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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Figure 4:

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-
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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.
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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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Figure 3: low a titration curve {similar to the one an the upper right) with pro-
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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