrial or the agueous 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 the seas and the lithosphere.
When the rate of oxidation of carbon, nitrogen, and sulfurin-
creases relative to the rate of reduction of CO,, nitrogen,
oxides, 30, and H.80, (which is caused by the activities of
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civilization during the fossil fuel age), then the delicate ba-
lanceis disturbed (Table 1}. Accordingly, the concentration of
CO, has increased globally, and the concentrations of SO,,
H.S5Q., NO, NG,, HNQ, and HNQ, have increased regionaily.
Buffering of these interactions in other reservoirs is very
jong. For example, the mixing {ime of the ocean is on the or-
der of 1000 years.

in oxidation-reduction reacticns, electron transfers (e—) are
coupled with the transfer of protons {H*) toc maintain a
charge balance. A modification of the redox balance corre-
sponds ic a modification of the acid-base balance. Conse-
quenily, the potential acidity of the atmosphere increases
vis-a-vis the bases {Figure 1, upper part). Resuiting from the
oxidation of suifur and nitrogen in the atmosphere, the
strong acids H,80; and HNOQO; are generated and are the
main participants in the formation of acid rain. AsH,CO, is a
weak acid, the increase in the CQ,-acidity over the last 100
years has an 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 fossii fuels and the
“fixation” of nitrogen from the atmosphere to NO and NO;
(during the combustion ¢f gasoline in motor vehicles or
other combustion processes of sufficiently high tempera-
ture). HCI results from the combustion and decomposition of
organochlorine compounds, for exampie, in polyviny!l chlo-
ride plastics during incineration. But it should also be men-
tioned that there exist natural sources, resulting from voi-
canic activity and the oxidation of hydrogen sulfide from
anaerobic sediments as well as dimethy! sulfide and OCS
originating from the ocean. Bases originate in the atmo-



hy

ATMOSPHERE -

H550 HNO
HNO?2
+NGx

§0neqm3  30neq w3

MARINE AEROSOL
busT

+ [waTen)

{0,5g Hz Gfm3 }

5neq m3

t5neq m™3

INPUT  of natural and

GENESIS OF RAIN WATERS :
Acig—Base Reaction:

In the Atmosphere :

[HNO3_[Hp504+505-Hp00He| 0 2 METE S

CaC0z

+ MgCO3 “n aquired BASES
CaSQ, K +Na*
+  NaCl+KCl

S|03 +Al- Sllscate

RAIN WATER  (resulting ionic compo-

polivting substances:

C02 , H25, RSR, 502, H2504 ,
NH3 , NO, NOp ,HNOg , HNO3  HCI
Dust, Ocean Aerosols

Terrestriat or Agquatic
Environment :

WEATHERING

Aluminum oxide and Ca?*-
Nat, K™ — Aluminosilicates:

[ nog | e

NHg* |

$042°
Ng
R e

pH=4.9

LK
L]

Synthesis of Biomass
{Phytomass or Humus)

with Assimilation of NHz* 504,
Ca2* K* and Al

INDg' | S04

o]

IH“ {strong acids) l[\lat*.K*.:Caz*.Mg2+

PH=4.1

SCALFE :
L1
0 10

50

Figure 1
Genesis of acid rain (from [2])

siticn }
nsn—— I TP TS |cr | Anions
T A zNa Cations
IH {strong acn:ls}! l !Ca *I I NHs* l {incl H¥)
Mg2+ {strong acids)
pH=4.3

]
100 p equiv/|

Nitrification (G2

| NOg | 5042 -]

Al
*i!lCazi*‘}Na, K
Moz

[ 5042
AR Mg2* Na
LA 1 o] nee |

pPH=47 )

Na+ K-i'

o658, 1w

Ca2* +Mg?*

e

+A§2 03+H25

From the oxidation of § and N during the combustion of fossil juels,
there is a build-up in the atmosphere {inthe gas phase, aeroscl par-
ticles, rain drops, snow flakes and fag) of CO, and the oxides of S
and N, which leads to acid-base interaciion. The importance of ab-
sorption of gases into the various phases of gas, aerosol, and at-
mospheric water depends on a number of factors. (In this figure, we
assume a yield of 50% for SO~ and NO; ™, of 80% for NH; and of
100% for HCL) 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 {2]

