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A~traet--Atmospheric acidic deposition introduces hydrogen ions to terrestrial and aquatic ecosystems, 
which become partially neutralized by chemical weathering. In the southern Alps of Switzerland, small 
catchments containing little or no soil and lacking carbonate minerals represent sensitive hydrological 
settings in which the relationship between alteration of granitic gneiss by acid deposition and the resulting 
composition of lake waters can be studied. Transmission and scanning electron microscopy, coupled with 
X-ray powder diffraction of lake sediments from such areas showed mainly unaltered minerals from 
parent rocks and no secondary silicate minerals. Element mapping indicated noncrystalline aluminum 
hydroxide as a product of the chemical weathering of silicates. Noncrystalline iron hydroxide was also 
observed. Mass balance calculations and the stoichiometry of suitable chemical reactions representing 
the weathering processes were used to derive a plausible reaction sequence on the interaction of the 
predominant reactive rock minerals with acid precipitation that accounted for the measured chemical 
composition of the acid lakes. 
Key Words--Acid precipitation, Aluminum hydroxide, Gneiss, Iron hydroxide, Weathering. 

I N T R O D U C T I O N  

Chemical weathering is an important feature of the 
global hydrogeochemical cycle of elements. During 
chemical weathering, rocks and primary minerals be- 
come transformed to solutes and soils and, eventually, 
to sediments and sedimentary rocks. In this cycle, water 
occupies a central position, serving both as a reactant 
and as a transporting agent of suspended and dissolved 
material. The sea is the ultimate receptacle of weath- 
ered material, and the atmosphere provides a reservoir 
of weak acids (CO2) and oxidants. 

Acid atmospheric deposition results from the an- 
thropogenic disturbance of cycles that couple atmo- 
sphere, land, and water. Redox conditions in the at- 
mosphere are modified by the oxidation of carbon, 
sulfur, and nitrogen which result from fossil fuel com- 
bustion. Oxidation reactions exceed reduction reac- 
tions in the elemental cycles, and, coupled with the 
change in the electron balance, a net production of 
hydrogen ions in atmospheric precipitation is a nec- 
essary consequence (Stumm et al., 1983, 1987a). The 
disturbance is transferred to the terrestrial and aquatic 
environment  where, eventually, acidity is neutralized 
by bases supplied by the weathering of rocks or by ion 
exchange, and by reduction reactions that consume 
protons (Schnoor and Stumm, 1985, 1986). Depending 
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on their hydrologic and geologic characteristics, chem- 
ical weathering in some catchments is unable to supply 
sufficient degradation products from rock-forming 
minerals to neutralize incipient acid deposition and 
protons supplied by other chemical processes. In such 
areas, the stream or lake within the catchment becomes 
acidified. 

In this investigation, the relationship between rock 
weathering and resulting water chemistry in an area of 
the southern Alps in Ticino, Switzerland, was studied. 
On the basis of quantitative analyses of rocks and pre- 
cipitation and water chemistry, plausible weathering 
reactions based on stoichiometry were established. 
Transmission and scanning electron microscopy, en- 
ergy-dispersive X-ray spectrometry, and electronic 
processing of X-ray element distribution maps were 
used to identify reactant minerals and weathering prod- 
ucts. In previous research, we reported the chemical 
composition of lake waters and their sensitivity to acid- 
ification (Schnoor and Stumm, 1985, 1986; Zobrist et 
aL, 1987), the aqueous phase chemistry of fog and wet 
deposition (Stumm et al., 1983; Sigg et aL, 1987), and 
the principles of chemical weathering (Furrer and 
Stumm, 1986; Stumm et al., 1987b). Here, we focus 
on weathering in the field and demonstrate which min-  
erals are important in neutralization and secondary 
mineral-formation processes. 

521 

https://doi.org/10.1346/CCMN.1988.0360605 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1988.0360605


522 Giovanoli et al. Clays and Clay Minerals 

<,..7" 

JJ .... 

f,"" l.q. '., . 