* Alk = alkalinity = acid neutralizing capacity In the build-up of biomass {or the exchange of ions) the uptake of
H-Acy = Mineral acidity. each equivalent of anions causes an equivalent increase in alkali-

la)

1b)

2)

nity, and each equivalent of cations which is taken up results in
an equivalent decrease of alkalinity. One comes te the same
conclusion as long as the biomass or humus is formed of neutral
componentis {{CHOY(NH3)o (HPOL)(Ho S0L), . . - (Ca(OH)),
(Mg (OH) ) (KOH){NaOH),(Ha0) .} and provided that one has writ-
ten the corresponding stoichiometric equations for formation and
decompaosition.

Changes in Alkalinity

aUAKL = - alH- Acy]
Fquivalents per mole .

Weathering Reactions reacted (reactant is underiined)

CaCO3 (s) +H® == Ca?® + HCO3 *2

Ca Als Sio Og{s}+ 2H* = Ca?* + Ho O+ Ai2 Siz 05 (OH)4s {s) +2

K AlSiz0g{s) *H* +4l/2 HpoO = K* + 2H4 Si04 + 1/2 Alp Sip O5 (OH)4 (s) +1

Alp O3+ 3H;0+« BHY = 2A13* +BHzO + 6§

Ton Exchange

2 ROH + 504% =Rz 505 +20H™ +2

NaR +HY == HR +Na” +1

Redox Processes {Microbial HMediation)

Nitrification NHz*+ 202 = NO3 + Ho O +2H* -2

Denitrification SCHpO0+4N03” +4H* = 5002 +2N2 + 7H0 + 1

Oxidation 0f Ha § Ho S+ 202 ~ 5042 + 21" -2

5042 - Reduction 5042 +2CHR 0 + 2H*~ 2C0z2 + Hp S + Ha0 +2

Pyrite Oxidation FeSg(s)+3%; 02 + 32 Hy0 — Fe(OH)3+ 25042 + 4H* -4

3} Synthesis {—») and Decomposition (e-) of Biomass and 0f Humus

Photosynthesis with N%—Assimﬂatioa {_»), Aerobic Respiration ()
a C02 {g) * DNOT + cHPO4sZ 4y 5042 + ... +qCa2* + hMg2* +{ K* + fNa® +xHz20 *h+2e+24d

+(b+2c+2d~2g~2h-i=T)H" = {Ca Np Pc Sy ....Cag Mg Ki Nag H20m } siomass ~{2g+2h+isf)
+(a+2b)02 (g)

NH&— Assimilation (—+); Anaerobic Mineralization {(back reaction)

aCO2 (g) +bNHg + . = {Ca “““ Nb - }Béomass*aoz{g) -
N,~Fixation (half- reaction)
b
et Na(g)e _-{" S }8'0"‘355‘ i



sphere as the carbonates of wind-biown dust and from am-
monia, generally of natural origin. The NH, originates from
NHT ions and from the decompaosition 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 S, in the atmosphere vield a
suifur residence time of several days at the very most; this
corresponds {o a transport distance of hundreds to a thou-
sand kilometers. The formation of HNG, by oxidation is more
rapid, and compared o H,30, this results in a shorter travel
distance from the emission source. H,30, can also react
with NH; to form NH,HSO, or (NH,),50, aerosols. In addition,
the NH;NQ, aerosols are in equilibrium with NH;(g) and
HNQ;(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-
recily on the concentration of H* 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 ligands
{e.g. OH™, CO}~, RCOO™) or due to decreased complexation
ai 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 AR+,
Even more important for the trees and the plants is the direct
absorption of 50,{(g).

After the deposition of acid precipitation, the minerals and
the aguatic and terrestrial ecosystems modify the pH, i.e. the
acidity and alkalinity of the rain water. The interactions with
rocks can be represenied, as a first approximation, as acid
titration of bases in the rocks (COZ™, oxides, silicates). The
reactions with carbonates {limestone and dolomite) is very
rapid, but with oxides {e.q. aluminium oxide) and aluminosi-
licates, it is not so rapid. In non-caicerous soils, Ca?* and
Mg?+ are less available for dissolution, and thus the release
of AR+ occurs (fig. 1, lower part). The terrestrial and aguatic
ecosystems are able to buffer and mitigate the effects of
acid rain fo 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+
balance in the envireonment. This is a result of intensive agri-
culturai and forestry practices and of seasonai fluctuations.,
The production of biomass (plants, phytoplankton, and hu-
mus) through the fixation of CO,, the assimilation of NH,+,
and the uptake of Ca*+and K+, alitogetherlead to the subse-
quent acidification of water and soil. The absorption of more
cations than anions must be compensated by the absorp-
tion of OH~ or the loss of M+ to the environment. Thisleads to
leaching of cations from the soil and to podsclization. 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 sedimenis con-
tain relatively great amounts of carbonates (predominantly
in caicerous soil) which provide rapid neutralization of ex-
cess acids. This is not the case for some lakes in non-calca-
recus 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), Le. the reaction of free acidity with the bases of
the rocks is much slower than 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 shori. Since the soils in
question are very thin with exposed and weathered rocks
and only little fine material availabie, 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 [3], there are 20 small lakes in the mountaing
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 iakes with very smali surface and
catchment areas and the shortest residence times in the wa-
tershed. If the lakes receive runoff and snowmelt water very
rapidly, then the acidity of its water is not greatly different
from that of the snow.



NO3 | S0%° CI:" Rain or
. PH~4.5 | Snowmelt
wt Lica®l, [NRZ Water
Mg2* K*+Na*
HCO3
No3| so  clf Eso Rivulet
45104 . :
778 I pH~3.0 | Beneath the increasing
H* Ca NH4* Snowfield : .
$ 13 p 154 5 neutralization
A Mg2*  K*+Nat E<0.05 km _ _
HCO3 increasing
- = o'l Lake catchment
: YT 1 PRI (excluding inflow) . ,
i AL £ 0.15 km2 increasing
AL(l)~ Mg2* NH; residence time
of waters
NO3 | S04%  Cl|HCO3 Upper Lake
: - : ‘3_H454O4 PH~5.8 < Laghetto (excl. inflow)
Hy|MgZ Ca?*  Na*K*linHg £~0.7 km2
Al
" 7- Ly - H~6.7 | Lower
NO3 S04 a| Heo3 P Laghetto
J—— H4SI0 1 km2
HA/ Mg%’* Ca2+ }(J”;i\ia*'4 i E~1km
AL(I) NH4*
Nos | soa2 e HCO3 pH~6.9 cake
A < >
PR 2t Ly ” H45104 Naret
| M Ca KNl = 1E~0.8 km?2
AL{) NH4*
SCALE:
1 1 ]
0 50 75 pequiv /1
Figure 2:

Chemical composition of several waters in a drainage pattern in the
area of the upper Magygia valiey {in the vicinity of the Naret dam, at
2100~2500 m)

The extent of acid neutralization of rain or snowmeit water {chemi-
cal weathering) increases with the relative catchment areg, E, and
thus the residence time of the waters.

This neutralization is accompanied by increases in pH, silicic acid
concentration (H,Si0,), and by the liberation of cations from disso-
lution. Because of hydrologic changes from snowmelt, there are
seasonal variations. This figure gives the condition from measure-
ment at the of end July, 1982.
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Alkalinity of nalural waters as a function of Acid Loading (modified gressive acid loadings. The dashed line represents the temporal
from [5]). frend or reaction pathway as more acid is added to the system. It

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 the equivalents of acid neutralized by weathering
{f = 0 signifies no neutralization; f = 1 correspaonds to a perfect buf-
fer: > 1signifies an aikalization of the water, for example the disso-
lution of CaCO; by CO,).