\ . . ._/ J -  ~ 

r"' / 

Figure 1. Map of the area studied in the Canton of Ticino, 
Switzerland. Lakes = 1, Cristallina; 2, Piccolo Naret; 3, Supe- 
riore; 4, Inferiore; 5, Zota; 6, Vat Sabbia; 7, Naret (dammed 
lake with additional inflow); 8, Scurio. - . . . . .  boundary of 
drainage area. Bedrock: [] gneiss, mainly alkali feldspar and 
plagioclase; [] granitic gneiss, mainly alkali feldspar and oli- 
goclase: [] calcareous mica schist (Biindnerschiefer), including 
dolomite and calcitic sandstone. 

MATERIALS AND METHODS 

Site description 

The site is in the Alps of southern Switzerland in the 
Canton of Ticino, at the top of the Maggia Valley 
(N46~ ', E8~ see Figure 1). The bedrock in the 
main part of the area consists of crystalline rock ofpre- 
Carboniferous age, with granite and metamorphic gneiss 
predominating (Maggia tectonic unit). Some parts of 
the catchment areas are underlain by "Biindnerschie- 
fer", schistose rocks of Jurassic-Cretaceous age, and a 
Jurassic unit containing dolomite and some calcite- 
bearing sandstone. The study area is at 2070-2550 m 
elevation and is characterized by sparse vegetation (no 
trees), thin soils, and steep slopes. Bedrock is exposed 
in more than 50% of the catchment area. 

The catchment receives an average of 2.0-2.4 m of 

precipitation each year, of which more than half falls 
as snow. The average pH of the precipitation ranges 
from 4.5 to 5.5. The most acidic lakes, Lake Cristallina 
and Lake Zota (pH < 5.3), are in the catchment area 
that consists predominantly or exclusively of crystal- 
line rock. 

Chemical composition and mineral analysis 

Elemental analyses of the rock and sediment samples 
(Table 1) were obtained by X-ray fluorescence using a 
routine procedure for rock analysis. All samples were 
examined by X-ray powder diffraction (XRD) in a high- 
resolution Guinier-NONIUS camera (Mark IV) with 
CuKa~ and FeKa] radiation, using a focussing mono- 
chromator. 

Electron microscopy and X-ray spectrometry 

Sample 3 (Table 1) was investigated in great detail. 
It is a gneiss, weathered on the outside but fairly intact 
in its center. The rock was broken in half, and a sample 
from the center and from the weathering rind were 
glued directly on an a luminum sample holder and sput- 
tered with gold. The morphology of these two speci- 
mens was investigated in a JEOL JSM 840 scanning 
electron microscope (SEM). Smaller samples were glued 
on a graphitized a luminum foil of 3-ram diameter and 
analyzed in a HITACHI H-600-2 transmission elec- 
tron microscope in the scanning mode. EDX (energy 
dispersive X-ray) data were recorded using a TRACOR 
TN 5400 X-ray spectrometer. 

The weathering products (sediment samples from 
Lake Cristallina and Lake Zota) were prepared in a 
suspension in distilled water and dispersed in an 
ultrasonic bath. The suspension was then directly 
transferred to carbon films on a bronze grid. Suitable 
transmission electron micrographs were taken and 
complemented with selected-area electron diffraction. 
These specimens were first examined using a BEAM- 
SCAN unit  attached to the TRACOR TN 5400 spec- 
trometer in the scanning transmission mode. The Ka 
lines of Si, Ca, A1, K, and Fe excited by the electron 
beam were then recorded. This technique allowed the 
topographic location of these elements to be detected. 
Using a transmission-scanning mode picture as refer- 
ence, these X-ray dot maps indicated unambiguously 
which elements were present in which crystal of the 
examined field. The X-ray maps were electronically 
processed to remove background radiation and other 
spurious effects. 

Water analysis 

Ion chromatography was used to analyze solutions 
for 5 0 4 2  , NO3 , and C1 ; Ca 2+, Mg 2§ K § Na +, and 
dissolved AI 3+ were measured by atomic absorption. 
The samples for A1 determination were filtered im- 
mediately after sampling and subsequently acidified. 
Because the lake waters had low ionic strength and 
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Table 1. Chemical analyses of rock and sediment samples? 
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Rock sample Sediment sample 

Sample: l 2 3 4 5 6 7 8 2 9 1 
Description: Gneiss Weathered Weathered Dolomite Biindner- Gneiss Sandstone Granitic Coarse Coarse 

gneiss gneiss schiefer with calcite gneiss 
Location (lake): Cristal- Piccolo Piccolo Sabbia Sabbia Laghetto Scurio Zota Zota Crislal- 

lina Naret Naret lina 

Fe203 4.6 1.2 0.32 0.57 9.6 3.4 0.52 2.4 4.9 5.5 
TiO2 0.46 0.06 0.05 0.06 1.0 0.39 0.05 1.0 0.61 0.70 
CaO 4.3 0.37 1.5 51.5 4.7 2.5 53.7 2.2 2.5 2.2 
MnO 0.08 nd nd 0.02 0.11 0.05 0.03 0.10 0.05 0.06 
P205 0.10 0.15 0.21 0.07 0.19 0.11 0.07 0.07 0.17 0.19 
K20 2.6 2.8 1.8 0.69 4.0 1.6 2.0 3.9 3.5 3.1 
SiO: 67.9 77.9 79.6 7.4 52.8 70.6 37.1 71.9 65.7 65.0 
A1203 15.7 13.5 13.7 1.7 24.2 15.6 4.4 14.3 17.7 18.7 
MgO 1.7 0.01 0.04 38.0 2.6 1.2 1.6 0.61 2.1 2.1 
Na20 2.6 4.0 2.8 nd 0.79 4.6 0.57 3.2 2.8 2.5 
Ignition loss 

(1150~ 0.71 0.90 0.96 44.3 3.6 0.72 30.4 0.5 6.6 6.3 

1 Results from analysis by the Swiss Federal Laboratories for Materials Testing 
(%) of the ignited samples. 

2 From Giinthert et al. (1976). 

and Research (EMPA), given in g/100 g 

were poorly buffered, pH was measured in the field and 
in the laboratory after adjusting the ionic strength with 
KC1 and calibrating the system at the temperature of 
the samples in the field. Acidity and alkalinity were 
determined in the laboratory by Gran titrations (John- 
son and Sigg, 1985). 

Stoichiometry of  weathering reactions 

Table 2 gives representative equations for the chem- 
ical dissolution of minerals; these equations were used 
to establish mass balances by which the impact of the 
weathering reactions on water chemistry was assessed. 
Chemical weathering of a luminum silicates is usually 
incongruent and occurs by a sequence of reaction steps. 
The literature proposes essentially two types of weath- 
ering reactions: (1) The dissolution of a luminum sili- 
cates is accompanied by the formation of secondary 
minerals, such as kaolinite. The occurrence of such 
reaction products are in agreement with thermody- 
namic considerations (Garrels and Christ, 1965) and 
certain field observations (e.g., Tardy, 1971; Keller, 
1978). (2) The weathering process leads directly to alu- 
minum (hydr)oxides and silicic acid. The dominant  
weathering process is a slight alteration of large vol- 
umes of rock without the formation of secondary sil- 
icate minerals (Miller and Drever, 1977). Different en- 
vironmental  conditions and hydraulic regimes may 
determine whether or not secondary silicate minerals 
are formed. In the present study, crystalline secondary 
minerals were not found as weathering products. 

RESULTS AND DISCUSSION 

Rock chemistry 

The predominant  bedrock in the vicinity of Lake 
Cristallina is represented by the gneisses of samples 1 

and 6 in Table 1. These two rocks have similar ele- 
mental compositions, with the exception of the Ca:Na: 
K mole ratios, which are about 3:6:2 and 3:9:2, re- 
spectively. Sample 8 represents the granitic gneiss in 
the eastern part of the catchment area of Lake Zota. 
XRD analyses of samples 1 and 6 showed the presence 
of major amounts of quartz, plagioclase, feldspar, bio- 
tite, muscovite, and some chlorite. GiJnthert et al. (1976) 
described the mineral and element composition of the 
rocks in the adjacent crystalline area. The combination 
of their data with the present rock analysis gives the 
following mineral composition: plagioclase 35-45% 
(anorthite 20-30%), quartz 25-35%, K-feldspar 10- 
14%, biotite 8-14%, muscovite 3-5%, and epidote 2-  
4%. The granitic gneiss in the catchment area of Lake 
Zota has a somewhat larger K-feldspar and a smaller 
quartz content. 