The difference between the acidily added and the resulling alkali-
nity corresponds to the degre of neutralization. Each lake would fol-

corresponds to the titration curve.

a and b are lakes in Minnesota and Wisconsin (LUSA}; ¢ represents
the Birkenes siream and two other iakes in southern Norway; d sig-
nifies 5 lakes in southwest Sweden; e are waters in New York and
New Hampshire (USA): g representents 8 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-
iand Swiss lakes which have an alkalinity of more than 1000 eqg/l).

Some typical waters in the Maggia Valley are schematically
shown in fig. 2. It illustrates the successive reactions and
neutralization of the source water as it flows; the concentra-
tion of cations (AP+, Ca?*, K+ and Na*) and silicic acid in-
creases as the dissolution process occurs [4].

The concentration of free aluminum can only increase to the
solubility of aluminum oxide: the lower the pH, the higheris
the AR+ concentration. Fish cannot reproduce in acid lakes;
this is probably due to the high concentrations of the AP+
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 smali~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 amounis o 500 eqg ha~ yr-t 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], it seems that the Tessin lakes only recently ceased to
be able to compensate for an increasing acid loading {5~10
years ago). The analysis of similar iakes by H. Marrer some
ten years ago appears to confirm the decreasing trend in the
pM of these Tessin mountain lakes. it is feared that the acidity
of precipiiation will continue o increase. if the concentration
of H+* ions in precipitation were to doubie, the majority of
lakes situated in the crystalline rock regions will probably
have pH values of less than 5 [4].
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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 accounis for about
100 g ha~ yr~ 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 metais 1o Lake Constance

{11 J. Zobrist und W. Siumm, Wie sauber ist das Regenwas-
ser? NZZ Nr. 146 (1979).

[2] W.Stumm, J.J. Morgan und K.L. Schnoor, Saurer Regen,
eine Folge der Stdrung hydrogeochemischer Kreislauie,
Naturwissenschaften, im Druck.

[3] G.Righetti, Controlio sui laghi alpini del cantone Ticino,
Aquicoftura Ticinese, 1G. Seot. 1981

[4] W.Stumm und G. Righetti, Saurer Regen, saure
Schweizer Bergseen, Neue Zircher Zeitung, Beilage
«Forschung und Technik=, Nr. 232, 6. Okt. 1982,

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

Geoffrey Hamer and Klaus Mechsner

Introduction

In aguatic and terresirial 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 imporiant stages in the global
carbon cycle. The major elemental cycles are, of course,
linked at many points but here only one aspect of iinking be-
tween the methanotrophic stage of the carben cycle and the
nitrogen cycle wilt be discussed.

Methane, produced as a result of the degradation and mine-
ralization of complex organic matter under anaerobic condi-
tions (equation 1), is ubiquitous in both aquatlic 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 2). Traditional technigues employed for
the enumeration, enrichment and isolation of microorga-
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Equations

24 2H 2k 2H
00, ~om OHE- %~ HOH,Co X e HC ok e CHy
(W ;

call constituents Y= Coenzyma M 7
Z) FETHAHQTROPHY AND METHYLOTROPHY { aerobic processes)
2H

20 2 2H
c544-——-2'—x- CHy ¥ _._—-Z».LHOH.,C'X e it = g
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¥= +0QH, andfor a pteridine derivative, and/or a folate, and/or
glutathione

3) DENITRIFICATION WITH PETHANOL
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deamination by heterotrophs

hydrolysis by heterotrophs

fixation by methanotrophs

lysis and deamination by heterotrophs
assimilation

nitrification by methanotrophs

®
@
®
®
®
®
@

denitrification by hyphomicrobia

Figure 1;

The role of methane oxidizing mixed cuitures in the nitrogen cycle.
In natural environments, methane is utilized by mixed associations
of bacteria that comprize a methane oxidizer, a methano} oxidizer
{usuaily a Hyphornicrobiurn sp.) and several heierotrophs. Only the
methane oxidizer ulilizes methane as its carbon energy substrate.
The other components of the mixed culture utitize 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.