Other bedrock samples are listed in Table 1 for il- 
lustrative purposes. The light-colored weathered gneiss 
at Lake Piccolo Naret (samples 2 and 3) is deficient in 
Ca and Fe, but richer in silica than the gneisses of 
samples 1 and 6. Mineralogically, sample 3 consists of 
quartz, plagioclase, and muscovite. Because they rep- 
resent only a relatively small outcrop area, the rocks 
represented by samples 2 and 3 probably contributed 
little to the water chemistry of the Lakes Cristallina or 
Piccolo Naret. Sample 4 illustrates the Jurassic dolo- 
mites. XRD showed that this rock is nearly pure do- 
lomite with some quartz and traces of calcite and mus- 
covite. Itsupplied Ca 2+, Mg z§ and substantial alkalinity 
to Lake Sabbia via chemical weathering. Dolomites 
and calcite, however, were not found in the catchments 
of the Lakes Cristallina and Zota. Sample 5 is from 
Biindnerschiefer unit  and contains quartz, muscovite, 
and chlorite, with traces of feldspar and calcite. Sample 
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Table 2. Dissolution reactions in approximate rank order for ease of weathering. 

CaCO3~s~ + 2 H + ~ Ca 2§ + H 2 C O  3. 
calcite 

CaMg(CO3)z(s) + 2 H2CO3 ~ Ca 2+ + Mg 2+ + 4 HCO~ . 
dolomite 

Na(l_x)CaxAlo+x)Si(3_x)Osts) + (1 + x)H + + (7 - x ) H 2 0  ~ (1 - x)Na + + xCa 2+ 
+ (3 - x)H4SiO , + (1 + x)ml(OH)3. 

plagioclase (x -- mole fraction of anorthite) 

Ca2Al(3_x)FexSi30~2(OH)(~) + 4 H  + + 8 H20 ~ 2 Ca 2+ + 3 H4SiO4 
+ (3 - x)AI(OH)3 + x Fe(OH)3. 

epidote (x = mole fraction of iron) 

KMgxFe(3  x)mlSi3Olo(OH)2(s) d- (1 q- 2x)H § + (9 - 2x)H20 ~ K § + x Mg 2§ 
+ 3 H4SiOa + Al(On)3 + (3 - x)Fe(OH)2. 

biotite (x = mole fraction of magnesium) 

KA1Si3Os(~) + H + + 7 H20 - K § + 3 H4SiO4 + AI(OH)3. 
orthoclase (K-feldspar) 

KA13Si30~o(OH)2(~) + H + + 9 H20 ~ K + + 3 I-LSiO4 + 3 AI(OH)3. 
muscovite 

AI(OH)3  q- 3 H § ~ A13§ + 3 H20. 
(noncrystalline) 

FeOOH(~) + 3 H § ~ Fe 3. + 2 H20. 
goethite 

SiO2(~) + 2 H20 ~ H4SiO4. 
quartz 

From greatest to least; these reactions could also be written, instead of with H + ions as reactants, with water and dissolved 
CO2. In either scheme, the net result of the reaction is the same--cations (Ca 2+, Mg 2+, Na +, K § are released, and alkalinity 
is produced via OH- or HCO3- production or H + consumption. In all reactions, the equivalents of cations released are exactly 
balanced by the equivalents of acid consumed which corresponds to the alkalinity produced. 

7 f rom Lake Scurio is a quar tz  sandstone cemen ted  by 
calcite. 

Feldspars,  quartz,  and mica  were identif ied by SEM 
in the weathered  r ind o f  the gneiss sample  3. The  micas  
were ident i f ied on the basis o f  their  leafy or  platy habi t  
(Figure 2). Quar tz  was also easily identif ied by its con-  
choidal  fracture and smoo th  surfaces. In  addit ion,  the 
E D X  spectra clearly indica ted  these minera ls  by their  
e lementa l  composi t ion .  

The  surfaces o f  some  white,  macroscopic  plagioclase 
grains were covered  with  what  appeared to be etch pits. 
According  to Blum and Lasaga (1987), the presence o f  
etch pits suggests that  defects in the crystal structure 
are sites o f  strong preferential  d issolut ion during geo- 
chemica l  processes. As  shown in Figure 3, the etch pits 
were arranged along subgrain boundar ies .  D e f o r m e d  
feldspars s imilar  to those found in the present  s tudy 
have  been  shown to conta in  dis locat ions (Heggie and  
Zheng,  1987). U n i f o r m  dis t r ibut ions  o f  etch pits have  
been descr ibed previous ly  (Berner and  Holdren ,  1977; 
Fung and Sanipelli ,  1982; Rober t  et aL, 1986). Various 
sizes o f  etch pits were noted.  Some  grains exhibi ted  
only one popula t ion  o f  pits, whereas  others showed 
two sizes (Figure 4), suggesting that  the grains under-  
went  one and two episodes  o f  weathering,  respect ively 

(Figure 4b). In  all l ikel ihood,  the gneiss reacted along 
the grain boundar ies ,  and little o f  the absolute  mass  
was chemical ly  dissolved;  however ,  this specially se- 
lect ive react ion was enough to cause the gneiss to dis- 
integrate into grains o f  the minera ls  o f  which it  was 
composed  and which are found in the sediments .  

Some feldspar and quar tz  surfaces are b rown  and 
covered  by a coating, as seen in the scanning electron 
microscope  (Figure 5). The  E D X  spec t rum of  such a 
quartz  grain is shown in Figure 5b. Si is the m a i n  
e lement ;  Fe  is also abundant .  Red,  i ron-conta in ing  
patches were found on the surface o f  sediments  in the 
more  acidic lakes and appear  to be a noncrystal l ine 
ferric hydroxide.  Crystal l ine i ron oxyhydroxides  were 
not  identif ied in any o f  the samples.  Thus,  i ron that  
d issolved f rom the rock appears  to have  been washed  
into the sediment .  

Chemistry o f  lake sediments 

Nine  samples (three f rom Lake Zota  and six f rom 
Lake Cristallina) were analyzed.  The  data  g iven in Ta-  
ble 1 for samples 9 and 10 are representa t ive  o f  the 
e lementa l  compos i t ion  o f  the sediments  in these two 
lakes. The  sediment  compos i t ions  are surprisingly s im- 
ilar to those o f  the gneiss and the granit ic gneiss (sam- 
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Figure 2. Scanning electron micrograph of weathered gneiss, 
showing packs of mica splitting into sheets. Attack was ap- 
parently from edges and propagated through interlayer cleav- 
age. Sheet surfaces appear clean and unattacked. 

ples 1 and 8), although AI is enriched and Si is depleted 
in the sediments. The TEM/SEM and EDX data sug- 
gest different minerals in the different size fractions, 
but no difference was noted among the various samples 
as a function of depth (0-4, 4-8, 8-16 cm) in a core 
taken in Lake Cristallina. 

The coarse size fraction contained quartz, feldspars, 
muscovite, and biotite (Figure 6), suggesting that this 
material was chiefly unaltered rock fragments from the 
catchment area. In the fine size fraction, slightly weath- 
ered biotite (Figure 7) and feldspars were detected. In 
addition, some illite and/or smectite and aggregations 
of noncrystalline ferric hydroxide and diatoms were 
found. No kaolinite was identified. 