13



Light Micrograph
FPhase Conirasi ca, 1500x

Figure 4.

a) Light (phase contrast) Micrograph,
b) Scanning Electron Micrograph of mixed methanotrophic / Hy-
phomicrobium sp. co-cuitures.

t = Hyphomicrobiurn $p.

Scanning Electron Micrograph
Scale bar: 1 um

Typical siructural characteristics of the Myphomicrobium sp. (elon-
gated bud and stem) are clearly evident, but the techniques used
do not aliow the typical membrane structure of methanotrophs to
be seen. The micrographs were prepared by Messrs. M.8. Burgiand
H. Bachmann.

nisms in or from water and soil do not permit methanotrophic
bacteria io 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-
riably found in ciose association with facuftative methanaol-
oxidizing bacteria of the genus Hyphomicrobium (see Fig. 4)
and various heterotrophic bacteria. The primary reason that
hyphomicrobia cccur in natural associations with methano-
trophic bacteria is that the latter bacteria, under sub-optimal
growth conditions, produce excess methanol, which, if al-
lowed to accumulate, wilt inhibit further methane oxidation.
Hyphomicrobia are able to grow under both aerobic and
anaerobic conditions with methanol as carbon energy sub-
strate. The dominant role of hyphomicrobia in denitrification
{equation 3}, both in the naturai environment and in waste-
water treatment processes, is extensively documented.
When assessing the role of various bacierial species in ei-
ther environmental or technical processes, it is their role in
association with other bacterial species functioning in par-
ticular micro- and macro-ecosystems that must be consi-
dered fo be of primary importance. Here, it is the denitrifica-
tion capacity of associations of methane-oxidizing bacieria
with hyphomicrobia that is subject to examination. Prior to
more detailed discussion, it is instructive to consider the
probable roles 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
able to occur

Denitrification in heterogeneous microbial systems

In a completely homogeneous system, denitrification will oc-
cur only under anaerobic conditions. However, all microbial
culiure 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 microcrganisms and the presence
of oxygen gradients in such systems is almost certainly re-
sponsibie for claims that denitrification occurs under appa-
rently aerobic conditions. Several hypotheses concerning
denitrification by methane-utilizing mixed cuitures can be
formuiated for heterogeneous environments.

However, of the several hypotheses, those proposing com-

piete denitrification by methanotrophic bacteria themselves

are deveid of supporting evidence. Some potentially plau-
sible hypotheses that remain include:

(i} Denitrification in flocculated mixed culiures where the
methanotrophic bacteria wiilize methane and produce
methanol under aerobic conditions, and the hyphomi-
crobia utilize methano!l and simultaneously denitrify in
the anaerobic regions of the flocs;

(it Denitrification in discrefely dispersed mixed cuitures
where the methanotrophic bacteria utilize methane and
proeduce methano!l and the hyphomicrobia utilize me-
thanol and simuitaneously 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 alter
native electron acceptor;
Denitrification in discretely dispersed mixed cultures
where the methanotrophic bacteria utilize methane and
produce methanol and the hyphomicrobia simulia-
nieously utilize methanal both aerobically and anaerobi-
cally because of intra-celfular differences in oxygen
avatlability.
One interesting implication of denitrification by metha-
notrophic/methylctrophic associations is that the denitrifi-
cation could become dominant in environments that would
normally be considered unsuitable for the process, ie.,
where oxygen is preseni and conventional carbon sub-
strates for microbial growth are deficient.

(iii

e



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 culture of the methanotrophic
bacterium Methylococcus capsulatus or enrichment cul-
tures of methanotrophs.

1) Denitrification rates under anaerobic and under aerobic
conditions

In & 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 liquid culture occurs, (i) where
strictly anaerobic conditions were maintained, and (i)
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
culture occured. The resulis of these experimenis are
shown in fig. 2a, b and ¢ 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 mona-culture of the Hyphomicrobium sp.
and those in fig. 2b show nitrate reduction under typical
anaerobic conditions with the pure mono-cuiture 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-
tionin the presence of oxygen. On a unit liquid volume basis,
the increased rate was even more apparent because of the
significantly higher biomass vield 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 oxygenis 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
presentin the headspace and being continously transferred
to and utilized in the liquid culture medium, a significant dis-
solved oxygen concentration is maintained in the Hguid cul-
ture medium or whether the dissolved oxygen concentration
in the liquid medium approaches zero throughout the expe-
riment. To elucidatle this particular point requires in situ mea-
surements of the dissolved oxygen concentration in the k-
qguid medium. Such experiments are presently in progress.

Figure 2:

Typical consumption and production curves for a Hyphomicrobium
sp. utifizing methanol
a) in the presence of oxygen,
b} in the presence of oxygen,
¢) initially in the absence of oxygen,

but subsequently in the presence of oxygen,
Denitrification is clearly evident under ail three conditions. In the
presence of oxygen simuitaneous denitrification and respiration
are cbserved.
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Figure 3:

Typical consumption and production curves fora methanotrophic/
Hyphomicrobium co-culture utilizing methane in the presence of
oxygen.

The apparent low level of denitrification resuits from the jow levels
of methano! produced and a correspondingly low fraction of the Hy-
phomicrobium sp, in the mixed culture,

2) Mixed cuitures

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 culiure 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 subsirate 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.
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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 indicated for achieving deni-
trification during aerobic sewage treatment by the introduc~
tion of methane produced during anaercbic sludge diges-
tion, thereby contributing to the overaliintegration of the unit
processes used for sewage treatment, on the other hand.
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Dr. Jiirg Zobrist, a chemist ai EAWAG, has analyzed systema-
tically at varicus stations the compaosition of Swiss rain for
many years.

Dr. Geoffrey Hamer is Professor of technical biology at the
Swiss Federal Institute of Technolegy Zurich (ETHZ) and
Head of EAWAG's Technical Biology Depariment which con-
centrates its efforts on microbiological processes in natural
waters and on chemical engineering applications of micro-
biclegically mediated processes, especially in waste water
treatment systems. His collaborator, Dr. Klaus Mechsneris a
senior microbiclogist at EAWAG.
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News about EAWAG collaborators

Dr. Dieter Imboden has submitied a habilitation thesis «Tra-
cers and Mixing in the Aquatic Environmeni» to the authori-
ties of the Swiss Federal Institute of Technology. He is now
Privatdocent for Agquatic Physics.

Dr. Alexander J. B. Zehnder who has been a research micro-
biologist in EAWAG’s Technical Biclogy Department has
been appointed professor in microbiology at the Agricultural
University of Wageningen/Netherlands. Dr. Zehnder who ob-
tained his Ph.D. (with Professor Wuhrmann) at Zurich was a
postdoctoral fellow at the University of Wisconsin (Prof.
T.D. Brock} and was an assistant professor at the Depari-
ment of Civil Engineering at Stanford University before join-
ing EAWAG.

Dr Christine Matter-Miifler 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 postdoctorai fellow-

Prof. Budolf Braun will resign from his position as head of the
EAWAG Depariment 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
Wastey at EAWAG since 1855. Under his direction, his de-
pariment 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 wili continue o suppori Prof. Braun in his
duties as a professorn

Prof. Peter Baccini will become new head of the Department
of Solid Wastes (st 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. Sheisbe~
ing replaced in some of her staff functions by Dr. Peter Perret,
a biologist,

The editorship of EAWAG News has been taken over by
Diana Hornung. She is a chemist with a degree from the Uni-
versity of Zurich with experience in research at Rensselaer
Polytechnic Institute and in private indusiry and is a gradu-
ate of our postgraduate program in water poliution control
and water technology.

Professor Werner Stumim was invited 1o the Chinese Acade-
my in Peking. He gave a series of lectures at Academia Sini-
ca's Institute 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 wiil be published early in 1984
by Wiley Interscience, New York.

| wish to subscribe to EAWAG News (free of charge):
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[l in German/French