Although the elemental analysis indicates an enrich- 
ment in A1, no crystalline A1 phase was observed in 
any of the samples. Neither XRD nor electron diffrac- 

Figure 4. Scanning electron micrographs of corroded feld- 
spar grains, showing that shape of the etch pits depends on 
symmetry of attacked surface. (a), (c), and (d) show only one 
population of etch pits. (b) shows two populations (large and 
small), suggesting that this grain has been exposed to two 
periods of attack. 

tion showed a separate A1 hydroxide phase. The sol- 
ubility measurements (Figure 1 1) give concentration 
values slightly greater than those expected for gibbsite, 
although this phase was not detected. A1 dot maps of 
several samples were made using the BEAMSCAN at- 
tachment to the X-ray spectrometer. Some AI was not- 
ed in the remains of all muscovite and biotite grains, 
but typically A1 was also distributed over the entire 
field of the sample grid. Figure 7 shows typical series 
of micrographs. An aggregation of particles is depicted 
in the scanning transmission mode and by means of 
A1 (Figure 7b), Si (Figure 7c), and Fe (Figure 7d) dot 
maps. The (b) and (c) photos of each figure are not 
identical; however, they should be if AI and Si were 
constituents of the same mineral species. Thus, the A1 
is probably present as a noncrystalline phase, most 
probably a noncrystalline A1 hydroxide. To check this 
conclusion, a solution having a total concentration of 
AP + of 10 -4 M (pH 7) was investigated after drying on 
an electron microscope specimen grid. The electron 
microscope showed that the A1 hydroxide was present 

Figure 3. Scanning electron micrograph of corroded feldspar 
grain. Same region in two enlargements showing the etch pits 
aligned along subgrain boundaries. Etch pits have narrow size 
distribution. 

Figure 5. Scanning electron micrograph of feldspar, entirely 
covered with brown, finely divided material (a), and energy- 
dispersive X-ray of a quartz grain nearby (also covered with 
the brown material), showing the FeKa and FeKB lines (19). 
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Figure 6. Lake sediment, coarse size fraction: (a) Transmis- 
sion electron micrograph of biotite platelet (identified from 
element composition in the energy dispersive X-ray spec- 
trum), and (b) its selected area electron diffraction pattern; (c) 
energy-dispersive X-ray spectrum of the same sample as in 
(a), with characteristic elements of biotite. (d) Transmission 
electron micrograph of muscovite platelet in the same sample; 
note typical Bragg fringes, indicating intact lattice. In (a) these 
Bragg fringes are intersected and indicate that the structure 
has undergone attack. 

in this solut ion in col loidal  form. Shadowing the grid 
wi th  Cr  at an incident  angle o f  45 ~ m a d e  the col loid 
particles visible (Figure 8); they had a size o f  about  5 0 -  
200 ~, (Pav lova  and Sigg, 1988). 

Figure 8. Transmission electron micrograph of colloidal A1 
hydroxide particles, chromium shadowed at 45 ~ incident an- 
gle; found after drying a drop of a solution of AI with total 
A1 concentration 10 4 M and pH 7. 

The  ferric hydroxide  was also amorphous  to X-rays  
and aggregated to flakes. In the field, it is conspicuous  
by its orange color  in patches on the surface o f  the lake 
sediment .  The  t ransformat ion  o f  ferric hydroxide  to 
goethi te  is strongly re tarded by the presence o f  H4SiO4 
(CorneU and Giovanol i ,  1987). 

The  s imilar i ty  in the chemical  compos i t ion  and min -  
eralogy o f  the bedrock and the sed iment  was expected,  

Figure 7. (a) Scanning transmission electron micrograph of 
decomposed biotite platelets in fine fraction of  lake sediment. 
(b) A1 dot map of same region, showing uniform distribution 
of A1. (c) Si dot map of same region, showing higher concen- 
trations, mainly in grains in upper right comer and in lower 
middle part. (d) Fe dot map of same region, showing aggre- 
gations of formless iron hydroxide on right-hand side and in 
upper center of micrograph. 

Figure 9. Comparison of water composition of four lakes 
influenced by different bedrocks in their catchments. Drainage 
areas of Lake Zota and Lake Cristallina contain only gneiss 
and granitic gneiss; that of Lake Piccolo Naret contains small 
amounts of calcareous schist; that of Lake Val Sabbia exhibits 
a higher proportion of schist. 
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Figure 10. Evolution of water composition in Lake Cristallina during summer 1985. For comparison, compositions of snow 
and rain are shown. 

inasmuch as mechanical weathering, most likely, fa- 
cilitated by ice formation in the cracks of the rocks, 
contributed a large mass fraction of mostly unaltered 
minerals to the sediments. 

Water chemistry 

The composition of the water in these mounta in  
lakes reflects the geology of their catchment areas. The 
composition of four different lakes, collected on the 
same sampling date (I 985), are compared in Figure 9. 
The compositions of Lakes Cristallina and Zota, sit- 
uated within a drainage area characterized by the pre- 
ponderance of gneissic rocks and the absence of calcite 
and dolomite, and Lake Val Sabbia, the catchment area 
of which contains dolomite, are markedly different. 
The waters of Lake Cristallina and Lake Zota exhibit 
mineral acidity (i.e., caused by mineral acids and HNO3), 
their calcium concentrations are 10-15 #mole/liter and 
their pH is <5.3. On the other hand, the water of Lake 
Val Sabbia is characterized by an alkalinity of ~ 130 
#mole/liter and a calcium concentration of ~ 85 #mole/ 
liter. The water of Lake Piccolo Naret is intermediate; 
its alkalinity is < 50 #mole/liter and appears to have 
been influenced by the presence of some calcite or do- 
lomite in its catchment area. 

In Figure 10, the change in lake water composition 
for Lake Cristallina is shown for the period of one 
summer. Residual lake acidity was largest in late spring, 
when much of the acidity was eluted by the snow during 
warming and initial melting of its surface layers. In 
August, most of the snow in the drainage area had 
disappeared, and the effect of weathering was more 
important. 

Weathering processes regulating the 
chemical water composition 

On the basis of simple mass-balance considerations 
plausible reconstructions were attempted for the con- 
tribution of the various weathering processes respon- 
sible for the residual water composition of the acidic 

Lakes Cristallina and Zota. Stoichiometric reactions 
are presented in Table 3 for the interaction of acidic 
deposition (snow melt) with weatherable minerals in 
the drainage area. The composition of atmospheric de- 
position results generally from the interactions of strong 
acids (H2SO4, HNO3), bases (NH3) and wind-blown 
dust and aerosols (CaCO3, MgCO3, NH4NO3, NaCl, 
KC1) (Stumm et al., 1983). The values given in Table 
3 for atmospheric deposition were compiled from data 
measured regularly at a sampling station I0 km west 
of Lake Cristallina (Mosello and Tartari, 1987); they 
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Figure 11. Solubility diagram of gibbsite showing pH-de- 
pendence of different A1 species (lines). A1 concentrations 
measured in these alpine lakes (o) agree reasonably well with 
theoretical equilibrium concentrations (calculated according 
to May et al., 1979). 
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Table 3. Possible reaction sequences coupled with stoichiometric calculations for establishing chemical composition of  Lake 
Cristallina and Lake Zota. 

Substances produced or consumed ( - )  

Reactants  H + N a  + K + Ca 2+ Mg 2+ NH4 + A I ( O H )  ~+ ~ SO4 2- N O  3 C1 H4SiO 4 [AI(OH)3]s 

Genesis of precipitation 
(wet and dry deposition) 

(#eq/liter) (#mole/liter) 

31 ~eq H 2 S O  4 ]acids 31 31 
11 ~teq HNO 3 ~ 11 11 

3 ~eq NaC1 ]"dust"  3 3 
2 ~teq KC1 ~ 2 2 

19/~eq CaCO3 ) - 19 19 
2 ~eq MgCO3 /bases - 2  2 

10 geq N H  3 - l0 10 
Resulting composition 11 3 2 19 2 10 < 1 31 11 5 < 1 < 1 
After evaporation 1 16 4 3 27 3 14 < 1 44 16 7 < 1 < 1 

Lake Cristallina 
Weathering reactions 

1 #mole calcite - 2  2 
4 umole plagioclase (x -- 0.25) - 5  3 2 13 5 
2 ~mole epidote (x = 0.5) - 8  8 6 5 
1 ~mole biotite (x = 0.5) - 2  1 1 3 1 
1 umole K-feldspar - 1 1 3 1 

Additional reactions 
NH4 assimilation 2 13 - 13 
Dissolution of [AI(OH)3]s - 6  6 

Final composition 
Calculated 5 7 5 39 4 1 6 44 16 7 254 8 
Measured September 1985 4 6 5 40 4 1 6 42 16 8 15 -- 

Lake Zota 
Weathering reactions 

4 t~mole plagioclase (x = 0.25) - 5  3 2 13 5 
0.5 ~zmole epidote (x = 0.5) - 2  2 1.5 1 
2 ~tmole biotite (x = 0.75) - 5  2 3 6 2 
1 #mole K-feldspar - 1 1 3 1 

Additional reactions 
NH4 assimilation 2 7 - 7 
NH4 nitrification 5 12 - 6 6 
Dissolution of [AI(OH)3] 3 - 9 9 - 5 

Final composition 
Calculated 13 7 6 31 6 1 9 44 22 7 23.54 4 
Measured September 1985 10 7 6 30 6 1 9 39 24 7 13 -- 

Evapoconcentration factor = precipitation/runoff = 1.7 m/1.2 m = 1.42. 
2 NH4 assimilation: NH4 + ~ (NH3)org + H +. 
3 Al(OH)3s + p H + ~ AI(OH)~L,, v depends on the pH of the lake water. 
4 Loss of  H4SiO4 due to incorporation in diatoms, and adsorption on noncrystalline AI(OH)3 not included. 
5 NH4 nitrification: NH4 + + 2 02 ~ NOn- + 2 H + + H20. 

represent  a m e a n  for the  soluble par t  o f  snow,  rain,  
and  dry deposi t ion .  In  addi t ion ,  a cor rec t ion  was m a d e  
for the part ial  evapora t ion  dur ing  runoff. 

The  con t r ibu t ions  o f  the  ind iv idua l  wea ther ing  re- 
act ions  were ass igned and  c o m b i n e d  in such a way as 
to yield the concen t ra t ions  o f  Ca 2§ Mg 2+, Na  § K + , a n d  
H § m e a s u r e d  in these lakes; the  a m o u n t s  o f  silicic ac id  
and  a l u m i n u m  hydrox ide  p roduced  and  the  hydrogen  
ions  c o n s u m e d  were calculated s to ichiometr ica l ly  f rom 
the  quan t i ty  o f  minera l s  a s sumed  to have  reacted.  Cor-  

rect ions m u s t  be m a d e  for biological processes (Schnoor  
and  S t u m m ,  1985), such as a m m o n i u m  ass imi la t ion  
and  ni tr i f icat ion a n d  the uptake o f  silicic acid by dia-  
toms .  S o m e  o f  the  H 4 S i O  4 w a s  apparent ly  lost  by  ad-  
sorp t ion  on a l u m i n u m  hydrox ide  and  Fe(III)(hydr) 

oxides,  bu t  the ex tent  o f  these  react ions  was difficult 
to assess. 

Al though  an unequivoca l  quan t i t a t ive  mass  balance 
could no t  be obta ined ,  despi te  the  uncer ta int ies ,  a plau-  
sible reac t ion  sequence  was deduced  tha t  accounts  rea- 
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sonably well for the residual chemical water compo- 
sition. The amount  of CaCO3 that had to be dissolved 
to establish the residual water composition is about 
what can be accounted for by wind-blown calcite dust. 
The neutralization of the acidic precipitation by NH 3 
was, subsequent to its deposition, largely annulled by 
the H + ions produced by nitrification and NH4 + assim- 
ilation. 

According to Table 3, in the drainage area of Lake 
Cristallina, about 4 #mole of plagioclase, 2 #mole of 
epidote, 1 #mole of biotite, and 1 ~tmole of K-feldspar 
per liter of runoff water are weathered per year. This 
amounts to 19 meq of cations per m2-year. The situ- 
ation is similar for Lake Zota (16 meq of cations per 
m2-year). 
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